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Faculty of Medicine, Department of Anatomy and Cell Biology, University of Oulu, P.O.Box 5000,
FI-90014 University of Oulu, Finland 
Acta Univ. Oul. D 944, 2007
Oulu, Finland

Abstract
The function of the nervous system is based on the targeted transmission of electrical impulses
assuring the coordinated function of tissues and organs. Myelination of the neuronal axons allows the
fast saltatory conduction by producing repetitive sites where sodium channels cluster on the
axolemma. In the peripheral nervous system (PNS), myelin is formed by differentiation of the
Schwann cell plasma membrane. The cells form myelin by first wrapping consecutive layers of the
plasma membrane around the axons and then excluding almost all of the cytoplasm from the
structure, forming compacted and non-compacted membrane compartments.

The myelin-associated glycoprotein (MAG) is located in all of the non-compacted regions of the
PNS myelin sheath. Its two isoforms, L-MAG and S-MAG, differ only by the carboxy-terminal tails
of their respective cytoplasmic domains. Both of the MAG isoforms are found in PNS myelin. They
are differentially expressed during development and, until now, it has been thought that L-MAG is
not present in the mature PNS myelin sheaths of murines. This study shows that both MAG isoforms
can be found in different non-compacted membrane compartments in the mature PNS myelin sheaths
in dorsal root ganglia (DRG)/Schwann cell cocultures. 

Early myelin development and myelin maturation were analyzed by means of a study of the
expression of two early myelin markers, MAG and galactosyl cerebrosides (Gal-CB), believed to play
roles in both myelin formation and maintenance. In order to allow the exploitation of the full potential
of the DRG/Schwann cell coculture model through the use of mouse mutants, a coculture method was
developed in which mouse DRG and Schwann cells are able, for the first time, to produce significant
amounts of myelin. To further explore the role of MAG in myelin maintenance and stability, the
stability of purified MAG was studied through extensive degradation experiments.

Keywords: culture model, myelin, myelin-associated glycoprotein, protease, Schwann cell
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AEBSF 4-(2-aminoethyl) bentzenesulfonyl fluoride hydrochloride 
Caspr contactin-associated protein 
CGT ceramide galactosyl transferase 
CNP 2’, 3’-cyclic nucleotide 3’-phophodiesterase 
CNS central nervous system 
CST ceramide sulfotransferase 
dMAG degraded MAG (extracellular domain) 
DRG dorsal root ganglion/a 
EDTA ethylenediamine tetraacetic acid 
EGTA ethylene glycol tetraacetic acid 
Gal-CB galactosyl cerebroside 
GFP green fluorescent protein 
HNK-1 human natural killer-1 
L-MAG large myelin-associated glycoprotein isoform 
MAG myelin-associated glycoprotein  
MAGCT cytoplasmic domain of myelin-associated glycoprotein 
MAGEX extracellular domain of myelin-associated glycoprotein 
MBP myelin basic protein 
MS multiple sclerosis 
NCAM neural cell adhesion molecule 
NgR Nogo receptor 
OMgP oligodendrocyte-myelin glycoprotein 
P0 myelin protein zero 
p75NTR  p75 neurotrophin receptor 
PKA protein kinase A 
PKC protein kinase C 
PLCγ phospholipase Cγ 
PMP22 peripheral myelin protein of 22 kDa 
PMSF phenylmethylsulfonyl fluoride 
PNS  peripheral nervous system 
SA sialic acid 
SDS-PAGE sodium dodecylsulfate polyacrylamide gel electrophoresis 
S-MAG small myelin-associated glycoprotein isoform 
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1 Introduction 

The nervous system is responsible for the transmission of both excitatory and 
inhibitory signals between organs in order to assure the correct function of the 
body. It is divided into the central nervous system (CNS), which consists of the 
brain and the spinal cord, and the peripheral nervous system (PNS). The neuronal 
signals are propagated to/from the neuronal cell body from/to the target tissue 
along the axons, which may, or may not, be covered by myelin sheaths. The 
myelin sheath is a multilamellar membrane formed by the differentiation of the 
plasma membrane of glial cells of the nervous system, and acts as an insulator of 
the axon. The adjacent myelin sheaths along the axon enable the rapid saltatory 
conduction of the nervous impulses. On average, the myelinated axon delivers the 
signal 10 times faster than an unmyelinated one. Myelinated and unmyelinated 
axons are present in both the CNS and the PNS. 

The correct formation and maintenance of the myelin sheaths are essential for 
the correct functioning of the myelinated nerves and therefore for the functioning 
of the whole nervous system. Defects or injuries of the myelin sheath compromise 
the efficient conduction of nervous impulses and can lead to degenerating 
neurological conditions. Myelin-related diseases are responsible for severely 
handicapping and killing numerous people. 

In order to understand and to be able to treat myelin disorders, the normal 
myelination process needs to be understood. This study was carried out to 
elucidate the roles of some key elements of the myelin sheath during PNS 
myelination. The temporal and spatial expression patterns of myelin-associated 
glycoprotein (MAG), galactosyl cerebrosides (Gal-CBs), myelin basic protein 
(MBP), and contactin-associated protein (Caspr) were studied relative to each 
other in myelinating dorsal root ganglion (DRG)/Schwann cell cocultures.  
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2 Review of the literature 

2.1 The purpose of the myelin sheath 

Myelin is formed by the oligodendrocytes in the CNS and by Schwann cells in 
the PNS (reviewed in Trapp & Kidd 2004). It functions as an insulator of the axon 
facilitating the rapid signal conduction. Consecutive myelin sheaths produce 
discontinuous insulation units called internodes along individual axons. The 
sodium channels, through which the nerve impulses are conducted, localize to the 
short, non-myelinated gaps along the axon called nodes of Ranvier, while 
potassium channels, believed to function in dampening the excitability of the 
node, locate to the juxtaparanodal regions of the myelinated axons (reviewed in 
Trapp & Kidd 2004, Schafer et al. 2006). This clustering of the sodium channels 
at repetitive sites separated by the insulation units along the axon makes it 
possible to propagate neuronal communication through thin axons in an energy-
efficient manner. Myelination per se is not essential for the clustering of the 
sodium channels, but the envelopment of the axon by the Schwann cell plays a 
role in relocating axonal sodium channels to the nodes (Pedraza et al. 2001).  

Biochemically, myelin differs from other biological membranes by its high 
lipid-to-protein ratio, with lipids accounting for 70-80% of the dry weight of 
isolated myelin and proteins 20-30% (reviewed in Garbay et al. 2000). 
Myelination increases the number and phosphorylation state of neurofilaments, 
thereby increasing the neurofilament spacing and axonal caliber (de Waegh et al. 
1992, Hsieh et al. 1994). Myelination is required for an axon to reach its 
maximum diameter and, therefore, its optimal conduction velocity (reviewed in 
Trapp & Kidd 2004). The signal conduction velocity of myelinated axons is, on 
average, 10 times faster than that of unmyelinated axons. Defects or injuries of 
the myelin sheath compromise the efficient conduction of nervous impulses and 
frequently lead to degenerative neurological conditions.  

There are many biochemical, structural and functional properties shared by 
the myelin sheaths of the CNS and PNS. However, they also present a large 
number of differences in all of these respects making it impractical to address 
both types of myelin in this review. Due to the major focus of this thesis on PNS 
myelin, only the latter will be discussed in detail here. 
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2.2 The structure of the PNS myelin sheath 

PNS myelin is formed by Schwann cells (reviewed in Garbay et al. 2000, Trapp 
& Kidd 2004). One Schwann cell only myelinates one axonal segment. The 
myelin sheath can be divided into the paranode, juxtaparanode and internode, 
with a node of Ranvier between two adjacent sheaths. The myelin sheath has 
compacted and non-compacted membrane compartments, with distances of 2 nm 
and 12-14 nm, respectively, separating the extracellular leaflets of apposing 
membrane bilayers. The non-compacted compartments of PNS myelin are the 
periaxonal cytoplasmic collar, the Schmidt-Lantermann incisures, the paranodal 
loops, and the inner and outer mesaxons. When myelin is compacted, the 
cytosolic sides of the Schwann cell plasma membrane fuse, forming the 
characteristic major dense line observed in electron microscopic preparations.  

The Schmidt-Lantermann incisures were described, by Ramon y Cajal 
already in 1928, as funnel-shaped structures disposed along the myelin internode. 
Later electron microscopy studies provided more information on the structure of 
the incisures (reviewed in Trapp & Kidd 2004). The incisures can be 
distinguished from compact myelin by the presence of cytoplasm and by the 12-
14 nm gap between apposing extracellular membrane leaflets. The number of 
incisures along a given myelin sheath correlates with the thickness of the sheath. 
The largest fibers in the rat sciatic nerve have approximately 25 incisures. 
Electron microscopy has demonstrated the presence of tight junctions, adherens 
junctions, and gap junctions linking the apposing membranes of the Schmidt-
Lantermann incisures (Scherer 1996). The Schmidt-Lantermann incisures 
function as cytoplasmic channels and they are usually seen connecting the inner- 
and outermost non-compacted compartments of the myelin sheath (Fig. 1). It has 
been suggested that the gap junctions located in the incisures membranes provide 
a communicational short-cut between the inner and outer aspects of the myelin 
sheath. A gap junction-mediated diffusion of small ions from the outer to the inner 
non-compacted myelin sheath compartments has been reported (Balice-Gordon et 
al. 1998) and it was estimated that this pathway is about 1000 times shorter than 
using the pathway provided by the outer edges of the sheath.  

The nodes of Ranvier, the paranodes and the juxtaparanodes comprise the 
regions along the axon where the nervous impulse is generated (reviewed in 
Trapp & Kidd 2004). The node of Ranvier is a 1-5 μm stretch of axolemma 
located between adjacent myelin sheaths along the individual nerve fibers. The 
sodium channels cluster at the node and are covered by Schwann cell microvilli. 
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The paranodal loops of the myelin sheath are at the lateral ends of the internode 
(Fig. 1B). Like the Schmidt-Lantermann incisures, the paranodal loops are filled 
with cytoplasm and appose each other with an extracellular intermembrane 
spacing of 12-14 nm. Septate junctions connecting the loop membrane to the 
axolemma form transverse bands visible in electron microscopic preparations. 
The juxtaparanode is defined as 10-15 μm of the myelin internode that is adjacent 
to the paranodal loops. It harbors the delayed rectifying potassium channels 
Kv1.1 and Kv1.2 and their associated subunit b2 (Rasband et al. 1998). 

Fig. 1. A) A drawing illustrating the structure of the PNS myelin sheath with compacted 
myelin shown in white and non-compacted regions in grey. Adapted from Salzer 2003. 
B) Myelin layers rolled open to illustrate the structure of the Schmidt-Lantermann 
incisures. Adapted from Scherer et al. 2004.  
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The abaxonal region of the myelin sheath contains multiple cytoplasmic 
channels (reviewed in Trapp & Kidd 2004). In addition to the outer mesaxon, the 
surface contains longitudinal and transverse structures containing cytoplasm of 
proposed nutritive functions (reviewed in Court et al. 2004). Additionally, the 
external surface of the entire myelin sheath along each axon is surrounded by a 
continuous basal lamina secreted by the Schwann cells and containing laminin-2, 
and collagens II and IV (Cornbrooks et al. 1983).. 

2.2.1 Biochemistry of the PNS myelin sheath 

Myelin lipids 

Lipids account for 72-78% of the dry mass of PNS myelin in both mammalian 
and non-mammalian species (reviewed in Garbay et al. 2000). All of the major 
lipid classes (neutral lipids, phosphoglycerides and sphingolipids) are present in 
the myelin membranes.  

Cholesterol accounts for 20-30% of the total lipids of PNS myelin (Garbay et 
al. 2000). It has been suggested to play a role in the stabilization and compaction 
of myelin membranes (Detering & Wells 1976, Nussbaum et al. 1969). This role 
for cholesterol is supported by its continuous accumulation in the sciatic nerves 
throughout the period of myelination and myelin maturation in mice and rabbits 
(Juguelin et al. 1986, Yates & Wherrett 1974) and by the reversible, severe, 
demyelinating neuropathy induced by tellurium treatment, which reversibly 
blocks cholesterol synthesis (Lampert et al. 1970, Said et al. 1981, Wiley-
Livingston & Ellisman 1982). Phospholipids account for 50-60% of the total 
lipids of PNS myelin (Garbay et al. 2000), with ethanolamine phosphoglycerides 
and sphingomyelin being the most abundant lipids of this class. PNS myelin also 
contains gangliosides, of which most are monosialogangliosides (Fong et al. 
1976). Mice lacking complex gangliosides exhibit both demyelination and axonal 
degeneration in the PNS (Sheikh et al. 1999). 

PNS myelin has a high concentration of monogalactosylsphingolipids when 
compared to other biological membranes (reviewed in Garbay et al. 2000). 
Galactolipids account for 15-35 % of the total lipids of adult PNS myelin, with 
cerebrosides and their sulfatides accounting for 14-26% and 2-7%, respectively, 
of the total myelin lipid mass. The ceramide galactosyl transferase (CGT)-
deficient mice, unable to produce galactolipids or their sulfatides, exhibit 
regionally unstable and progressively degenerating myelin sheaths in the CNS, 
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but show only mild abnormalities especially in the paranodal regions of PNS 
myelin (Coetzee et al. 1998, Dupree & Popko 1999, Dupree et al. 1998a, Dupree 
et al. 1998b, Marcus et al. 2002). Studies on ceramide sulfotransferase (CST)-
deficient mice, unable to synthesize the sulfatide form, have provided evidence 
that the sulfatides may be specifically involved in ensuring the integrity of the 
paranodal structures of myelin in both the CNS and PNS (Honke et al. 2002, 
Hoshi et al. 2007, Marcus et al. 2006).  

Glycosphingolipids and cholesterol form the key components of the 
microdomains frequently referred to as “lipid rafts” in the myelin sheath 
(reviewed in Taylor et al. 2004). Certain classes of proteins preferentially exist 
within these microdomains. These include GPI-anchored proteins, doubly 
acylated proteins, like the Src family tyrosine kinases, the alpha subunit of 
heterotrimeric G-proteins, and transmembrane proteins. A role in both protein 
trafficking and signal transduction has been suggested for these 
glycosphingolipid/cholesterol microdomains. 

Myelin proteins 

20-30% of PNS myelin dry mass is protein (reviewed in Garbay et al. 2000). Of 
these, at least 60% is glycoprotein and 20-30% consists of basic proteins. Both 
compacted and non-compacted membrane compartments of the myelin sheath 
contain proteins specific to them (reviewed in Garbay et al. 2000, Trapp & Kidd 
2004).  

Myelin protein zero (P0) is the most abundant protein of the PNS myelin 
sheath (Roomi et al. 1978). It is an integral membrane glycoprotein specific to 
myelinating Schwann cells. Estimations of its quantity in the PNS myelin sheath 
vary from 50% to 70% of the total protein (Garbay et al. 2000). The P0 protein is 
believed to function as a membrane adhesion molecule in PNS myelin, 
connecting the apposing extracellular leaflets of the Schwann cell and forming the 
intraperiod lines. P0 is thought to promote and maintain the very tight compaction 
of the myelin structure by homophilic interactions, possibly forming tetramers 
(reviewed in Garbay et al. 2000). This is supported by the fact that the spacing 
between the extracellular membrane leaflets is altered in P0-null mice, while the 
major dense line seems to be unaffected (Giese et al. 1992), and by the 
observation that P0 is known to mediate a homophilic plasma membrane cell 
adhesion in transfected non-adhesive cells (D'Urso et al. 1990, Filbin et al. 1990). 
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MBP is an extrinsic membrane protein, which binds negatively charged lipids 
and is located at the cytoplasmic surface of compact myelin membranes 
(reviewed in Garbay et al. 2000, Trapp & Kidd 2004). MBP represents 5-15% of 
PNS myelin proteins (Benjamins & Morell 1978). It is believed to participate in 
the adhesion of the apposing cytoplasmic leaflets of the compacted myelin 
membranes together with the cytoplasmic domain of P0 (Martini et al. 1995). 
However, P0 seems to be sufficient to maintain the major dense line in the PNS, 
as the latter is unaltered in MBP-deficient shiverer mice (Privat et al. 1979).  

The basic protein P2 represents 1-10% of PNS myelin proteins and is located 
on the cytoplasmic side of compact myelin membranes (reviewed in Garbay et al. 
2000). It is a member of the fatty acid-binding protein family (Uyemura et al. 
1984), and may serve as a lipid carrier in the assembly, remodeling and 
maintenance of the myelin sheath. 

Peripheral myelin protein-22 (PMP22) is a glycoprotein that represents 2-5% 
of PNS myelin proteins (Pareek et al. 1993). It is a hydrophilic protein with four 
transmembrane domains (Snipes et al. 1992). An adhesive role similar to that of 
P0 has been proposed for PMP22 (reviewed in Garbay et al. 2000). PMP22-
deficient mice exhibit hypomyelination and the myelinated fibers that do form are 
abnormally thick (Adlkofer et al. 1995). In the heterozygous trembler mutant 
(reviewed in Garbay et al. 1999), where PMP22 gene expression is only 10 % of 
normal, many Schwann cells attain a one-to-one relationship with axons, but do 
not form myelin. In addition, incomplete compaction of myelin is observed in the 
form of reduced myelin thickness, as well as rapid degeneration of the sheaths. 
The homozygous trembler mutant exhibits an even more severe reduction in 
PMP22 expression (5 % of normal levels), and shows only 1 % (compared to the 
30 % of the heterozygote) of the amount of myelination observed in normal 
peripheral nerves. 

Periaxin, 2’, 3’-cyclic nucleotide 3’-phosphodiesterase (CNP) and MAG are 
proteins of the non-compacted myelin compartments (reviewed in Garbay et al. 
2000). MAG will be discussed in detail below. Periaxin is a PNS-specific, non-
integral membrane protein. It accounts for about 5% of total PNS myelin proteins 
(Shuman et al. 1983). CNP represents less than 0.5% of PNS myelin proteins 
(Uyemura et al. 1972). A role has been proposed for CNP in signal transduction 
cascades, as well as in modulating cell surface morphology by interacting with 
the plasma membrane and the actin-based cytoskeleton (reviewed in Garbay et al. 
2000).  
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2.3 The myelination of the PNS 

PNS myelin is formed by the differentiation of the Schwann cell plasma 
membrane (reviewed in Garbay et al. 2000, Trapp et al. 2004). This process 
requires concentrating large amounts of non-conducting material around segments 
of the axon and excluding as much of the aqueous, cytosolic material from the 
structure as possible, while allowing access to all levels of the sheath for 
maintenance (reviewed in Garbay et al. 2000).  

2.3.1 Developmental timetable 

Myelination has been extensively studied in mice, in which it is a postnatal event 
(reviewed in Garbay et al. 2000). One-day-old mouse sciatic nerves contain 
mainly fetal nerve fibers, where groups of several small caliber axons are 
surrounded by a single layer of Schwann cell cytoplasm. Some promyelin fibers, 
where Schwann cells have segregated and enveloped a single axonal segment and 
secreted a basal lamina, as well as a few myelinated fibers with clearly 
distinguishable compacted and non-compacted membrane compartments, are also 
present (Ayers & Anderson 1975, Friede & Samorajski 1968). At this stage, the 
number of compacted layers in the myelinated fibers is only 2 or 3. In 2-day-old 
mice the number of promyelin fibers has increased and the myelinated fibers now 
have an average of seven compacted layers (Low 1976).  

During the first postnatal week, the number of both promyelin and 
myelinated fibers progressively increases, while the number of fetal fibers 
decreases (Ayers & Anderson 1975, Low 1976). At the age of one week, the 
myelinated fibers have approximately 25 compacted layers. By the age of two 
weeks, there are only a few promyelin fibers and almost no fetal fibers remaining. 
In other words, most axons have already formed one-to-one contacts with 
Schwann cells and have undertaken the myelination process. The myelinated 
fibers have acquired an average of 36 compacted layers that resemble those 
observed in adult nerves. The maximum myelin deposition in the sciatic nerves of 
rat and mice occurs during the third postnatal week and then slows down, 
resulting in about 80 and 50 compacted layers, respectively, in the myelin of adult 
sciatic nerves (reviewed in Garbay et al. 2000). This “active” period of 
myelination is accompanied by a significant change in the relative distributions of 
myelin proteins and lipids. 
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2.3.2 Myelinogenesis 

Schwann cell differentiation and initiation of myelination 

Schwann cell precursors originate from the neural crest cells and migrate to the 
peripheral locations in close association with axons (reviewed in Jessen & Mirsky 
2005). They are present in early embryonic nerves of rat and mice, and develop 
into immature Schwann cells around embryonic day 15-17 and 13-15, 
respectively. During the early development stages of peripheral nerves, the 
neurons and the Schwann cell precursors depend on each other for survival. The 
transition from the precursors to immature Schwann cells is accompanied by the 
ability of the cells to support their own survival by secreting several survival 
factors, including insulin-like growth factor 2, neurotrophin 3, platelet-derived 
growth factor-β, leukaemia inhibitory factor and lysophosphatidic acid (Meier et 
al. 1999, Schmid et al. 2003, Weiner & Chun 1999). After reaching their final 
destination in the developing peripheral nerves and before the onset of 
myelination, each immature Schwann cell ensheathes large groups of axons 
(reviewed in Jessen & Mirsky 2005).  

The formation of the pro-myelin fibers requires radial sorting, in which the 
Schwann cells form a one-to-one relationship with a single large diameter axon 
(reviewed in Jessen & Mirsky 2005). In addition, the number of Schwann cells is 
adjusted by controlling their survival and proliferation to meet the number of 
axons to be myelinated. Schwann cell proliferation is stimulated by the presence 
of neurons, possibly through neuregulin-1 (Morrissey et al. 1995, Salzer et al. 
1980). Survival is controlled not only by survival-promoting, but also, by death-
causing signals (reviewed in Jessen & Mirsky 2005). Axon-associated neuregulin-
1 and basal lamina laminin provide the Schwann cells with survival support, 
whereas TGFβ mediates a death signal. Another death signal is know to act 
through the p75 neurotrophin receptor (p75NTR), possibly after activation by NGF 
binding (Syroid et al. 2000). The beginning of myelination is additionally 
regulated through various myelin differentiation inhibiting signaling pathways 
that are active in immature Schwann cells and have to be suppressed at the onset 
of myelination (reviewed in Jessen & Mirsky 2005). 

All Schwann cells are capable of forming myelin when associated with a 
matured axon, but myelination only occurs if the axonal diameter is greater than 
0.7 μm. The smaller diameter axons remain ensheathed by Schwann cells, but are 
not myelinated (reviewed in Trapp et al. 2004). The contact with Schwann cells 
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induces axonal maturation characterized by an increase in the diameter of the 
axon to be myelinated. Axonal maturation induces the radial sorting of the non-
myelinated axon from the polyaxonal pocket. Some integrins and their ligand 
laminin seem to be involved in sensing the axonal signals during early 
myelination (reviewed in Sherman & Brophy 2005, Court et al. 2006). The 
interaction between axon and Schwann cell is interrupted when β1 integrin is 
conditionally knocked out and the mutants exhibit severe neuropathy and 
impaired radial sorting of the axons (Feltri et al. 2002). NGF has also been shown 
to stimulate myelination by the Schwann cells by controlling the receptiveness of 
the axons (Chan et al. 2004). After the establishment of a one-to-one relationship 
between the axon and a Schwann cell, the Schwann cell envelops the axon and 
secretes a basal lamina at the outer abaxonal surface of the Schwann cell (Bunge 
et al. 1986, Eldridge et al. 1987, Eldridge et al. 1989).  

MAG and Gal-CB expression is induced at the same time the axon-Schwann 
cell contact is formed (Owens & Bunge 1989). As Schwann cells fail to myelinate 
axons upon elimination of either one of the two in culture, they have been 
suggested to play a part in the initiation of myelination (Coetzee et al. 1998, 
Owens & Bunge 1990, Owens & Bunge 1991, Stoffel & Bosio 1997). The 
trembler mice have a severely deficient synthesis (Heape et al. 1995) and 
accumulation (Heape et al. 1986) of Gal-CBs, but the mutants express normal 
amounts of MAG (Inuzuka et al. 1985). In the trembler mice, which results from 
point mutation in the PMP22 gene, resulting in severely reduced expression of 
PMP22, myelination is blocked at the promyelin stage and the expression of the 
compact myelin-associated proteins is reduced (reviewed in Garbay et al. 1999). 
It therefore seems that MAG may be involved in the formation of the axonal 
contact, which is supported by its enrichment in the periaxonal membrane (Trapp 
& Quarles 1984), and in the establishment of the one-to-one relationship between 
the axon and Schwann cells, while Gal-CBs may function in the deposition of the 
first myelin lamellae (Garbay et al. 2000). 

Myelination is also controlled by transcriptional means through the PUO 
domain factor Oct-6 and the zinc-finger protein Krox-20 (reviewed in Jessen & 
Mirsky 2004). If Krox-20 expression is enforced adenovirally, there is a strong 
upregulation of mRNA of myelin protein and lipids along with many other genes 
of unknown function in the Schwann cells (Nagarajan et al. 2001). The promoters 
of Oct-6 and Krox-20 have Schwann cell-specific enhancer elements that are 
controlled by axonally regulated transcription factors (reviewed in Jessen & 
Mirsky 2004). The Krox-20 promoter contains two elements active at different 
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stages of development, one in immature Schwann cells and the other during 
myelination. The myelination-associated element of Krox-20 is dependent on 
Oct-6 activation. Myelination is severely delayed in Oct-6-deficient mice 
(Bermingham et al. 1996) and does not occur at all in the Krox-20 null-mice 
(Topilko et al. 1994). The Schwann cells of the Krox-20-deficient mice express 
MAG, an early myelination marker, but not the later markers, P0 and MBP, and 
only wrap one and half turns around the axon. 

Schwann cells have been found to express a myelin-related phenotype in 
response to raised cAMP levels (Morgan et al. 1991). Several other factors have 
also been reported to take part in glial cell differentiation and myelination. 
Insulin-like growth factor and high levels of insulin employed with forskolin have 
been reported to produce high levels of P0 induction in Schwann cells (Stewart et 
al. 1996). Progesterone is likewise known to speed up the initiation of PNS 
myelination and synthesis of myelin (reviewed in Schumacher et al. 2001). 

Mesaxonal formation and development  

The spiral growth of the myelin internode happens as an expansion of the 
mesaxonal membrane of the myelinating Schwann cell forming two possible 
leading edges for myelination (reviewed in Trapp et al. 2004). These later develop 
into the inner and outer mesaxons of more mature myelin internodes. The 
deposition of additional layers occurs by rotation of the internal mesaxon around 
the axon (Bunge et al. 1989). This means that temporary contacts must be 
established, not only between adjacent layers, but also between the innermost 
membrane of the myelin sheath and the axonal membrane, possibly mediated by 
cell surface adhesion molecules. The MAG-containing spiraling layers appose 
each other by 12-14 nm prior to compaction (Trapp & Quarles 1982).  

Formation of the nodal region 

Early on during myelination, an axo-glial junction is formed between the distal, 
non-compacted loops of myelin and the axolemma. This will define the paranodal 
domain and separate the node from the juxtaparanode (reviewed in Sherman & 
Brophy 2005). The development of the node of Ranvier requires the relocation of 
proteins in both Schwann cells and axons. On the axolemma, Caspr is expressed 
diffusely on non-myelinated axons and is localized to the paranodal junctions 
shortly after the onset of myelination (Einheber et al. 1997). Caspr and its 
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companion contactin are targeted to the paranodal junctions during myelination 
probably in a preformed complex (Rios et al. 2000). Their probable partner on the 
myelin membrane is neurofascin 155. The first constituents of the node, 
neurofascin 186 (a neuronal isoform), ankyrin G, neural-glial-related cell 
adhesion molecule, and βIV-spectrin, all appear at the same time as the first axo-
glial junctional components (reviewed in Sherman & Brophy 2005). These are 
followed by the relocation of the voltage-gated sodium channels to the nodal 
region. The focal presentation of gliomedin, a glial cell ligand of neurofascin and 
NrCAM, to the axon during myelination, causes the initial clustering of the axo-
nodal cell adhesion molecules, which facilitates the recruitment of ankyrin G and 
the sodium channels (Eshed et al. 2005). The potassium channels are recruited to 
the juxtaparanodal region through extrinsic factors derived from myelinating glia 
(reviewed in Poliak & Peles 2003, Salzer 2003). 

Compaction of the sheath 

Compaction of the myelin sheath begins once several mesaxonal spirals have 
been completed. Almost all conductive extracellular and cytoplasmic material is 
excluded from the myelin structure by fusing large surfaces of the cytoplasmic 
leaflets of the plasma membrane, forming the major dense line, and by closely 
apposing the exoplasmic surfaces of the consecutive membrane spirals, changing 
spacing from 12-14 nm to 2 nm thus forming the intraperiodic lines (reviewed in 
Garbay et al. 2000, Trapp et al. 2004). This is illustrated in Fig. 2. Myelination is 
accompanied by an accelerated accumulation of myelin-specific proteins, 
including P0, PMP22 and MBP. In mice, P0 and PMP22 mRNA expression seems 
to precede that of MBP with the former reaching maximal level around postnatal 
day 12 and the latter on postnatal day 18. The major lipids of myelin exhibit 
accumulation patterns similar to those of the major structural proteins of myelin, 
with a slow initial accumulation during postnatal days 7-10 followed by a rapid 
accumulation during the third week corresponding to the active myelination stage 
(reviewed in Garbay et al. 2000). 

The close appositioning of the extracellular leaflets of the membrane bilayers 
is dependent on the addition of P0 to, and the removal of MAG from, the 
apposing membranes of the non-compacted Schwann cell spirals (Trapp 1988). 
Tetrameric P0 complexes homophilically bind to P0 tetramers in the opposite 
orientation on the apposing membranes (Shapiro et al. 1996). The introduction of 
these complexes into the apposing membranes initiates the compaction process. 
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This, however, is not enough to allow compaction to proceed. If MAG is not 
removed from the membranes, its larger extracellular domain dominates the 
extracellular leaflet spacing, keeping it at 12-14 nm even if P0 is present (Trapp et 
al. 2004), and myelination halts before compaction, as is observed in Trembler J 
and Quaking mutant mice exhibiting problems in converting mesaxon membranes 
to compact myelin (Trapp et al. 1984, Trapp 1988, Heath et al. 1991). Several 
suggestions have been made in an attempt to identify the means of removing 
MAG from the compaction-pending membranes (reviewed in Trapp et al. 2004). 
The clathrin-coated pits present in the mesaxonal membranes of Schwann cells 
during early myelination could offer a mechanism for this removal, but MAG has 
not been observed to accumulate in them, making it unlikely that this is the 
mechanism used by the Schwann cells. The susceptibility of MAG to proteolytic 
degradation (see below; 2.3.4) has prompted speculation that this proteolysis may 
play a role in the removal of MAG from the Schwann cell membranes about to be 
compacted. However, the proteolytic product of MAG (dMAG) has not been 
detected during the early stages of normal PNS myelination. In the absence of 
evidence to support endocytic or proteolytic removal of MAG, it has been further 
speculated that the conversion of mesaxonal membrane to compact myelin could 
involve a combination of lateral diffusion of MAG and the establishment of 
specific docking sites for P0-enriched membrane vesicles within mesaxon 
membranes. 
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Fig. 2. When the apposing extracellular leaflets of adjacent Schwann cell membranes 
are brought in close proximity to each other, MAG is excluded from the extracellular 
leaflets and P0 molecules of apposing membranes form a homophilic contact. 
Reproduced from Trapp et al. 2004. 

In addition to P0, MBP participates in the compaction of the myelin sheath. It 
is believed to play a role in the adhesion of the apposing cytoplasmic leaflets of 
the compacted myelin membranes together with the cytoplasmic domain of P0 
(Martini et al. 1995). Also PMP22 is involved in the compaction process as the 
reduction of the PMP22 gene expression results in incomplete compaction of 
myelin (reviewed in Garbay et al. 1999).  

Regulation of myelin thickness 

The ratio of axonal diameter and myelin thickness is called the g-ratio. The g-
ratio is usually between 0.6 and 0.7 in most axons of any given animal (reviewed 
in Sherman & Brophy 2005). Myelin forming cells of the CNS and PNS seem to 
use different axonal cues to regulate myelin thickness, because oligodendrocytes 
form myelin sheaths proportional to axonal diameter in animals with small, 
neurofilament-deficient axons, while Schwann cells form disproportionately thick 
myelin (Elder et al. 2001). The thickness of the axon-myelin complex is 
determined by a complex interplay between the axon and the myelin sheath. The 
neuregulin-Erb receptor system has a considerable influence on myelin thickness 
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(reviewed in Sherman & Brophy 2005). The absence of either partner leads to the 
production of thinner peripheral myelin, but the internodal length seems to be 
unaffected by the neuregulin-Erb receptor system. Bone-derived neurotrophic 
factor, the neurotrophin p75 receptor (Tolwani et al. 2004) and P120 catenin 
(Perrin-Tricaud et al. 2007) have also recently been implicated in the regulation 
of myelin thickness. 

2.4 The myelin-associated glycoprotein 

MAG is a 100-kDa transmembrane protein specific to myelin-producing cells and 
represents about 0.1% of the total PNS myelin proteins (reviewed in Garbay et al. 
2000). It was first discovered from rat CNS myelin over 35 years ago (Quarles et 
al. 1972, Quarles et al. 1973). Since then, numerous studies have been done 
trying to elucidate its role in myelination and myelin maintenance of both the 
CNS and PNS. Despite the intensive investigations pertaining to the functions of 
MAG, many questions still remain unanswered. Two extensive reviews on MAG 
have been published recently, summarizing the vast amount of data available on 
this myelin-specific protein (Georgiou et al. 2004, Quarles 2007).  

2.4.1 The gene 

The Mag gene has 13 exons spanning 16 kb (in rats and mice) and expressing 
several mRNA forms (Fujita et al. 1989, Lai et al. 1987b, Nakano et al. 1991). Of 
the 13 exons, exons 5-9 encode the five immunoglobulin domains present in the 
extracellular domain common to both MAG isoforms. The single common 
transmembrane domain is encoded by exon 10. The cytoplasmic domains of the 
two isoforms are each encoded by two exons. Exon 11 encodes the first part of 
the cytoplasmic domain of both isoforms and exons 12 and 13 encode the 
carboxy-termini of the cytoplasmic domains of small (S)-MAG and large (L)-
MAG, respectively. 

Exons 2 and 12 of the Mag gene can be spliced out independently of each 
other. The significance of splicing exon 2 is not known, since it does not code for 
any part of the polypeptide. However, the Mag form lacking exon 2 is associated 
with the PNS and the form containing exon 2 is associated with CNS (Fujita et al. 
1989, Lai et al. 1987b, Tropak et al. 1988). The alternative splicing of exon 12, 
which contains an in-frame stop codon, determines the production of the two 
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isoforms of MAG. Inclusion of the exon produces S-MAG, while splicing it out 
produces L-MAG (Lai et al. 1987b). 

The full details of the regulation of the Mag gene expression are still 
unknown. However, methylation of the CpG islands in the Mag regulatory region 
is known to decrease as oligodendrocytes differentiate towards a myelinating 
phenotype (Grubinska et al. 1994), suggesting that methylation of the Mag gene 
is a regulatory mechanism at least in the CNS. The regulation of the alternative 
splicing of Mag is mediated by QKI proteins. The reduction of QKI levels in the 
quaking mutant mouse leads to an altered developmental expression of the two 
isoforms of MAG in the CNS, with S-MAG dominating throughout development 
and L-MAG being barely expressed (Frail & Braun, 1985, Fujita et al. 1990).  

The Mag gene promoter region contains several sequences homologous to the 
promoter regions of Plp and Mbp (Nakano et al. 1991). In addition, the QKI-5 
isoform, known to regulate the alternative splicing of Mag gene, also regulates 
Plp and Mbp genes (Wu et al. 2002). This kind of similarity in the regulation of 
three myelin-associated proteins may indicate a larger scale regulatory pathway of 
the myelination process. 

2.4.2 The protein structure 

MAG has three structural domains: the extracellular domain, the transmembrane 
domain, and the cytoplasmic domain. The extracellular and the transmembrane 
domains are shared by both MAG isoforms, but the cytoplasmic domains are 
isoform-specific. MAG is highly conserved among mammals, as the amino acid 
sequence of human and mouse MAG have respectively a 98% and 95% identity 
with rat MAG (Fujita et al. 1989, Sato et al. 1989, Spagnol et al. 1989). 

The extracellular domain 

MAG belongs to the sialic acid (SA)-binding subgroup of the immunoglobulin 
superfamily. The 5 immunoglobulin domains responsible for this classification 
are located in the N-terminal extracellular domain. The SA-binding site of MAG 
is in the Ig 1 domain (Tang et al. 1997). Domains 2-5 are similar to Ig domains in 
the C2-set (Arquint et al. 1987, Lai et al. 1987a, Lai et al. 1987b, Salzer et al. 
1987), whereas the first domain is similar to the V-set (Williams and Barclay, 
1988). The first domain has a possible intra-domain disulphide bridge formed by 
the cysteine pair Cys42 and Cys100 (Williams & Barclay, 1988). In addition, 
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domains 1 and 2 may be linked by an interdomain disulphide bridge formed by 
Cys37 and Cys159 (Pedraza et al. 1990). EM studies on dMAG, a proteolytic 
derivative of MAG containing the extracellular part of the protein (Sato et al. 
1984b), suggest that Ig domains 1 and 2 are folded back on domains 4 and 5 in a 
hairpin configuration (Fahrig et al. 1993). 

It is also noteworthy, that the proteolytic product, dMAG, which lacks the 
transmembrane and cytoplasmic domains, is not able to bind to neurons on its 
own (Sadoul et al. 1990), indicating that MAG needs to be associated with a 
cellular membrane in order for the adhesion to neural membranes to happen.  

Fig. 3. An illustration of MAG structure. Only the carboxy-terminal portions of the 
cytoplasmic domains of the two isoforms tell them apart. (Figure courtesy of Salla 
Kangas, adapted from Georgiou et al. 2004). 

Glycosylation of the extracellular domain 

30% of the weight of MAG is due to added carbohydrates (reviewed in Georgiou 
et al. 2004, Quarles 2007). This is consistent with the eight N-linked 
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oligosaccharide addition sites predicted from the amino acid sequence of rat 
MAG (Arquint et al. 1987, Lai et al. 1987a, Salzer et al. 1987). Most of the MAG 
oligosaccharides are of the complex type and a high proportion of them are 
sialylated and sulphated (reviewed in Georgiou et al. 2004). 

MAG contains the L2/human natural killer (HNK)-1 epitope (Inuzuka et al. 
1984, McGarry et al. 1983) expressed on glycoproteins, glycolipids and 
glycosaminoglycans. The HNK-1 epitope is not expressed on rat MAG, but when 
rat MAG was expressed in human neuroblastoma, the epitopes were reported to 
be situated in Ig domain 4 or 5 (Pedraza et al. 1995), while in the case of human 
MAG, all the oligosaccharides have been suggested to carry the HNK-1 epitope 
(Burger et al. 1991). The significance of the HNK-1 epitope to the adhesion 
function of MAG is not yet known (reviewed in Georgiou et al. 2004). The fact 
that the expression of the epitope is species-dependent, and not all MAG 
molecules contain it even in the species expressing the epitope, suggest that 
HNK-1 is not essential for MAG to function properly. In addition, the gp120 
receptor on the AIDS virus is the only protein that has been shown to be capable 
of interacting with the HNK-1 domain of MAG (Van den Berg et al. 1992).  

The cytoplasmic domains 

While there has been extensive research done on the extracellular domain of 
MAG, the cytoplasmic domain has received surprisingly little attention 
considering that it harbors the only region that differs between the two 
differentially expressed isoforms, which would presumably have different 
functions within the sheath.  

The cytoplasmic domain of MAG consists of two parts; a 36 amino acid part 
common for both isoforms, and an isoform-specific 10, or 54 amino acid 
carboxyterminal sequence produced by alternative RNA splicing, which 
distinguishes between S-MAG and L-MAG, respectively (Salzer et al. 1987). The 
cytoplasmic domain contains phosphorylation consensus sequences that have 
been the basis for suggestions concerning the possible functions of the isoform-
specific cytoplasmic domains (Arquint et al. 1987, Salzer et al. 1987).  

The cytoplasmic domains of both MAG isoforms can be phosphorylated. 
Potential sites for the phosphorylation of Ser, Thr and Tyr residues have been 
predicted from the MAG primary structure (Arquint et al. 1987, Salzer et al. 
1987). S-MAG is phosphorylated only on Ser residues, whereas L-MAG, which is 
likewise mainly phosphorylated on Ser, can also be phosphorylated on Thr and 
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Tyr (Afar et al. 1990, Agrawal et al. 1990, Edwards et al. 1988, Kirchhoff et al. 
1993, Yim et al. 1995). 

Protein kinase C (PKC) has been shown to phosphorylate a Ser residue on 
both MAG isoforms (Kirchhoff et al. 1993). Both S-MAG and L-MAG have been 
shown to associate with Fyn tyrosine kinase, and the binding of MAG antibodies 
to the extracellular domain of L-MAG causes the activation of Fyn and leads to 
phosphorylation of Tyr620 (Jaramillo et al. 1994, Umemori et al. 1994). In 
addition, the tyrosine-phosphorylated form of L-MAG is capable of binding 
phospholipase Cγ (PLCγ) (Jaramillo et al. 1994). Based on recent in vitro studies, 
protein kinase A (PKA) has been shown to phosphorylate the Thr607 residue of 
L-MAG and this phosphorylation is inhibited by the binding of S100β to the 
cytoplasmic domain of L-MAG (Kursula et al. 2000). The phosphorylation 
properties of its cytoplasmic domain suggest a role for L-MAG in signal 
transduction (reviewed in Quarles 2007).  

An allelic dimorphism has been discovered in rat S-MAG (Kursula et al. 
1998, Tropak et al. 1988). The presence of Pro instead of Arg at position 579 in 
the S-MAG-specific cytoplasmic domain results in a decreased stability of the 
protein and a more rapid turnover of the protein during the early stages of 
myelination. 

2.4.3 Expression and localization  

MAG is expressed from the beginning of myelination (reviewed by Garbay et al. 
2000). In rat, the expression of MAG starts at birth and increases exponentially 
over the first 2 weeks of life. The elevated levels of MAG mRNA expression 
continue throughout adult life, indicating a role for MAG not only in myelination, 
but also in myelin maintenance. MAG is located in the non-compacted membrane 
compartments of the mature myelin sheath (reviewed in Georgiou et al. 2004, 
Quarles 2007). 

MAG in the CNS 

The mRNA expression of the two isoforms is developmentally regulated in both 
rat and mouse CNS (Erb et al. 2006, Frail & Braun, 1984, Pedraza et al. 1991). In 
rats, L-MAG dominates during early myelination peaking at the age of 3 weeks. 
S-MAG expression rises gradually as L-MAG expression starts to decline during 
the second postnatal month. S-MAG is the predominating form in the adult rat 
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CNS (Frail & Braun, 1984, Lai et al. 1987b, Tropak et al. 1988). L-MAG is also 
the predominating isoform of early myelination in mice, whereas S-MAG 
predominates in the CNS myelin of adult individuals (Braun et al. 1990, Inuzuka 
et al. 1991, Pedraza et al. 1991). Recently, a differential expression of the two 
MAG isoforms in different areas of mouse brain was also indicated (Erb et al. 
2006). In contrast with rodents, L-MAG is the predominating form in the adult 
human brain (Miescher et al. 1997). 

In the CNS, MAG has been mainly reported to occupy the periaxonal 
membrane. The opinions on the presence of MAG elsewhere in the CNS myelin 
sheath are mixed. Early results suggested that MAG was present only in the 
periaxonal membrane of the CNS myelin sheath and not in the other non-
compacted membrane compartments (Sternberger et al. 1979, Trapp et al. 1989a), 
and only once was a weak anti-MAG labeling also detected in the paranodal 
region of optic nerve (Bartsch et al. 1989). However, recent results of S-MAG-
green fluorescent protein expression in transgenic mice have demonstrated the 
presence of S-MAG in most, but not all, CNS paranodes (Erb et al. 2006). 

MAG in the PNS 

Developmentally, L-MAG and S-MAG mRNAs are expressed in rodent PNS in a 
manner similar to that seen in the CNS (Inuzuka et al. 1991, Pedraza et al. 1991). 
The expression of MAG precedes the expression of P0 and MBP (Stahl et al. 
1990), which are known components of the compacted areas of mature myelin. 
Contrary to the CNS, only very small amount of L-MAG mRNA is present in the 
PNS nerve tissue of rodents (Tropak et al. 1988, Erb et al. 2006). S-MAG is the 
predominating isoform and is already strongly expressed at around birth. In 
humans, S-MAG is also the predominating isoform of PNS myelin, but the 
amount of L-MAG is significantly higher than in rodents (Miescher et al. 1997). 

MAG is located in all of the non-compacted membrane compartments of the 
PNS myelin sheath (Martini & Schachner 1986, Sternberger et al. 1979, Trapp & 
Quarles 1982, Trapp et al. 1989b). In addition to the periaxonal membrane, MAG 
is present in the Schmidt-Lantermann incisures, the paranodal loops, and both the 
inner and outer mesaxons. A study done on transgenic S-MAG- green 
fluorescence protein (GFP) mice has recently shown that the isoform present in 
all of the non-compacted membrane compartments of mouse PNS myelin is S-
MAG (Erb et al. 2006). Additionally, the periaxonal presence of S-MAG was 
shown to vary in correlation to the axonal thickness. Strongest presence was seen 
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associated with small caliber axons, whereas the myelin of larger caliber axons 
showed little and often irregular periaxonal expression of S-MAG. The low, or 
undetectable levels of L-MAG in the PNS myelin of rodent is in contrast to the 
significant periaxonal presence of L-MAG found in adult human nerve (Miescher 
et al. 1997). 

2.4.4 MAG receptors 

MAG binds to the major brain gangliosides GD1a and GT1b, and to some minor 
ones (reviewed by Vyas & Schnaar 2001), present in both the axonal and myelin 
membranes. MAG has a high affinity for 2, 3-SA oligosaccharides associated 
with a NeuAc-α3-Gal-β3-GalNAc core structure (Collins et al. 1997, Kelm et al. 
1994), which is typical for complex brain gangliosides. Supporting the results 
obtained from binding studies, the GalNAcT knock-out mice, unable to produce 
complex gangliosides, including GD1a and GT1b, show a similar phenotype to 
MAG knock-out mice (Sheikh et al. 1999). Both the CNS and PNS of the 
GalNAcT knock-outs exhibit axonal degeneration. In addition, the amount of 
myelination in the CNS is lowered and the PNS shows a demyelinating 
phenotype. The GD1a- and GT1b-mediated axonal growth inhibition effect of 
MAG will be discussed in more detail below. 

Studies done with the neuroblastoma cell line N2A have indicated sialylated 
N-glycans of glycoprotein to be binding partners for MAG (Strenge et al. 1999). 
A co-precipitation study indicated that MAG binds to at least two proteins at the 
neural surface, a 190-kDa sialoglycoprotein and a 250-kDa protein (DeBellard & 
Filbin 1999). Additionally, the α-series of gangliosides have been shown to bind 
MAG with an even greater strength than GD1a and GT1b (Collins et al. 1999).  

Recently, a neuronal ligand for MAG has been identified in the form of Nogo 
receptor (NgR). The latter binds to MAG with an affinity similar to that with 
which it binds to its two other ligands, Nogo-66 and oligodendrocyte-myelin 
glycoprotein (OMgp) (Liu et al. 2002). MAGs binding site is individual and 
distinct from the overlapping binding sites of Nogo-66 and OMgp. The inhibition 
of axonal growth induced by the presence of MAG is mediated through NgRs. 
This will be discussed in more detail below. 



 39 

2.4.5 Proposed functions 

A number of roles have been proposed for MAG in both the CNS and PNS 
(reviewed in Schachner & Bartsch 2000, Georgiou et al. 2004, Quarles 2007). 
Even though MAG is a quantitatively minor constituent of myelin, it has been 
implicated in both the formation and maintenance of myelin sheaths. MAG is also 
known to regulate neuronal growth and to partake in the communication between 
neuronal and glia cells. 

MAG in early development of the myelin sheath 

MAG expression starts at around birth in rodents (see above, 2.3.5). The 
developmental early upregulation of MAG suggests a role at the beginning of 
myelination. In vitro studies have shown MAG to be enriched in periaxonal 
membranes of Schwann cells during the early envelopment stage of myelination 
(Owens & Bunge 1989). Additionally, it was shown that, in Schwann cells, 
increasing the amount of L-MAG accelerates the myelination process, while low 
expression levels of MAG resulted in hypomyelination (Owens & Bunge 1991, 
Owens et al. 1990). When MAG expression is reduced more than five-fold with 
MAG antisense RNA, Schwann cells fail to segregate large caliber axons and to 
form myelin in vitro (Owens & Bunge, 1991).  

Depletion of Gal-CB from Schwann cells with antibody treatment results in 
halting of the membrane spiraling at the beginning of myelination (Owens & 
Bunge 1990). These Schwann cells express high levels of MAG and are seen to 
form a one-to-one relationship with an axon. This leads to the ensheathment of 
the axon, but the mesaxonal spiraling of the Schwann cell membrane halts before 
it has turned one full turn around the axon. This is suggested to indicate a role for 
MAG in the formation of the Schwann cell-axon contact and the initial 
ensheathment. In contrast, an electron microscopy study of developing nerve has 
shown that MAG is only present in Schwann cells that have turned at least 1.5 
turns around the axon (Martini & Schachner 1986). 

In addition to a role in the initial contact and ensheathment of axons, studies 
performed with the spontaneously immortalized Schwann cell line, S16, suggest a 
possible role for MAG in an autotypic contact-mediated signaling, promoting 
membrane spiraling during myelination (Sasagasako et al. 1996, 1999). This type 
of role is also supported by an electron microscopy study of peripheral nerves in 
P0/MAG and P0/neural cell adhesion molecule (NCAM) double knock-out mice 
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(Carenini et al. 1999). While both double mutants showed reduced membrane 
spiraling, the membrane spiraling associated with the P0/MAG mutant was 
significantly more reduced than that of the P0/NCAM mutant. Although there are 
many studies indicating a role for MAG in the membrane spiraling, the fact that 
the membrane spiraling is halted in vitro at an early stage in the absence of Gal-
CBs suggests that MAG is most probably not the sole factor responsible for the 
spiraling. This is also supported by the fact that MAG null mice form seemingly 
normal myelin (Li et al. 1994, Montag et al. 1994). 

MAG in maintenance of myelin and myelinated axons 

All membranes appose MAG-containing membranes by 12-14 nm, which is a 
distance fitting to be occupied by the extracellular domain of MAG (Trapp & 
Quarles 1982, Trapp 1990). The fact that MAG needs to be removed from the 
glial membranes before the compaction of the myelin sheath can occur (Trapp, 
Quarles & Suzuki 1984, Trapp 1988, Heath et al. 1991) indicates that MAG may 
be involved in stabilizing the non-compacted membrane compartments.  

In MAG knock-outs, myelin forms relatively normally during early 
development, but starts to deteriorate in adult mice (Carenini et al. 1997). This is 
indicative of a role in the maintenance of the myelin sheath. MAG and CGT 
knock-out mice exhibit similar pathologies in adult CNS myelin, but the 
anomalies appear at an earlier age (~ 90 days) in the CGT-knock out mice. The 
defects are increased in the MAG/CGT double knock-out, with the disruption of 
the paranodal region progressing faster than in the single mutants (Marcus et al. 
2002). The double mutants die at the age of 3 weeks. Both single mutants also 
show mild abnormalities in the paranodal regions of PNS myelin as they age, but 
definite conclusions concerning the possible overlapping, or co-operative, roles of 
MAG and Gal-CBs in the maintenance of PNS myelin cannot be made due to the 
mortality of the double knock-outs at a young age. 

MAG-null mice exhibit increasing axonal degeneration with age in both the 
CNS and PNS (Pan et al. 2005, Yin et al. 1998). In addition, a reduction of 
conduction velocity has been reported in one-year-old MAG knock-outs (Weiss et 
al. 2001). This indicates the importance of MAG-mediated glia-to-neuron 
signaling in the long-term maintenance of axonal integrity. A similar phenotype is 
seen in GalNAcT knock-out mice that are unable to produce GD1a and GT1b, 
indicating the possibility that a MAG-mediated signal is transmitted to the axonal 
cytoskeleton through one, or both, of these gangliosides (Sheikh et al. 1999). As 
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L-MAG knock-out mice do not show this type of axonal deterioration, it has been 
concluded that S-MAG is sufficient to maintain this glial cell-axonal signal 
(Fujita et al. 1998). Based on all of these results, it has been concluded that the 
glia-to-axon signal responsible for maintaining axonal integrity is either mediated 
by S-MAG, or is dependent on the presence of the extracellular domain common 
to both MAG isoforms.  

Signal transduction in glial cells 

In addition to signaling from glial cells to axons, MAG has been implicated in 
signaling inside the glial cells. The association of both MAG isoforms with Fyn 
tyrosine kinase (Jaramillo et al. 1994, Umemori et al. 1994) supports a role in 
signal transduction inside the glial cells. This is supported by the fact that 
Fyn/MAG double knock-outs suffer severe hypomyelination of the CNS. The Fyn 
activation phosphorylates Tyr620 of the L-MAG cytoplasmic domain and leads to 
the recruitment of PLCγ (Jaramillo et al. 1994). Fyn is known to be associated 
with myelin lipid rafts (Kramer et al. 1999). A recent study demonstrated the 
relocation of MAG to lipid rafts when the MAG-mediated signaling pathway is 
activated in oligodendrocytes (Marta et al. 2004).  

Binding of S100β to the L-MAG cytoplasmic domain leads to inhibition of 
the phosphorylation of Thr607 by PKA (Kursula et al. 2000). This is due to the 
fact that S100β binds at (or close to) the PKA phosphorylation site, which is thus 
inaccessible to the PKA. S100β is involved in the regulation of the glial 
cytoskeleton (reviewed in Kursula 2000). The association of L-MAG with S100β 
(Kursula et al. 2000) and the association of S-MAG with tubulin (Kursula et al. 
2001) suggest a role for MAG in signaling pertaining to the regulation of the 
shape, motility and polarity of the glial cells.  

2.4.6 MAG in injury and disease 

Inhibition of axonal regeneration  

The inhibition of neuronal outgrowth by the extracellular domain of MAG is not 
dependent on MAG’s association with live glial cells, or even on the cytoplasmic 
domain of MAG, and affects both CNS and PNS neurons (reviewed in Georgiou 
et al. 2004). In dorsal root ganglia (DRG), the negative effect on neuronal 
outgrowth emerges after the third postnatal day (DeBellard et al. 1996). The 
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inhibitory effect of MAG is mediated through glycoproteins and/or –lipids. NgR 
mediates the MAG-related inhibition of neuronal outgrowth. The presence of the 
receptors is minimal in DRGs during development, but increases towards 
adulthood (Liu et al. 2002), correlating with the developmental timing of the 
inhibition in DRG neurons. In addition, the introduction of NgRs to embryonic 
neurons sets off the inhibitory effect. 

The other pathway of MAG-mediated neuronal outgrowth inhibition 
(reviewed in Georgiou et al. 2004) is suggested to be set off by the association of 
MAG with the gangliosides GT1b. GT1b in turn is thought to associate with 
p75NTR, leading to the activation of Rho kinase, which in turn would lead to 
growth cone collapse in the neurons. Supporting this suggestion, GalNAcT 
knock-outs, missing the GT1b among other complex gangliosides, are less 
sensitive to MAG inhibition (Vyas et al. 2002). 

MAG is down-regulated by the myelin-forming glia after injury in the adult 
nervous system (reviewed in Georgiou et al. 2004). This is no doubt due to the 
inhibitory effect of MAG on neuronal regeneration. This inhibitory effect, 
however, can be overcome by the presence of laminin, tenascin-R, or certain 
neurotrophins (Cai et al. 1999, David et al. 1995, Yang et al. 1999).  

Spontaneous mutations affecting MAG 

No naturally occurring murine mutants caused by a mutation of the MAG gene 
have been identified, but investigations of other myelin mutants suggest that 
MAG may be involved in the development of a pathology even if the MAG gene 
is not affected by it (reviewed in Georgiou et al. 2004, Quarles 2007). MAG is 
most affected in the quaking and trembler mice. 

The quaking mouse (Sidman et al. 1964) is characterized by myelin 
deficiency in both the CNS and PNS. MAG isoforms exhibit an abnormally high 
molecular weight due to abnormal glycosylation (Bartoszewicz et al. 1995). The 
amount of L-MAG production is reduced already at the mRNA level in this 
mutant (Frail & Braun 1985, Fujita et al. 1988). Increased endocytosis of L-MAG 
from the periaxonal membranes further contributes to the decreased levels of L-
MAG in oligodendrocytes of the quaking mouse (Bo et al. 1995). The alteration 
of L-MAG expression leads to S-MAG being almost the sole isoform (Frail & 
Braun 1985, Fujita et al. 1990). The abnormalities concerning the expression of 
both MAG isoforms are due to the altered expression of the QK1 proteins that 
have been identified as regulators of the alternative splicing of MAG (Wu et al. 
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2002). In the PNS myelin of the mutant, MAG is distributed abnormally and 
accumulates in incompletely compacted Schwann cell membranes (Trapp et al. 
1984, Trapp 1988). In addition, MAG levels of the periaxonal membrane are 
reduced. The absence of MAG from the periaxonal membrane leads to the 
alteration of the distance between the axonal and the Schwann cell membrane. 

The trembler mouse (reviewed in Garbay et al. 1999), in which the total 
expression level of MAG is not altered, exhibits a PNS phenotype very similar to 
that of the quaking mouse, with MAG accumulating in loosely spiraled, 
uncompacted Schwann cell membranes (Heath et al. 1991). MAG also has a 
similarly increased molecular weight due to abnormal glycosylation 
(Bartoszewicz et al. 1996). Glycoproteins of both the quaking and the trembler 
contain abnormally high levels of 2,3-SA which may lead to the impairment of 
MAG-to-axonal receptor signaling (reviewed in Quarles 2007). This is supported 
by the fact that the myelinated axons of the trembler and MAG-null mutants have 
similar cytoskeletal abnormalities.  

MAG knock-outs 

MAG-null mice were originally generated independently by two distinct groups 
(Li et al. 1994, Montag et al. 1994). CNS myelination is delayed in MAG-
deficient mice, but PNS myelination progresses at a speed comparable to that in 
the wild-type mice. Seemingly normal myelin is formed in both the CNS and 
PNS of MAG knock-outs. A subtle abnormality, observed mostly in the CNS, but 
also in parts of the PNS of MAG-deficient mice, is the collapse of the periaxonal 
cytoplasmic collar. In addition, the CNS of both young and older mutants shows 
up to 50-fold increases in the frequency of axonal segments ensheathed by two or 
more myelin sheaths (Bartsch et al. 1995, Li et al. 1994, Li et al. 1998, Montag et 
al. 1994), indicating that, without MAG, oligodendrocytes have a hard time 
determining which axons to myelinate and when. On the other hand, the PNS of 
MAG-deficient mice shows increasing degeneration of axons and myelin, many 
times associated with each other, as they age past 9 months, suggesting a role for 
MAG in the maintenance of the integrity of both axons and myelin of the PNS 
(Fruttiger et al. 1995, Weiss et al. 2001, Yin et al. 1998). Additionally, the 
myelinated axons in the PNS show reduced neurofilament spacing and axonal 
caliber (Yin et al. 1998), as well as an age-related reduced conduction velocity 
(Weiss et al. 2001).  
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L-MAG-deficient mice (Fujita et al. 1998) have a phenotype similar to that of 
MAG-null mice. The knock-out produces a truncated form of L-MAG, while S-
MAG is produced normally. The main difference between the L-MAG-deficient 
mouse and the MAG-deficient mouse is the absence of the age-related axonal 
pathology of the PNS. This would tend to suggest that the MAG-mediated signal 
necessary for axonal integrity is either mediated by the S-MAG isoform, or only 
requires the presence of the extracellular and transmembrane domains common to 
both MAG isoforms. 

MAG and CGT single knock-outs have very similar phenotypes in both the 
CNS and PNS. When compared to the single mutants, the MAG/CGT double 
mutants exhibit a significantly more severe phenotype of the CNS, where, in 
addition to paranodal abnormalities, the periaxonal cytoplasmic collar is absent 
and many of the myelin sheaths have a reduced periaxonal space (Marcus et al. 
2002). On the basis of the information provided by the MAG/CGT double 
mutants, it has also been suggested that MAG and Gal-CBs could act 
synergistically in the maintenance of the integrity of the paranodes.  

The investigation of the MAG/P0 double knock-out has provided information 
indicating an important role for MAG in membrane spiraling during the early 
stages of myelination (Carenini et al. 1999). While the P0 single knock-out mice 
exhibit a severely dysmyelinating phenotype (Giese et al. 1992), the MAG/P0 
double knock-outs show an even greater number of unmyelinated axon-Schwann 
cell units when compared to the single P0 mutant. This role of MAG in 
membrane spiraling seems to be compensated by P0 in MAG-deficient mice. 

The double and triple knock-outs of MAG, PLP and MBP (Uschkureit et al. 
2000), as well as the MAG/NCAM double mutant (Carenini et al. 1997), have 
lent support to the suggestion of MAG’s role in maintaining the axon-glia contact 
and the integrity of the myelinated axons, at least in the CNS. The PLP/MAG 
double knock-outs develop progressive hindlimb functional deficiencies by 
postnatal day 28, as well as a rapidly progressing degeneration of the optic 
nerves. Neither of the single mutants present these symptoms in the CNS. In 
addition, severe motor and learning defects were detected in the double knock-
outs. However, the life-span of the single and double mutants of PLP and MAG is 
normal, with all mice surviving past 24 months. The MAG/PLP/MBP triple 
knock-out, on the other hand, develops a high–frequency tremor by the age of 3 
months, accompanied by early-onset axonal degeneration in the CNS, and has a 
reduced life-span of about 8 months. As the PLP/MBP double mutant has a 
normal lifespan and a later onset of axonal degeneration in the CNS, MAG is 
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likely to be responsible for the more severe phenotype resulting in the early 
axonal degeneration in the CNS of the triple knock-out. Similar to the double and 
triple mutants of MAG, PLP and MBP, the MAG/NCAM double knock-out 
exhibits an earlier onset of degeneration of both axons and myelin when 
compared to the MAG-deficient mouse, indicating that NCAM can partly, but not 
totally, compensate for the absence of MAG in maintaining the integrity of the 
axons.  

Proteolysis of MAG 

The formation of a 90-kDa, soluble, proteolytic fragment of dMAG was first 
detected in purified CNS myelin fractions (Sato et al. 1982). DMAG is a 
relatively stable fragment containing the whole extracellular domain of MAG. In 
fact, MAG is highly susceptible to the formation of dMAG in myelin fractions 
purified from several different mammals, including non-human primates and 
humans (Möller 1996). The level of dMAG-forming activity has been reported to 
be elevated in the white matter of patients with multiple sclerosis (MS) (Sato et 
al. 1984b) and the presence of dMAG is elevated in developing plaques even 
before histological changes in the brain are detectable (Itoyama et al. 1980, 
Johnson et al. 1986a). 

Two enzyme activities have been proposed to be responsible for dMAG 
formation in myelin fractions. The extracellular domain is cleaved at a Ala512-
Lys513 bond four amino acids from the transmembrane domain (Stebbins et al. 
1997). On the basis of the sequence and the extracellular location of the cleavage 
site, it was suggested that a cathepsin L-like protease is responsible for the 
formation of dMAG. Based on the acceleration of the degradation by millimolar 
concentrations of CaCl2, and the inhibition by the presence ethylene glycol 
tetraacetic acid (EGTA), as well as a specific cysteine protease inhibitor E-64, it 
has also been suggested that the activity cleaving MAG is a calcium-activated 
neutral protease, calpain (Sato et al. 1984a). 

Implication of MAG in human disease 

No human diseases resulting from a genetic alteration of MAG gene have been 
reported. Recently, however, L-MAG was shown to be altered in familial late-
onset orthochromatic leukodystrophy (Giordana et al. 2005). The MAG gene was 
not affected in the disease, which is nevertheless characterized by L-MAG having 



 46 

a cytoplasmic domain that is approximately 5 kDa shorter than normal. This 
change in L-MAG is suggested to be due to an abnormal post-translational event 
and to play a role in the pathogenesis of the disease. MAG is also known to be 
down-regulated in human schizophrenia, probably due to the decreased level of 
the QKI-7 mRNA splice variant (Aberg et al. 2006). 

Both MAG and gangliosides are often targets for auto-antibodies in immune-
mediated paraproteinemia and peripheral neuropathies (reviewed in Georgiou et 
al. 2004, Quarles 2007). Neuropathies associated with MAG antibodies usually 
include axonal degeneration and demyelination. MAG is the most commonly 
targeted antigen in neuropathies associated with monoclonal gammopathy 
(Chassande et al. 1998, Nobile-Orazio et al. 1994, Van den Berg et al. 1996). 
Reduced spacing and phosphorylation of axonal neurofilaments, similar to that 
seen in MAG-null mice, is seen in humans affected by MAG auto-antibody-
related demyelinating neuropathies (Lunn et al. 2002).  

Auto-antibodies against myelin proteins, including MAG, are implicated in 
the progression of MS (Baig et al. 1991, Johnson et al. 1986b, Link et al. 1989, 
Soderstrom et al. 1994). While MAG is probably not the key target for auto-
antibodies in MS, MAG levels are reduced on the edges of developing MS 
plaques before histological changes are detected (Itoyama et al. 1980, Johnson et 
al. 1986b). At the same time, dMAG appears at the edges of the plaques. The 
reduction is thought to be the result of proteolytic MAG degradation instead of an 
antibody attack. The facts that the first pathologies observed in MS are in the 
periaxonal region (Rodriguez & Scheithauer, 1994), and that MS usually also 
involves axonal pathologies (Bjartmar et al. 2003), lends credibility to the 
suggestion that MAG may be involved in the progression of the disease. 
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3 Aims of the present study 

Myelin-related diseases can be severely handicapping, even fatal. The diseases 
themselves have been studied extensively, but in most cases, even today, only the 
symptoms, not the cause of the disease, can be treated. The lack of knowledge on 
the molecular and cellular mechanisms of myelination and myelin maintenance is 
a major contributing factor to this situation.  

This study devised to shed light on the role of the myelin-associated 
glycoprotein in myelination and myelin maintenance. As definite conclusions on 
the molecular and cellular level functions are often difficult to draw from in vivo 
models, an in vitro rat coculture model was used for the myelination study. In 
addition, in order to allow the exploitation of the full potential of this type of 
model, a mouse cell coculture model was developed; giving access to the 
numerous bio-engineered and spontaneous myelin mutants already available. The 
specific aims of the study were: 

1. to characterize the mechanism(s) leading to the degradation of MAG purified 
from the central nervous system (I), 

2. to determine the temporal and spatial expression of both MAG isoforms 
during PNS myelination (II), 

3. to develop a mouse dorsal root ganglia/Schwann cell coculture model for 
PNS myelination studies (III). 
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4 Materials and methods 

4.1 Materials 

The materials used are summarized below in tables 1 and 2, and they have been 
described in detail in the original publications. 

Table 1. The tissues and cells used in the thesis. All the tissue and cells samples were 
collected with appropriate approvals from the ethical committee of the university and 
university hospital, and the National Authority for Medico-Legal Affairs. 

Materials Used in 

Tissue samples  

Human brain tissue (15 post-mortem samples) I 

Cell cultures  

Schwann cells isolated from rat sciatic nerve II, III 

Schwann cells isolated from mouse sciatic nerve III 

DRGs isolated from rat embryos II, III 

DRGs isolated from mouse embryos III 



 50 

Table 2. The analytical tools used in the thesis. 

Tool Description Source/Reference Used in  

Protease inhibitors    

Aprotinin An inhibitor of serine proteases Sigma I 

Calpain inhibitory 

peptide 

A specific inhibitor of calpain activity Sigma I 

Commercial inhibitor 

cocktail 

4 µM Aprotin, 105 µM leupeptin, 5,2 mM 

AEBSF, 180 µM bestatin, 75 µM pepstatin A 

and 70 µM E64 

Sigma I 

E64d An irreversible cysteine protease inhibitor 

active towards calpains and cathepsin L 

Sigma I 

Leupeptin A cysteine and trypsin-like serine protease 

inhibitor 

Sigma I 

PMSF Phenylmethylsulfonyl fluoride, a serine and 

cysteine protease inhibitor 

Sigma I 

Primary antibodies    

Caspr Mouse monoclonal antibody against the 

paranodal Caspr protein 

(Poliak et al. 1999) II 

Gal-CB Mouse monoclonal antibody against the 

galactosylcerebrosides and sulfatides 

(Ranscht et al. 1982) II 

HNK-1 Mouse monoclonal antibody against the 

sulfated carbohydrate epitope on the 

extracellular domain of human MAG 

Sigma I 

L-MAG Rabbit polyclonal antibody against the 

cytoplasmic domain of the large MAG isoform 

(Heape, Lehto and 

Kursula, 1999) 

Additional 

data 

MAGCT  Rabbit polyclonal antibody against the 

cytoplasmic domain common for both MAG 

isoforms 

(Heape, Lehto and 

Kursula, 1999) 

I, II, III 

MAGEX  Mouse monoclonal antibody against the 

extracellular domain of MAG 

Chemicon II, III 

MBP Rabbit polyclonal antibody against myelin basic 

proteins 

(Garbay et al. 1988)  II, III 

NF(200kDa) Mouse monoclonal antibody against the large 

neurofilament subunit 

Serotec II 

S100β Mouse monoclonal antibody against the S100β 

protein  

Abcam II 

4.2 Methods 

A summary of the methods used in the thesis is shown in the table below. All the 
methods have also been described in detail in the original publications. 
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Table 3. Experimental methods used in the thesis. 

Method Used in 

Protein biochemistry  

Purification of MAG from brain tissue I 

Degradation of MAG  I 

Sodium dodecylfulfate polyacrylamide gel electrophoresis (SDS-PAGE) I 

Western blotting I 

Cell culture  

Rat Schwann cell isolation and culture II, III 

Rat DRG isolation and culture II, III 

Rat DRG-Schwann cell coculture II, III 

Mouse Schwann cell isolation and culture III 

Mouse DRG isolation and culture III 

Mouse DRG-Schwann cell coculture III 

Protein analyses  

Immunocytochemistry II, III 

Microscopic techniques  

Phase-contrast microscopy II, III 

Confocal laser scanning microscopy  II, III 

4.2.1 Purification of MAG from human brain tissue 

Total MAG, a mixture of both isoforms, was purified from human brain samples 
using a protocol modified from that previously described for the rat protein 
(Heape, Lehto and Kursula, 1999). All purification steps were done at +4 °C. For 
each purification, a 2-cm3 block of human brain white matter was homogenized in 
solubilization buffer (10 mM Tris-HCl (pH8), 140 mM NaCl, 300 mM KCl, 4 
mM NaN3, 0.5 % Triton X-100, 12 mM sodium deoxycholate and 1 mM EDTA) 
and mixed for 2 hours. The mixed solubilisate was diluted to 2-times with column 
loading buffer (10 mM Tris-HCl (pH8), 140 mM NaCl, 4 mM NaN3, 0.5 % Triton 
X-100, 12 mM sodium deoxycholate and 1 mM ethylenediamine tetraacetic acid 
(EDTA)), sonicated 4x20s and mixed for an additional 30 min. The cleared lysate, 
containing the solubilised proteins and lipids, was collected by centrifugation (2 x 
15 min 10000 g). The cleared lysated (diluted to obtain final concentrations of 10 
mM Tris-HCl (pH8), 140 mM NaCl, 60 mM KCl, 4 mM NaN3, 0.5 % Triton X-
100, 12 mM sodium deoxycholate and 1 mM EDTA) was mixed with an anti-
cytoplasmic domain of myelin-associated glycoprotein (MAGCT)-sepharose 
matrix over-night. The matrix was poured into a column and washed extensively 
to remove all nonbound material. MAG was then eluted from the column with 
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elution buffer (50 mM triethanolamine, 0.1 % Triton X-100, 150 mM NaCl, pH 
11.5) and immediately neutralized with 1 M Tris-HCl, pH 6.8. The MAG eluate 
was treated with Protein A Sepharose CL-4B in order to remove any IgGs leaking 
from the column. The unbound fraction of the eluate was subjected to buffer 
change and concentration with ultrafiltration using a 30-kDa cut-off centrifugal 
filter device, leading to the final sample of purified MAG in 200 μl 50mM Hepes, 
0.01 % Tween.20 (pH 7). 

4.2.2 Degradation assays 

The stability of purified human MAG samples was studied under various 
conditions. At least duplicate samples were made for all assays with a control 
sample placed at +4 °C, and the rest incubated either at room temperature, or at 
+37 °C according to the experimental design. The buffer changes necessary for 
the experiments pertaining to the effects of buffer type and pH were carried out 
using an ultrafiltration 30-kDa cut-off centrifugal filter device. CaCl2 was used at 
a final concentration of 1 mM and EDTA was used at a final concentration of 2 
mM. The protein inhibitors employed in this study included: 1-50 μg/ml 
aprotinin, 10 μg/ml leupeptin, 2-10 μM calpain inhibitor peptide, 2-10 μM E64d 
and 1 mM phenylmethylsulfonyl fluoride (PMSF). The effects of a commercial 
inhibitor cocktail (4 μM aprotinin, 105 μM leupeptin, 70 μM E64, 5.2 mM 4-(2-
aminoethyl) bentzenesulfonyl fluoride hydrochloride (AEBSF), 180 μM bestatin, 
75 μM pepstatin A) and two inhibitor mixtures (50 μg/ml aprotinin and 50 μg/ml 
leupeptin, or 50 μg/ml aprotinin, 10 μg/ml leupeptin and 5 mM PMSF) were also 
studied. Samples were analysed by non-reducing SDS-PAGE, except when 
determining the structure dependency of the proteolytic activity, and the proteins 
were visualized in the gel by silver staining (Damerval et al. 1987). The non-
reducing SDS-PAGE was used in order to achieve a clearer separation of dMAG 
and MAG. 

4.2.3 DRG/Schwann cell cocultures 

The DRGs and Schwann cells were independently isolated and grown essentially 
as described by Kleitman, Wood and Bunge (Kleitman, Wood and Bunge 1997). 
Briefly, DRGs were dissected from embryonic day 14 rat or mouse embryos and 
grown on glass coverslips either on collagen, or in a Matrigel matrix substratum, 
subjecting the cultures to repeated cycles of purification medium treatment in 
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order to inhibit the growth of contaminating cells. Schwann cells were isolated 
from 3-day-old rat and mouse pup sciatic nerves and expanded on a poly-L-lysine 
substratum, subjecting the cultures at least once to a complement-mediated 
immunocytolysis to eliminate fibroblasts.  

Approximately 15 000-50 000 (as specified) Schwann cells were added to 
each DRG culture and allowed 7-10 days to populate the axons under Schwann 
cell differentiation-promoting conditions provided by the culture medium. After 
the Schwann cells had populated the axons, myelination was induced in the 
cultures by the addition of 50 μg/ml ascorbic acid and allowed to proceed for up 
to 4 weeks. Cultures were fixed with either 2.5 %, or 4 % paraformaldehyde, and 
cold methanol, and labeled with antibodies, according to the individual 
experimental designs. The stronger fixation, with 4 % paraformaldehyde, was 
used when it was necessary to stabilize lipids, like Gal-CB, for detailed study. The 
2.5% paraformaldehyde fixation was used to study the periaxonal labellings, as 
the antibodies appeared not the reach the periaxonal membranes adequately after 
fixation with 4 % paraformaldehyde.  

Primary antibodies used in the experiments described in the thesis include: 
anti-L-MAG (dilution 1:100-200), anti-MAGCT (dilution 1:100-200), anti-
extracellular domain of myelin associated glycoprotein (MAGEX) (dilution 
1:200), anti- MBP (dilution 1:150), anti-Caspr (dilution 1:1000), and anti-Gal-CB 
(dilution 1:200-400). For a more detailed description of the specifity of the above 
and of their origin, as well as those of the other antibodies used in the 
publications upon which the thesis is based, see Table 2. Secondary antibodies 
include: goat anti-rabbit Alexa 546 (red) and goat anti-mouse Alexa 488 (green). 
Both were used at a dilution of 1:100.  

The live cell cultures were examined with a Leica DMIL microscope 
equipped with a Nikon Coolpix 950 digital camera. The fixed cell cultures were 
examined with a ZEISS LSM 510 Laser Scanning microscope equipped with 
Argon (excitation 458 nm, 488 nm and 514 nm) and HeNe (exitation 543 nm) 
lasers. 10-20 vertical slice (Z axis) colour images (20-, 63-, or 100-fold 
magnification) were made for each field. 
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5 Results 

5.1 The susceptibility of MAG to degradation (I) 

DMAG formation has been previously observed in purified myelin preparations 
from human brain. A similar phenomenon was observed by us in what appeared 
to be highly pure preparations of purified MAG originally intended for use in 
crystallographic structural studies. In order to characterize the activity responsible 
for this degradation, the stability of immuno-purified MAG was studied 
employing several known enhancers and inhibitors of proteolytic activity. For this 
purpose, MAG was purified from human brain tissue using a previously described 
purification protocol (Heape et al. 1999). 

5.1.1 Variations in the susceptibility to and the speed of degradation 
in purified human CNS MAG 

Significant differences in the susceptibility to degradation were found in MAG 
samples purified from the brains of different individuals (Fig. 4). The speed of 
formation of the degraded form, dMAG, ranged from the most unstable MAG 
samples, with a degradation half-time of about 3 hours when incubated at +37 ºC, 
to MAG showing no apparent degradation, even after overnight incubation at +37 
ºC. Both types, as well as partially stable preparations, were frequently purified 
from brain tissue samples. In addition, the different MAG preparations purified 
independently from the same brain samples showed consistent results regarding 
the degradation rate. No apparent correlation between either the age of the 
individual, or the time lapsed between death and autopsy, and the degradation 
susceptibility of MAG purified from a given tissue sample was found.  

Fig. 4. MAG purified from different brain samples show remarkably different stabilities. 
A, B and C represent MAG preparations purified from different brain samples 
incubated overnight at +4 ºC (a) and +37 ºC (b). Reproduced from Original article I. 
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Several mixed sample assays were conducted to determine whether the 
degradation susceptibility can be transferred from sample to sample. When equal 
volumes from two purified samples, one stable and one highly unstable (already 
fully degraded), were mixed and incubated at +37 ºC overnight, a total 
degradation of the mixed MAG sample was observed (Fig. 5). This indicated that 
a trans-acting factor was responsible for the degradation of purified MAG. 

Fig. 5. A sample mixing assay of a stable (S) and an already fully degraded unstable 
(U) MAG indicates a trans-acting factor involved in MAG degradation. M marks the 
mixed sample. The samples were incubated at +37 ºC over-night. Ctr is the control 
sample incubated at +4 ºC. Reproduced from Original article I. 

5.1.2 The degradation of MAG is dependent on structure, 
temperature and buffering conditions 

To determine whether the degradation is dependent on the native structure of 
MAG, parallel samples of native MAG and MAG denatured by boiling in SDS 
sample buffer were subjected to conditions promoting degradation (+37 ºC 
overnight). No degradation was observed in the denatured sample, while some 
degradation was detected in the native sample (Fig. 6 A). This may indicate that 
the degradation of purified MAG is dependent on the native structure of the 
protein. However, any co-purifying enzyme would also be subject to losing 
activity due the denaturation. A control sample was taken from the MAG 
preparation used for the structure experiments described above and incubated at 
+4 ºC overnight. The sample showed no sign of degradation, indicating that the 
degradation effect is temperature-dependent. This was confirmed by additional 
assays presenting a correlation between the incubation temperatures of 
moderately unstable MAG sample and the speed of degradation (Fig. 6 B & C).  
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Fig. 6. The structure and temperature dependency, and the rate of dMAG formation. A) 
Denatured (D) and native (N) purified MAG samples were incubated overnight at +37 
ºC. Partial degradation was observed in the native sample but no degradation was 
observed in the otherwise identical but denatured sample. B) Identical, partially stable 
MAG samples were incubated alternatively over-night or for 1 month. Degradation was 
observed even at +4 ºC, but was significantly increased when the samples were 
incubated at room temperature. C) Identical unstable samples were incubated at +37 
ºC for 1, 2, 4 and 20 hours to determine the rate of dMAG formation. The estimated half 
time for the degradation was approximately 3 hours. Adapted from Original article I. 

Moderately unstable MAG was subjected to several pH conditions to 
determine whether the observed degradation was pH-dependent. After no effect 
on degradation was observed in a narrow buffering-range (pH 6.8-8.2) Hepes 
buffer, a trial was conducted using a wide-range Bis-Tris/Tris buffer (pH 6-9). As 
expected, no degradation of MAG was observed after an overnight incubation at 
+4 ºC in this wide-range buffer, but surprisingly, after an overnight incubation at 
+37 ºC almost no intact protein could be detected in the samples. This indicates 
that MAG degradation is also buffer-dependent. No effect of pH on the 
degradation rate was observed in the wide-range buffer, but instead, the buffer 
seemed to induce a pH-dependent precipitation of MAG and its degradation 
products as the amount of total protein detected in the incubated samples 
decreased in correlation with the pH. 

5.1.3 The rate of degradation of MAG is not influenced by the 
presence of some typical enzyme activity enhancers or 
inhibitors 

Mainly due to previous suggestions of a calcium-dependent calpain activity being 
responsible for dMAG formation (Sato et al. 1984a, Yanagisawa et al. 1988), at 
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least in purified myelin fractions, the influence of effective concentrations of 
CaCl2 and EDTA (chelates Ca2+-ions) on the degradation of moderately unstable, 
purified MAG were tested using overnight incubations at +37 ºC. The presence of 
CaCl2 had no enhancing effect on the rate of protein degradation, nor did the 
presence of EDTA have an inhibitory effect on the degradation process (Fig. 7).  

Fig. 7. The presence of CaCl2 does not enhance the speed of MAG degradation nor 
does the presence of EDTA inhibit it during an over-night incubation at +37 ºC 
indicating that calpain is not responsible for the degradation of MAG. Adapted from 
Original article I. 

In an attempt to characterize the factor causing the degradation of purified 
MAG, moderately unstable samples were exposed to several broad-range and 
specific protease inhibitors and inhibitor mixtures (see Table 2). None of these 
had any effect on MAG degradation in their known effective concentration 
ranges. On the basis of these studies, it was concluded that the factor responsible 
for the degradation of MAG purified from human brain tissue is neither calpain, 
nor a cathepsin L-like activity, as had been suggested for the degradation 
observed in the purified myelin fractions (Sato et al. 1984a, Stebbins et al. 1997, 
Yanagisawa et al. 1988). 

5.2 Temporal and spatial expression of MAG during PNS 
myelination (II, III) 

MAG, as well as the Gal-CBs and their sulfated derivatives, are expressed by the 
glial cells early during myelination, and their continued presence in the myelin 
sheath is essential for the long-term maintenance of the sheath (reviewed in 
Garbay et al. 2000). MAG has been suggested to play a role in the formation of 
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the initial axon-Schwann cell contact, as well as in the formation and further 
development of the mesaxon. Based on single and double knock-out studies on 
mice deficient in either MAG, or Gal-CBs, or both, the two have been suggested 
to have some co-operative functions in the CNS (Marcus et al. 2002). However, 
due to the mildness of the phenotypes in all of these mutants, this could not be 
demonstrated for the PNS.  

In order to elucidate the processes in which MAG and Gal-CBs take part 
during normal PNS myelination, their expression during Schwann cell 
differentiation and myelination was studied, along with two other myelination 
related proteins (Caspr and MBP), in primary rat Schwann cells and rat DRG-
Schwann cell cocultures using immunocytochemical methods and confocal 
microscopy. Schwann cell differentiation induced by the presence of neurons is 
presented here in 2 stages: first the influence of neuronal presence and then the 
influence of axonal contact. The three stages of myelination discussed here are: 
the initial envelopment of the axon, the maturation of the internode and, finally, 
the mature myelin sheath. 

5.2.1 Expression of MAG in primary Schwann cells in the absence of 
neuronal influence 

Total MAG expression (both isoforms) was studied in Schwann cells isolated 
from the sciatic nerves of rat pups (Fig. 8A). The expression in the absence of 
neuronal influence was found to be weak and diffuse. Additionally, a relatively 
strong nuclear staining, visible throughout consecutive (Z-section) confocal 
images, was observed. This staining starts to diminish upon neuronal influence 
and disappears nearly completely as myelination proceeds. 

5.2.2 Expression of MAG in primary Schwann cells in the presence 
of neuronal influence 

In the presence of neurons, but in the absence of axonal contact, MAG expression 
was found to be slightly up-regulated under culture conditions inducing 
differentiation. At the same time, the localization of MAG shifts to intense 
granular spots concentrated mainly in the perinuclear region of the cell, and the 
strong nuclear staining observed in the cells cultured without axonal influence 
starts to diminish. 
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Not all Schwann cells in a culture associate with neurons, even when the 
opportunity is presented. Instead, it is common to see some apparently quiescent 
Schwann cells at the bottom of the cocultures after long periods under 
myelination-promoting conditions. These quiescent Schwann cells express MAG 
in the same granular manner (Fig. 8B).  

Fig. 8. The diffuse presence of MAG in isolated Schwann cells (A) changes into 
intense granular (arrows) labeling in the presence of neurons (B). Scale bar 10 μm. 

5.2.3 Expression of MAG during formation of the initial Schwann 
cell-axonal contact 

When cultured with neurons under conditions promoting differentiation, most 
Schwann cells migrate to, and associated with the axonal processes within 7 days 
(Fig. 9A). During this time, the Schwann cells also infiltrate thick axonal bundles. 
The strong granular MAG expression induced by the presence of neurons 
remained in the Schwann cells throughout this stage of differentiation, but the 
stage was also marked by the up-regulation of a more diffuse MAG expression 
throughout the cell (Fig. 9B).  
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Fig. 9. Schwann cell association with axons induces the up-regulation of MAG 
expression. A) A phase-contrast image of live Schwann cells populating the axons. 
The arrow indicates the location of a Schwann cell nucleus. B) Immunofluoresence 
image of MAG-labeled DRG/Schwann cell cocultures. The arrows indicated the 
location of Schwann cell nuclei. Scale bar 10 μm. 

After the initial contact between the axon and Schwann cell has been 
established, the Schwann cell envelops the axon. In the rat coculture model, 
myelination does not proceed beyond this point without the presence of ascorbic 
acid. 

5.2.4 Expression of MAG during the envelopment of the axon and 
the formation of the primary mesaxon 

As myelination begins, a strong presence of MAG was seen spreading along the 
developing internode from the perinuclear area towards the future paranodal area. 
MAG was first expressed throughout the developing sheath (Fig. 10A). As the 
envelopment proceeded, the level of MAG expression decreased in most parts of 
the internode, leaving only a longitudinal line of MAG running from one end of 
the developing sheath to the other (Fig. 10B), possibly representing the primary 
mesaxon.  
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Fig. 10. At the beginning of myelination, MAG expression is first seen throughout the 
developing internode (A) and then becomes concentrated in a linear MAG-positive line 
(arrowheads) running along the internode (B). The location of the Schwann cell 
nucleus is marked by n. Scale bars 10 μm. 

5.2.5 Expression of MAG and MBP during the maturation of the 
myelin sheath 

The beginning of the maturation of the myelin sheath is marked by the presence 
of a continuous, MAG-labeled spiral running along the internode, from one 
paranodal region to the other (Fig. 11A). This spiral passes the Schwann cell 
nucleus (n) in a linear form. In this stage, MAG is also present at the paranodes 
and can occasionally be seen to form a ring-like structure at the far-end of the 
sheath (Fig. 11B, arrowhead). When the spiral marking this maturation stage in 
myelination is present, there is very little MAG visible elsewhere in the sheath. 
The change from a linear to a spiral MAG-labeled structure is accompanied by 
the relocation of axonal Caspr from the full length of the internode, to a 
distinctive area at the paranode (Fig 12F1-F3). 
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Fig. 11. Maturation of the myelin sheath is characterized by an intense MAG-positive 
spiral structure (A) running along the internode forming a loop at the developing 
paranode (arrowhead in B). The development of the two halves of the internode can be 
asymmetrical (C) with the Schmidt-Lantermann incisures (arrows) appearing first only 
on one side of the nucleus (n). Scale bars 10 μm. 

Further maturation, accompanied by the formation of Schmidt-Lantermann 
incisures, appears to begin in the perinuclear region and proceed towards the 
paranodes. This was determined from the first appearance of the compact myelin 
marker MBP close to the nucleus (Fig. 12A2, arrowhead). Likewise, the Schmidt-
Lantermann incisures were detected first in the perinuclear area of the maturing 
sheath (Fig. 12H).  

However, the maturation of the myelin internode did not necessarily happen 
at the same pace on both sides of the nucleus. Indeed, asymmetrically developing 
myelin sheaths were occasionally seen (Fig. 11C). The progression of maturation 
in the two halves of the internode could be dramatically different. One half might 
be mature with evenly positioned Schmidt-Lantermann incisures (Fig. 11C, 
arrows), while the other still had a full spiral from the perinuclear area to the 
paranode. This asymmetrical development was never seen between the first 
envelopment of the axon marked by the uniform expression of MAG throughout 
the nascent sheath and the beginning of maturation marked by the presence of the 
spiral, but only between the spiral stage and the development of the Schmidt-
Lantermann incisures.  
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Fig. 12. Localisation of myelin-associated elements during myelination. All color 
images in the thesis are included in this composite. A) MBP expression starts in the 
perinuclear area (arrowhead) and concentrates in compacted membranes in a mature 
sheath. MAG and MBP segregate into non-compacted and compacted regions in 
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mature myelin (A-B). B) MAG and MBP segregation along the myelin sheath and partial 
colocalization at the edges of an incisure. C) L-MAG and S-MAG also segregate into 
different non-compacted compartments in myelin with L-MAG (L) dominating in the 
periaxonal membrane and S-MAG (ex; shown here with anti-MAGEX antibody) in the 
incisures (arrows) and paranodes. Arrowhead marks the location of a node of Ranvier. 
D) While MAG relocates into granules (arrows) in the presence of neurons, Gal-CB 
expression seems unchanged to that seen in the absence of neuronal influence. E) 
Gal-CBs are not present in the MAG-labeled sheath of early myelination (arrowheads), 
but are present and colocalize with MAG in the incisures (arrows) of the mature 
sheath. F) The formation of the MAG-labeled spirals is accompanied by the relocation 
of Caspr to the paranodes. Arrowhead marks the location of a node of Ranvier. G) 
MAG and Gal-CBs colocalize occasionally in the spiraling structures. H-K) In mature 
myelin, MAG and Gal-CBs colocalize partially at the paranodes (arrowheads in I and K) 
and almost totally in the incisures (arrows in H, I and J). A short spiral (arrowhead, H) 
is still visible in the maturing sheath. Scale bars 10 μm (A-F, H-K) and 5 μm (G). 

5.2.6 Expression of MAG and MBP in the mature myelin sheath 

The full maturation of the myelin sheath was marked by the presence of evenly 
distributed, funnel-shaped, MAG-labeling representing the Schmidt-Lantermann 
incisures (Fig. 13A), as well as the disappearance of the intense, MAG-positive 
spiral structures that mark the beginning of the maturation process. MAG was 
also present in the periaxonal membrane and the outer non-compacted membrane 
compartment of the mature myelin sheath (Fig. 13B). Using anti-MAG labeling 
and the right fixation protocol (2.5% PFA), the Schmidt-Lantermann incisures 
could be seen connecting the periaxonal collar and the outer non-compacted 
membrane compartment. MAG is mainly concentrated in the incisures and the 
paranodes of a mature myelin sheath, but occasionally a MAG-positive bridge 
connecting two incisures was seen in the outer abaxonal limits of the sheath (Fig. 
13C, arrowhead). 

MBP is distributed throughout the compacted areas of the mature myelin 
sheath (Fig. 12A). A clear segregation of MAG and MBP into non-compacted 
(Schmidt-Lantermann, paranode) and compacted membrane compartments (Fig. 
12 B) indicates the proper formation of the myelin sheath in this in vitro model.  
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Fig. 13. MAG is located in the Schmidt-Lantermann incisures (arrows, A), as well as in 
the periaxonal membrane and the outermost membrane (arrows, B) of a mature myelin 
sheath. A MAG-labeled bridge connecting two incisures is also occasionally seen 
(arrowhead, C). Scale bars 10 μm. 

5.2.7 Differential expression of L-MAG and S-MAG  

The differential expression of L-MAG and S-MAG in developing and mature 
myelin is additional data in the thesis and is not described in the original articles.  

Granules observed in the apparently quiescent Schwann cells at the bottom of 
the myelinating cocultures with an antibody recognizing both MAG isoforms (see 
5.2.2) are also detected with an anti-L-MAG antibody (Fig. 14A). The anti-
MAGCT antibody was raised against the whole cytoplasmic domain of L-MAG 
and, thus, via the region common to both isoforms, it recognizes both L-MAG 
and S-MAG. The L-MAG-specific antibody fraction was purified by stripping the 
polyclonal pool of all IgGs recognizing the common region, using a recombinant 
S-MAG cytoplasmic domain polypeptide. The fact that no difference in intensity 
of these granules could be observed between these two antibodies (anti-L-MAG 
and anti-MAGCT), suggests that the isoform in these granules may be L-MAG. 
Interestingly, these granules were not detected with an antibody recognizing the 
extracellular domain common for both MAG isoforms. This could indicate that 
the extracellular domain is somehow unavailable for access of the antibody in this 
stage of Schwann cell differentiation. This may be due to the possibility that the 
granules represent vesicles transporting the L-MAG to the cell surface. 
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Fig. 14. L-MAG expression in the cocultures. A) Neuronal influence induces the 
formation of the intense MAG-labeled granules (arrows) in the apparently quiescent 
Schwann cells at the bottom of the cocultures. B) L-MAG is present in the periaxonal 
membrane of the myelin sheath. Scale bar 10 μm. 

During myelination, L-MAG is expressed in the periaxonal membrane 
throughout all of the developmental stages (Fig. 14B). When double-labeled first 
with anti-L-MAG and then with anti-MAGEX antibodies, L-MAG was detected 
only in the periaxonal membrane, whereas MAGEX labeled mostly the Schmidt-
Lantermann incisures and the paranodes (Fig. 12C1-C3).  

5.2.8 Expression and colocalization of MAG and Gal-CBs during 
myelin development 

MAG and Gal-CBs are expressed in isolated Schwann cells in a similar manner, 
but no obvious colocalization is observed. While neuronal influence was seen to 
trigger the redistribution of MAG into intense perinuclear granules, Gal-CB 
expression remained as it was in the absence of neuronal influence (Fig. 12D1-
D3). Gal-CB expression is not up-regulated even as a result of actual axon-
Schwann cell contact and, in fact, we found little change in Gal-CB expression 
until the formation of the myelin sheath had begun. The absence of Gal-CB 
upregulation from the early ensheathment stage can be easily determined from 
Fig. 12E, where several MAG-expressing, early-stage sheaths are visible with no 
detectable Gal-CB expression, while a more mature myelin sheath in the same 
field shows a strong expression of both.  

As the maturation of the sheath begins, both MAG and Gal-CB appear in 
similar distinctive spiral structures running from the perinuclear region to the 
paranode. Even though an occasional brief colocalization is seen, MAG and Gal-
CB do not colocalize fully. Instead, they appear to run parallel to each other and 
overlap only occasionally (Fig. 12G1-G3). A clearer colocalization of the spirals 
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is seen only when the maturation of the sheath reaches a stage when Schmidt-
Lantermann incisures already occupy most of the internode and only a short 
stretch of spiral remains (Fig. 12H, arrowhead).  

In a fully mature myelin sheath, both MAG and Gal-CBs are expressed 
strongly in the Schmidt-Lantermann incisures and the paranodes (Fig. 12I). Their 
colocalization in the incisures is almost total (Fig. 12J). In the paranodes, MAG 
and Gal-CBs colocalize partially (Fig. 12K), with MAG continuing all the way to 
the paranodal region and Gal-CB labeling stopping a little further from the nodal 
area than MAG. 

5.3 Development of a myelinating mouse DRG-Schwann cell 
coculture model (III) 

Even though the rat DRG-Schwann cell coculture model has been used for more 
than two decades, no myelinating mouse DRG-Schwann cell cocultures have 
been successfully developed. The ability to use mouse cells in this type of 
coculture model will present the possibility to study inherited diseases using 
mixed geno-/phenotype cocultures of mouse models for human disease.  

5.3.1 Stabilizing mouse DRG/Schwann cell cocultures with Matrigel 

Culturing the mouse DRGs on the thin-layer collagen-, or poly-L-lysine-coated 
surfaces successfully employed for rat cell cultures, resulted in the loss of the 
large majority (> 90 %) of the DRGs before the end of the neuronal purification 
procedure, due to detachment from the culture surface. The neurons extended 
axons on the thin-layer surfaces, but it seemed that the attachment sites between 
the axons and the culture surface were restricted to the far ends of the axons, 
thereby rendering the structure highly sensitive to turbulence created, for 
example, by the routine handling of the culture. 

Culturing the DRGs in Matrigel Matrix resulted in a significantly increased 
stability of the cultures, and a strongly enhanced survival of the DRGs; at least 60 
% of the total number that was originally plated. With experience, the survival 
percentage is increased even more, up to 90 % of the total DRGs originally 
plated. The occasional remaining loss of cultured DRGs was not so much due to 
the detachment of the DRG from the culture substratum, but rather to the 
detachment of the Matrigel Matrix from the glass coverslips.  
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5.3.2 Inducing myelination in mouse DRG-Schwann cell cocultures 
with supplemented myelination medium 

It was confirmed that the rat coculture conditions are not sufficient to produce 
myelin in the mouse cocultures. The Schwann cells associated with the axons, but 
did not initiate myelination properly. Occasionally, a few sheaths in the early 
envelopment stage were detected (Fig. 15A, arrows), but no mature myelin was 
observed, even after 3 weeks in conditions that induce myelination in rat 
cocultures. 

Through an extensive literature review and extensive culture experiments of 
our own, it was concluded that mouse DRG-Schwann cell cocultures require 
several factors to be included in the culture media in order to initiate and follow 
through the myelination process. The effects of forskolin, bovine pituitary extract 
(containing, among other factors, thyroid-stimulating hormone, growth hormone 
and luteinizing hormone) and N2 supplement (which includes insulin, human 
transferrin, progesterone, putrascine and selenite) on the amount of myelin 
produced in the mouse cocultures, were all examined individually, in pairs, and 
all together, and the numbers of developing and mature myelin sheaths were 
counted after 3 weeks (Table 4). None of these factors were able to significantly 
increase the amount of myelination on their own, nor did they achieve this when 
paired with one of the other factors. Only when all three were included in the 
myelination medium did the amount of myelination increase by 2- to 4-fold and 
the sheaths develop to full maturity in the mouse DRG-Schwann cell cocultures 
(Fig. 15B-C, Table 4).  
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Fig. 15. Amount of myelination observed with anti-MAG labeling prior to (A) and after 
(B) the addition of all the myelination-enhancing supplements. C) Mature sheaths 
show well developed Schmidt-Lantermann incisures (arrow) as well as ring-like, partial 
incisures (arrowheads). Scale bars 50 μm (A, B) and 10 μm. 

5.3.3 Reduction of serum concentration for improved myelination 

In addition to supplementing the myelination medium with several new factors 
promoting the myelination process, the effect of lowering the serum concentration 
(from 15 % to 5 %) was tested, as it has been proposed previously that high serum 
concentration inhibits myelination in rat cocultures (Podratz et al. 2004). Indeed, 
after lowering the serum concentration of the myelination medium to 5 %, a 
further 4-fold improvement was achieved on the amount of mature myelin 
produced (Table 4). Large amounts of mature myelin are now consistently 
obtained from the mouse DRG-Schwann cell cocultures. 
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Table 4. Myelination in mouse DRG/Schwann cell cocultures under various 
myelination-inducing conditions. 

Supplement Forskolin 

(F) 

Pituitary 

extract 

(PE) 

N2 F+PE F+N2 PE+N2 F+PE+N2 F+PE+N2 

Serum 

concentration 

15% 15% 15% 15% 15% 15% 15% 5% 

Number of 

developing 

sheaths 

<10 <10 <10 <10 <10 <10 >20 >50 

Number of 

compact 

myelin 

sheaths 

≤5 0 0 0 0 0 >20 >50-200 
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6 Discussion 

6.1 The role of MAG in PNS myelination (II) 

In rats and mice, MAG expression starts at birth and increases through the first 
myelination stage until the age of 2 weeks (reviewed in Garbay et al. 2000). In 
both developing and mature myelin, MAG is located in non-compacted 
membranes with the apposing extracellular membrane leaflets 12-14 nm apart 
(reviewed in Georgiou et al. 2004, Quarles 2007). 

6.1.1 Initiation of myelination 

A role in the very first stages of myelination has been suggested for both MAG 
and Gal-CBs, as their expression is up-regulated from the beginning of this 
process (for review, see Garbay et al. 2000, Marcus & Popko 2002). However, 
more specific data pertaining to their roles and regulations during this period has 
not been available. The comparison of MAG and Gal-CB expression in isolated 
Schwann cells and myelinating cocultures performed during this study led to the 
conclusion that the regulation of the expression of these two early myelination 
markers is independent of each other, with MAG being up-regulated earlier than 
Gal-CB.  

Changes in MAG expression and localization are evident already in the 
simple presence of neurons, before axonal contact is made, as the diffuse presence 
of MAG seen in isolated Schwann cells is redistributed to intense perinuclear 
granules and the intensity of the nuclear labeling starts to decrease. The 
perinuclear granules may represent the progression of MAG through the 
endoplasmic reticulum or the Golgi network. The changes observed before actual 
neuronal contact indicate that Schwann cells are influenced at this stage by some 
factor secreted by the axons. The upregulation of MAG expression is induced 
throughout the Schwann cell upon axonal contact. This timing of upregulation is 
well in line with previous suggestions about MAG being involved in the first 
axon-glial cell contact, as well as with reports of early MAG expression in 
postnatal mice (Owens & Bunge, 1989, Pedraza et al. 1991, Stahl et al. 1990, 
Takeda et al. 2001).  

When myelination begins and the Schwann cell ensheathes the axon, MAG is 
distributed evenly from the perinuclear region of the sheath towards the 



 74 

paranodes. The uniform presence of MAG gradually fades, and only a distinctive 
MAG-positive line remains, running linearly along the whole internode. This 
could represent the relocation of the MAG to the primary mesaxon formed after 
the first full turn of the Schwann cell around the axon. On the other hand, the 
decreasing of the presence of MAG elsewhere along the internode could suggest a 
later time in development when several membrane spirals have already formed 
and the first compaction has happened, thus eliminating MAG from most parts of 
the internode. Supporting this reasoning, it has been previously suggested that 
MAG may promote myelinogenesis by signaling to adjacent membranes in the 
membrane spiraling stage (Carenini et al. 1999, Sasagasako et al. 1996, 
Sasagasako et al. 1999). This would explain the universal distribution of MAG in 
the early stage of myelination, before the first compaction happens, as this type of 
signal would be needed along the whole sheath in all of the non-compacted 
membrane spirals.  

Gal-CB accumulation has been previously reported to start in the early stages 
of myelination in postnatal mice (Heape et al. 1986) and to be up-regulated upon 
axonal contact in culture (Owens & Bunge 1989). In contradiction to the earlier 
evidence obtained from cell culture experiments, Gal-CB expression was not 
found to be up-regulated at all until after the first stage, characterized by the 
linear MAG-labeling, proceeds to a more mature stage, characterized by intense 
spiral structures of both MAG and Gal-CBs running from the perinuclear region 
to the paranodes. The absence of Gal-CB from these early stages of myelination 
in vitro does not, of course, contradict the previously mentioned accumulation 
studies of post-natal mice, as myelin sheaths in different developmental stages, 
including further matured internodes expressing both MAG and Gal-CB, are 
present simultaneously in the developing nerve. 

6.1.2 Formation and stabilization of membrane compartments 

The appearance of the spiral structures shows the first upregulation of Gal-CB 
expression during myelin development. Likewise, MAG labeling becomes more 
intense in the spirals than it was in the first line-like mesaxonal structure. The full 
spirals with several turns seem to develop through twisting of the Schwann cell 
envelope around the axon. The MAG and Gal-CB spirals run from the perinuclear 
region of the sheath to the paranode. They are occasionally seen forming a ring-
like structure at the end of the internode. This ring may represent the first 
paranodal contact with the axon when the Schwann cell membrane adheres to the 
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axolemma, and the starting point for the paranodal and juxtaparanodal relocation 
of MAG and Gal-CB, where they are seen colocalizing also in mature sheaths.  

 The relocation of Caspr to the paranodal region is know to happen early in 
myelination as the axo-glial junction forms defining the paranodal region 
(Einheber et al. 1997, Menegoz et al. 1997). At the same time the spirals are seen 
to develop, axonal Caspr is relocated to the paranodal region. When the internode 
has twisted several times, Caspr is already relocated at the paranode. The absence 
of Caspr from the paranode when only a few turns of the spiral are visible 
suggests that the axo-glial junction has not yet formed at the paranode. The 
relocation of Caspr to the future paranodal region marks the time of the adhesion 
of the Schwann cell membrane to the axolemma at the forming paranode. Prior to 
this relocation of Caspr, the internode may twist around the axon as suggested 
here, before it is stabilized in place by the paranodal adhesion.  

Spiral labeling of several molecules, including connexin 29, potassium 
channel Kv 1.2, contactin and Caspr, on myelin sheaths and myelinated axons 
have been reported on several occasions (see for example Altevogt et al. 2002, 
Rios et al. 2000). These spirals are often thin, pen-drawn-looking structures. The 
MAG/Gal-CB spirals observed here in the second stage of the myelination are 
much broader and less symmetrical. This kind of spiral structure in a myelin 
sheath has only been very recently reported on one occasion (Perrin-Tricaud et al. 
2007), where it was observed using a dsRed fluorescent reporting molecule in a 
control labeling of the cytoplasm of the PNS myelin sheath of two-month-old 
mice that had been infected with an adenovirus as newborns. The similarity of 
this spiral to that observed with MAG and Gal-CB labeling suggests that the latter 
are present in membranes that are in contact with a cytoplasmic channel of the 
myelin sheath. The spirals may also represent the moving edge of the myelin 
mesaxon as it matures. 

From electron microscopic studies, MAG is known to be present between the 
paranodal loops of mature myelin (Martini and Schachner, 1986, Sternberger et 
al. 1979, Trapp & Quarles 1982, Trapp et al. 1989b). It is probable that the 
paranodal ring structure seen associated with the spiral structures marks the first 
paranodal loop at the end of the innermost compacted Schwann cell membrane, 
which develops further into a funnel-shaped juxta-paranodal labeling seen with 
MAG in mature sheaths as the number of membrane layers grows and paranodal 
loops form over each other, extending towards the node of Ranvier. MAG and 
Gal-CB colocalize partially in the paranode/juxtaparanode of a mature myelin 
sheath, with MAG reaching further towards the node of Ranvier. The MAG/CGT 
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double knock-outs show a severe disorganization of the CNS paranodal region, 
and some abnormalities in the PNS paranode (Marcus et al. 2002), including the 
lack of transverse bands previously reported in CGT single knock-out mice 
(Dupree & Popko 1999). The strong presence of both MAG and Gal-CBs 
observed here in the paranodal/juxtaparanodal region, as well as their partial 
colocalization where the two meet, may indicated an important role for both in 
maintaining the region where the non-compacted paranode changes to the 
compacted internode of mature myelin sheath. 

Mature myelin is marked by the formation of Schmidt-Lantermann incisures. 
They appear first in the perinuclear area and seem to spread from there towards 
the paranodes until they are evenly distributed throughout the internode. The 
number of incisures is known to correlate with the thickness of the myelin sheath 
(reviewed in Trapp & Kidd 2004). The thickest myelin sheaths in rat can have up 
to 25 Schmidt-Lantermann incisures. The space between the membranes of the 
incisures is 12-14 nm, which corresponds to the distance observed with all 
membranes apposing a MAG-containing membrane. This kind of membrane-pair 
includes, for example, the axonal-periaxonal membrane complex, the apposing 
membranes of the paranodal loops and the apposing Schwann cell membranes in 
the spiraling stage of early myelin sheath development. The proposed role of 
MAG in these membranes indicates that MAG may also be involved in stabilizing 
the Schmidt-Lantermann incisures of mature myelin. There is a clear 
colocalization of MAG and Gal-CBs in the incisures, but there is yet little proof 
of co-operative function. 

The Schmidt-Lantermann incisures are described as funnel-shaped, 
cytoplasmic channel structures connecting the inner and outer non-compacted 
membrane compartments of mature myelin. MAG clearly labels this type of 
structure along the internode (Fig. 13, arrows), but it also labels ring-like 
structures both next to the axon and at the edges of the myelin internode (Fig. 15, 
arrowheads), as well as funnels that do not appear to run all the way through the 
compacted sheath. These structures labeled with MAG have previously been 
shown in association with several different studies. Recently, in an electron 
microscope analysis, they were associated with zigzag-shaped and half myelin 
sheath spanning incisures (Erb et al. 2006).  
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6.1.3 Relationship of L-MAG and S-MAG in PNS myelination 

In rodent PNS development, L-MAG is expressed at the beginning of 
myelination, whereas S-MAG dominates the MAG expression of adults 
(reviewed in Garbay et al. 2000, Erb et al. 2006). Several studies done on L-
MAG strongly indicate a role for it in signal transduction (Jaramillo et al. 1994, 
Umemori et al. 1994, Kursula et al. 2000, Kursula et al. 2001).  

 In the course of this study, we found L-MAG to be responsible for the early 
presence of MAG during myelination. S-MAG expression at this stage cannot be 
totally ruled out, due to the non-availability of a satisfactory S-MAG-specific 
antibody. However, L-MAG was found to occupy the periaxonal membrane of 
mature sheaths. Developing myelin sheaths with intense universal labeling were 
detected with L-MAG antibodies, but the mesaxonal line and spiral structures 
described above were not. It was therefore concluded that the MAG isoform in 
the latter structures, as well as in the Schmidt-Lantermann incisures and at the 
paranodes, is S-MAG. This is supported by a similar localization of S-MAG in a 
previous study using transgenic, S-MAG-GFP mutant mice, where S-MAG was 
reported to be expressed in the paranodal loops of both PNS and CNS myelin, and 
in the Schmidt-Lantermann incisures of PNS myelin (Erb et al. 2006).  

In rodents, S-MAG is the predominating isoform in PNS myelin, while L-
MAG is present only in low amounts. In the CNS, however, the amount of L-
MAG is nearly the same as that of S-MAG (Braun et al. 1990, Frail & Braun, 
1984, Inuzuka et al. 1991, Lai et al. 1987b, Pedraza et al. 1991, Tropak et al. 
1988). The reason for the different ratios of the two isoforms has not been 
determined, but a simple explanation could be the differences in myelin structure 
in the CNS and PNS. In the PNS, S-MAG, but not L-MAG, is located both in the 
paranodes and the numerous Schmidt-Lantermann incisures. CNS myelin has 
only occasional Schmidt-Lantermann incisures. Therefore, the simple absence of 
the incisures from the CNS myelin sheaths could account for at least part of the 
difference in the ratio of L-MAG and S-MAG.  

Myelination is required for each axon to reach its maximal diameter and, 
hence, its optimal conduction velocity (reviewed in Trapp & Kidd 2004). 
Myelination increases the number and phosphorylation state of neurofilaments 
thereby increasing the axonal diameter. MAG-null mice exhibit axonal atrophy in 
the PNS (Yin et al. 1998), indicating that a MAG-mediated signal is responsible 
for maintaining axonal integrity, whereas mice with a truncated form of L-MAG, 
but a normal S-MAG, do not (Fujita et al. 1998). This indicates that, either the 
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signal is mediated by S-MAG, or only the extracellular domain of MAG is needed 
to maintain the MAG-mediated signal responsible for axonal integrity in the PNS. 

6.2 The importance of effective tools in myelination studies (III) 

There are several tools available for myelination studies and each has its own 
advantages and disadvantages. Important in vivo data is obtained from 
spontaneous murine mutants and murine knock-out models. In addition, different 
in vitro models employing isolated cells and tissue explants are currently widely 
used in PNS studies. 

Even though mutant animals and knock-out studies provide important data 
about the effect of excluding specific elements, it is frequently not easy to 
interpret this data, as the complicated, integrated systems of any animal tend to 
find ways to compensate for the absence of singular factors. These compensatory 
mechanisms may produce a different but functional phenotype, or a phenotype 
similar to normal accompanied by varying degrees of dysfunctionality. Unless the 
identity of the compensating factor and its role and functional properties in the 
detailed structure of the tissue are known and can be accounted for, the search for 
the precise function of the absent factor is but a shot in the dark at best. 
Knowledge of the compensatory or co-operative functions of subjects under study 
will allow to draw conclusions on the basis of this type of in vivo data. To obtain 
the needed molecular and cellular data, in vitro culture models can offer an easy 
and often readily controllable environment. Rat and mouse tissues and cells have 
been used in several types of culture models. Rat cells are more easily grown than 
mouse cells and, for this particular reason, are often chosen for cell culture-based 
research. In the study of PNS myelination, both rat and mouse cells have been 
used in explant cocultures (Cosgaya et al. 2002, Erb et al. 2006, Liu et al. 2005, 
Svenningsen et al. 2003). In this culture model, the dorsal root ganglia are 
dissected out of an embryo before the nerves have fully developed and before 
Schwann cell differentiation is fully completed. This way the myelin-producing 
Schwann cells can be grown out of the ganglia, whose neurons they will 
myelinate later in the culture. This model produces sufficient amounts of myelin 
for general PNS myelination studies of the cellular level and can be efficiently 
used in studies pertaining to only one genotype at a time.  

The rat DRG/Schwann cell coculture model differs from the explant model in 
that the neurons and Schwann cell are isolated and purified separately from 
different individuals (Kleitman et al. 1997). The DRGs are isolated from 
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embryos, like in the explant cultures, but they are subjected to a cell purification 
procedure eliminating all dividing cells, including the intrinsic Schwann cells, 
from the cultures. The Schwann cells are isolated from the sciatic nerves of pups 
and subjected to a specific purification protocol in order to eliminate 
contaminating cells, such as fibroblasts. This model works well with rat cells and 
produces large quantities of myelin. 

The real advantage of a two-cell coculture model, where the cell types are 
isolated separately from different individuals, is the possibility to perform mixed 
geno/phenotype cultures. Mixing wild-type/mutant or mutant/mutant cells in the 
cocultures would allow a more specific study of the known murine models of 
human disease, without the need to cross-breed the animals, which, in many 
cases, may not be viable. However, the use of the coculture model for this type of 
mixed geno/phenotype studies is limited by the rarity of rat mutants. On the other 
hand, there is an abundance of both spontaneous and bio-engineered mouse 
mutants available. 

In order to be able to exploit the full potential of the two-cell DRG/Schwann 
cell coculture model, we explored the possibility of using it with mouse cells. It 
rapidly became apparent that the protocols optimized for the culture and coculture 
of rat cells simply did not work with the mouse cells. The stability of the 
cocultures was poor on a collagen surface and the cocultures that did survive did 
not produce mature myelin. The Schwann cells associated with the axons, but 
only an early-stage ensheathment of the axon was observed on a few occasions. 
Inducing myelination in this type of mouse cell culture required considerable 
revision of the culture conditions that had been previously developed for the rat 
cells.  

Additional stability was provided for the cultures in the form of a basement 
membrane-mimicking matrix (Matrigel). In addition to providing structural 
stability, this turned the cultures from a thin-layer model to a fully 3-dimensional 
model. However, the structurally stable two-cell cultures still did not produce 
mature myelin. Only after including forskolin, pituitary extract, and several 
hormones (contained in N2 supplement) in the culture media, was extensive 
development and maturation of myelin obtained. Additional lowering of serum 
concentration from 15 % to 5 % resulted in an increased quantity of myelin in the 
cocultures. The effect of the lower serum concentration was not tested in the 
absence of the other new factors, but as the addition of the factors clearly resulted 
in the maturation of myelin sheaths even without the lower serum concentration, 
it is likely that both work synergistically enabling a higher yield of mature myelin 
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in the cocultures. This mouse DRG/Schwann cell coculture model has been and is 
currently used in several studies performed in our laboratory, and it has proven to 
be an efficient and reproducible tool for PNS myelination studies.  

6.3 The role of MAG in myelin maintenance and the problems that 
arise from its degradation (I, II) 

In mice, MAG expression in the PNS starts at birth. The expression level 
increases as the pups age, and levels out at around two weeks of age. The fact that 
the MAG expression level stays elevated in adult individuals indicates that MAG 
is involved not only in myelination, but also in the long-term maintenance of the 
myelin sheath. 

6.3.1 MAG contributes to the stability of the myelin sheath 

MAG null mice exhibit increasing axonal degeneration and demyelination as they 
age (> 9 months). Axonal atrophy is particularly apparent in the paranodal region 
and in proximity to the Schmidt-Lantermann incisures (Yin et al. 1998). The 
degeneration of axons in the absence of MAG indicates that the absence of a 
MAG-mediated interaction between the Schwann cell and the axon is responsible 
for the degeneration. Even though L-MAG seems to be the main isoform in the 
periaxonal membrane of PNS myelin, the fact that the axonal atrophy is more 
apparent at the paranodes and the Schmidt-Lantermann incisures, known to 
harbor S-MAG, suggests that S-MAG may also be involved in the maintenance of 
the axo-glial relationship. 

Considering that MAG- and CGT-null mice both exhibit similar structural 
abnormalities, it would be interesting to study myelin maintenance in MAG/CGT 
double knock-outs. Unfortunately, such studies are not possible, because these 
mutants survive for only 3 weeks after birth due to severe deficiencies of the 
CNS. The CNS phenotype of the double mutants is more severe than that of the 
single mutants, suggesting that MAG and Gal-CBs may possibly have co-
operative functions (Marcus et al. 2002), the disturbance of which would enhance 
the anomalies induced by each of the single mutations. The phenotype may also 
be due to the accumulation of other problems resulting both directly and 
indirectly from the individual absence of both MAG and Gal-CBs. The near total 
colocalization of MAG and Gal-CBs observed in the course of this study in the 
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Schmidt-Lantermann incisures allows us to consider the possibility of their 
functional co-operation in the PNS as well. 

In the CNS and PNS of GalNAc-T-null mice, lacking gangliosides such as 
GD1a, a known MAG ligand located on the axolemma in the paranodal region, 
some paranodal loops fail to attach to the axolemma, leading to the mislocation of 
juxta-paranodal potassium channels and a broadening of the sodium channel 
clusters at the node of Ranvier (Susuki et al. 2007). This abnormality increases 
progressively with age and leads to the disruption of the nodes of Ranvier. Galgt-
1-null mice, also lacking complex gangliosides, including GD1a, exhibit axonal 
pathologies similar to those seen in the CNS of MAG-null mice (Sheikh et al. 
1999). In addition, MAG expression is reported to progressively decrease with 
age in these mice (Sun et al. 2004). It was therefore proposed that the stability of 
MAG in the periaxonal membrane of the myelin sheath may be dependent on its 
engagement with a ganglioside ligand.  

6.3.2 MAG degradation and its consequences 

The proteolytic production of the relatively stable dMAG fragment, containing 
the entire extracellular domain of the MAG protein, in purified myelin fractions 
has been reported previously (Sato et al. 1982). In this study, the formation of 
dMAG from MAG immuno-purified (with an antibody recognizing both 
isoforms) from human brain samples was extensively investigated. It was 
concluded that the stability of MAG varies from sample to sample and no 
common denominator (age, disease, time between death and autopsy) was found 
for individual sample sources of similar stability. In general, the proteolytic 
activity was found to be lower than previously reported for whole purified human 
myelin. The estimated half time for the highly unstable MAG samples was 
approximately 3 hours, when the half-time observed in purified myelin 
preparations was 5-20 minutes (Sato et al. 1982). If only a fraction of the protease 
was recovered with the purified MAG, it may not be representative of the total 
activity in whole myelin.  

The instability of MAG was also found to be transferable from sample to 
sample, as mixing unstable MAG with stable MAG resulted in the total 
degradation of the mixed sample. This degradation was found not to be the result 
of either the calpain, or the cathepsin L-like activities that were previously 
indicated (Sato et al. 1984a, Stebbins et al. 1997) to be responsible for degrading 
MAG present in purified myelin membrane fractions: the degradation of the 
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purified MAG samples was unaffected by the presence of protease inhibitors 
specific for the activities in question. The time-, temperature- and structure-
dependency of dMAG formation raises the question as to whether the degradation 
is due to a co-purifying enzyme. If this is the case, it may suggest that the two 
could be in a tightly associated complex in the myelin membrane. In the relatively 
mild purification conditions employed here, the enzyme could remain associated 
with MAG, and be released only after further incubation of the purified 
preparation at +37 ºC by cutting the MAG. The release would then make it 
possible for the enzyme to associate with another MAG molecule continuing the 
degradation process. A number of proteolytic activities, including serine, cysteine, 
trypsin-like serine proteases, were excluded during this study on the basis of the 
inability of their inhibitors to stop, or even decrease, the degradation process. 
However, many proteases remain to be studied in this matter. The fact that the 
cleavage site cuts off the extracellular domain of the protein may serve as a clue 
towards the future indentification of this proteolytic activity. 

In the course of myelin development, MAG needs to be removed from 
uncompacted membranes in order for the compaction to happen. This is, however, 
not done through natural proteolysis of MAG by the activity described above, 
because no dMAG has been found in normal developing nerves (reviewed in 
Trapp et al. 2004). 

The reduced amount of MAG at the edges of some developing plaques of 
MS-affected brains has been suggested to be due to the susceptibility of MAG to 
degradation. This reduction is apparently accompanied by an elevated presence of 
dMAG that is detectable even before histological changes in the brain are visible 
(Itoyama et al. 1980, Johnson et al. 1986b). In addition, dMAG forming activity 
was shown to be higher in the white matter of MS- affected brain than in healthy 
ones (Möller et al. 1987, Sato et al. 1984b). The loss of MAG from the myelin 
may contribute to the axonal pathologies of MS if MAG is equally important to 
axonal stability in the CNS as it appears to be in the PNS. The significance of 
identifying the activity responsible for dMAG formation is great, as it may 
present a possibility to develop therapeutic methods for MAG-mediated axonal 
pathologies. 
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7 Conclusions 

Early myelin development and myelin maturation were analyzed by means of a 
study of the expression of two early myelin markers, MAG and Gal-CBs, 
believed to play roles in both myelin formation and maintenance (II). In order to 
allow the exploitation of the full potential of the DRG/Schwann cell coculture 
model through the use of mouse mutants, a coculture method was developed in 
which mouse DRGs and Schwann cells are able, for the first time, to produce 
significant amounts of myelin (III). To further explore the role of MAG in myelin 
maintenance and stability, the stability of purified MAG was studied through 
extensive degradation experiments (I). 

In the early stage of PNS myelination, MAG was found to be relocated from 
a diffuse distribution to granular structures. As this did not require neuronal 
contact, this may occur as a result of the action of a signaling molecule secreted 
by the neurons. MAG was visibly up-regulated upon axonal contact and was 
uniformly present throughout the Schwann cell envelope during the early 
ensheathment of the axon. The relocation of MAG to a linear structure, possibly 
representing the primary mesaxon, was accompanied by a reduction of its 
presence elsewhere in the sheath. The further development of the mesaxon, 
characterized by the appearance of MAG and Gal-CB spiral structures, was 
accompanied by the relocation of Caspr to the future paranode, thus validating the 
notion that the spiral structures appear via a mechanism involving the twisting of 
the internode around the axon, prior to the formation of the first paranodal 
adhesion between the Schwann cell membrane and the axolemma. MAG and Gal-
CBs were both present in the Schmidt-Lantermann incisures and the 
paranodal/juxta-paranodal regions of mature myelin sheaths. Their colocalization 
was partial at the paranodes and near total in the incisures. Of the two MAG 
isoforms, L-MAG was found to contribute to the early stages of myelination up 
till the formation of the linear mesaxonal structure. S-MAG was found to occupy 
the further MAG-positive developmental structures (the mesaxon, the incisures 
and the paranodes), with L-MAG present only in the periaxonal membrane 
throughout the rest of myelin development and in mature sheaths. Further studies 
with time-lapse fluorescence microscopy of living cells transfected with GFP-
conjucated MAG, for example, would provide invaluable information on the 
temporal development of different myelination-related structures. 

A myelinating mouse DRG/Schwann cell coculture method was developed in 
order to allow the use of the numerous spontaneous and bioengineered mutants in 
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molecular and cellular level studies of PNS myelination. The culture method is 
currently used in our laboratory in studies of PNS myelin proteins. Due to the 
development of the myelinating mouse coculture method, this type of study may, 
and will also be, conducted on the different mouse myelin mutants. The coculture 
method allows to conduct extensive studies of myelination at both molecular and 
cellular levels, using mixed geno/phenotype cultures of various mutant and wild-
type animals. 

The study of MAG stability has provided new information which excluded a 
number of known proteases as the activity responsible for degrading purified 
MAG. The information on the different stabilities of MAG obtained from 
different CNS sources will undoubtedly contribute to future investigations on the 
formation of dMAG. 
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