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ABSTRACT

We have generated a Xenopus laevis transgenic line, pMBP-eGFP-NTR, allowing conditional
ablation of myelin-forming oligodendrocytes. In this transgenic line the transgene is driven by
the proximal portion of myelin basic protein (MBP) regulatory sequence, specific to mature
oligodendrocytes. The transgene protein is formed by GFP reporter fused to the E. coli
nitroreductase (NTR) selection enzyme. This enzyme converts the innocuous pro-drug
metronidazole (MTZ) to a cytotoxin. My PhD project is to study the effect of demyelination
and remyelination in Xenopus Laevis in this transgenic line. We wish to answer two questions
using this transgenic. First, the origin of remyelinating cells that replace the ablated
oligodendrocytes. We have shown that, Sox10" OPCs, which are already present in the optic
nerve prior to the experimentally induced demyelination, are responsible for remyelination.
The second question is to examine the effect of demyelination of retinal ganglion cell (RGC)
axonal arbor morphology. We developed an experimental set up to image the RGC arbor
morphology in an awake stage 55 tadpole in real time. We show that the arbor is more

sensitive than the control to imaging but there is no change in motility of the arbor.
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1.1 HISTORICAL PERSPECTIVE

The rapid conduction of action potential is a requirement for the nervous system of animals in
need of quick reflexes to over come risky environment. The Nervous system has developed
two adaptations to increase the speed of conduction; the first adaptation is to increase the
diameter of the axon and the second adaptation is wrap the axon with multiple layers of
insulating material — Myelin, the lipid enriched extension of the plasma membrane of
specialized glial cells.

Oligodendrocytes in the central nervous system (CNS) and Schwann cells in the peripheral

nervous system (PNS) are the two types of myelin-forming glial cells.

The earliest observation of myelin was by Leeuwenhoek in 1717, he refers to myelin as fatty
covering “new tunic” that cover “nervules” that exit the spinal cord. Based on the current
knowledge we can speculate that the fatty parts and tunic represent myelin that wrap around

nerve fibers.

The first person to ascribe a function to myelin was Galvani in 1791. He considered the nerve
to include the conduction and insulating elements, the outer most oily layer he states prevents
the dispersion of electricity and permits its accumulation.

The discovery of myelinated fiber is attributed to Ehrenberg. In 1833, he described nerve
fibers consisting of four parallel lines, inner two lines indicating the interior cavity and the
outer two lines that form the boundary (myelin wrap). He also describes varicosities that tend

to be formed in freshly dissected myelinated fibers.

At this point myelin was thought to be produced by nerve fiber and was likened to marrow of
bones. Based on this misconception the term Myelin was coined by Rudolf Virchow in 1858.
Greek for marrow is Myelos. Virchow considered myelin to be present between the surface of
nerve fiber and the external membrane.

In 1838, Robert Remak reported that two types of axons coexist in peripheral nerves: larger
ones are covered with a thick greasy type of sheath associated at their surface to a nucleus, the
others much thinner fibers were not covered by such a sheath. Theodor Schwann confirmed
this discovery one year latter and it is the French histologist Louis Ranvier who proposed in
1871 these cells should be named Schwann cells, probably because the name of Remak was



already associated to the tracks of nude fibers he had described in the sympathetic nerve. It
was still not clear where the fatty acid or white tunic originated, since for a long time it was
proposed that the myelin was secreted by the axon, and that the Schwann cells were providing
only the external membrane protecting the myelin.

In the CNS, however, the situation was even more complicated since there are no nuclei
associated to the myelin. In 1921 Pio del Rio Hortega visualized the cells that myelinate the
CNS by silver carbonate impregnation and coined the term- Oligodendrocyte (Oligo —few,
Dendro- tree). He could not however ascertain the function of these cells. With the
technological breakthrough of electron microscope Richard and Mary Bunge in 1962 proved
that myelin was an extension of the plasma membrane of oligodendrocytes. Myelin was no

longer considered a secretion but a dynamic cellular membrane extension.

1.2 FUNCTION OF THE MYELIN SHEATH

1.2.1 SPEED OF CONDUCTION OF NERVE INFLUX

Myelination is a unique way of increasing the conduction velocity along axon. It is a recent
adaptation in vertebrates. There are two mechanisms to increase the speed of conduction of
action potential, the first is to increase the diameter of the axon and the second is to insulate
the axon by myelination. Increasing the diameter of axons so as to decrease the resistance to
impulse propagation, as seen in squids, mediate rapid reflex, albeit they occupy space. The
second mechanism is insulating the axon fiber with lipid rich insulating myelin membrane. In
myelinated fibers sodium ions enter at the node of Ranvier through the voltage gated sodium
channels, this flux of sodium ions depolarize the adjacent membrane of the axon. Myelin that
covers the axon at internodes prevents loss of ions and hence decreasing the energy spent to
depolarize the membrane. The impulse propagates to the subsequent node with negligible loss
of energy (Hartline and Colman, 2007) by saltatory conduction (from the latin saltare : to
jump). As the conduction velocity is increased the fiber diameter need not increase in size.

Demyelination leads to a reduction of conduction velocity and in severely affected fibers there
could be a complete block of impulse propagation. (McDonald, 1974; Smith and Hall,



1980;Waxman, 1981). In the PNS it is assumed that conduction block occurs when 3 to 5
internodes are demyelinated. Demyelinated axon has low densities of sodium channels, too

low to support high-frequency impulse conduction (Waxman, 1982).

The most frequent demyelinating disease is Multiple sclerosis, which associates three
components: inflammation, demyelination and finally axonal degeneration. Importantly,
patients with MS experience remissions, in which they recover previously lost functions such
asvision or the ability to walk. These remissions occur most likely when only the
inflammation is involved: decrease of inflammation resulting in recovery of the symptoms.
However, if the inflammation leads to demyelination, remission can still be observed in the
absence of substantial remyelination. Recovery of clinical functions in these instances appears
to depend on molecular reorganization of chronically demyelinated axons, which acquire a
higher-than-normal density of sodium channels in demyelinated (and previously sodium-
channel-poor) regions (Craner et al., 2004). This molecular remodelling permits the
demyelinated axon membrane to support continuous impulse conduction. Where as in fibers
that are normally non-myelinated conduction velocity is low (Bostock and Sears 1972; Smith
and Waxman, 2005). Of course recovery is seriously improved when remyelination is
occurring, in as much as sustained demyelination weakened the axons and render them more
vulnerable to transsection, leading to permanent handicap as observed in latter stages of the
iliness (see below).

1.2.2 METABOLIC SUPPORT TO THE AXON

Oligodendrocytes have an additional function of providing metabolic support to the axon.
Neurons are constantly in need of energy to maintain the sodium gradient across the axonal
membrane and transport ion channels, synaptic vesicle proteins along the axon from the soma.
Energy in the form of ATP is generated by transport of lactose across the axonal membrane. In
myelinated fibers myelin forms a barrier for transport of lactose, the nodes being the only
regions available for access of fuel source of energy. Oligodendrocytes and Astrocytes in
contact with the axon are speculated to be the source for metabolic energy to the axon (Nave,
2010). Astrocytes and oligodendrocytes are gap junction coupled (Tress et al., 2012); this
allows access of oligodendrocytes to blood brain barrier and blood vessels. The function of
oligodendrocytes-astrocytes gap junction is not clear, but it could transport metabolites.
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Together these glial cells maintain ionic homeostasis and also serve as energy repositories for
axons. In connexin 32 and 47 null mice, connexin 30 and 47 are oligodendrocyte proteins that
form the gap junction along with connexin 32 and 43 in astrocytes, there is severe
demyelination and axonal damage with premature death of the mice.

It has been shown that oligodendrocytes transport metabolites through the monocarboxylate
transporter 1 (MCT1) and this is critical for the health of the axon (Lee et al., 2012;
Funfschilling et al., 2012). In glycolytic cells there is large production of lactate from pyruvate
and the lactate is transported along the concentration gradient through MCTs. It has been
shown both in vitro and in vivo, blocking or knocking down MCT1 cause neuronal loss. In
spinal cord organotypic cultures motor neurons were functional and healthy with glucose in
the medium. In medium deprived of glucose neuronal loss could be averted by adding lactate
to the medium. To test if MCT1 is required for this process, pharmacological inhibitor of
MCT1 (the monocarboxylate transporter found in oligodendrocytes) was added to the
medium, the death of neurons was immediate. Providing exogenous lactate prevented the
death of neurons. The blocking of MCT1 was not toxic to oligodendrocytes. The experiment

provides evidence that oligodendrocytes have a role in providing metabolites to the axon.

1.2.2 PROTECTION OF AXON

Myelin forms a protective covering around axon, provides metabolic support and increases the
speed of conduction of axons without increase in diameter of axon.

In demyelinating disease the lack of myelin makes the axon susceptible to damage. In case of
immune based multiple sclerosis there is an increase in nitric oxide synthase enzyme at the site
of demyelination (B0 et al., 1994). Nitric oxide affects mitochondrial metabolism and ATP
synthesis; ATP is essential to maintain the sodium — potassium homeostasis in the axon. If
sodium ions accumulate and are not pumped out, the calcium-sodium exchanger work in the
opposite manner and allows calcium to enter the axon and activate a series of enzymes that
cause axonal damage.

In animal model of oligodendropathy, mature oligodendrocytes are ablated by cell-specific
expression of diphtheria toxin. Myelinated axons survived long after the death of the
oligodendrocyte soma (Traka et al., 2010). This suggests that the glycolytic enzymes and
transporters are functional for several days until the macrophages remove the myelin (Saab et
al., 2013).
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1.3 STRUCTURE AND FUNCTION OF OLIGODENDROCYTES

Astrocytes, microglia and oligodendrocytes are glial cells, and constitute the majority of the
cell population in the central nervous system (CNS) of vertebrates. Oligodendrocytes are the
myelinating cells of the CNS. They are ubiquitously distributed throughout the adult CNS,
mainly in white matter, but also in the gray matter (Miller, 2002). On the basis of
morphological criteria (size of the cell body, number of myelinated axons, diameter of
myelinated axons), del Rio-Hortega (1928) Penfield (1932) described four subgroups of
oligodendrocytes. It has also been observed that subsets of oligodendrocytes are not equally
resistant to toxic agents such as cuprizone (Komoly et al., 1987). Other subpopulations have
been described based on biochemical criteria, like expression of members of the collapsin
response mediator protein (CRMP) family (Ricard et al., 2001). Recently, two distinct types of
morphologically identical oligodendrocyte precursor cells (OPCs) have been identified
depending on their synaptic input and their ability to generate action potentials (Karadottir et
al., 2008). However, this morphological, biochemical and physiological heterogeneity of the
oligodendrocyte population has not yet been correlated with a specific embryonic origin nor
with functionally different subtypes of oligodendrocytes.

1.3.1 MYELIN SHEATH

Oligodendrocytes have a specialized membrane extension which enwraps axons, known as
myelin (Bunge et al., 1962). Each oligodendrocyte can myelinate a segment on several axons
(Figure 1), unlike the Schwann cells in the peripheral nervous system (PNS), which just
myelinate a segment on a single axon. The myelin sheath has been a crucial acquisition of
vertebrates (Zalc and Colman, 2000), its major function being to increase the velocity of
propagation of nerve impulses acting as an electrical insulator. Oligodendroglial processes
wrap tightly in a spiral fashion around segments of axons to form internodes, delimited at each
extremity by nodes of Ranvier (Figure 1). Thus, nodes of Ranvier interrupt myelin at regular
intervals, permitting the access of the axonal membrane to the extracellular milieu and a faster
propagation of the nerve impulse from node to node, known as saltatory conduction (Huxley
and Sampfli, 1949). The node of Ranvier is flanked by paranodal regions, interposed between
the node and the juxtaparanode, and where the myelin loops are anchored to the axon (Figure
1).
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Figure 1. Myelinating oligodendrocyte. The
myelin sheath is formed by wrappings of
oligodendrocyte plasma membrane (cyt) around
axons (A), forming the internodes.  These
internodes are interrupted by nodes (N), where
myelin is absent and the axon is exposed to
extracellular space (ES). PN, paranodes. Adapted
from Veterinary Neurohistology Atlas, T.F.
Fletcher, adapted from the original schematic
drawing by Bunge & Bunge (1961).

Myelin has unique ultrastructural and biochemical characteristics (reviewed in Zalc and
Lubetzki, 2008). With the electron microscope, it appears as a double membrane leaflet
formed by a succesion of clear and dense lines, with a periodicity of 15 nm in the CNS
(Figure 2). The clear lines are formed by the lipid bilayers of the oligodendroglial membrane,
while the dense lines correspond to the electron dense proteins of the membranes. Myelin

thickness depends on axon caliber (Friede and Bischhausen, 1982).

Figure 2. Ultrastructure of the myelin
sheath. Electron microscopy picture of a
myelinated axon (Ax). The myelin sheath
(My) appears as a double membrane leaflet
formed by a succesion of clear and dense
lines. From Fundamental Neuroscience,
Second Edition, Squire , 2002.
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Myelin has peculiar and specific biochemical characteristics, presenting a low water content
(40%) and a lipid enrichment, with a lipid:protein ratio of 70:30, i.e., the inverse ratio than any
other cytoplasmic membrane, including the myelin forming cell. The three major groups of
myelin lipids are cholesterol, phospholipids and glycolipids. Glycolipids are the most
abundant, in particular galactolipids like galactosylceramide (GalC), which represents 20-25%
of the total myelin lipids and is used as a selective marker of myelin and oligodendrocytes
(Dupouey et al., 1979a; Raff et al., 1979; Zalc et al., 1981). The major CNS myelin proteins
are the proteolipid protein (PLP), myelin basic protein (MBP), 2°,3’-cyclic nucleotide 3’-
phosphodiesterase (CNP), myelin associated glycoprotein (MAG) and myelin oligodendrocyte
glycoprotein (MOG) (reviewed in Baumann and Pham-Dinh, 2001). In mammals PLP
represents 50% of myelin proteins and its transcripts have been shown to define a
subpopulation of oligodendrocyte precursor cells (OPCs) that do not depend on PDGFRa
signaling for their proliferation and survival (Spassky et al., 2001). MBP is the second most
abundant protein of myelin (30% of total myelin proteins) and plays an important role in the

compaction of the myelin sheath (Dupouey et al., 1979b).
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Fig 3: Schematic representation of the morphological and antigenic progression from

precursor cells to myelinating mature oligodendrocytes
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1.3.2 DIFFERENTIATION AND MATURATION OF OLIGODENDROCYTES

Oligodendrocytes express sequentially a number of cell lineage specific markers from the
progenitor stage to the mature myelinating stage. Expressions of some of the markers are
retained while the others are lost. The well-defined profile of stage-specific cell surface
markers has allowed the progressive differentiation and maturation of oligodendrocyte lineage
cells to be followed, providing insights into particular functions carried out by these cells.
Prior to myelin formation, oligodendroglial cells undergo a series of phenotypic stages of
development characterized by unique antigenic and morphological phenotypes (Figure 3), as
well as a change in their mitotic and migratory status (reviewed in Miller, 2002; Zalc and
Lubetzki, 2008). Both in culture and in vivo, the oligodendrocyte lineage has been
subcategorized into 6 stages: oligodendrocyte progenitor (OLP), oligodendrocyte precursor
cell (OPC), pre-oligodendrocyte, immature oligodendrocyte, mature oligodendrocyte and
myelinating oligodendrocyte (Figure 3).

Olig2 and Sox10 are the earliest known transcription factors to be specifically turned on
in the oligodendrocyte lineage, and they are expressed throughout oligodendrocyte
development (Figure 3). During the first stage of oligodendrogenesis, OPCs are highly mitotic
and migratory, featuring a bipolar morphology. They express Sox10 and Olig1/2 transcription
factors, as well as cell surface markers that include NG2, the platelet derived growth factor
receptor alpha (PDGFRa) and a complex ganglioside recognized by the monoclonal antibody
A2B5 (Abney et al., 1983; Raff et al., 1979) (Figure 3). When OPCs finish migrating they
divide and, at the same time, start to acquire a multipolar morphology, typical of the pre-
oligodendrocyte stage. Pre-oligodendrocytes are still mitotic and they express sulfated surface
epitopes recognized by the O4 monoclonal antibody (Bansal and Pfeiffer, 1989) (Figure 3).
Progression of these cells to the immature oligodendrocyte stage occurs when they become
post-mitotic and highly branched. Immature oligodendrocytes express GalC, CNP, MAG and
also the tumor suppressor protein APC (adenomatous polyposis coli), recognized by the CC1
monoclonal antibody (Figure 3).

After having exited the cell cycle, the maturation period begins. In rodents, this phase
lasts approximately 3-5 days and is characterized by the expression of most of the major
myelin proteins, including MBP, PLP, MAG and, at the latest stage, MOG. The mature
oligodendrocyte presents an extremely rich array of processes (Figure 3) and it starts to
establish contacts with nearby axons. Eventually, a dramatic simplification in the morphology
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occurs in the myelinating oligodendrocyte. Only processes having reached an axon will be
maintained, all others being pruned (Figure 3).

1.3.3 NODE OF RANVIER

Myelin sheaths are discontinuous, they display periodic interruptions associated with axonal
constrictions called node of Ranvier. In 1871, French pathologist and anatomist Louis-Antoine
Ranvier discovered these nodes. These domains are crucial for normal saltatory conduction.
The node consists of multiprotein complexes of cell adhesion molecules, ion channels and
scaffolding molecules. The molecular organization of the node depends upon specialized
cytoskeletal and scaffolding proteins such as spectrins, ankyrins and 4.1 proteins. The
cytoskeletal proteins are important for the formation, localization and maintenance of the
membrane proteins present in the node and axon initial segment (AlS). The node has a high
density of voltage gated sodium and Potassium channel. Functional sodium channel at the AIS
are responsible for action potential generation and opening of the sodium channel at the node
are responsible for saltatory conduction of action potential. Soluble factors secreted by
oligodendrocytes have been shown to promote sodium channel clustering in CNS axon culture
in the absence of axoglial contact (Kaplan et al., 1997). Cell adhesion molecules present at the
CNS node are contactin and the neuronal 186-kDa isoform of Neurofascin (Nfasc 186), the
interaction of these cell adhesion molecules with the ankyrinG and membrane proteins
promote their stable and restricted localization (Davis et al.,1996 ;Berghs et al.,2000;Tait et
al.,200;Jenkins and Bennett,2002;Yang et al.,2004).

The paranode flanks both sides of the nodes of Ranvier. At these sites, myelin and axons form
septate-like junctions, which acts as a diffusion barrier that contributes to the formation and
maintenance of nodal sodium channel complex. The cell adhesion proteins at the paranode are,
contactin-associated protein (caspr), contactin, and the glial 155-kDa isoform of Neurofascin
(Nfasc 155) are present. The cytokeleton at the paranode consists of all spectrin, Bll spectrin,
ankyrinB and protein4.1B (James, 2003 ; Sherman and Brophy, 2005; Sherman et al., 2005)
Another polarized domain is the juxtaparanode, it is at the innermost axo-glial junction. This
domain is characterized by the presence of high-density potassium channels (Rhodes et al.,
1997;Wang et al 1993). The cell adhesion molecules found at the juxtaparanode are caspr2
and Tagl. Caspr 2 interacts with cytoskeleton protein, protein 4.1B (Traka et al., 2002; Poliak
et al, 2003)
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It has been shown that autoantibodies to Neurofascin may cause axonal injury via complement
mediated immune pathway and lead to axonal transection in MS disease (Mathey et al., 2007)
The cell adhesion molecules (CAM) at the polarized domains are the sites for axo-glial
interaction. The mechanism of assembly of these CAMs is not very well understood in the
CNS. Understanding the signaling mechanism between the neuronal and glial CAMs at the
polarized domains could shed light on initiation of myelination and also to remyelinate axons

after demyelination.

1.4 OLIGODENDROCYTE AND NEURONAL INTERACTION

During the development of the central nervous system the reciprocal communication between
neurons and oligodendrocytes is essential for the generation of myelin. Intrinsic program
within oligodendrocytes along with external factors such as neuron-derived signaling
molecules regulate OPC proliferation, differentiation and survival of oligodendrocytes (Barres
and Raff, 1999;Temple and Raff, 1986). Studies in cell culture show that at an early stage in
development, axons that fire action potential release ATP, that is degraded to adenosine which
activates P1 purinergic receptors on OPC’s and stimulate their differentiation and also
increase the number of axons it myelinates (Stevens et al.,2002). Astrocytes another important
glial cell are also involved in stimulating the oligodendrocytes to myelinate. Axons firing
impulses release ATP which activate P2 purinergic receptors on astrocytes, causing the release
of LIF (leukemia inhibitory factor) and CNTF(Ciliary neurotrophic factor). These factors
stimulate formation of myelin by oligodendrocytes (Ishibashi et al., 2006; Stankoff et al.,
2002). These signals help control the proper timing of OPC differentiation to ensure that

myelination occurs at the appropriate time and place.

Neuronal activity triggers OPC proliferation has been shown in vivo and in vitro system by
blocking neuronal activity with tetrodotoxin (Demerens et al., 1996). Neuron-oligodendrocyte
signalling promotes myelination of electrically active axons to regulate neural plasticity. In
dorsal root ganglion cultures it has been shown that glutamate release from synaptic vesicles
induce the formation of cholesterol rich domains between neurons and oligodendrocytes.
These domains are rich in Fyn kinase and facilitate the generation of proteins in the myelin
sheath by the Fyn kinase-dependent signalling (Wake et al., 2011). Optogeneticaly stimulating

the premotor cortex in awake mice elicits a mitogenic response of neural progenitor cells and
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OPCs and increases myelination within deep layers of the premotor cortex and sub cortical
white matter (Gibson et al., 2014). Myelination is a multi-step process requiring precise
coordination of several different signals.

Myelination continues for decades in the human brain it is modifiable by experience.
Myelination affects information processing my regulating the velocity of impulse conduction.
Changes in the thickness of myelin sheath, the spacing between nodes and the density of ion
channels at the nodes of Ranvier can be attenuated to change the conduction velocity. Rapid
structural changes in the myelin insulation are suspected to account for the rapid changes in
conduction velocity (Yamazaki, 2008). A single oligodendrocyte can myelinate a set of axons,
changes that are caused in one oligodendrocytes can affect the conduction velocity of the set
of axons it myelinates. Myelinating glia influences the aggregation and density of sodium
channel at the node and potassium channel at the juxtaparanode. These ion channels regulate
the excitability, frequency of impulse firing and refractory period of an impulse. Lower
refractory period enables transmission of high frequency spike trains. These aspects of
impulse conduction are critical in neural encoding, information processing and synaptic
function. Myelin plasticity might provide another cellular mechanism of learning
complementing the well-studied mechanisms of synaptic plasticity.

Noninvasive brain imaging advances have shed light into the structural differences in
myelinated tracts associated with neurological and psychiatric illness such as depression,
bipolar disorder, posttraumatic stress, schizophrenia, ADHD, autism and dyslexia to name a
few (Fayed and Mondrego, 2005;Basha, 2007)) It is important to discern the fact if structural
changes in white matter is a cause of neurological and psychiatric disorder or a consequence
of it. Increase in the mRNA transcripts of myelin genes and no change in neuronal genes
suggests that changes in white matter are a cause of many disorders that affect cognition.

Defects in myelination due to aberrant communication between neurons and oligodendrocytes
could lead to drastic changes in impulse conduction, neuronal plasticity and cognitive ability.
The interaction between neuron and glia therefore will not only provide new exciting insights
into the development of the nervous system but also help us to find new treatment strategies

for various neurological diseases.
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1.5 HUMAN DEMYELINATING DISEASES

1.5.1 LEUKODYSTROPHY

Leukodystrophies are a group of heritable myelin disorders. The disease manifests in early
childhood, symptoms such as altered gait, hypotonia and cognitive impairment that
progresses to spasticity over time. White matter loss could occur in the CNS, PNS or both.
White matter loss could be classified biochemically based on defects in any one of the
following: lipids, myelin protein or organic acids. Defects in energy metabolism also cause
white matter loss. Disease such as MELAS (mitochondrial encephalopathy, lactic acid
acidosis and stroke), Leber hereditary optic atrophy, ubiquinone deficiency, Complex | and
Il deficiency, cytochrome oxidase deficiency and mitochondrial deletions affect white
matter along with other parts of the brain and systemic organs.

1.5.1.1 Leukodystrophy associated with lipid abnormalities

Adrenoleukodystrophy (ADL): This is an X-linked inheritable disease. Demyelination
beginning in the parieto-occipital white matter. In children visual loss and hypotonia are the
clinical presentation. The disease is caused due to a mutation in the Adrenoleukodystrophy
protein (ALDP) gene (Moser et al., 1999). In ADL there is an increase of very long chain
unbranched fatty acid (VLCFA), the accumulation of the fatty acid is used as a diagnostic
marker for the disease (Moser et al., 1999). VLCFA is activated to VLCFA-CoA before its
oxidation. The enzyme responsible for the step is VLCFA-CoA synthetase. In patients with a
mutation in the ALD gene ALDP protein does not transport enzyme VLCFA-CoA synthetase
to the peroxisome, which leads to the impairment of the function of the enzyme (Yamada et
al., 1999).

Globoid cell leukodystrophy (Krabbe’s Disease): Is an autosomal recessive inherited
glycospingolipid storage disorder. The clinical symptoms include rigidity, tonic spasms,
ataxia, spasticity, visual loss and mental retardation. The disease is caused by deficiency of
lysosomal enzyme galactosylceramide beta-galactosidase, which is required to degrade the
lipid galactosylceramide (Malone, 1970;Suzuki et al., 1970). This disease causes an increase
in lipid in microglial cells called globoid cells. Psychosine is a glycolipid broken by
galactosylceramide beta-galactosidase enzyme; in Krabbe’s disease the lack of this enzyme
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causes accumulation of psychosine, which is toxic to oligodendrocytes. There are 60
mutations known to be associated with Krabbe’s disease (Suzuki, 1998).

Metachromatic leukodystrophy (MLD): is a lysosomal storage disease involving
glycosphingolipid metabolism. The clinical symptoms of the disease include ataxia, loss of
speech, cognitive impairment that eventually leads to spasticity. The disease is associated with
the accumulation of lipids in oligodendrocytes and macrophages throughout the white matter
and also in retinal ganglion cells and selected neurons. Sulfatides accumulation in Schwann
cells and oligodendrocytes precedes demyelination. Demyelination could be due to the toxic
effect of accumulated sulfatides. Deficiency of Arylsulfatase A, sphingolipid activator protein
‘saposin B’ and multiple sulphatase are the etiologies of MLD (Lyon et al., 1996; MacFaul et
al., 1982).

1.5.1.2 Leukodystrophy associated with myelin protein

Pelizaeus-Merzbacher Disease (PMD): Is a typical example of hypomyelinating
leukoencephalopathy. This disorder is X-linked leukoencephalopathy. The clinical symptoms
of the disease consist of horizontal, vertical or pendular eye movements, stidor, hypotonia,
ataxia and spasticity. The cause of the disease is defective biosynthesis of proteolipid protein
(PLP) (Willard et al., 1985; Koeppen et al., 1987). DM20 in an alternatively spliced gene
derived from PLP locus. DM20 gene has been implicated in the maintenance of
oligodendrocytes and myelin assembly. Mutations that are associated with PLP and DM20
cause different variants of PMD (Gow et al., 1996). These mutations could be either point
mutations, some introducing an early STOP codon, PLP gene duplication or PLP gene
deletion, which explain different clinical phenotypes. Interestingly enough, there exist in the
mouse (and other mammals as well) different type of mutations, occurring either
spontaneously (Jimpy, Jimpy rumshaker) or by transgenesis (targeted deletion or duplication).
These animal models reproduce quite faithfully in terms of gravity, the clinical phenotypes,

described in human (Werener et al., 1998).
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1.5.1.3 Myelin basic protein deficiency

A deletion of myelin basic protein (MBP) locus on the 18th chromosome in a 25-year-old
female caused clinical symptoms such as ataxia and mild mental retardation. The 18th month
infant of the female also was affected, which shows that the disease is inheritable. In 18q
chromosomal deletion syndrome children have decreased or diffused white matter in the CNS,
which could be due to deletion of the MBP gene (Gay et al., 1997). Naturally occurring mouse
models of MBP gene have been described (shiverer, shiverer mld), as well as by targeted
deletion (Readhead et al., 1990; Matthieu et al., 1981).

1.5.1.4 Leukodystrophy associated with organic acid

Canavan’s Disease: Is an autosomal recessive neurological disorder associated with
macrocephaly and spongiform degeneration of brain. Canavan’s disease is identified as
deficiency of aspartylacylase, which causes an increase in N-acetyl aspartic acid (NAA) in the
brain and urine. The clinical symptoms include hypotonia, head lag and macrocephaly. Infants
with Canavan’s disease show symptoms only after 3 months of age. Clinical diagnosis is
confirmed after confirmed elevation of NAA in the urine. The gene for human aspartoacylase
is localized on the 17th chromosome. The protein has 313 amino acid residues. The identified
mutation can be divided into Ashkenazi Jewish and non-Jewish mutation. The mutations that
are common in the Ashkenazi Jewish mutation are substitution of glutamic acid for alanine at
codon 285 and changing tyrosine at codon 231 to a stop codon. The most common non-Jewish
mutation is the substitution of Alanine to Glutamic acid at codon 305 (Matalon et al., 1992). If
there is a high risk of a mother to give birth to a child with Canavan’s disease then the
chorionic villus can be analyzed for mutations. At present there is no treatment for Canavan’s

disease.

1.5.2 MULTIPLE SCLEROSIS

Multiple Sclerosis (MS) is a sporadic, spontaneous and acquired inflammatory demyelinating
disease of the human CNS. MS involves the interaction of the immune system and the CNS.
There have been possible references to the disease about 500 years ago, although the first
clinical description can be attributed to Augustus d’Este (1794-1848) the earliest recorded
person for whom a definite diagnosis of multiple sclerosis can be made. Neuropathological
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signs were first described in 1835-1838 by Cruveiller in France and separately in England by
Carswell. In 1865-68 Jean Martin Charcot was the first person to establish the correlation
between the clinical and pathological relationship of MS. Less understood in MS is the cause
of the disease. Environmental factors, such as infection by Epstein-Barr virus have been
accused to be causative, and genetic predisposition are touted as possible factors that cause the
disease (Ascherio et al., 2012) MS shares genetic characteristics with organ-specific
inflammatory disorders such as rheumatic arthritis and inflammatory bowel disorder (Sawcer
etal., 2011).

The pathogenesis of MS is heterogeneous; no single predominant mechanism for the disease
has emerged. One hypothesis is that there is a disruption in the integrity of BBB in a genetic
predisposed person or by environmental factors, or both. This disruption of the BBB leads to
the increase of adhesion molecules on the endothelium of the brain and spinal cord,
lymphocytes begin to enter the CNS. If lymphocytes that recognize myelin antigen exist they
could trigger a cascade of reaction leading to inflammation and demyelination. It is still not
known how myelin proteins are presented as possible antigen, and there has not been any
conclusive myelin antigen that could be reliably linked to MS; whatever, the lymphocyte
aggression is what leads to the autoimmune aspect of this disease (Prineas et al., 2006).
Typically, the disease beings in a person’s late 20s to early 30s and is chronic and progresses
to be a debilitating disease. The first phase of MS also called the relapse and remitting phase,
the characteristic symptoms of this phase are blurred vision, sensory disturbance, and motor
impairment. These episodes would occur with an unpredictable frequency for about 5-30
years. MRI signals are observed dispersed in the white matter of the brain and spinal cord.
Pathological change such as disruption of the blood brain barrier is observed as illustrated by
gadolinium contrasting agent.

Secondary progressive MS follows remitting and relapse phase of MS, at this point there is
loss of ability to walk, motor function and cognitive ability is affected. These are the most
common phases of MS; there could be variations with respect to age and cause of the disease.
At the tissue level MS is characterized by disruption of the blood brain barrier, infiltration of
the CNS by lymphocytes, and colonization of lesions by microglia. Cytokines are produced by
T-cells, macrophages, astrocytes and microglia. The cytokines include interleukins (IL)-1p,IL-
6, interferon (IFN)-y, IL-23 and IL-17. Reactive oxygen and nitrogen species, prostaglandins,
vasoactive factors and chemokine are found at the site of lesion (Frohman et al., 2006). In

lesions, demyelinated axons are present in a milieu of inflammatory molecules, if there is no
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clearance of myelin debris followed by in adequate remyelination, the axon could be
permanently damaged leading to functional impairment. In case of acute lesion there is
extensive loss of oligodendrocyte. Consequent progress in the treatment of the inflammatory
component of the disease have been accomplished in the past 20 years by introduction of
interferon beta, copolymer 1 (copaxone), and more recently by different immunosuppressive
antibodies or antibodies aimed at preventing entry of lymphocytes in the CNS (Johson et al.,
1995). Unfortunately, these immunomodulatory and/or immunosuppressive treatments results
mostly in a diminution in the numbers of relapses over a five year period, which is a great
improvement for the quality of life of the patients, but so far no or little positive consequences
on the evolution of the handicap, compared to natural history of the disease.

1.6 ANIMAL MODELS OF DEMYELINATION-REMYELINATION

1.6.1 RODENTS

1.6.1.1 Experimental autoimmune encephalomyelitis (EAE)

EAE is a family of disease models. It has contributed towards understanding autoimmune,
neuroinflammation, cytokine biology and immunogenetics of demyelinating disease.

EAE mice are produced by active immunization of mice with purified myelin proteins or
activated antigen-specific T cells (Tiwari et al., 2007; Genani and Hauser, 2001). The model
has high degree of variability based on the mice strain, gender and the peptide that is used to
immunize the mice. Mice of the same strain immunized with the same peptide could also have
large variations in the pattern of demyelination (in terms of numbers of demyelinating lesions,
size and localization of lesions). The C57BL/6 mice genetics is well known and this offers
important advantage while using this strain to develop the EAE mice model. Nowadays, the
most frequently developed EAE strategy relies on immunization with Myelin Oligodendrocyte
Glycoprotein (MOG) peptide (Bittner et al., 2014). C57BL/6 mice are injected subcutaneously
with MOG peptide emulsified in Freund’s adjuvant supplemented with Mycobacterium
tuberculosis, followed by two injections of pertussis toxin 2 days apart. In 2 weeks these mice
developed inflammation, demyelination, death of OL and axonal damage. In these mice CD4
positive T cells are activated. Compared to other myelin proteins antigens, the MOG-EAE
mice have become now as more or less the reference animal model of MS as it associates both

the neuroinflammation and demyelination aspect. There are some limitations to this model:
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the C57BL/6 model of EAE is monophasic and without relapse, which is an important
characteristic of MS; the lesions are random and it is difficult to make comparison between
samples; In most EAE models the immune response is initiated via CD4" T cells, while in MS
CD8'T cells are predominant; in EAE models relapses cannot be studied; lastly the
pathological changes cannot be correlated to behavioral changes (Rodrigues et al., 2011).

A major drawback in the EAE model is that the site and size of the lesions are unpredictable,
which make comparison difficult and necessitate a large number of animals to be reliable. In
this respect, a real improvement in the MOG-EAE model has been the targeting of EAE
lesions to a predetermined axonal tract. To generate a new localized animal model of MS, the
authors have taken advantage of the limited susceptibility of the Lewis rat to (MOG-EAE) and
have combined subthreshold immunization with MOG with local injections of two
proinflammatory cytokines (TNF-alpha and Interferon gamma) into the spinal cord, which
induce local immune cell infiltration (Kerschensteiner et al., 2004). More recently the model
has been elegantly adapted to the mouse (Tepavcevic¢ et al., 2011).

1.6.1.2 Cuprizone

S. Ludwin has introduced cuprizone as an in vivo model of chemically induced
demyelination, which can be controlled spatio-temporally (Ludwin, 1978). In these model
C57BL/6 mice, 6 to 8 weeks old, are given 0.2% cuprizone (bis-cyclohexanone
oxaldihydrazone) as a part of their diet. Cuprizone is a copper chaelator which causes
dysfunction of the mitochondrial complex IV leading to the death of oligodendrocytes.
Demyelination is first detected 3 weeks after starting cuprizone diet; important demyelination
is seen after 6 weeks of cuprizone diet. Demyelination occurs globally, but is prominent in
corpus callosum and posterior cerebellar peduncles. Optic nerves and spinal cord are never or
seldom concerned. Remyelination begins once the cuprizone diet is replaced by the normal
diet. Cuprizone model is suitable to study remyelination, which is a crucial area of study in
MS.

A major advantage of cuprizone is that demyelination is mostly localized in the white
matter of the cerebellar peduncles and the corpus callosum and the extent of
demyelination in the corpus callosum, can be scored more easily and consistently.
Cuprizone induces apoptosis of mature oligodendrocytes that leads to a robust
demyelination and profound activation of both astrocytes and microglia. Phagocytosis

and removal of damaged myelin seems to be one of the major roles of microglia in this
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model and it is established that removal of myelin debris is a prerequisite of successful
remyelination. Magnetic resonance imaging (MRI) has been used to determine the degree of
demyelination in cuprizone fed mice (Merkler et al., 2005). Functional deficits were seen in
cuprizone treated mice compared to mice that were given a normal diet in the Rotor rod test
and open field test (Franco-Pons et al., 2007). The only draw back of the model is that

immune involvement is moderate and this component of MS cannot be studied.

1.6.1.3 Lysolecithin

Lysophosphatidylcholine is a detergent like agent that solubilizes membranes. Lysolecithin
1% solution is injected into the dorsal funiculus of the spinal cord or caudal cerebellar
peduncle (CCP) (Gregg et al., 2007; Girard et al., 2005) or corpus callosum. In fact any
myelinated tracts can be investigated depending on where the lysolecithin is being injected.
Oligodendrocyte precursor cells are spared while treated with lysolecihtin so remyelination is
faster compared to other models.

Remeyelination begins only after the myelin debris are removed, 7 days post lysolecithin
injection in the spinal cord of mice or young adult rats thin myelin sheath begin to appear. In
rats with CCP lesion remyelination is slower compared to spinal cord, it takes 3 weeks for
remyelination to occur, compact myelin appears 6 weeks post demyelination.

Lysolecithin treatment unlike ethidium bromide (another toxin used to demyelinate) does not
affect astrocytes, OPC or macrophages; this facilitates faster remyelination. Lysolecithin
lesion can be spatio-temporally controlled. The disadvantage of this model is similar to that of

cuprizone, the immune aspect of MS cannot be studied with this model.

1.6.2 NON-HUMAN PRIMATE MODEL OF MS

Non-human primates provide useful models of MS due to their genetic and immunological
proximity to humans. The two most investigated models are EAE in rhesus monkeys and
common marmosets. EAE is a valid experimental model of MS and is also one of the most
intensively studied experimental models in basic immunology. EAE has been successfully
induced in rodents, but they lack the genetic similarity that non-human primates share with
human patients. Another important advantage of the non-human primate model is that the
patterns of neurological deficits are less stereotypical than in rodents and resemble more the
clinical and neuropathological heterogeneity seen in MS patients. Experimental therapies very
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effective in controlling EAE in rodents are only partially effective in MS patients and in some
cases even detrimental (Hohlfeld and Wiendl, 2001). The non-human primate EAE models are
of particular importance for the safety and efficiency testing of new therapeutics for MS
because of their species-specificity.

The most common macaques EAE models is rhesus monkey (M. mulatta). The presence of
similar major histocompatibility complex (MHC)-DR and MHC-DQ allelic lineages in
humans and macaques has been described and is of great interest because products of both loci
have been identified as major regulatory elements of susceptibility to MS in the human
population (Francis et al.,1991; Wucherpfennig et al., 1991). EAE in myelin-immunized
rhesus monkeys usually follows an acute course, although in some unpredictable cases an MS-
like chronic disease pattern can be found. The characteristic histological aspect of the model is
the presence of large lesions with infiltration of abundant neutrophils, and serious destruction
of white matter, affecting both myelin and axons (Stewart et al., 1991, Ravkina et al., 1978).
The severe inflammatory aspect suggests that the lesions in this model are formed by an acute
pathological event causing severe inflammatory necrosis rather than selective demyelination.
EAE in the rhesus monkey therefore most resembles the acute fulminant forms of MS, such as
post- infectious leuco-encephalomyelitis, rather than the more common chronic forms of MS.
Common marmosets (Callithrix jacchus) are small neo tropical primates. Marmosets breed
easily in captivity, giving birth to one or two non-identical sets of twin or triplet siblings per
year. As fraternal siblings have shared the placental blood circulation in utero, bone-marrow-
derived elements developing in a twin or triplet are equally distributed over the siblings. This
natural chimerism induces in each monkey permanent tolerance towards its fraternal sibling’s
alloantigen. Hence, it is possible to test the pathogenic role of auto reactive T-cells by
adoptive transfer experiments between such siblings (Massacesi et al., 1995).

In its clinical presentation and the radiological and pathological aspects of the lesions, EAE in
the common marmoset is an excellent model of chronic MS (Genain et al., 1997, ‘t Hart et al.,
2000). The characteristic lesion type resembles closely the pattern Il of active MS lesions,
which is the most prominent type in chronic MS (Lucchinetti et al., 2000; Lassmann, 1999; ’t
Hart et al., 2000). The common marmoset is highly susceptible to EAE. Upon a single
immunization with human myelin or recombinant human MOG in complete Freund’s
adjuvant, each monkey tested thus far has developed EAE, although the individual disease

course varies.

26



An as-yet unresolved issue is that rhesus monkeys immunized with myelin or myelin antigens
develop a disease resembling acute forms of MS, whereas marmosets immunized following
the identical protocols develop a disease resembling chronic MS. A detailed examination of
the pathogenic mechanisms in these models will shed light on the mechanisms that cause the
clinical and pathogenic heterogeneity in MS patients (Brok et al., 2001). The disadvantage of

this model is that it is very expensive to maintain the animals.

Lysolecithin method of demyelination is also used in non-human primates; lysolecithin is
injected into right centrum semiovale of adult male macaque monkeys Demyelination can be
seen by magnetization transfer (MTR) by day 7 (Dousset et al., 1995). Focal demyelination in
the CNS has been induced by microinjection of lysolecithin in the optic nerve and spinal cord
of adult Macaca fascicularis (Lachappelle et al., 2005)

1.6.3 ZEBRA FISH ( Danio rerio)

Zebra fish is a transparent model to screen potential therapeutic drugs for MS. The molecular
and cellular organization of zebra fish is similar to that of humans, homologues for most
human genes can be found in zebra fish (Barbazuk et al., 2000, Postlethwait et al., 2000). In
terms of myelin, however, fishes are still too primitive to correctly match with mammals.
Notably, in contrast with tetrapods there are only little differences between PNS and CNS
myelin composition. As a major example the presence of protein zero (P0), a characteristic
component of PNS myelin proteins, is also the predominant myelin protein in fish CNS rather
than PLP as in mammals. The structural properties and cell lineage relationship of
oligodendrocytes is highly comparable between zebra fish and mammals. Orthologous genes
for the major mammalian myelin-associated genes have been found in zebra fish, such as
Dm20, MBP, and PO. There are variations in expression pattern and sequence of gene between
zebrafish and mammals. In zebrafish, myelin associated genes appear 2 days before the
appearance of compact myelin (Brosamle and Halpern, 2002).

Embryogenesis in zebrafish is ex vivo, the larvae are a few millimeters in length and
transparent which is conducive for live imaging. Myelination begins 3 days post fertilization
(dpf) (Buckley et al., 2010), time taken to observe phenotype is less. In vivo investigation of
myelin gene function through RNA overexpression and morpholino gene knockdown
experiments are suitable for zebrafish as the time taken for myelination to begin is 3 days.
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Developing transgenic line is relatively easy and cheap compared to rodents; there are many
reporter lines for myelin protein available such as Tg(Sox10:eGFP); Tg(Olig2:eGFP);
Tg(Plp:eGFP). The system to develop transgenic line is well established in zebrafish; tol2
transposon system, Bacterial artificial chromosomes (BAC) and the Gal4-UAS system have
been used to generate transgenic animals; it has also been possible to control the expression of
transgene spatio-temporally. Target-induced local lesions in genomes (TILLING) (MacCallum
et al, 2000) are used to make gene specific mutations in plants.

Transcription activator-like effector nucleases (TALENS), which are synthetic restriction
enzymes generated by fusing a TAL effector DNA binding domainto a DNA cleavage
domain. These synthetic enzymes can be custom made to bind practically any desired DNA
sequence. When these restriction enzymes are introduced into cells, they can be used
for genome editing in situ and also develop locus-specific mutations in zebrafish genome
(Timothy and Kazuyuki, 2012).

Myelin breakdown in MS leads to eventual axon degeneration causing disability associated
with the progressive stages of MS. Remyelination prevents damage of axon and hence halt the
progression of the disease (Franklin and ffrench-Constant, 2008). Myelination in zebrafish
starts 3 dpf, this time period is used to screen for drugs that make the process faster. Myelin
injury is not needed in this case. Tg (olig2:eGFP) line is used to screen for drugs that increase
Olig2 cell population that migrate from the pMN domain of the spinal cord. These drugs were
further used to check if they interfered with differentiation of OPC into mature
oligodendrocytes by measuring relative level of MBP mRNA using real time PCR. Drugs that
specifically increase OPC number and their differentiation and do not affect neuron or
astrocyte cell number can then be used in rodents and mammalian system to verify their
potential use as a drug (Ibanez et al., 2004;Penderis et al., 2003).

There are zebrafish model in which myelin loss can be produced, one such method is laser
ablation of OL. The second system is expression of nitroreductase (NTR) in oligodendrocytes
(Chung et al., 2013). NTR is an enzyme, which reduces the nitro radical of prodrug
metronidazole (MTZ) to hydroxylamine derivative that causes death of cells that expresses
NTR (Curado et al., 2007). Thus zebrafish serves as a realistic and economical start point
towards developing therapy that could target CNS remyelination.

There are, however, few drawbacks to using zebrafish to screen drugs for remyelination;
firstly, only drugs that are permeable to the zebrafish skin can be used; hence screen of some

potential therapeutic drugs can be missed. Secondly, zebrafish larvae are used to study
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remyelination instead of adults. Remyelination efficiency decreases in older animals (Sim et
al., 2002; Woodruff et al., 2004); thirdly using developmental process of myelination rather
than the regenerative process of remyelination allows for much faster screening of drugs, but
there are differences in mechanisms and molecules involved in myelination and remyelination;
lastly as stated above, in terms of control of expression of myelin components, in all fishes,
including zebrafish, CNS and PNS myelin are still very similar in contrast to higher
vertebrate. In this respect, amphibian look more promising, since most of the major myelin
constituents are very similar to mammal’s myelin, not only for the coding sequences, but also

including the regulatory sequences.

1.6.4 AFRICAN CLAWED FROG (Xenopus laevis)

Tadpole of Xenopus is another transparent animal model to study myelination. The advantage
of this model is that the myelin is remarkably similar to that of mammals. The myelin purified
from the CNS of Xenopus laevis contained the same major lipid and protein components as
human myelin. Peripheral and central nervous system myelin of rat and Xenopus is highly
similar (Quarles et al., 1978). In the PNS the PO sequence in Xenopus is similar to PO
sequences of higher vertebrates, suggesting that a common mechanism of PNS myelin
compaction via PO interaction might have emerged through evolution (Luo et al., 2008). The
morphology of developing oligodendrocytes is comparable to that of rodents, and hence
Xenopus is suitable for studying maturation of oligodendrocytes and myelination process
(Yoshida, 1997). Small model organisms, such as amphibians and some teleosts, are
increasingly being used at various stages of drug development and constitute highly cost-
effective alternative models to mammals (Saito and van den Heuvel, 2002; De Smet et al.,
2006; Giacomotto and Ségalat, 2010).

To study myelination, demyelination and remyelination, in collaboration with A. Mazabraud
and F. Kaya from University Paris Sud, we have produced a transgenic Xenopus line, pMBP-
eGFP-NTR, designed to specifically express in oligodendrocytes the fluorescent reporter GFP
fused to the Escherichia Coli nitroreductase (NTR), under the control of the 1.9 kb (-
1907bp/36bp) proximal portion of mouse MBP regulatory sequence. In the mouse, this portion
of the proximal upstream regulatory sequence of MBP gene drives the expression of LacZ
reporter transgene only in mature myelin-forming oligodendrocytes (Stankoff et al., 1996).
Our team showed that similarly to the mouse, in our transgenic Xenopus laevis line the eGFP-
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NTR transgene is expressed only in myeling-forming oligodendrocytes (Kaya et al., 2012).
The GFP” fluorescent oligodendrocytes are easy to quantify in the optic nerve. Furthermore, in
terms of chronology of development it has been shown that in the optic nerve mature myelin-
forming oligodendrocytes start to be detected at stage 47-48 (Cima and Grant, 1982), which is
2 weeks post fertilization (when the embryos are maintained at 23 °C). This has been totally
confirmed in our transgenic line, by detection of GFP™ cells in the optic nerve. In this
transgenic  Xenopus line, thanks to the NTR transgene mature myelin-forming
oligodendrocytes are specifically ablated following treatment with metronidazole (MTZ, an
NTR substrate). Treatment of pMBP-eGFP-NTR tadpoles induces selective demyelination,
which is reversible on MTZ withdrawal (Kaya et al., 2012). The optic nerve of the embryo is
conducive for live imaging; unlike the spinal cord there is no obstruction by muscles tissue.
The number of mature oligodendrocytes, GFP positive cells, in the optic nerve is consistent
among embryo of the same stage. This model can be used to quantify demyelination and
remyelination non-invasively. To screen therapeutics drugs for remyelination this transgenic
line could serve as a medium throughput model, since A. Mannioui in our team has shown that
he could easily screen 10 molecules per week.

There are many similarities between zebrafish and Xenopus, both are tetraploid, aquatic, and
transparent with ex-vivo development. In some aspects Xenopus scores over zebrafish. As
already mentioned above, the myelin in Xenopus is closer to mammals compared to zebrafish;
the electron microscopic images of the myelin in zebrafish are not as compact as the myelin in
Xenopus, and for reasons still unexplained, EM images are of much higher quality in Xenopus
compared to zebrafish. There are about 3000 embryo per mating pair in Xenopus, whereas
zebrafish produces 300 of embryos, so it is relatively easy to collect a large number of
embryos for high sample numbers.

Apart from being a suitable model to screen for therapeutics, the pMBP-GFP-NTR line could
be used to study the consequences of demyelination such as clearing of the debris; recruitment
of progenitors to replace the ablated oligodendrocytes and the fate of nodal proteins. The
pMBP-GFP-NTR line can be crossed with other transgenic lines that express nodal proteins in
fusion with a fluorescent protein reporter or a reporter specifically expressed in
oligodendrocyte precursor cells (OPCs), to study the changes in the nodal proteins and
recruitment of OPCs in real time, following demyelination.
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1.6.4.1 TRANSGENESIS IN AMPHIBIANS

Amphibian embryos remained the embryos of choice for experimental embryologists for many
decades. Amphibian embryos are large, can be obtained in large numbers and can be
maintained easily and inexpensively in the laboratory. They are relatively easy to manipulate
with microsurgical instruments, and they heal readily after surgery. In case of Xenopus laevis,
the South African Clawed Frog spawning can be induced by injecting the female with
gonadotropic hormone, this allows for the availability of eggs throughout the year in
comparison to the other amphibian species that are seasonal breeders. Xenopus has many
advantages as a developmental model system, Nevertheless there are also a few set backs with
respect to using it as a model for genetic manipulations.

Stable integration of foreign DNA into genome aimed at generating transgenic model animals
or producing mutations of endogenous genes has been of interest to all biologists. However, X.
laevis was left aside as a model for genetic manipulations, due to the difficulty in producing
and analysing inheritable genomic modifications. The first limitation occurs due to the
genomic duplication that has occurred several times in most fishes and amphibians. X. laevis
the most used xenopus species in research is tetraploid and has a generation time of 1-2
years, which make traditional genetic studies impractical (Bisbee et al., 1977; Evans et al.,
2004, 2005; Morin et al., 2006). X. tropicalis , the only diploid species of the Xenopus genus
has a 6-9 months generation time and the genome of it is completely sequenced. X.laevis and
X.tropicalis share high sequence conservation in a number of genes (Chalmers et al., 2005).
The maintenance of tropicalis has been a problem in laboratory as it is easily vulnerable to

infection.

Gain and loss-of-function experiments have been traditionally performed via microinjections
of RNA, DNA or morpholinos at an early stage of development. The relative short half-life of
injected products, their dilution and mosaic distribution limits us to analyze certain genes that
act early in development. In addition, there were not many available tools to modify its genetic
information for many years. However, there have been new technical innovations that allow
classical experimental procedures to be combined with sophisticated genetic studies may re-
establish the use of Xenopus as a model system. One such mechanism to develop non-mosaic
transgenic is Restriction enzyme mediated integration (REMI). This method provided a first
step towards the engineering of tools and reagents, which are compatible with genetic

approaches (Kroll and Amaya, 1996). The aim of this method was to reduce mosaic
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expression of the transgene through an integration step into the host genome occurring in vitro
within isolated sperm nuclei.

The procedure involves the incubation of a linearized transgene and isolated sperm nuclei
along with the Restriction enzyme to favor the generation of double-stranded breaks and egg
extracts to promote genomic DNA decondensation. The foreign DNA is thought to incorporate
randomly into the genomic DNA during a process of DNA repair. The manipulated nuclei are
then transplanted into unfertilized eggs, thus generating transgenic embryos (Figure 4). The
advantage of this method is 70% efficiency and non-mosiac expression of transgene. The
advantage over transgenesis in mice is that one can make first generation transgenics; you
don't need to wait until the next generation to examine the effects of the exogenous gene on
development. The disadvantages of this line is the numerous developmental defects and low
survival rate of the embryos compared to standard microinjection techniques (Sparrow et al.,
2000; Smith and Mohun, 2005).
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Fig 4 : A schematic showing REMI transgenesis procedure (Chesneau, 2008)

There are other new methods in Xenopus that are used to generate transgenics, Transposable
system, phi-C31 integrase , I-Scel meganuclease and CRISPER are a few of them.
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Transposons are mobile genetic elements that move in the host genome. Most DNA
transposons are simply organized; they encode a transposase protein flanked by inverted
terminal repeats (ITRs), which carry transposase binding sites. Any DNA flanked by the ITRs
will be recognised by the transposase and will become enzymatically integrated into nuclear
DNA. Transposons used in Xenopus transgenesis are Sleeping Beauty (SB) Piggyback and
Tol2 (Hamlet et al., 2006). There is little or no abnormality among the transgenic Xenopus.
The disadvantage is that the FO transformants obtained exhibited a high degree of mosaic

distribution.

The 1-Scel meganuclease (meganuclease) is an endonuclease which recognizes an 18 bp
sequence and was originally isolated from Saccharomyces cerevisiae. The meganuclease
procedure requires only the I1-Scel endonuclease, a commercially available meganuclease, and
a transgene construct containing the 18 bp recognition site. The construct is digested with the
meganuclease and the mixture is directly microinjected into fertilized eggs. Efficient
integration requires an injection between the animal pole and the sperm entry site, thus in
close proximity to the forming nucleus (Ogino et al., 2006b; Pan et al., 2006). The
meganuclease method, a substantial number of non-mosaic embryos is generated (Pan et al.,
2006). Significant advantages are the ease of manipulation, a good survival rate and
efficiency.

Phi-C31-integrase-mediated transgenesis is developed to overcome random insertion of
transgene in the genome. Phage DNA encodes the phi-C31 integrase that catalyses a site-
specific recombination into the host genome. Two different short DNA sequences are needed
to sustain integration by this integrase. The attP site in the phage DNA and the attB site in the
bacterium genome are recombined to generate two new sequences (attR and attL). Transgenic
approach involves the co-injection of mMRNA encoding the integrase with a plasmid containing
an attB site, using standard microinjection techniques, into fertilized eggs.

As the sequence requirements for attP sites can be relatively promiscuous, the integration
event relies on the existence of pseudo-attP sites in the frog genome.

The integrase method offers a unique way to promote single-copy transgene insertion in a

sequence-restricted manner.

A recent method in generating knock out in Xenopus is Transcription activator-like effector
nucleases (TALENS), which are synthetic restriction enzymes generated by fusing a TAL
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effector DNA binding domain to a DNA cleavage domain. These synthetic enzymes can be
custom made to bind practically any desired DNA sequence. When these restriction enzymes
are introduced into cells, they can be used for genome editing in situ, a technique known

as genome editing with engineered nucleases.

The most recent method for targeted genome editing is CRISPR (clustered regularly
interspaced short palindromic repeats)/Cas9 system. The system uses the Cas9 nuclease to
facilitate RNA-guided site-specific DNA cleavage. The system consists of Cas9 protein
carrying a nuclear localization and guide RNAs (gRNAS) that direct Cas9 protein to cleave the
specific targeted DNA (Guo et al., 2014)

The new available techniques along with a diploid X.tropicalis species, with short generation
time could prove very effective in generating transgenic Xenopus. This could help establish
Xenopus as an effective model for genetic manipulation

1.7 AIM OF MY PROJECT

Demyelination is the pathological process in which myelin sheaths are lost from around axons.
In the CNS demyelination is usually the consequence of a direct insult targeted at the
oligodendrocyte, the cell that makes and maintains the myelin sheath. This type of
demyelination is sometimes referred to as primary demyelination to distinguish it from
secondary demyelination, in which myelin degenerates as a consequence of primary axonal
loss (Wallerian degeneration).

Demyelination impairs function: the acute loss of a myelin internode is associated with
conduction block, when, on a given axon, the demyelination process interests at least 3 to 5
consecutive internodes. Robust and rapid remyelination is needed to prevent transection of the
axon. Therapeutics are now designed to protect the axon from inflammation and create a
disease suppressive background in which remyelination could occur by recruitment of
progenitors.

First part of my PhD was to examine recruitment of OPC in the optic nerve following
demyelination. The optic nerve is a suitable system to study OPC recruitment migration
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because it is devoid of neuronal cell and in our transgenic line the optic nerve can be imaged
in real time. To image the recruitment of progenitors | have tried to develop a sox10:td tomato
transgenic line.

Secondly | have tried to study the aggregation of the node during myelination, after
demyelination and remyelination by immune labeling. | generated transgenic line that
expresses B1 subunit of sodium channel in fusion with GFP under the control of the neuronal
beta tubulin (NBT) promoter (NST- f1Nav-GFP).

Finally, in collaboration with Dr Kurt Haas laboratory at University of British Columbia, |
have analyzed the changes in the morphology of the retinal ganglion cell arbor post

demyelination and remyelination.

Hence, in my PhD | have tried to use the pMBP-GFP-NTR transgenic line to address the
following basic questions:

Part |

Origin of remyelinating cells after demyelination in the optic nerve and consequences of
demyelination on nodal markers

Part 11

Physiological consequences on bidirectional signals between oligodendrocytes and

axons following demyelination and remyelination.
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PART |

Origin of remyelinating cells after demyelination in the optic nerve and

consequences of demyelination on nodal markers
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INTRODUCTION

Remyelination is the process by which myelin sheaths are restored to demyelinated axons,
facilitating them to recover the ability to carry action potentials by saltatory conduction. Cell
adhesion molecules and ions channels at the node of Ranvier redistribution along the axon,

similar to what was seen before myelination.

In the absence of Remyelination axonal transection could lead to permanent damage. In
demyelinating disease such as MS there is an insufficiency of remyelination resulting in
lesions that remain demyelinated and eventual lead to axonal loss. At the site of lesion there
are macrophages, microglia and astrocytes, ready to clear the myelin debris and make the
region conducive for recruitment of progenitors to differentiate and myelinated the
demyelinated axon. This phase is very crucial for recovery, and treatments that are designed
to enhance remyelination have this time window to focus on. Remyelination might fail if there
is not sufficient amount of progenitors or failure of the recruited progenitors to differentiate.
As an animal ages or when there is repeated demyelination the number of progenitor cell is
reduced and they possibly not able to differentiate leading to demyelination (Sim et al., 2002;
Shields et al., 1999).

Several strategies have been proposed to enhance remyelination in experimental models
(Warrington et al., 2000), but the mechanism by which they are effective remains unknown
(Stangel et al., 1999). Currently there is no explanation to why remyelination fails in MS,
understanding the process better in the experimental models could shed more light enhancing

remyelination case of MS.

We have established the Xenopus transgenic line p(MBP-GFP-NTR) as a suitable
demyelinating model to screen to drugs. We had a few questions unanswered in our previous
paper (Kaya et al., 2012) regarding the remyelination process. Recruitment of progenitors in
the optic nerve after demyelination and the process of clearance of debris in our system were
not examined. It is imperative to know the mechanism of repair in the demyelinating model.
The p(MBP-GFP-NTR ) line is used as a medium throughput model to screen drugs, the
information regarding remyelination could help understand the effect of the drugs that are

screened for remyelination.
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ABSTRACT

We have generated a Xenopus laevis transgenic line, pMBP-eGFP-NTR, allowing conditional
ablation of myelin-forming oligodendrocytes. In this transgenic line the transgene is driven by the
proximal portion of myelin basic protein (MBP) regulatory sequence, specific to mature
oligodendrocytes. 'The transgene protein is formed by GFP reporter fused to the E. coli
nitroreductase (NTR) selection enzyme. This enzyme converts the innocuous pro-drug
metronidazole (MTZ) to a cytotoxin. Ablation of oligodendrocytes by MTZ treatment of the
tadpole induced demyelination and here we show that myelin debris are eliminated by microglial
cells. After cessation of MTZ treatment, remyelination proceeded spontaneously. We questioned
the origin of remyelinating cells. Our data suggest that, Sox10" OPCs, which are already present
in the optic nerve prior to the experimentally induced demyelination, are responsible for

remyelination, and this required only minimal (if any) cell division.

Keywords: Oligodendrocyte, Myelin, Microglia, Multiple Sclerosis, Sox10, Isolectin B4.
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INTRODUCTION

In the central nervous system (CNS), myelin, the membrane allowing saltatory nerve conduction,
is synthetized by oligodendrocyte, a highly specialized glial cell. Saltatory conduction, a
mechanism insuring a 50-100 fold increase in velocity of nerve impulse propagation, results by the
regularly interspace wrapping of axon by myelin sheath, an acquisition of hinge-jaw vertebrates
(Zalc et al., 2008). Death of oligodendrocytes leading to destruction of myelin has been described
in various pathological conditions including the leukodystrophies and multiple sclerosis (MS)
(Lucchinetti et al., 1996; Dowling et al., 1999; Feigenbaum et al., 2000). Once destroyed, myelin
can be cleared from the tissue by professional phagocytes, such as microglial cells, the resident

macrophages in the CNS (Kettenmann et al., 2011). Elimination of myelin debris is a key step

for regeneration to take place. Remyelination a crucial repair mechanism in MS was hypothesized
by Marburg, who first described shadow plaques (markschattenregeneration) a pathognomonic
neuropathologic feature of MS demyelinated lesions (Marburg, 1906). Shadow plaques are
explained by thinner myelin sheath during repair of demyelinated axons (Périer and Grégoire
(1969). In experimental rodent models of demyelination it has been shown that remyelination
results from activation and proliferation of endogenous oligodendrocyte precursor cells (OPCs) a
large population of glial cells present in the adult brain (Levine and Reynolds, 1999). We have
recently developed by transgenesis in Xenopus Jaevis an inducible model of oligodendrocyte
ablation. In this pMBP-e«GFP-NTR transgenic line, elimination of oligodendrocytes is
accompanied by demyelination and then followed by spontaneous remyelination (Kaya et al.,
2012). Here we have investigated the mechanism of clearance of myelin debris following
demyelination, and the origin of remyelinating cells. We show that similar to higher adult
vertebrate, in Xenopus laevis microglial cells are responsible for elimination of myelin debris and

that remyelination is insured by resident OPCs.
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MATERIALS & METHODS

Animals.

Xenopus tadpoles were raised and maintained as previously described (de Luze et al., 1993) and
staged according to the normal table of Xenopus laevis (Daudin) of Nieuwkoop and Faber and
developmental progress defined as NF stages (Nieuwkoop and Faber, 1994). Tadpoles of either
sex were anesthetized in 0.05-0.5% MS222 (3-aminobenzoic acid ethyl ester; Sigma-Aldrich)
before brain and spinal cord dissection. Animal care was in accordance with institutional and
national guidelines.

Metronidazole preparation and use.

Metronidazole (MTZ) (Sigma-Aldrich) was dissolved in filtered tap water containing 0.1% DMSO
(Sigma-Aldrich). Tadpoles were treated with MTZ (10mM) in the swimming water for 10 days.
Control animals were kept in the same media without MTZ. Transgenic tadpoles were maintained
in 600 ml of MTZ solution (maximum 10 tadpoles/600 ml) at 20°C in complete datkness (MTZ
is light-sensitive) and changed every 2 days throughout the duration of treatment. For
regeneration experiments, MTZ-treated animals were allowed to recover for up to 10 days in
normal water in ambient laboratory lighting. Transgenic tadpoles were treated with drugs between
stage NF 48 and 55. These stages correspond to pre-metamorphosis and represent stages in
which myelination is ongoing. Myelination markers such as proteolipid protein (PLP) and myelin
basic protein (MBP) are first immunodetected at stages 42/43 in the hindbrain and spread
throughout the brain and spinal cord by stages 46/47 (Yoshida, 1997). In the optic nerve at the
electron microscopic (EM) level myelination was reported to begin in the middle portion at stage
48/49 and the number of myelinated axons increases sevenfold between stage 50 and 57 (Cima
and Grant, 1982).

Bromodeoxyuridine (BrdU) treatment.

BrdU at a final concentration of 500 IM (Sigma-Aldrich) was diluted in aquarium water. One

tadpole in 50ml of 500 IM BrdU was maintained with tadpole food for 24h after MTZ treatment.
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Antibodies.

The following antibodies required 4% paraformaldehyde at room temperature for 30 min: mouse
anti-panNav (1:500,Sigma-Aldrich), rabbit anti-Ankyrin G (1:500, a gift from Dr. F. Couraud,
UPMC, Paris), mouse anti-MBP (1:200, kindly provided by Dr. Saburo Nagata, Women's Tokyo
University, Japan).

The following antibodies were used on tissue fixed in 4% paraformaldehyde over night. Mouse
anti-MBP (directed against Xengpus MBP, 1:1000, kindly provided by Dr. Saburo Nagata), anti-
pan-Neurofascin (NFC1) (1:1000; Zonta et al., 2008 a gift of Dr. P. Brophy, University of
Edinburgh, UK), rabbit anti-Sox10 (raised against zebrafish Sox10, 1:5000 a gift of Dr. B. Appel,
University Colorado Denver, USA) rabbit anti-PH3 (1:400, Millipore), mouse anti-PH3 (1:400,
Millipore), mouse anti-BrdU (1:500, BD Biosciences), mouse anti-Nkx2.2 (1:10, mouse
hybridoma, Developmental Studies Hybridoma Bank, Iowa City, IA), chick anti GFP (1:1000,
Aves Lab, USA), chick anti-mcherry and rabbit anti-mcherry (1:500, EnCor Biotech, USA),
rabbit anti Ibal (1:400, Wako Chemicals), mouse anti-CD11b/c (OX42, 1:100), rat anti-CD11b
(M1/70.15, 1:400), mouse anti-CD68 (ED1, 1:200), rat ant-CD68 (FA-11, 1:400), rat anti-F4/80
(1:100), all from Serotec.

Immunolabeling.

Tadpoles were fixed by immersion in 4% paraformaldehyde, the fixation varied according to the
antibody used (see above).

Whole mount immunolabeling : Fixed tadpole brain and spinal cord were dissected and rinsed in
Triton X-100 (0.1% in PBS 1x = PBT 0.1%) for 2 h with change in PBT 0.1% every 15 min.
Samples were then incubated in blocking solution (normal goat serum diluted 10% in PBT 0.1%)
for 1 h. Primary antibodies were added in the blocking solution and incubated for 48h on a
gentle shaker at 4°C. The primary antibody was removed and the brain rinsed for 2 h in PBT
0.1%, with changes every 20min. Secondary antibodies, Alexa 350, Alexa 488, Alexa 594 and

Alexa 647 (1: 1000, Invitrogen) were used in blocking solution, and incubated over night at 4 °C
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on a gentle rotating shaker. The secondary antibody is removed and the labelled brains rinsed in
PBT 0.1% for 2 h with changes every 20min. DAPI (Invitrogen) was used to label the nuclei and
rinsed in PBT 0.1% for 2min and mounted on slide in FluorSave® Reagent mounting medium
(Calbiochem).

Immunobistochemistry: Fixed brains were rinsed in PBS1x and cryoprotected in sucrose (20% in
PBS1x). Cryoprotected brains were embedded in OCT® (Tissue Tek). Cryosections (12 pm thick)
were blocked in normal goat serum (10% in PBS) containing 0.1% Triton X-100 and incubated
overnight at 4°C with primary antibodies. Slides were rinsed in PBT 0.1% and secondary antibody
added. The slides were mounted with DAPI coated Fluromount” (Sigma-Aldrich).
Immunobistochemistry for anti-BrdU: Cryosections were labelled for GFP and Sox10 as per the classic
protocol and later fixed in paraformaldehyde 4% for 10min at room temperature and rinsed in
PBTO0.1%. These sections were denatured with 2 N HCI at 37 °C for 30 min, rinsed with PBT
0.1% and blocked with 10% normal goat serum in PBT0.1% at room temperature for 30 min.
Tissue sections were then incubated with anti-BrdU antibodies overnight at 4°C.

Isolectin B4 staining.

Microglial cells were stained with Bandeiraea Simplicifolia isolectin B4 (Ib4) on fixed tissue sections
or whole tadpole brain and spinal cord prepared as above. Tissue sections were incubated
overnight at 4°C with Alexa Fluor 594-conjugated Ib4 (1:1000, Invitrogen) in PBT 0,1%
supplemented with 1mM calcium, and then washed in PBT. For whole-mount staining, samples
were incubated for 48h under gentle shaking. When combined to immunolabeling, tissue sections
or whole samples were incubated with fluorescent Ib4 and washed before incubation in blocking
solution and exposures to antibodies, as described above.

Two-photon observation.

For in vive examination of GFP-expressing oligodendrocytes along the optic nerve, tadpoles were
anesthetized in MS222 (Sigma-Aldrich) and placed in a POC-Chamber-System (H. Saur,

Reutlingen, Germany), under a two-photon microscope. Mono-photon or two-photon excitation
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was performed using Zeiss LSM 710 microscope system. The microscope was equipped with
objective (20X, 1 NA). Calculated optical slice thickness was 2 Um. Fach image presented is the
3D projection of 18-26 stacks of images. The settings (gain and aperture pinhole) were held
constant within individual experiments. All images shown were processed with Image] software
(NIH).

Image analysis and quantification.

Images were captured using a Nikon AZ100 fluorescence macroscope, a Zeiss Axiolmager Z1
fluorescence microscope equipped with the Apotome® system and a Leica confocal SP2

microscope. Image analysis and quantification were performed using Image] software.

RESULTS

In the pMBP-¢eGFP-NTR transgenic Xenopus laevis, expression of the fusion protein

eGFP-NTR occurs in myelin-forming oligodendrocytes.

As reported in the mouse (Stankoff et al., 1990), in Xenopus laevis the 1.9kb (-1907bp/36bp)
proximal portion of mouse MBP regulatory sequence drives a cell type specific (oligodendrocyte) and
developmental-selective (myelin-forming stage) expression of the transgene. In the optic nerve of
PMBP-eGFP-NTR transgenic Xenopus laevis, GFP expressing oligodendrocytes are first detected at
stage 47-48, which is in agreement with light and electron microscopy studies showing that
myelination begins at stage 48 in the middle part of the optic nerve (Cima & Grant, 1982). In our
transgenic construct GFP is cytoplasmic. Therefore the GFP fusion protein that diffuses into the
cytoplasm of oligodendrocyte allowing oligodendroglial processes extending towards and along
axons to be visible, but was excluded from compact myelin sheath, which in contrast was

immunostained with anti-MBP antibodies (Figure 1).

In addition to GFP, the transgene fusion protein contains the E. Coli enzyme nitroreductase

(NTR), which converts the nitro radical of prodrugs such as metronidazole (MTZ) to 2-(5-
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(hydroxyamino)-2-methyl-1H-imidazol-1-yl-) ethanol, a hydroxylamine derivative highly cytotoxic.
Thanks to the expression of GIFP, in pMBP-e«GFP-NTRK transgenic oligodendrocytes can easily be
quantified using a fluorescent macroscope or microscope. We have previously shown that the
number of oligodendrocytes was halved following a 3 days exposure to 15 mM of MTZ (Kaya et
al., 2012). In order to induce a more significant demyelination we increased the duration of the
MTZ treatment. However, due to swelling, edema and several deaths among treated tadpoles, the
concentration of MTZ was reduced from 15 to 10 mM and exposure length increased to 10 days
(Fig. 2, DO - D10). After 10 days, tadpoles were returned to normal water to recover and
spontaneous remyelination occurred. Individual treated tadpoles were followed by repetitive two-
photon microscopy examinations. For the same animal, oligodendrocyte cell death and recovery
was monitored at the same position along the optic nerve (Fig. 2). During the length of the
experiments, the numbers of oligodendrocytes per optic nerve were counted under a macroscope
before treatment (D0), at the end of the MTZ treatment (D10) and then during recovery at 3 and
8 days (R3, R8)(Fig. 2B). After 10 days in the presence of MTZ, the number of GFP"
oligodendrocytes dropped from 17.4 + 0.4 to 3.8 + 0.2. Recovery, however, occurred quite
rapidly; numbers of detected oligodendrocytes per optic nerve was 8.3 + 0.9 and 13.3 + 1.5 at R3
and RS, respectively.

Redistribution of nodal proteins following demyelination.
In our previous study (Kaya et al., 2012) we have demonstrated that in the pMBP-eGFP-NTR
transgenic tadpole the GFP-NTR transgene is expressed in oligodendrocytes and even in myelin-
forming oligodendrocytes only and that elimination of myelinating oligodendrocytes following
MTZ treatment resulted in demyelination. This was illustrated by loss of luxol fast blue staining as
well as, at the EM level, on brain stem ultra thin tissue-sections (Kaya et al., 2012). Another
method to illustrate demyelination is labeling of node of Ranvier and/or components of
paranodal region. On tissue sections of pMBP-¢«GIFP-NTR transgenic tadpoles, staining of

myelinated axons with anti-MBP antibodies showed regularly spaced interruptions of the labeling
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corresponding to nodes of Ranvier (Fig. 3A, C, G, 1), which are clearly labeled with either anti-
ankyrinG (Fig. 3B, C) or pan-sodium voltage-gated channel (pan-Na, Fig. 3 E, F) antibodies.
Immunostaining with pan-antineurofascin (panNFC) antibodies labeled both the node itself and
the paranodal region corresponding to the two neurofascin isoforms of 186 kDa and 155 kDa,
respectively (Fig. 3 H, I). Following MTZ treatment, the myelin sheath is largely damaged (Fig. 3],
L, P, R) and paranodal structure disappeared. As a consequence, nodal protein ankyrin G (Fig.
3K, L) or Na, channel (Fig. 3N, O) are no longer aggregated but are more or less homogeneously
redistributed along the axons. Similarly localization of neurofascin is disturbed as illustrated by the
presence of hemiparanodes (Fig. 3 M, O) and also elongated aggregates (Fig. 3 Q, R). Altogether
these alteration of nodal and paranodal structures illustrate demyelination consecutive to
myelinating oligodendrocytes death.

Elimination of myelin debris.

A 10 days treatment with MTZ of stage 50 pMBP-eGFP-NTR transgenic tadpoles induced a nearly
complete elimination of myelinating oligodendrocytes. As shown in the above paragraph ablation
of myelin-forming oligodendrocyte is accompanied by a rapid demyelination. Three days after
withdrawal of MTZ from swimming water myelin-forming oligodendrocytes (GFP expressing
cells) reappeared in the optic nerve. We questioned how was the myelin debris eliminated during
such a short period. An obvious candidate are microglial cells. In a first series of experiments we
tested different antibodies known to label microglial cells in the mouse or the rat. Probably due to
species differences, immunostaining with anti-CD11b, anti-CD68, anti-F4/80 , or anti-Ibal
antibodies were negative. In contrast, microglial cells were clearly labelled after incubation of
optic nerve tissue sections with Ib4 isolectin (Fig. 4A). Of note, Ib4 labeled cells had the typical
multi processes morphology of microglia in the normal CNS. After MTZ treatment the number
of Ib4+ microglial cells was increased by a factor of 2.6 (Fig. 4C). This increase in number was
accompanied by a change in cell morphology, typical of microglial cell activation and marked by

enlargement of cell bodies and shortening of cell processes, (Fig. 4A middle panel). Three days
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after recovery, a few GIFP+ cells had reappeared and the number of microglial cells had neatly
returned to normal (Fig. 4 A right panel). Activated microglial cells were also observed in
concomitance with the MTZ-triggered loss of GFP cells, in the hindbrain and the spinal cord.
The detection of Ib4+processes spreaded over GFP + cell bodies (Fig. 4B) strongly suggested
that activated microglia were engaged in the phagocytosis of dying oligodendrocytes By
performing double staining with Ib4 and anti MBP antibodies, we could observe MBP-positive
particles engulfed by microglia, indicating that myelin fragments are cleared by phagocytosis (Fig.

4B)

Origin of remyelinating cells.

In rodent as in birds, it has been established that oligodendrocytes myelinating the optic nerve are
generated in the supra chiasmatic area, a focal region at the ventral midline of the third ventricle,
from where they migrate towards the optic nerve, which they colonize from the chiasmatic
towards the retinal end (Small et al., 1987; Giess et al.,, 1992; Ono et al.,, 1997). As illustrated
above, in our transgenic Xengpus model spontaneous remyelination occurs rapidly following
demyelination, which raises the question of the origin of the cells responsible for myelin repair.
To address the question of the source of remyelinating cells, we use immunolabeling with anti-
Sox10 antibodies. The transcription factor Sox10, which belongs to the high-mobility-group
protein transcriptional regulator, has been shown to be expressed very early during development
in the oligodendroglial lineage already at the stage of progenitor and its expression is maintained
throughout their differentiation and maturation including in myelin-forming oligodendrocytes
(Kuhlbrodt et al., 1998; Stolt et al., 2002). By immunolabeling of stage 55 optic nerve of pMBP-
eGFP-NTR Sox10 expressing cells were either isolated or aligned in rows of 4-5 cells, typical of
interfascicular glia (Fig. 5). Among the Sox10 expressing cells, some were Sox10"/GFP" and other
Sox10"/GFP". Being GFP", the later are myelin-forming oligodendrocytes, and the former were

identified as oligodendrocyte precursor cells (OPCs) (Fig. 5). After 9 days of MTZ-induced
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demyelination, most of GFP+ cells have disappeared (Fig. 6 ), but Sox10+ OPCs are intact. Only
very few Sox10+ cells have incorporated BrdU (12.9 + 3.9 n=4), which was not statistically
significantly different from control animals (n=4) of same stage (7.8 + 1.8; p value 0.28). After 4
days of recovery new Sox10"/GFP" cells are detected and were uniformly distributed along the
optic nerve, eliminating the possibility of an invasion of newly generated OPCs from the supra
chiasmatic area. Therefore we concluded that GFP" cells (i.e., remyelinating cells) are generated

from Sox10" OPCs already present in the optic nerve.

DISCUSSION

Microglial cells are responsible for clearance of myelin debris

Here we show that in the optic nerve, of developing Xenopus laevis, cell autonomous-triggered
elimination of myelinating cells is followed by a prompt remyelination, which is already significant
3 days after inactivation of the cell death process. This recovery is likely to implicate cellular
mechanisms insuring rapid elimination of myelin debris that are thought to prevent OPC
differentiation into myelinating cells (Robinson and Miller, 1999; Kotter et al., 20006). In the CNS
of mammals affected by demyelination, resident microglia play a key role in the clearance of
myelin debris owing to their phagocytic behavior, although the scavenging efficiency may strongly
vary according to the type of lesions or pathologies responsible for myelin disruption (Nielsen,
2009; Gaudet et al., 2011, Gudi et al., 2014). Culture studies have allowed to identify a set of
microglial receptors implicated in the capacity of rodent microglia to recognize and ingest myelin
particles (Smith et al., 2011).

In the current study using an isolectin B4 (Ib4) staining procedure that labels microglia in
mammal species including human and rodents (Kaur et al., 1992), we could observe resident

microglia in the optic nerve and other CNS regions of the Xenopus tadpole at stage 50 and
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onward. Similar cells were previously revealed in section from stage 54/56 Xenopus using a
monoclonal antibody raised against tadpole retinal cells (Goodbrand and Gaze, 1991). Although
the embryologic origin of Xenopus microglia has not been formally established, investigations in
birds, fish and rodents indicate that microglia stem from macrophage progenitors, which are
generated in the yolk sac and infiltrate the CNS during early stages of neurogenesis (Cuadros et
al., 1993, Herbomel et al., 2001, Ginhoux et al., 2010, Schulz et al., 2012). Microglia are highly
plastic and motile cells that swiftly react to CNS cell death or damage. The spectrum of
microglial responses may cover cell migration, mitosis and changes in microglial cell shape
accompanied by upregulation or modulation of functional capacities, among which phagocytosis
(Kettenmann et al., 2011). We found that in the optic nerve of MBP-eGFP-NTR Xenopus tadpoles
undergoing demyelination induced by MTZ treatment, the microglial response is marked by
accumulation of Ib4+ cells and enlargement of microglial cell bodies. The local recruitment of
reactive microglia is likely to be fuelled by microglial chemotaxis toward GFP" dying cells. In
support of this assumption, we have shown that MTZ treatment triggers caspase 3-dependent
apoptosis in GFP" cells (Kaya et al., 2012), whereas apoptotic cells are known to release
chemoattractants sensed by microglia, including ATP (Hochreiter-Hufford and Ravichandran,
2013, Corriden and Insel, 2012, Honda et al., 2001). Furthermore, apoptosis is known to trigger
cell surface externalization or unmasking of ligands called “eat me signals”, the best characterized
being phosphatidyl serine. Eat me signals are recognized by engulfment receptors expressed by
professional phagocytes and thereby promote phagocytosis of apoptotic cells (Nagata et al.,
2010). Microglial expression of engulfment receptors and propensity to engulf apoptotic cells is
well documented in rodent species (Marin Teva et al., 2004, Sierra et al., 2013). Accordingly, we
propose that in Xenopus tadpole undergoing demyelination, dying GFP cells express eat me
signals, which trigger their engulfment by activated microglia, as illustrated by spreading contacts
between microglial processes and GFP" cell bodies (Fig 4B). In addition to microglial cell

redistribution, morphological changes and engulfing behaviors, we could detect short-lived events
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such as the presence of MBP" material in microglial phagosome. Altogether our observations
indicate that in Xengpus tadpole, the mobilization of engulfing microglia directly participates in the

elimination of dying cells and myelin debris resulting from targeted apoptosis in myelinating cells.

In the optic nerve resident OPCs are responsible for remyelination

Unlike in mammals, in the optic nerve of Xenopus laevis only a small percentage of axons are
myelinated as shown by counting on EM sections (Gaze & Peters, 1961). In the larvae, between
stage 51 to 57, the ratio of unmyelinated to myelinated fibers was in the average of 20:1. For
instance, on stage 51 tadpoles, 6 000 fibers were unmyelinated and 300 were myelinated (Gaze &
Peters, 1961). Since we have shown that on animal of same development stage the number of
myelinating oligodendrocyte was 25 + 3, we can infer that each oligodendrocyte myelinates in the
average 12 internodes. During this period the total number of axons increases and by stage 58, the
number of myelinated axons was reported 420 (Gaze & Peters, 1961). To accommodate this
increase in axons to be myelinated new oligodendrocytes needs to be generated from OPCs,
which is what we observed by immunolabeling with the anti-Sox10 Ab. Therefore, when tadpoles
optic nerve are demyelinated at stage 50 or 55, there are already plenty of Sox10” OPCs present
and therefore there is no need to have additional OPC migrating into the ON nor division of
existing OPCs as shown by the absence of PH3 labeling and the modest increase in BrdU
incorporation. How remyelination during development can be compared with the situation in
adulthood? We have not found in the literature data on remyelination in adult Xenopus.
However, in mammals, including human, adult OPCs are present in the myelinated tract and the
parenchyma. These adult OPCs, initially reported by Wolswijk and Noble M (1989), constitute in
the rat between 5 to 8 % of total brain cells (Dawson et al., 2003). There is a body of studies
reporting that in experimental model of demyelination in adult animals, these adult OPCs migrate

towards the lesion and remyelinate (Levine and Reynolds, 1999; Chari and Blakemore, 2002;
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Fancy et al., 2004). However, in addition to adult OPCs, cell lineage tracing experiments have
shown that SVZ progenitor cells can give rise to oligodendrocytes in demyelinated lesions,
contributing potentially to remyelination, and that mobilisation of SVZ progenitors also occurs in
MS patients (Nait Oumesmar et al., 2007). The respective contribution of either adult OPC or
SVZ progenitor cells to remyelination is not clear, but one likely possibility is that it may depend

on the localisation of the lesion to be remyelinated.
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Legend to the figures

Figure 1: Whole-mount confocal microscopy of optic nerve of a stage 49 pMBP-GFP-
NTR transgenic Xenopus tadpole double labeled for GFP and MBP.

In the pMBP-eGFP-NTR transgenic tadpole mouse MBP regulatory sequence drives expression of
the transgene into myelin-forming oligodendrocytes. Immunolabeling for GFP (green) and MBP
(red), a specific marker of myelin. The myelin around axons is stained by the anti-MBP antibodies
(in red) and myelinating oligodendrocyte cell body and processes are in green (GFP"). There is no
overlap of GFP and MBP staining, because both RNA encoding MBP and MBP protein migrate
out of the cell body to accumulate in the myelin sheath, while GFP stains oligodendrocyte cell
body and processes, but is excluded from compact myelin. Note the clearly visible GFP"
oligodendrocyte processes aligning along the myelinated axons (MBP" red) representing the most

external spiral turn of the myelin sheath. Scale bar: 10 pm.

Figure 2: Live imaging of oligodendrocytes ablation during MTZ exposure and
spontaneous recovery following cessation of treatment.

Successive observations for a period of 18 days of the same region of the optic nerve on a stage
52 tadpole by two-photon microscopy (DO - R8). Images were taken with the same acquisition
parameters. Tadpole was treated for 10 days with MTZ (10 mM) (observed on D0, D3 and D10),
then returned to normal water for 8 days and observed after 3 and 8 days (R3, R8). The number
of oligodendrocytes decreased progressively during MTZ treatment. During recovery period, new
myelin-forming oligodendrocytes appeared. The graph shows the number of oligodendrocytes per
optic nerve before treatment (DO0) at the end of MTZ-treatment (D10 MTZ) and at 3 and 8 days

of recovery (D3, D8). (n = 12; Scale bar: 20 pm).
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Figure 3: Disruption of nodal structures following MTZ-induced demyelination.

Sections of control (A-I) of MTZ treated (J-R) stage 50 pMBP-GFP-NTR transgenic Xenopus
tadpole optic nerve were doubly immunostained with anti-MBP A, C, G,1, J, L, P, R or either
anti-ankyrin G (B, C, K, L) or anti-panNeurofascin (H, I, Q, R). Other sections were doubly
immunolabeled with anti-panNeurofascin (D, F, M, O) and anti-panNav (E, F, N, O). Nodal
constituants ankyrinG and panNav, which are aggregated, forming the node of Ranvier, are
redistributed along the axons following demyelination. Note that pan-Neurofascin antibodies
label both the node (D, F) corresponding to Neurofascin 186kDa and the paranode (D, F),

corresponding to Neurofascin 155kDa. Scale Bar: 1um

Figure 4: Mobilization and activation of microglia following MTZ-induced
demyelination.

A) Stage 50 pMBP-GFP-NTR transgenic Xenopus tadpole were treated for 10 days with 10mM of
MTZ. Optic nerve tissue sections of stage 50 pMBP-GFP-NTR transgenic Xengpus tadpole were
triply stained with anti-GFP, conjugated-isolectin B4 (Ib-4), and DAPI. Stained optic nerves were
dissected from animals either treated for 10 days with 10mM of MTZ before recovery (MTZ-
treated) or after 8 days recovery (recovery) or non-treated animals (control). Note the impressive
increase in numbers and change in morphology of Ib4+ microglial cells in MTZ-treated animals
compare to control. Scale bar : 10 um

B) Higher magnification of sections of MTZ treated tadpole doubly stained for GFP and Ib-4
(upper panel) or MBP and Ib-4 (lower panel). Upper panel: Ib-4" microglial cells engulfing a
GFP" oligodendrocyte, small arrows point to contacts between Ib4" cells and GFP" labeled
debris or cell body; z-stack, confocal microscopy. Lower panel: 1b4" cell in the process of
phagocytose of MBP" myelin debris (arrow head). Scale bar : 10 um.

C) Quantification of the number of Ib-4" microglial cell under the three experimental conditions

examined.
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Figure 5: Detection of Sox10" OPCs in the optic netve of stage 50 pMBP-GFP-NTR
transgenic Xenopus tadpole, before MTZ-treatment.

Whole-mount of optic nerve were immunolabeled with anti-GFP (A, C) and anti-Sox10" (B, C).
Myelin-forming oligodendrocytes (GFP") are also Sox10", while OPCs are Sox10" but GFP.
Note the aligned-in-rows disposition, typical of interfascicular glia, containing both GFP"/

Sox10"mature myelin-forming oligodendrocytes and GFP™ /Sox10" OPCs. Scale bar: 10 im

Figute 6: Detection of BrdU" cells in pMBP-GFP-NTR transgenic Xenopus tadpole
before and after MTZ-treatment.

Stage 50 tadpoles were treated (or not: Control) for 10 days with MTZ (10mM) before being left
for 24h in the presence of BrdU. Optic nerve sections performed either at the end of BrdU
treatment or 8 days later were triple labeled with antibodies raised against GFP (green), Sox10
(purple) and BrdU (red). All myelinating oligodendrocytes (GFP'; small and large arrows)
observed before treatment and after recovery were also Sox10", some had incorporated BrdU
(large arrows), but others were BrdU™ (small arrows). Similarly some OPCs (Sox10", GFP") had
incorporated BrdU (thin arrows) but others were BrdU™ (arrow head). In the middle panel (MTZ-
treated) arrowhead points to a Sox10+ cell which had not incorporated BrdU. Brdu" cells that do

not belong to the oligodendroglial lineage are indicated by a white asterix. Scale bar: 10 pim
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Part 11

Physiological consequences on bidirectional signals between

oligodendrocytes and axons following demyelination and remyelination.
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PART II
Physiological  consequences on  bidirectional  signals  between

oligodendrocytes and axons following demyelination and remyelination.

The survival of an organism depends on its ability to successfully interact with the
environment, to a large part this depends on the nervous system in developing animals. As an
organism grows the neural circuits and electrical properties of neurons within the circuit
undergo activity dependent and activity independent changes and help refine immature neural
circuit. The changes in neural circuit continue in adult brains.

Myelin is shown to control neuronal properties such as conduction velocity, spike frequency
by controlling the internode length and the density of ion channels at the node and paranode
(Dupree et al, 2004). The shape of the action potential, amplitude and firing frequency can be
modulated by myelin. In addition to controlling the action potential myelin also plays an
important role in synapse formation. Myelin proteins Nogo-A, MAG and OMgp cause the tips
of growing axons to collapse and prevent axonal sprouting and could help prune the synapses
(Chen, 2000 and Mckerracher , 1994).

When Nogo-66 is knocked out in mice, the critical period of ocular plasticity is extended
(McGee et al, 2005). In mice loss of Erb recptor in oligodendrocytes leads to downregulation
of dopamine recptor 1. In these mice branch points on cellular process, myelin thickness and
conduction velocity decreases. The mice exhibit behavioural deficits similar to schizophrenia.
The exact correlation between erb recptor loss and D1 is not known. Never the less it can be
concluded that, by attenuating level of expression of myelin proteins, morphology of synpase
and hence synaptic plasticity of neurons can be can be altered.

Neurons also have an effect on myelination, this reciprocal interaction is crucial and very little
is known about it. Prematurely opening the eyes of rabbits increases myelination (Tauber et al,
1980). Activity dependent enhancement of myelination and myelin dependent synaptic
plasticity function should function synchronously to foster a healthy nervous system.

Under pathological conditions, established complexes of axons and oligodendrocytes can
break down, resulting in demyelination. The consequence of demyelination to neural circuit
structure and function are also not well understood. While demyelination has been shown to

slow axonal conduction, the effects of altered signaling and loss of interactions between axons
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previously myelinated by the same OL on information processing through a central circuit has
not been tested.

The visual system of Xenopus laevis has been as well-established model to study stimulus
induced plasticity and morphology change (Figure 1). Retinal ganglion cells (RGC) extend
axons from the retina to their target in the contralateral tectum. The RGC arborize and form
synapse with tectal neurons dendrites. The effect of visual stimulus on the RGC arbor
dyanamics is well studied in xenopus. | have used this system to study the morphology
changes in the RGC arbor after demyelination.

1. Organism 2. Brain 3. Network 4. Cell 5. Synapse
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Figl: The Xenopus tadpole as a versatile research model, shown with key experimental
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(Kara, 2013)

techniques that are used.
(1) Top view of the animal 3 weeks post-fertilization. Several behavioral tests can be used to
assess brain development: for example, wild-type animals usually swim along the sides of the

container (represented by a circle; bottom), whereas animals with altered excitation/inhibition
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balance tend to circle in the middle of it. (2) General view of the brain. OB, olfactory bulbs;
OT, optic tectum; HB, hindbrain: SC, spinal cord; red, projections from the retina; green,
tectal projections to the hindbrain; blue, descending projections to the spinal cord. An isolated
brain provides an accessible in vitro preparation, and whole-brain immunostaining (bottom)
can be used to quantify global alterations in brain biochemistry (an exaggerated staining for
GABA is shown). (3) Horizontal section of the optic tectum (OT) and caudal forebrain (FB);
at this level, Ca?* imaging can be used to detect abnormal seizure-like patterns of activity
(bottom). (4) At the neuron level, in vivo or ex vivo imaging allows assessment of cell
morphology development. (5) At the synaptic level, electrophysiology offers a way to quantify
maturation of synaptic and intrinsic properties of the cell through recordings of (a) evoked
synaptic responses, (b) spiking in response to current injections and (c) spontaneous synaptic

activity. The figure is taken from (Kara,2013)

SUMAMRY

In X laevis tadpole the ability to visualize synapses in real time provides insights about the
dynamic mechanisms underlying synaptogenesis. It has been shown that visual stimulation
enhanced the stability of the RGC arbor, while concurrently inducing the retraction of
exploratory branches with few or no synaptic (Ruthazer, 2006). Dendrites of tectal neurons
form synapses with RGC arbor, it has been demonstrated in single tectal neurons visual
stimulation induces coordinated changes to neuronal responses and dendritogenesis (Chen,
2010)

In my final year of my PhD in collaboration with Kurt Haas laboratory in University of British
Columbia at Vancouver we planned to study the morphogenetic changes in the RGC arbor
after demyelination by live imaging within the intact and unanesthetized tadpole.

The aim of my experiment is to study the effects of optic nerve demyelination on RGC axonal
morphology in the MBP-GFP-NTR transgenic line. We use electroporation to transfect RGC
and directly image RGC axonal morphology within its terminal field in the optic tectum. We
propose to examine the effects of demyelination and re-myelination on RGC axonal
morphology, growth dynamics and activity-dependent growth plasticity
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I hypothesize that demyelination will lead to changes in the developmental refinement of RGC
projections in the tectum. The processes at the arbor would be more dynamic, retract and
extend at a higher rate to make new synapses, compared to control.

METHODS AND MATERIALS

Animals

Female albino X. laevis frogs were primed with 750ul of gonadotropin hormone and
transgenic pMBP-GFP-NTR (Kaya.F, 2012) males were primed by injecting 300ul of
gonadotropin, the frogs were left in a tank overnight, the eggs were collected the next day.
Freely swimming tadpoles were housed at 19°C in 0.1x Steinberg’s solution (10 mM HEPES,
60 mM NacCl, 0.67 mM KCI, 0.34 mM (CaNO3)2, 0.83 mM MgSOg4, pH 7.4) and maintained

on a 12-h light/ dark cycle. Experiments were conducted on Stage 55 tadpoles (Nieuwkoop
and Faber, 1994) and fed nettle powder. Experiments were performed within guidelines set by
the Canadian Council on Animal Care. The Animal Care Committee of the Faculty of

Medicine at the University of British Columbia approved protocols that were used.

Metronidazole preparation and use

MTZ (Sigma Aldrich) was dissolved in filtered tap water containing 0.1% DMSO (Sigma
Aldrich). MTZ was used at concentrations of 10mM for 10 days. Control animals were kept in
the same media without MTZ. Furthermore, transgenic tadpoles were maintained in 600 ml of
MTZ solution (maximum 10 tadpoles/600 ml) at 20°C in complete darkness (MTZ is light-
sensitive) and changed every 2 days throughout the duration of treatment. For regeneration
experiments, MTZ-treated animals were allowed to recover for up to 6 days in normal water in
ambient laboratory lighting. Transgenic tadpoles were treated with drugs at stage NF 55. In
the optic nerve at the electron microscopic (EM) level myelination was reported to begin in
the middle portion at stage 48/49 and the number of myelinated axons increases sevenfold
between stage 50 and 57 (Cima and Grant, 1982).
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Electroporation Protocol

Embryos stage 33/34 were placed in fresh 0.1X steinberg. Embryo anaesthetized in 0.01%
MS222. Anaesthetized embryos were individually transferred into the transfection chamber
(Julien et al 2007) in a drop of 1x steinberg, placed into the main channel of the chamber and
excess medium was gently removed. Homemade flat-ended 0.5 mm wide platinum electrodes
(Sigma, 26788-1G) were placed into the transverse channel of chambers. Cmv-tdTomato
(Addgene, AY678269) was injected (10nl) into the retina at a concentration of 2mg/ml.
Electroporation parameters are 20v, 8 pulses, 10ms pulse duration and at a frequency of 1Hz.
The electroporated tadpole was transferred to 0.1X Steinberg to recover.

Chamber

All the chambers and its holders were designed on CAD software. A 3-d printer (leapfrog 3D
printer, 871880127001) was used to print the design using poly lactic acid.

There are two main chambers made:

1) Electroporation chamber: A mould for stage 33/34 was made and sylgard (sigma, 761028-
5EA) was poured into it and allowed to polymerize at 60° C. The hardened plastic was used as
electroporation chamber, with electrodes. The dimensions for the chamber are the same as
used in the article Julien et al, 2007.

2) Chamber to hold NF 55 embryo for imaging: There are 3 parts to the chambers (Figure2).
The inner most chamber (green in color) hold the tadpole; the middle piece (grey in color) is
portion where the green piece with the tadpole in it rest along with the perfusion system; the
last part is the frame (yellow color) that hold the inner and middle chamber along with the
LED/projector (black in color) and is made of plastic and can be screwed into the stage of the
two-photon.

The other parts of the chamber are the red “L’ shaped plastic to hold the glass cover slip. The

magenta screen is where the visual stimulus is presented.

b
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Fig 2: 3-D drawing of the chamber

a). Shows the 3 parts that made up the entire chamber. The grey square adjacent to the green
piece is the screen on which the stimulus was projected.

b) After assembly of the 3 parts the chamber was connected to perfusion system. Pipes were
connected at position shown by arrow. In most cases the projector was replaced by a standard
5mm LED (470nm).

Visual stimulation

To apply light stimulus, a diode (470nm) was projected onto the eye. A Continous stimulus of
50 ms OFF stimuli presented every minute for 60 min with interstimulus ON light stimulation
(Dunfield et al, 2010), this stimulus paradigm was run using matlab (Matlab, The mathworks
Inc, Natick,MA). The stimulus was put off during image acquisition due to bleed through into
the imaging channel. Image was acquired every 15min.

Screening tadpoles for imaging.

Tadpoles electroporated at stage NF 32/33 with Cmv-td tomato were screened at stage 48,
only transgenic tadpoles (GFP positive) that have myelinated RGC electroporated were raised
to stage 55 (Leica fluorescence stereomicroscope) The tadpoles were allowed to grow to reach
stage 55. We planned all our experiments at this stage because the axons are fully myelinated
and there are no axons, which have only stretches of myelin. It should also be noted that a
large number of axons are myelinated at this stage and | choose only the RGC that are
myelinated to image. The transgenic MBP-GFP-NTR tadpoles are not albino so to image them
we had to remove the skin covering the tectum. Tadpoles were paralyzed and the skin over the
tectum was removed in sterile condition, care was taken not to rupture the blood vessel that
runs over the midline and temporal edge of tectum (Figure 3). The tadpole was placed in the
chamber to image and was constantly perfused with oxygenated 0.1x steinberg. A glass cover
slip was placed over the brain and held in place with a plastic holder. Tadpoles with single
RGC that had strong expression of td-tomato were chosen for imaging. If there were more
than one RGC labeled and the arbor overlapped then it could not be used. This level of
screening was done on the two-photon. The laser power was maintained as low as possible to
avoid bleaching and blebing of the arbor. The tadpoles that matched the criterion for imaging
were 1 in 20 of the stage NF 45 screened tadpoles.
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Fig 3: Skin removed over the tectum of stage 55 tadpoles.
Scale bar: a=500um, b=500um

In Vivo Time-Lapse Two-Photon Imaging in the Unanesthetized Brain

In order to image dynamic neuronal growth in vivo without the confounding effects of activity
blockade from anesthetics, awake tadpoles were immobilized with the reversible paralytic
pancuronium dibromide (PCD, 3 mM, Tocris).

The tadpole skin on the tectum onto which the RGC projected was removed in sterile
condition carefully to avoid rupture of blood vessel. The tadpole was mounted on a custom-
built imaging chamber. The tadpole was continuously perfused with oxygenated 0.1X
Steinberg’s solution. Images of fluorescently labeled neurons were acquired using a custom-
built two-photon microscope consisting of a modified Olympus FV 300 confocal microscope
(Olympus, Center Valley, PA) and a laser (Coherent, Santa Clara, CA). The optic tectum was
imaged at a resolution of 512x512 pixels and zoom factor of 1.5x or 2x.Three- dimensional
stacks of images of the retinal ganglion cell arbor were captured using a 60x, 1.1 NA, water
immersion objective (Olympus). The effort was made to capture the entire extent of the arbor.
When the arbor covered the entire tectum and could not be captured in its entirety, the densest
region of the arbor was imaged. Optical sections were acquired at a distance of 1.5um on the
z- axis. Stacks of images encompassing RGC arbor were taken at 15 min intervals for 1 hr.

Following imaging, tadpoles were fixed in 4%paraformaldehyde.
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Whole mount immune labelling:

Fixed tadpole brain and spinal cord was dissected and rinsed in PBS 1x containing 0.1%
Triton X-100 (PBT 0.1%) for 2 hrs with change in PBS1X 0.1% triton every 15minutes.
Blocking in 10% normal goat serum in PBT 0.1% for 1 hr. Primary antibodies used are
Chicken anti-GFP (1:2000, aves lab), rabbit anti-m-cherry (1:500,encore technology) and
mouse anti-MBP (1:1000, kindly provided by Saburo Nagata, Women's Tokyo University,
Japan). Primary antibody were added in the blocking solution and incubated for 48hrs on a
gentle shaker at 4 °C. The primary antibody was removed and the brain rinsed for 2 hrs in
PBT 0.1%, with changes every 20min. Secondary antibodies, alexa 488, alexa 594 and alexa
647 (1: 1000, Invitrogen) were used in blocking solution, and incubated over night at 4 °C on
a gentle shaker. The secondary antibody is removed and the labelled brains rinsed in PBT
0.1% for 2 hrs with changes every 20min. DAPI (Invitrogen) was used to label the nuclei and
rinsed in PBT 0.1% for 2min and mounted on slide in FluorSave Reagent mounting medium
(Calbiochem).
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Fig 4: Time lapse Imaging of RGC arbor in pMBP-GFP-NTR tadpole

A) Time lapse of CMV-tdTomato transfected RGC arbor. Z project of stack of mages taken every
15min when constantly visual stimulated with 50ms OFF stimulus and interstimulus ON stimulus.
Inset shows a process that retracts and reappears, it is labeled with an arrow head (B) Demyelinated
RGC arbor, * indicates blebbing (inset). Arrow indicates skin that is covering the rest of the tectum;
Arrowhead (inset) shows a process that appears. Scale bar 10um.

RESULTS

Morphology of RGC arbor after demyelination

The aim of the experiment was image RGC arbor before demyelination and after
demyelination and after recovery. The tadpoles that were suitable for imaging were imaged
every 5min for an hour. The arbor was bleached during the last few time points and developed
blebs. The images were analyzed by making a movie (Image J) of the stack of images taken at
5min interval for an hour. It was noticed that there was no change in morphology of the arbor.
As there was no change in the morphology of the arbor at every 5min (n=5), we decided to
increase the time interval of imaging to 15min reducing the exposure to laser which would

help reduce bleaching blebbing.

The chance of an animal imaged for 1hr (either imaged every 5 or 15min) to survive was low
(1 in 10 tadpole survived). The tadpoles that did survive were treated with 10mM MTZ for 10
days and control tadpoles were treated with 0.1%DMSO and maintained in dark. The tadpoles
after 10 days of MTZ treatment were again paralyzed, the skin removed and imaged in the
same manner as mentioned. In both the MTZ treated and Control tadpoles there was a scar at
the site of skin removal, the tectum at this region did not look healthy it looked swollen. In
both cases there was absence was fluorescence, the arbor was not visible even at high laser
power. As there was absence of fluorescence in control and MTZ treated tadpoles, the absence
cannot be attributed to demyelination.

To over come this practical difficulty we choose not to use the same animal to image before
and after demyelination. We treated animals with 10mM MTZ for 10 days and this tadpole
was imaged every 15min for 1 hr. Control animals that were maintained in 0.1% DMSO was
also imaged. We continued to use the 15min interval, as there was no difference between
images taken at 5min interval. Tapoles were fixed after imaging and immune labeled to verify
demyelination of the RGC imaged.
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The MTZ treated tadpoles arbor was more amenable to bleaching and blebing compared to
control (Figure 4). In conclusion there was no arbor retraction and elongation for the 1 hr the
arbor was imaged n=5. As there was no change after demyelination, we did not look at the

arbor after re-myelination.

DISCUSSION

In vivo imaging studies in Xenopus system have revealed that the RGC axon terminal and
tectal dendritic arbor are remarkably dynamic structures especially in developing stages. It has
been shown that synaptophysin and synaptobrevin are localized at a higher concentration at
processes that are dynamic in immature retinotectal system (Ruthazer, 2006).In tadpoles at
mid larval stages (46-50) there is an apparent decrease in size of arbor with respect to the
tectum. This is shown to be due to rapid growth of tectal neuropil and not due to retrataction
of the arbor (Sakaguchi, 1985). In axon regeneration experiments during the early phase of
regeneration the axon sprouts several branches, which retracts, and degenerates resulting in an
ordered projection of the arbor unto the tectum (Fujisawa, 1982).

In our experiment we do not see changes in the morphology of the arbor at stage 55 in control
animals even though the eye is continuously stimulated. The arbor may be at its mature state
and has developed ways to be plastic which does not include change in morphology. It can be
speculated that in the static arbor there could be a change in density of ion channel and
neurotransmitter release vesicles. It could be interesting to live image distribution of ion

channels, AMPA and NMDA receptors after demyelination at the postsynaptic end.

The postsynaptic tectal neuron dendrites have not been imaged in this study. The tectal
neurons dendritic arbor could become dynamic after demyelination and leave the RGC arbor
with no changes in morphology. | electroporated tectal cell in my experiment to study
morphometrics of the tectal neuron dendrites, but they were at a depth that could not be
captured by the two-photon. Another approach to study these cells at stage 55 could be an ex

vivo approach, remove the brain and image the tectum in a sterile medium.
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The work presented in this thesis has aimed towards providing insight into the remyelination
process in p (MBP-GFP-NTR)

In my PhD project | examined the origin of progenitors that repopulate the demyelinated optic
nerve. The data suggest that, Sox10" OPCs, which are already present in the optic nerve prior
to the experimentally induced demyelination, are responsible for remyelination. There was no
drastic increase in cell proliferation in the optic nerve or the supra chiasmatic region following
demyelination.

The experiments were performed on stage 55 tadpoles, this is prior to metamorphosis and the
ability of the tadpole to regenerate is high. The metamorphic changes of frog development are
all brought about by the secretion of the hormones thyroxine (T,) and triiodothyronine (Ts3)
from the thyroid during metamorphosis. It is known that T3 induces OPC maturation (Gao et
al., 1998). If the tadpole is demyelinated in the pre- metamorphosis period there will be an
effect of T3 in inducing rapid differentiation and remyelination. Inability of OPC to
differentiate at the site of lesion leads failure of remyelination.

It would be interesting to look at Remyelination in adult Xenopus (post metamorphosis); it has
been shown in zebra fish that in older fishes the optic nerve fails to remyelinate with
increasing age (Minzel et al., 2014). To check if repeated demyelination would lead to
inability of the optic nerve to remyelinate, we could treat the tapdole with the pro-drug and let
is recover for a a few days and repeat the process to check if the resident progenitors are
depleted what is the source of progenitors.

Myelin debris is removed by microglia; contact of myelin debris with OPC inhibits
differentiation (Robinson and Miller, 1999). To facilitate differentiation of OPC at the site of
lesion, the environment should be non-hostile. The nodal and paranodal proteins are dis-
assembled after demyelination, these features are very similar to that found in rodent and

mammalian model after demyelination.

The second project in my PhD is the oligodendrocytes and neuronal interaction after
demyelination in the optic nerve of xenopus. This project was a collaboration with Dr Kurt
Haas lab in University of British Columbia, Canada. | used the demyelinating line p(MBP-
GFP-NTR) and electroporated the retina with CMV-tdTomato plasmid. Tapoles with single
RGC electroporated and myelinated by the GFP positive cells were taken for treatment with
the prodrug MTZ. | observed no change in the morphology of the arbor after demyelination.
The arbor that was treated with MTZ were more sensitive to imaging and developed blebs. In
our previous paper (Kaya et al., 2012) we have shown that there is no axonal damage after
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demyelination. Nevertheless it appears that the demyelinated axons are more sensitive to the

manipulation done to the tectum prior to imaging.

As shown in chapter one the node proteins and ion channels disassemble after demyelination.
There could be a similar event at the axon arbor, where the presynaptic proteins and synaptic
vesicles could modify its distribution and accommodate the change due to demyelination. It
would be interesting to label presynaptic proteins by immune labelling or electroporation to
examine if there are changes.The possible changes in the post synaptic end, that is the
dendrites of the tectal neurons were not examined. If synaptic contacts between the RGC arbor
and the denrites of tectal neurons are lost, there could be changes in the morphology of the

dendrites.

Due to lack of time | could not carry out experiment to check changes in the receptive field of
the tadpoles post demyelination, | think these experiments could be very interesting to study
how the visual system changes after demyelination. In MS the optic nerve is region which is
affected and leads to vision loss. The retino-tectal system in Xenopus is a simple model to

study changes after demyelination.
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TRANSGENIC ANIMALS GENERATED

INTRODUCTION

Transgenesis has become a major technique in basic research and has multiple applications.
Transparent animal models such as zebrafish and xenopus larvae are preferable for
transgenesis for practical reasons such as, large number of eggs laid, fertilization and
development is external. The larvae of these models are transparent hence screening transgene
expressing animal is easy, if the transgene is fused to a fluorescent protein. Small model
organisms, such as amphibians and zebrafish are increasingly being used at various stages of

drug development and are a economical model compared to rodents and nonhuman primates.

Xenopus is a very suitable non-mammalian model to study myelination. Myelin in Xenopus is
remarkably similar to that of mammals. The morphology of developing oligodendrocytes is
comparable to that of rodents. To study myelination, demyelination and remyelination, we
have produced a transgenic Xenopus line, pMBP-eGFP-NTR, (Kaya, 2006, in collaboration
with A Mazabraud and F Kaya from University Paris Sud. This transgenic line has been
shown to be a reliable model for demyelination, remyelination and also serves as medium
throughput model for screening therapeutics.

In demyelinating disease such as multiple sclerosis it is of paramount importance to initiate
remeylination rapidly to prevent axonal damage. To initiate remyelination, the crucial step is
to repopulate the area of demyelination, these cells could come from cells already present in
the demyelianated area or be recruited from the surrounding white matter or subventricular
zone. We plan to study recruitment of progenitors after demyelination in our transgenic line.
Understanding the process of remyeliantion is this model system will permit us to test
potential therapeutics that could enhance the recruitment of OPC. To study the recruitment of
progenitors in real time we need a reporter line for OPC. Having a reporter line for progenitors
that could be crossed with the pMBP-GFP-NTR line would enable us to study the effect of

therapeutics on oligodendrocytes precursor cell (OPC) recruitment.

The interaction between oligodendrocytes and neurons is an important factor to initiate
myelination as well as to remyelinate a demyelinated axon. The node of Ranvier and the axon
initial segments are the non-myelinated region along the length of a myelinated axon where
the neuron is exposed to the external milieu. The aggregation of sodium channel and adhesion
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molecules at the nodes have been studied in rodents, but the mechanism of assembly of the
node and the factors that initiate the formation of node in CNS is a topic that is being actively
researched currently.

To study the assembly of node of Ranvier and live image the formation of the node during
myelination, we wanted to generate transgenic lines that express the betal subunit of sodium
channel in fusion with fluorescent proteins, we choose the betal subunit as it is small in size
compared to the pore-forming alpha subunit. Larger the size of the transgene it is difficult to
insert the transgene in to the genome. we have had success only with a maximum of 11-12kb
plasmids. These lines that when generated can be crossed with p(MBP-GFP-NTR) line to
study the dynamics of these molecules after demyelination.

MATERIAL AND METHODS

Plasmid construction

MCS4-tdtomato

An 819bp enhancer to Sox10, present 5’ to the mouse Sox10 coding sequence. This sequence
is highly conserved across species and is referred as MCS4 (multiple species conserved
sequence)(Anthony Antonellis et al, 2008). 819bp sequence was PCR amplified from the
pDONR221 vector and cloned into a vector at BamH1 site of the membrane tagged td-tomato
UAS gal4 vector that has thymidine kinase (tk) minimal promoter. The membrane targeting

sequence is lyn kinase.

Neuronal-B-tubuline-B1Nav-GFP (NAt-f1Nav-GFP) and Nft-p1Nav-dsRED

Mice sequence of 1 subunit of voltage gated sodium channel (51Nav) 656bp cDNA ORF
(Origene,MG202467 ) was purchased in a vector with CMV promoter and a C-terminal GFP.
The f1Nav portion was PCR amplified and digested with Sacll and cloned using two flanking
primers containing Sacll restriction sites at their 5’ end, and the product was inserted into the
unique Sacll site in frame to eGFP in the Neuronal-p-tubulin-eGFP plasmid (Cohen et al,
2001). The orientation of f1Nav insertion was check by sequencing. | also generated a Nft-
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S1INav-dsRED plasmid, the CMV-ds red was purchased from clontech (632412). The animals
and transfected cell cultures were not healthy, so we did not proceed to use it for trangensesis.

Trangenesis

The MCS-4-tdtomato plasmid was linearized with Sacll, Ngt-pf1Nav-GFP was linearized with
ApaLl.Linearized plasmid was run on a gel to confirm the absence of undigested plasmid.
The linear plasmid was purified (Qiagen plasmid purification kit) and dissolved in endotoxin
free water provided in the kit. The DNA was quantified, aliquoted and stored at -20°C. The
linearized plasmid was used at a concentration of 200ng/ul. Simplified restriction enzyme-
mediated integration (REMI) procedure (Kroll and Amaya, 1996; Sparrow et al,
2000; Chesneau et al, 2008) was used to generate the Sox10 reporter line and Nft-f1Nav-GFP
transgenic tadpole. To generate double transgenic xenopus that express both the sox10-
tdtomato and MBP-GFP-NTR at the FO generation, I mixed the two linearized plasmids after
purification, at a concentration of 200ng/ul of each. MBP-GFP-NTR plasmid was linearized
using EcoRI. The fluorescence was detected directly in live embryos using an AZ100 Nikon
Zoom fluorescence Microscope.
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RESULTS

Sox10 reporter line

To verify transgene expression, the tadpoles were screened for fluorescence in live under a
fluroscence screeing scope. A few FO positive animals were taken to verify transgene
expression on two photon and later fixed for immune labeling (Figure 1,A-C). The rest of the
animals (7 founders) were allowed to reach maturity, after 1 whole year | choose 2 FO mature
transgenic animals to be crossed with wild type xenopus (due to shortage of time). The
animals were labeled B and C. The line B is a double transgenic is also expresses the GFP-

NTR fusion protein in mature oligodendrocytes.

In Figurel, A we see td-tomato * cells myelinating axons, the paranodes show high expression
of tdtomato. The td-tomato has a membrane targeting sequence lyn kinase at its N-terminal,
this directs the td-tomato to pranodes that are rich in lipid rafts.

The F1 tadpole from these two lines has varied expression of td-tomato. In line B the td-
tomato is expressed in radial glia like cells (Figure 1, B). These cells are Nkx2.2 positive; the
white arrow in B’ shows the end feet of these cells. Mature myelinating GFP * cells do not

express td-tomato.

In animal C, there was variation in expression of transgene among the tadpoles of the same
mating pair. In some tadpoles the expression of td-tomato was found at the ventricle (Figure 1,
C) and in some tadpoles the expression was found only in mature oligodendrocytes that
myelinate the mauthner (Figure 1,D).

The two animals (B and C) td-tomato co-localizes with Nkx2.2.
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Figure 1:Immuno labeling of Sox10-tdtomato

A) Cryosecction of FO transgenic tadpole immuno labeled with MBP and td-tomato. White
star indicates the paranode. Stage 53

B) Cryosection of F1 generation from founder B.(B’) shows the end feet of the td-tomato
positive cells, which are Nkx2.2 *. Stage 49

C) Cryosection of F1 generation from founder C. Stage 49

D) Whole mount immunolabelling of F1 generation from founder C, in this tadpole there was
expression of transgene only in mature oligodendrocytes. Stage 49

Scale= Scale=1p

Npt-p1Nav-GFP transgenic line

To verify transgene expression, the tadpoles were screened for fluorescence in live under a
fluroscence screeing scope. A few FO positive animals were taken to verify transgene
expression on two photon and later fixed for immune labeling (Figure 2,A). The rest of the
animals (4 founders) were allowed to reach maturity, after 1 whole year | choose 2 FO mature
transgenic animals to be crossed with wild type xenopus.

In Figure 2,A the f1Nav-GFP fusion protein is expressed at the node and is flanked by strong
neurofascin 155 and very weak neurofascin 186 labelling (PanNFC antibody)

In Figure B, the expression of f1Nav-GFP is localised at the node of myelinated mauthner

axon. Mauther axon is myelinated early in development.
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Figure 2: Immuno labeling of Ngt-g1Nav-GFP

A) Cryosecction of FO transgenic tadpole (stage 53) immuno labeled with GFP and Pan NFC.
Scale=1um.

B) Endogenous GFP expression is a dissected brain of F1 generation. Mauthner axon (stage
49) Scale=10um.

C) Whole mount immunolabelling with MBP,GFP and PanNFC STAGE 49 . Scale=1um.
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DISCUSSION

The transgenic lines generated are in the process of screening for founders that express the
transgene in the optic nerve, as that is the region in tadpoles amenable to live imaging. In the
FO lines that | have had the opportunity to examine, we see expression of the transgene,
S1INav-GFP only in the mauthner. The promoter used is pan neuronal (NAT) we expect to see
expression in the PNS and the CNS (Coen et al., 2001). We surmise that the GFP expression
could be low and to notice structures that are small in size like the plsubunit of the sodium
channel we need a higher expression. The fact that we see expression at the node in the
mauthner axon could be because of the large amount of the protein aggregated.

The expression of the Sox10 —td tomato reporter line is not consistent among the founders
examined. The expression of td-tomato is not seen in the optic nerve OPC. This variation
could be due to the position of insertion of the transgene in the genome. In transgenesis
procedure REMI, there is random insertion of transgene and a large copy number of
insertions, mostly as concatomers. This could be useful in some cases to enhance the
expression of the fluorescent protein but in case of enhancer it could affect the pattern of
expression. Transgenesis methods like CRISPER target the transgene at specific sites.

The enhancer could also work based on the time of development, they could have different
patterns. Enhancer could also work differently based on the minimal promoter used. These

aspects should be taken care of while developing plasmids and transgenic lines.

The founders | have screened have not met the requirements that we had to live image.
Nevertheless | think they are interesting to study in a tissue culture system or live image the
mauthner myelination early in development. The F2 generation could have more stable
expression of the transgene and should be examined. | have examined only 4 lines for my
thesis, | should analyse the other founders I have.
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Development/Plasticity/Repair

Live Imaging of Targeted Cell Ablation in Xenopus: A New
Model to Study Demyelination and Repair
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Live imaging studies of the processes of demyelination and remyelination have so far been technically limited in mammals. We have thus
generated a Xenopus laevis transgenic line allowing live imaging and conditional ablation of myelinating oligodendrocytes throughout
the CNS. In these transgenic pMBP-eGFP-NTR tadpoles the myelin basic protein (MBP) regulatory sequences, specific to mature oligo-
dendrocytes, are used to drive expression of an eGFP (enhanced green fluorescent protein) reporter fused to the Escherichia coli nitrore-
ductase (NTR) selection enzyme. This enzyme converts the innocuous prodrug metronidazole (MTZ) to a cytotoxin. Using two-photon
imaging in vivo, we show that pMBP-eGFP-NTR tadpoles display a graded oligodendrocyte ablation in response to MTZ, which depends
on the exposure time to MTZ. MTZ-induced cell death was restricted to oligodendrocytes, without detectable axonal damage. After
cessation of MTZ treatment, remyelination proceeded spontaneously, but was strongly accelerated by retinoic acid. Altogether, these
features establish the Xenopus pMBP-eGFP-NTR line as a novel in vivo model for the study of demyelination/remyelination processes and

for large-scale screens of therapeutic agents promoting myelin repair.

Introduction
The myelin sheath was a transformative vertebrate acquisition,
enabling at least a 50-fold increase in efficiency and velocity of
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action potential propagation along axons without increase in di-
ameter (Zalc and Colman, 2000; Zalc et al., 2008). In the CNS,
myelin is synthesized by the oligodendrocyte. Multiple sclerosis
(MS) is an inflammatory and demyelinating CNS disease of the
young adult. Within MS plaques demyelination is associated with
loss of oligodendrocytes and often with axonal damage resulting
in neurological deficit. To date, available treatments for MS can
treat inflammation, but have little, if any, efficacy on remyelina-
tion. One way to facilitate repair of demyelinated lesions would
be to promote endogenous oligodendrocytes development and
their migration to the lesion sites. Unfortunately, the existing
mammalian models of MS are not ideally suited to follow in vivo
the process of demyelination and remyelination or for develop-
ing large-scale screens of compounds that promote myelin repair
in vivo (Miller and Fyffe-Maricich, 2010). Therefore, there is a
critical need for alternative animal models allowing live imaging
and monitoring of oligodendrocytes during the demyelination
and remyelination processes.

Small model organisms, such as amphibians and some te-
leosts, are increasingly being used at various stages of drug devel-
opment and constitute highly cost-effective alternative models to
mammals (Saito and van den Heuvel, 2002; De Smet et al., 2006;

DO0I:10.1523/JNEUR0SCI.2252-12.2012
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Figure1.

Structure and expression of the pMBP-eGFP-NTR transgene. A, Schematic diagram of the pMBP-eGFP-NTR construct. The transgene contains the eGFP open reading frame fused to that

of £. coli NTR placed under the control of the DNA regulatory sequence of the murine MBP gene (— 1907 bp and +36 bp). B, RT-PCR performed on RNA extracted from brains of transgenic (TG) or
wild-type (WT) tadpoles used to amplify a 394 bp fragment corresponding to the junction of eGFP/NTR sequence. (~F, Transgene expression as assessed by GFP fluorescence (C~E) orimmunola-
beling (F) in a pMBP-eGFP-NTR transgenic tadpole at stage 55. Dorsal view of the head (C) and sagittal view of the tail (D). Expression is only observed in the CNS (brain and spinal cord) but not in
the peripheral nervous system. Inset in Cis a higher magnification to illustrate the detection of GFP in the optic nerve. E, In vivo stack of images of the optic nerve obtained by two-photon microscopy.
Note the fluorescent processes of the GFP ™ cells. F, Confocal image of a whole mount of the optic chiasm immunostained for MBP (red) and GFP (green). Note the GFP  cell bodies extending their
processes toward the strongly MBP * myelinated fibers. Scale bar (in E) C, D, 2 mm; E, F, 50 um; inset (C), 1 mm.

Giacomotto and Ségalat, 2010). Zebrafish and Xenopus embryos
are transparent and develop as free-living larvae and therefore are
particularly suited to investigate developmental processes at all
stages. To study myelination, demyelination and remyelination,
we have produced a transgenic Xenopus line (pMBP-eGFP-NTR)
designed to specifically express in oligodendrocytes the fluores-
cent reporter GFP fused to the Escherichia coli nitroreductase
(NTR), under the control of the 1.9 kb proximal portion of
mouse MBP regulatory sequence. Here, we show that the GFP
reporter is faithfully expressed in mature myelin-forming oligo-
dendrocytes that are specifically ablated following treatment with
metronidazole (MTZ, an NTR substrate). Treatment of pMBP-
eGFP-NTR tadpoles induces selective demyelination, which is
reversible on MTZ withdrawal. Two-photon microscopy allows
tracking of GFP expression and thus the processes of demyelina-
tion and remyelination in vivo on the same transgenic specimen.
Finally, using this in vivo model we show that spontaneous remy-
elination is dramatically increased upon exposure to retinoic
acid, a molecule recently shown to play an essential role in myelin
formation (Joubert et al., 2010; Latasa et al., 2010; Huang et al.,
2011). Thus, the pMBP-eGFP-NTR Xenopus line offers a novel
model to study demyelinization/remyelinization processes
and is ideally suited for in vivo large-scale screening of pro-
remyelinating drugs.

Materials and Methods

Animals. Xenopus tadpoles were raised and maintained as previously
described (de Luze et al., 1993) and staged according to the normal table
of Xenopus laevis (Daudin) of Nieuwkoop and Faber and developmental
progress defined as NF stages (Nieuwkoop and Faber, 1994). Tadpoles of
either sex were anesthetized in 0.05—0.5% MS222 (3-aminobenzoic acid
ethyl ester; Sigma-Aldrich) before brain and spinal cord dissection. An-
imal care was in accordance with institutional and national guidelines.
Generation of the pMBP-eGFP-NTR construct and transgenic Xenopus
lines. The bacterial NfsB gene encoding NTR was directly amplified by
PCR from E. coli using the following oligos: 5'-ATGCTCGAGCCATG
GATATCATTTCTGTCGCCTTA-3" and 5'-GGGGATCCGATCGATC
TCAATACCCGCTAAATA-3', as previously described (Curado et al.,
2007). The amplification product was digested by Xhol and BamHI and
cloned in frame to eGFP in the peGFP-CI vector (Clontech) to produce
the CMV-eGFP-NTR construct. This vector was used to amplify the
eGFP-NTR fusion cDNA using two flanking primers containing BamHI
restriction sites at their 5’ end, and the product was inserted into the
unique BamHI site of the pMG2 plasmid containing the 1.9 kb proximal
portion of mouse MBP regulatory sequence (Gow et al., 1992) to produce
the final pMBP-eGFP-NTR vector (Fig. 1 A). The pMBP-eGFP-NTR plas-
mid was linearized with EcoRI and used to generate stable transgenic
Xenopus laevis embryos using a simplified restriction enzyme-mediated
integration (REMI) procedure (Kroll and Amaya, 1996; Sparrow et al.,
2000; Chesneau et al., 2008). FO animals were crossed to wild-type Xeno-
pus to generate lines, one of which was selected that carry a single trans-
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gene integration site. Transgenic embryos were genotyped by assessing
the presence of eGFP/NTR fusion transcripts by reverse transcriptase
(RT)-PCR using the forward primer 5'-ACGTCTATATCATGGCCG
ACAAG-3" and reverse primer 5'-TGCAGTAGCGTTTTGATCTGCT
C-3’ located on either side of the eGFP/NTR junction to amplify a 394 bp
fragment. To this end, 2 ug of total RNA extracted from brains were
reverse transcribed using the SuperScript IT kit (Invitrogen) according to
the manufacturers’ instructions and used as template for the PCR. The
fusion protein (GFP/NTR) was detected directly by fluorescence in live
embryos using an AZ100 Nikon Zoom Microscope.

Metronidazole preparation and use. MTZ (Fluka) was dissolved in fil-
tered tap water containing 0.1% DMSO (Sigma Aldrich). Preliminary
experiments demonstrated that high concentrations (> 20 mm) of MTZ
were toxic. Therefore, MTZ was used at concentrations of 10 or 15 mm
and exposure time ranged from 3 to 11 d. Control animals were kept in
the same media without MTZ. Furthermore, transgenic or nontransgenic
sibling tadpoles were maintained in 600 ml of MTZ solution (maximum 10
tadpoles/600 ml) at 20°C in complete darkness (MTZ is light-sensitive) and
daily changed throughout the duration of treatment. For regeneration ex-
periments, MTZ-treated animals were allowed to recover for up to 6 d in
normal water in ambient laboratory lighting.

Transgenic tadpoles were treated with drugs between stage NF 48 and
55. These stages correspond to pre-metamorphosis and represent stages
in which myelination is ongoing. Myelination markers such as proteo-
lipid protein (PLP) and myelin basic protein (MBP) are first immuno-
detected at stages 42/43 in the hindbrain and spread throughout the brain
and spinal cord by stages 46/47 (Yoshida, 1997). In the optic nerve at the
electron microscopic (EM) level myelination was reported to begin in the
middle portion at stage 48/49 and the number of myelinated axons in-
creases sevenfold between stage 50 and 57 (Cima and Grant, 1982).

Immunohistochemistry. Tadpoles were fixed by immersion in 4% para-
formaldehyde, rinsed in 1X PBS, cryoprotected in 30% sucrose (1X
PBS) and frozen embedded in OCT (Tissue Tek). Cryosections (12 wm)
were blocked in 10% normal goat serum in 1X PBS containing 0.1%
Triton X-100 and incubated overnight at 4°C with primary antibodies.
For whole-mount immunolabeling, dissected fixed brains were first in-
cubated for 2 d at 4°C in primary antibody and then overnight at 4°C with
secondary antibody. The brains were rinsed extensively in 0.1% Triton
X-100 following antibody incubations and before mounting. The following
primary antibodies were used for immunostaining: mouse anti-GFP (1:
1000, Invitrogen), rabbit anti-activated-caspase3 (1:250, BD PharMingen),
mouse anti-APC (Ab7) (1:500, Calbiochem), anti-Nkx2.2 (1:10, mouse hy-
bridoma, Developmental Studies Hybridoma Bank, Iowa City, IA), mAb to
phosphorylated neurofilaments (mouse IgGl SMI 31; 1/500, Covance),
mouse anti-MBP monoclonal antibodies (directed against Xenopus MBP,
1:1000, kindly provided by Saburo Nagata, Women’s Tokyo University, Ja-
pan), anti-pan-neurofascin (NFC1) (1:1000; Zonta et al., 2008), and anti-Hu
(1:10,000 Human serum, kindly provided by Dr. Jean-Yves Delattre, Centre
de Recherche de I'Institut du Cerveau et de la Moelle épiniére, Groupe Hos-
pitalier Pitié-Salpétriere, France). Specific binding sites were visualized using
anti-mouse or anti-rabbit fluorescent secondary antibodies (1:1000 Alexa
488 or 594, Invitrogen) and for Hu Ab, anti-human IgG F(c) coupled to
Texas Red (1:400, Rockland). Sections were stained in Hoechst solution
(Sigma-Aldrich) and mounted in FluorSave Reagent mounting medium
(Calbiochem).

Electron microscopy. Tadpoles were fixed in 2% paraformaldehyde, 2%
glutaraldehyde, 1% potassium ferricyanide in 0.1 M cacodylate buffer, pH
7.4 and 0.002% calcium chloride overnight at 4°C, washed in 0.1 M caco-
dylate buffer, and postfixed in 1% osmium tetraoxide, 1% potassium
ferricyanide in 0.1 M cacodylate buffer. After washing in cacodylate buffer
and water, tadpoles were incubated in 1% uranyl acetate aqueous solu-
tion at 4°C overnight. After rinsing twice in water, tadpoles were dehy-
drated in increasing concentrations of ethanol, washed in increasing
concentrations of 2-hydroxypropyl methacrylate (Electron Microscopy
Sciences) dissolved in 90% ethanol, infiltrated, and embedded in Epon-
BDMA solution (Epon, benzyl dimethylamine; Electron Microscopy Sci-
ences). Blocks were heated at 70°C for 72 h. Ultrathin sections (70 nm)
were examined on an EM208 electron microscope (Philips).

Histology and Luxol fast blue staining. Tadpoles were fixed for 48 h at
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Movie 1.  Faint detection of GFP in myelin along optic nerve axons of stage 50 pMBP-eGFP-
NTR transgenic tadpole. At this early developmental stage, the wrapping process is ongoing,
therefore myelin is still not completely compact and this allows diffusion of GFP in the myelin
cytoplasmic compartment. This movie represents the Z-projection of 17 successive optical sec-
tions across the thickness of the optic nerve imaged by two-photon microscopy.

room temperature in 3.8% formaldehyde in water. Paraffin sections (6
um) were stained with Luxol fast blue as previously described (Geisler et
al., 2002). Briefly, rehydrated sections were immersed in a Luxol fast
blue-0.1% ethanol solution at 60°C for 24 h and washed in distilled water.
The slides were differentiated in 0.05% lithium carbonate solution for
30 s and then in 70% ethanol for 30 s. Slides were counterstained in cresyl
violet solution for 30—40 s. After rinsing in distilled water, the slides were
differentiated in 95% ethanol for 5 min in 100% ethanol and mounted
with Eukitt medium (Sigma Aldrich). As a result of these staining proce-
dures, myelinated fibers are stained blue, and neuronal cell bodies are
stained pink to violet.

Two-photon observation. For in vivo examination of GFP-expressing
oligodendrocytes along the optic nerve, tadpoles were anesthetized in
MS222 and placed in a POC-Chamber-System (H. Saur), under a two-
photon microscope. Mono-photon or two-photon excitation was per-
formed using Zeiss LSM 710 microscope system. The microscope was
equipped with objective (20X, 1 NA). Calculated optical slice thickness
was 2 um. Each image presented is the 3D projection of 1826 stacks of
images. The settings (gain and aperture pinhole) were held constant
within individual experiments. All images shown were processed with
ImageJ software (NIH).

Quantification of GFP™ cells. In the optic nerve, the total number of
GFP " cells was counted, from the emergence of the nerve to the retinal
end before and after MTZ treatment on the same embryos and data were
compared with control untreated animals of the same developmental
stage. On medulla preparations, quantification of GFP ™ cells was per
tissue sections and each data point is the mean value of six sections from
one tadpole. Data presented are the mean = SEM of number of GFP *
cells counted on 6 tadpoles (n = 6).

Statistical analysis. Prism v5 software (GraphPad) was used for statis-
tical analyses. Results are expressed as means = SEM. Data were com-
pared using Student’s ¢ test. Statistical significance was set at p < 0.05.

Results

Oligodendrocyte-restricted expression of a dual reporter/
selection transgene in Xenopus laevis

The proximal regulatory sequences of the murine myelin MBP
gene contain enhancer and promoter elements localized between
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Figure 2.

The pMBP-eGFP-NTR transgene drives expression in mature oligodendrocytes. Coronal tissue sections across the medulla of pMBP-eGFP-NTR tadpole at stage 55 coimmunostained for

GFP and successive markers of different cells types. A-C, GFP and APC, a specific marker of mature oligodendrocytes. Note the complete overlap of GFP labeling with that of APC. D-F, GFP and Nkx2.2,
amarker of progenitor of oligodendrocytes and mature oligodendrocytes. Note that cells doubly labeled for GFP and Nkx2.2 are localized in the white matter tract, with no GFP detection in Nkx2.2 *
progenitors in the ventral ventricular layer (white arrows in F). G-I, GFP and GFAP, a marker of astrocytes. J-L, GFP and Hu, a pan-neuronal marker. Note the complete exclusion of GFP labeling with

either GFAP () or Hu (L). Scale bar (in €) A—F, J-L, 50 p.m; G—I, 25 jum.

position +36 and —1907, which are sufficient for a strong and
specific expression in mature oligodendrocytes (Gow et al., 1992;
Stankoffetal., 1996). As shown in Figure 1 A, this 1.9 kb proximal
regulatory sequence is used to drive expression of a dual reporter/
selection transgene (eGFP-NTR) composed of the enhanced
green fluorescent protein (eGFP) reporter gene fused in frame
with the bacterial nfsB gene encoding the NTR enzyme for MTZ-
dependent cell ablation (Curado et al., 2007). The pMBP-¢GFP-
NTR vector was used for REMI transgenesis in Xenopus laevis.
Several transgenic founders (FO) were generated and crossed to
wild-type animals to obtain F1 progenies. F1s were then geno-

typed by RT-PCR to confirm the expression of the fusion GFP/
NTR transcript and to characterize the number of integration
sites for each line (Fig. 1 B).

Indicative of transgene expression in the pMBP-eGFP-NTR
tadpole the first GFP * cells were detected at stage 41—42 within
the brainstem (data not shown). At stage 55, GFP " -expressing
cells were detected exclusively in the brain (Fig. 1C), spinal cord
(Fig. 1D) and optic nerve, where fluorescence was clearly con-
fined to cell bodies extending thin processes, highly reminiscent
of oligodendrocytes (Fig. 1 E, F). It should be noted that, as GFP is
cytoplasmic, fluorescence was not detected in the myelin sheath.
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Figure 3.  Oligodendrocyte depletion and apoptosis in transgenic tadpoles following MTZ treat-
ment. 4, B, Whole-mount two-photon microscopy of the optic nerve at stage 55 showing GFP * cells
in transgenic animals untreated (4) or MTZ-treated for 3 d (B). MTZ induced a severe depletion of
GFP* cells in the optic nerve. C~H, Immunolabeling for GFP and activated caspase3 (Casp3) on
coronal sections across the medullain untreated (C, E, G) or MTZ-treated (D, F, H) transgenic animals.
In MTZ-treated animals, activated caspase3 is detected in GFP * cells. Scale bar (in G) 4, B, 150 pum;
C-H, 50 pm.

Figure 1F shows a whole mount of the chiasm double-labeled
with anti-GFP and -MBP antibodies. GFP " cells extend pro-
cesses toward the internode region of axons where MBP expres-
sion is mostly concentrated in the myelin sheath (Ainger et al.,
1997). However, during the process of wrapping before myelin
compaction, GFP can diffuse in the cytoplasmic compartments
of myelin and it was possible to detect early myelination in vivo.
Indeed, at stage 50, i.e., at a stage when myelination is ongoing,
oligodendrocyte processes extending along axons were clearly
visible as illustrated on a stack of 17 optical sections of the optic
nerve (Movie 1). As development proceeds, the distribution of
GFP * cells extends from the brainstem, caudally to the spinal
cord and rostrally to the forebrain, following the expected pattern
of myelination in mammals (Kanfer et al., 1989). We could not
detect expression of the transgene in the peripheral nervous sys-
tem (PNS). This result is in agreement with the observation that
the 1.9 kb MBP regulatory sequence drives MBP expression in
oligodendrocytes, while in Schwann cells, MBP expression is con-
trolled by a different 422 bp enhancer —9 kb upstream of the
transcriptional initiation site (Denarier et al., 2005).

To confirm the specific expression of the eGFP/NTR trans-
gene in mature oligodendrocytes, cryosections from pMBP-
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Movie2. Liveimaging ofanoligodendrocyte cell death caused by MTZ treatment. A stage 55
tadpole was treated with MTZ for 5 d. The optic nerve was visualized by two-photon microscopy
between one and four times a day for 5 d. On day 6, when the pattern of fluorescence of one
oligodendrocyte (arrow) in the field of observation changed dramatically, indicative that the
cell was entering apoptosis, we imaged four times at 90 min intervals.

eGFP-NTR transgenic tadpoles at stage 55 were double labeled
with antibodies against GFP and cell type-specific markers, i.e.,
APC (adenomatous polyposis coli) for mature oligodendrocytes
(Bhat et al., 1996), Nkx2.2 transcription factor for oligodendro-
cyte precursor cells and mature oligodendrocytes (Soula et al.,
2001; Yoshida and Macklin, 2005), GFAP (glial fibrillary protein)
for astrocytes (Engetal., 1971), and Hu RNA-binding protein for
neurons (Graus and Ferrer, 1990; Fig. 2). All sections examined
showed a complete superimposition of GFP and APC labeling,
with all GFP * cells expressing APC and all APC * cells expressing
eGFP (Fig. 2A-C). This observation bolsters the argument that
GFP/NTR expression is restricted to oligodendrocytes. In the
ventral ventricular domain of the medulla, Nkx2.2 * progenitor
cells did not express GFP. In contrast, white matter tracts showed
a vast majority of Nkx2.2 */GFP " cells, which are likely mature
oligodendrocytes (Fig. 2 D—F). In addition, GFP expression was
detected neither in GFAP-expressing astrocytes (Fig. 2G-I) nor
in Hu™ neurons (Fig. 2J-L), These data demonstrate the strict
oligodendroglial expression of the eGFP-NTR transgene in tad-
poles and suggest that, both in mice and Xenopus, the 1.9 kb
regulatory sequence of MBP selectively drives transgene expres-
sion in mature myelin-forming oligodendrocytes.

MTZ treatment induces oligodendrocyte depletion and
demyelination in a MTZ-dependent manner

We next tested the ability of NTR to render oligodendrocytes
susceptible to drug-dependent ablation by treating transgenic
tadpoles with increasing concentrations of MTZ. Preliminary ex-
periments showed that treatment of stage 55 tadpoles with 20 mm
MTZ (or higher concentrations) was toxic. Hence, tadpoles were
treated with 10 or 15 mm MTZ for 3 or 6 d. The number of GFP *
cells per optic nerve was highly reproducible and increased pro-
gressively as a function of development (7 * 2,25 = 3,and 31 =
2 at stages 48, 50, and 55 respectively). Progressive MTZ-induced
oligodendrocyte cell death in transgenic tadpoles was monitored
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on live embryos by successive examina-
tions of the optic nerve of the same animal
under either a fluorescent macroscope or
a two-photon microscope.

In vivo examination of the optic nerve
of MTZ-treated stage 55 tadpoles (10 mm
for 3 d) resulted in a 50% depletion of
GFP * cells per optic nerve (Fig. 3A,B).
Quantification showed that this reduction
was highly significant: 31 * 2 in controls
versus 16 * 2 after 72 h MTZ treatment
(p <0.001 n = 6 tadpoles). A similar de-
pletion of GFP " oligodendrocytes was
observed in medulla sections (Fig. 3C-H ):
42 * 2 in controls vs 22 * 1 after MTZ
treatment, number of GFP ™ cells per tis-
sue section (p < 0.0001, n = 6 tadpoles).
Oligodendroglial cell death following
MTZ treatment occurred by apoptosis
as double immunostaining showed that
most GFP ™ cells were also positive for
anti-caspase 3 staining in MTZ-treated
tadpoles (Fig. 3D,F,H). This result con-
trasted with the absence of caspase3 ™/
GFP ™ cells in untreated tadpoles (Fig.
3C,E,G). Apoptosis was also confirmed at
an earlier developmental stage by TUNEL
(terminal deoxynucleotidyl transferase-
mediated biotinylated UTP nick end
labeling) assays (data not shown). Live
imaging in the optic nerve of the death of
an oligodendrocyte consecutive to MTZ
treatment of a stage 55 tadpole is illus-
trated in Movie 2.

Since GFP " cells are mature myelinat-
ing oligodendrocytes, ablation of these
cells should lead to a severe demyelina-
tion. As illustrated on medulla sections,
MTZ-treated tadpoles showed a marked
decrease in the density of Luxol fast blue-
stained fibers compared with untreated
controls (Fig. 4A,B). It was previously
shown that disorganization of nodes of
Ranvier is a good indicator of demyelina-
tion (Howell et al., 2006; Pernet et al.,
2008). To confirm that demyelination oc-
curred in MTZ-treated pMBP-eGFP-NTR
tadpoles, we analyzed the nodes of Ranvier
organization using pan-neurofascin anti-
bodies directed against neurofascin iso-
forms NF155 and NF186, which are
expressed at the paranodal and nodal do-
mains, respectively (Zonta et al., 2008,
2011). Immunolabeling of tadpole optic nerve sections with pan-
neurofascin antibodies showed, as in the mouse, an intense stain-
ing at the paranodal domains (probably corresponding to glial
NF155) and a weaker, although clearly detectable, staining (ax-
onal NF186) of the node (Fig. 4C, inset).

To determine the extent of demyelination process induced by
MTZ treatment, we next examined whole mounts of optic nerves,
isolated from control and MTZ-treated pMBP-eGFP-NTR tad-
poles, stained with both pan-neurofascin and anti-neurofilament
(SMI-31) antibodies. Following 3 d of MTZ treatment, SMI-31 *

Figure 4.
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MTZ treatment induces demyelination without axonal damage. A, B, Myelinated fibers staining with Luxol fast blue
on coronal sections across the medulla at stage 55 in untreated (4) or MTZ-treated (B) transgenic animals. C~H, Whole mount of
optic nerve at stage 55 immunostained for neurofascin (green) and SMI-31 (red) in untreated (C—E) or MTZ-treated (F—H)
transgenic animals. Insets in € and F are high magnifications of nodes of Ranvier showing a strong signal for NF 155 in the
paranodal domain and a weaker signal in the node (NF186) in a control animal (C), where in case of partial demyelination, only
hemiparanodes are labeled (F). MTZ treatment induced demyelination, characterized by disorganization of the neurofascin *
nodes of Ranvier (F, H) with numerous heminodes compared with control (C, E). In MTZ-treated tadpoles, SMI-31 axons had a
normal appearance (G, compared with D), suggesting that MTZ-induced demyelination does not affect the axons. Scale bar (in F)
A, B, 17 pum; C-H, 5 pum; insets (C, F), 2 um.

axons do not appear to be altered (Fig. 4G,H ), while numerous
neurofascin © hemiparanodes (Fig. 4F, inset) were observed, in-
dicative of a partial demyelination (Fig. 4F, H). In contrast, un-
treated transgenic tadpoles showed a complete neurofascin ™
nodal staining, i.e., two paranodes on either side of each node of
Ranvier (Fig. 4C,E).

The characteristics of demyelination were further investi-
gated using electron microscopy. We counted the number of
myelinated axons in the dorsal medulla of control and MTZ-
treated transgenic tadpoles at stage 55. Controls showed ap-
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Figure5.  Quantification of oligodendrocyte depletion, demyelination and recovery after cessation of MTZ treatment. A-D, GFP immu-
nostaining of coronal sections across the medulla of stage 55 pMBP-eGFP-NTR tadpoles untreated (), treated for 6 d with 10 mm MTZ (B),
and after 6 d of recovery following treatment cessation (C). D, Quantification of the number of oligodendrocytes (GFP * cells) per sectionin
control (CTL) MTZ-treated (MTZ) and after recovery (REC) (n = 6 tadpoles for each condition, ***p << 0.0001). E-H, Electron micrograph
across the medulla of stage 55 transgenic tadpole untreated (E) or MTZ-treated for 6 d (F). Following MTZ treatment, most of the myelin-
ated fibers disappeared and the demyelinated areas were invaded by macrophages filled with lipid droplets and myelin debris (insetin F ).
Note the normal morphological appearance of axons in MTZ-treated tadpoles. G, Six days after treatment cessation a large number of axons
are remyelinated. H, Quantification of myelinated axons expressed as percentage of total axons (n = 3800 fibers scored per animal,
**%p < 0.0001). Scale bar (in 6) A-C, 50 um; E-G, 4 um; inset (F), 0.4 pom.
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proximately one third of their axons
myelinated (31 = 2% of axons per section,
n = 3800 fibers counted per animal; Fig.
5E,H).In contrast, after 6 d of MTZ treat-
ment, only 7 £ 2% of axons remained
wrapped by a myelin sheath (Fig. 5F, H).
Tissues from MTZ-treated transgenic tad-
poles were also infiltrated by macrophages
displaying lipid droplets and phagocyted-
myelin debris (Fig. 5F, inset). The morphol-
ogy of naked axons was however normal,
confirming our observation following im-
munolabeling with SMI31 antibody (Figs.
4G, 5F). Therefore, MTZ treatment of
PMBP-eGFP-NTR tadpoles respects axonal
integrity, but induces demyelination by ap-
optotic cell death of oligodendrocytes. This
finding led us to analyze the potential for
spontaneous repair of oligodendrocytes and
myelin in pMBP-eGFP-NTR tadpoles after
interruption of the MTZ treatment.

Spontaneous remyelination after
interruption of the MTZ treatment
Stage 55 pMBP-eGFP-NTR tadpoles were
treated for 3 d with 10 mM MTZ and then
returned to normal water for 6 d. Animals
were then killed for examination of me-
dulla sections either by immunolabeling
with anti-GFP antibody or using electron
microscopy. As described above, 3 d of
MTZ treatment reduced by half the num-
ber of oligodendrocytes (Fig. 5A,B,D).
After 6 d of recovery, the population of
GFP™ cells had however strongly in-
creased and was nearly restored (n = 6
tadpoles, p < 0.0001; Fig. 5C,D). EM ex-
amination of tadpoles following 6 d of re-
covery confirmed a partial remyelination
of MTZ-induced demyelinated axons
(Fig. 5G,H), in agreement with the return
to nearly normal level of the number of
GFP ™" cells (Fig. 5D). To investigate the
potential of spontaneous repair in vivo,
stage 55 tadpoles received the same treat-
ment (MTZ 10 mm for 3 d then 6 d in
normal water). Each treated tadpole was
submitted to repetitive two-photon
microscopy examinations. The disap-
pearance and reappearance of GFP * oli-
godendrocyte cells was monitored in the
same specimen and at the same location
along the optic nerve (Fig. 6). Before treat-
ment, in the field illustrated in Figure 6 we
focused our observation on 6 GFP ™ cells
(Fig. 6, T1). After 3 d of MTZ treatment, 3
cells were no longer observed (Fig. 6, T3)
and a fourth cell had disappeared on the
following observation (Fig. 6, R3). Two
cells resisted the MTZ treatment (aster-
isks). After 3 d of recovery, new GFP ™
cells appeared (Fig. 6, R3), and their num-
ber progressively increased (Fig. 6, R6).
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After 6 d of recovery, the number of GFP * (
cells was approximately similar to control

Recovery
)

conditions, indicative of a spontaneous
recovery mechanism.

PMBP-eGFP-NTR tadpole as a tool for
screening of remyelinating compounds
We then questioned whether we could use
this model to screen for molecules favor-
ing de novo oligodendrogenesis and ulti-
mately remyelination. As a proof of
concept, we tested the efficiency of reti-
noic acid (RA), since it has previously
been shown to increase myelination and
remyelination both in in vivo and ex vivo
models (Joubert et al., 2010; Latasa et al.,
2010; Huang et al., 2011). In a first set of
experiments, pMBP-eGFP-NTR tadpoles
at stage 48 were treated with 13-cis-
retinoic acid (100 nMm). After 3 d of RA
treatment, the number of GFP * cells per
optic nerve (16 = 3, n = 10) was doubled
compared with untreated controls (7 = 2,
n = 10), suggesting a strong promoting
effect of this retinoid X receptor agonist
on oligodendrogenesis. RA acted in a
dose-dependent manner, 10 and 50 nm
RA resulting in 15 and 20% increase in the
number of oligodendrocytes, respectively.
Finally, we tested the effect of RA on in vivo remyelination po-
tency. To induce an extensive demyelination, stage 50 pMBP-
eGFP-NTR tadpoles were treated with 10 mm MTZ for 11 d.
Tadpoles were then treated for 72 h with either 13-cis-retinoic
acid (100 nm) or vehicle added to the aquarium water. The effects
of MTZ followed by RA treatment were assessed by counting the
number of GFP * oligodendrocytes in the optic nerve (Fig. 7).
This longer exposure to MTZ induced a drastic deletion of my-
elinated oligodendrocytes in the optic nerve, which was further
aggravated after 3 d in normal water. In contrast, the number of
optic nerve GFP ™ cells was increased following a 3 d treatment
with RA.

Together these results lead us to propose the pMBP-eGFP-
NTR transgenic Xenopus line as a new, reliable and convenient
model for monitoring the process of oligodendrogenesis in vivo.

Figure 6.

bar, 15 um.

Discussion

We have generated a transgenic Xenopus line reliably and specif-
ically expressing the fluorescent reporter GFP fused to a suicide
gene in myelinating oligodendrocytes. This transgenic animal
should prove useful to investigate myelination and remyelina-
tion. To date, the mouse provides the most powerful mammalian
model for in vitro and in vivo modeling CNS myelination and
remyelination (Jarjour et al., 2012). However, despite impressive
improvements, live imaging remains complex and limited, both
during early development, since embryogenesis is intrauterine, and
during the postnatal period and adulthood due to the opacity of the
skull and vertebrae (Fenrich et al., 2012). To circumvent this diffi-
culty, some laboratories have developed transgenic zebrafish to take
advantage of the transparency of the embryos, and interesting results
have already been reported in this species (Kirby et al., 2006; Czopka
and Lyons, 2011; Perlin et al., 2011). However, as far as myelination
is concerned, the large difference in myelin protein composition of
zebrafish compared with mammals may limit the transposition of

1 1 I
T3 R3 R6

Live imaging of oligodendrocyte depletion and reappearance following MTZ treatment and cessation. Successive
observation of the optic nerve of the same transgenic tadpole by two-photon microscopy. Transgenic tadpoles at stage 55 were
treated for 3 d with MTZ (10 mm) (T1,T3), then returned to normal water for 6 d. Observations were before treatment (T1), after 3 d
in the presence of MTZ (T3) and during recovery at 3 and 6 d in normal water (R3, R6). White arrows in T1 and T3 point to
oligodendrocytes that disappear with MTZ treatment. White asterisks indicate oligodendrocytes that survive the treatment. One
cell, which was still seen at T3, had disappeared in R3. In R3, red arrows point to new GFP ™ cells that have appeared, during the first
3d of recovery. Yellow arrows in R6 indicate additional GFP * cells that have been generated between 3 and 6 d of recovery. Scale

data obtained in the zebrafish to higher vertebrates and human, in
particular. For instance, in teleosts the major CNS myelin protein is
a 36 kDa protein exhibiting no structural homology with any of the
known mammalian myelin proteins (Moll et al., 2003). Similarly,
bony fish oligodendrocytes (and CNS myelin) express protein zero
(P0), a strictly PNS myelin constituent in mammals (Lanwert and
Jeserich, 2001).

This situation contrasts with the numerous similarities be-
tween mammals and amphibian CNS myelin proteins. For in-
stance, PLP, the most abundant CNS myelin protein that
accounts for 50% of total myelin protein, has been shown to bear
a high degree of conservation between amphibian and mamma-
lian within the hydrophobic domains (Schliess and Stoffel, 1991;
Yoshida and Colman, 1996), and PLP emerged at the root of
tetrapods by the acquisition of an enlarged cytoplasmic loop in
the evolutionary older DM20 isoform (Mobius et al., 2008). Sim-
ilarly, in Xenopus as in mammals, alternative transcripts encoding
Nogo protein are generated giving rise to Xenopus Nogo-A, -B, and
-C (Diekmann et al,, 2005). Since Nogo-A is one of the myelin-
associated CNS axon growth inhibitor, this observation led the au-
thors to conclude that Nogo-A in Xenopus myelin might contribute
to the failure of spinal cord regeneration in frogs, a feature that may
have evolved during the transition from fish to land vertebrates.
Along the same line, we have been able to use antibodies raised
against the mouse pan-neurofascin (NF186 and NF155) to success-
fully label the nodal and paranodal domains of Xenopus myelinated
axons in the optic nerve as described in the mouse (Zonta et al.,
2011). Furthermore, not only the coding sequences of myelin pro-
tein between mouse and Xenopus are highly conserved, but regula-
tory sequences are also similar. In the mouse, it has been shown that
the — 1.9 kb proximal upstream sequence of mouse MBP gene drives
specific expression of the transgene in mature oligodendrocytes, but
not in Schwann cells (Gow et al., 1992; Stankoff et al., 1996). Here,
we show that this 1.9 kb regulatory sequence drives specifically trans-
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Figure 7.  Retinoic acid improves spontaneous oligodendrocyte recovery. pMBP-eGFP-NTR
tadpoles at stage 50 were treated for 11d with MTZ (10 mw), then put either in fresh water or in
water containing 13-cis-retinoic acid (100 nw) for 3 additional days. GFP * cells were counted in
vivo on the optic nerve. Note that in the control animal the number of GFP * cells continued to
decrease even 3 d after cessation of MTZ treatment, in contrast to tadpoles exposed to retinoic
acid (n = 6,p < 0.03). *p < 0.05 and ***p < 0.001, significant differences.

gene expression in mature oligodendrocytes and not Schwann cells
of Xenopus laevis tadpoles. Together, these results consolidate the
demonstration that the mouse MBP gene used in the present study
contains the regulatory information required for oligodendrocyte-
specific expression in tadpole and illustrates a functional conserva-
tion between the two species.

The E. coli suicide gene NTR activates the aziridine compound
CB1954 (5-aziridin-1-yl-2,4-dinitrobenzamide) into its cytotoxic
DNA interstrand cross-linking derivative. Among NTR substrates,
MTZ is preferred since its toxic form remains confined to the NTR-
expressing cell, allowing the exclusive ablation of NTR ™ cells with-
out bystander effects (Bridgewater et al, 1995). This property
initially used to eliminate cancer cells (Bridgewater et al., 1995; Bailey
et al., 1996) has also been used to conditionally ablate different cell
types in transgenic animals. In the mouse, expression of NTR driven
by the control elements of the human CD2 locus has allowed to
induce an extensive and specific T cell depletion in thymus and
spleen (Drabek et al., 1997). More recently, transgenic expression of
NTR has been successfully used in zebrafish and Xenopus to induce
temporally controlled cell-specific ablation of cardiomyocytes, pan-
creatic B-cells, hepatocytes and rod photoreceptors (Curado et al.,
2007, 2008; Pisharath et al., 2007; Choi et al., 2011). Here, we dem-
onstrate that the same experimental strategy can be exploited to
eliminate oligodendrocytes in a temporal- and spatial-specific man-
ner in a transgenic Xenopus tadpole. We also show that the hydroxy-
amino derivative produced following NTR-catalyzed reduction of
MTZ kills cells predominantly by caspase-dependent apoptosis,
similar to the mechanism activated by CB 1954, an alternative sub-
strate of NTR (Palmer et al., 2003).

Understanding the molecular mechanisms controlling remy-
elination of axons in demyelinating diseases, like multiple sclero-
sis, is of significant clinical interest to define new therapeutic
targets aimed at inducing or increasing endogenous repair. The
different in vitro strategies to explore myelination and remyelina-
tion in rodents have recently been reviewed (Jarjour et al., 2012).

For in vivo studies of demyelination and remyelination, there is a
relatively large panel of experimental models in rodents and pri-
mates. Experimental autoimmune encephalitis (EAE) is probably
the most widely used model for MS, since it associates inflammation
and demyelination and mimics immunopathological characteristics
found in MS (for recent reviews, see Steinman and Zamvil, 2005;
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Baker et al., 2011; Batoulis et al., 2011; Constantinescu et al., 2011).
Although EAE is far from being a perfect model for MS, most of
currently used treatments for MS have been investigated in EAE. To
be convincing, studies based on EAE require a large number of ani-
mals and are therefore costly and lengthy. This is due to the fact that
the localization and size of lesions are not predictable and highly
variable between animals and that the lack of reliable i1 vivo markers
limits longitudinal studies of the same animal to evaluate biology of
the disease and remyelination. Moreover, the introduction of tar-
geted EAE (Kerschensteiner et al., 2004) has advanced the field being
readily applicable in the rat, but more delicate to apply in the mouse
(Tepavcevic et al., 2011).

In toxin-mediated models, the inflammatory component is
less important but the demyelination is localized, therefore facil-
itating analyses of demyelination and remyelination (Miller and
Fyffe-Maricich, 2010). The demyelinating property of lysoleci-
thin was first demonstrated in rat cerebellum myelinating cul-
tures (Perier, 1965), before being used in vivo as demyelinating
agent following injection in the white matter of the mouse spinal
cord (Hall, 1972). Focal demyelination and remyelination is also
observed following ethidium bromide injection. The first reports
using ethidium bromide as a demyelinating toxin involved intra-
cisternal injection in the rat (Yajima and Suzuki, 1979) or local
injection in the cat spinal cord (Blakemore, 1982). Another
widely used model consists in the introduction of cuprizone into the
diet of adult mice for several weeks. This treatment results in focal
demyelination of the superior cerebellar peduncle and the corpus
callosum. When allowed to recover on a normal diet, mice rapidly
remyelinate until a complete repair of all axons (Blakemore, 1973;
Ludwin, 1978). Despite their considerable advantages compared
with EAE models, toxin-mediated models are still quite demanding
and not ideally suited for large screening of compounds potentially
favoring remyelination.

More recently a novel screening for potential promyelina-
tion compounds was developed using laser ablation of GFP-
expressing oligodendrocytes in zebrafish larvae (Buckley et al.,
2010). However, as stated above, the large differences of myelin
constituents usage between teleost and higher vertebrate may be
misleading to translate from the zebrafish to human. In this re-
spect, Xenopus tadpole provides a signficant advantage over ze-
brafish. In addition, and in comparison with other in vivo animal
models of demyelination, the NTR suicide gene allows a simple
conditional and reversible demyelination. Introduction of the
demyelinating agent in the water avoids stereotactic intracerebral
or spinal cord injections. In comparison with cuprizone, which is
also introduced in the nutrient, MTZ-induced demyelination is
much faster (3 d vs 6 weeks) and the extent of demyelination can
be monitored from 50% to ~100% simply by varying the dura-
tion of MTZ treatment, between 3 and 11 d, respectively (com-
pare Figs. 3 and 7). Another advantage of our Xenopus model is
the rapidity of remyelination, an important criterion for large-
scale screening of molecules. Finally, and of particular interest
also for screening, amphibian tadpoles can be produced in very
large numbers (thousands of transparent embryos, which de-
velop in water).

In conclusion, the pMBP-eGFP-NTR Xenopus described here
should prove useful, not only to identify either new therapeutics
targeted at promoting myelin repair or reprofiling currently
available drugs, but also to exploit the transparent feature of the
tadpoles to visualize and record the process and mechanisms of
myelination, demyelination and remyelination in vivo.
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Résumé en Francais

La lignée transgénique pMBP-eGFP-NTR, que nous avons générée chez Xenopus laevis, permet une
ablation conditionnelle des oligodendrocytes myélinisants, dont la conséquence est une
démyélinisation. Dans cette lignée transgénique, le transgene est formé par une protéine de fusion
entre le rapporteur GFP (Green Fluorescent Protein= protéine fluorescant en vert) et une
enzyme de sélection, la nitroréductase I’E. Co/i. Cette enzyme, a la propriété de réduire le radical
nitrite (NO2) de certains substrats (comme le métronidazole) en dérivé hydroxylamine
extrémement toxique pour la cellule qui lexprime. L’expression de ce transgene est controlée par
la portion proximale du gene MBP (myelin basic protein), séquence régulatrice, dont I’équipe avait
démontré, chez la souris, qu’elle ne s’exprime que dans les oligodendrocytes myélinisants, ce qui
Cest vérifié chez le xénope. Mon projet se proposait d’étudier les conséquences de la
démyélinisation et de la remyélinisation dans cette lignée transgénique de Xenopus laevis. Mon
objectif avait pour but de répondre a deux questions; Tout d’abord, qu’elle est la nature des
cellules qui remplacent les oligodendrocytes ¢éliminés: Nous montrons que les cellules
responsables de la remyélinisation sont les précurseurs des oligodendrocytes (OPCs), cellules GFP
négatives caractérisées par expression du facteur de transcription Sox10. Ces cellules OPCs sont
déja présentent dans le nerf optique avant ’événement de démyélinisation. La seconde question
visait 2 examiner les conséquences d’une démyélinisation sur arborisation des axones des cellules
ganglionnaires de la rétine. A cette fin nous avons mis au point un outil expérimental permettant
de visualiser I'arborisation des projections tectales des axones des cellules ganglionnaires de la
rétine par microscopie # vivo réalisée sur le tétard au stade 55. Nous montrons que bien que cette
arborisation soit plus sensible a 'imagerie aprés démyélinisation, chez le transgénique que chez le

controle, cela n’entraine pas de changement de la motilité de I'arborisation.
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