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1 INTRODUCTION

1.1  Anatomy of the Spinal Cord

The spinal cord or medulla spinalis forms the elongated, nearly cylindrical, part of the
central nervous system that lies in the vertebral canal. Its approximate average length in
humans is 43 cm, and it weighs about 30 g (= 5 cm and 0.1 g in mice). It extends from the
level of the upper border of the atlas to the lower border of the first lumbar vertebra. Above,
it is contiguous with the brain; below, it ends in a conical extremity, the conus medullaris,
from which a delicate filament, the filum terminale, descends as far as the first segment of
the coccyx (fig. 1) (Gray, 1973).

31 pairs of spinal nerves emanate from the spinal cord, each nerve originates from the
ventral and dorsal roots. Each root consists of several bundles of nerve fibers, and at its
attachment extends for some distance along the side of the medulla spinalis. The pairs of
spinal nerves are designated in groups according to the position of their origins in the
spinal cord: 8 cervical, 12 thoracic, 5 lumbar, 5 sacral and 1 coccygeal in humans. In mice
the distribution differs: there are 8 cervical, 13 thoracic, 6 lumbar and 4 sacral spinal nerve
pairs (Brichta et al.1985).

1.1.1  Gray and White Matter

The spinal cord is divided into two symmetrical portions by a connective dorsal median
septum (septum medianum posterium) and a deep anterior groove (fissura mediana
anterior). In a transverse section, two different areas that vary in different regions of the
spinal cord can be distinguished: the gray matter (substantia grisea), shaped like a
butterfly, and the it surrounding white matter (substantia alba).
As in the cerebrum, gray matter is composed primarily of cell bodies and the white matter
of mostly myelinated nerve fibres. Through the middle of the grey substance runs the
minute, fluid-filled central canal (canalis centralis). The anterior and dorsal projections of
the gray matter are named anterior and dorsal horns (cornua anteriora et posteriora)
respectively. In the thoracic region and, to a lesser extent, in the sacral region there is also
a lateral horn (cornu laterale) which contains motor cells of the autonomic nervous system.

The anterior horn contains motor neurons from which the axons leave the spinal cord
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through the anterior root to supply striated muscles. The posterior horn contains sensory
neurons receiving afferent fibers coming from the periphery end.

The myelinated nerve fibers of the white matter are imbedded in a spongelike network of
neuroglia and are arranged in different funiculi, the funiculus ventralis (FV), the funiculus
lateralis (FL) and the funiculus dorsalis (FD) (fig. 2). Furthermore they are classified based
on their function in different tracts and fascicles named according to their origin and
destination. Between the anterior and posterior columns the gray substance extends as a
series of processes into the lateral funiculus, to form a network called the formatio
reticularis. The quantity and form of gray substance, portrayed on transverse sections,
varies at different levels. In the thoracic region it is small, not only in amount but relatively
to the surrounding white substance. In the cervical and lumbar enlargements it is greatly
increased: in the latter, and especially in the conus medullaris, its proportion to the white
substance is greatest (Fig. 3). In the cervical region its posterior column is comparatively
narrow, while its anterior is broad and expanded; in the thoracic region, both columns are
attenuated, and the lateral column is evident; in the lumbar enlargement, both are
expanded; while in the conus medullaris the gray substance assumes the form of two oval
masses, one in each half of the cord, connected together by a broad gray commissure
(Faller and Schuenke, 2004).
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1.2 Myelin

The myelin ensheathment, material that fills spaces between nerve elements, was first
described by the German pathological anatomist Rudolf Virchow in the mid-19th century.
His French colleague Louis-Antoine Ranvier later refined histological techniques and he
was credited for his observations of both injured and normal nerve fibers. Since then
myelin has been subject of extensive studies. We now know that in the central nervous
system (CNS) myelin is formed by neuroglial oligodendrocytes (OLGs) which extend
processes that concentrically wrap around axons (Ritchie et al., 1981). The synthesized
myelin shapes a dynamic multilamellar lipid-rich membrane system which serves as an
insulator enabling rapid, saltatory conduction of electrical signals for proper nerve impulse
propagation, decreasing metabolic costs of neural activity and reducing space
requirements of the nervous system (Sherman and Brophy, 2005). In cross-sections the
mature sheath is revealed as a highly regular arrangement of alternating thick, major
dense, and thin, intraperiod, lines that represent adhering cytoplasmic and extracellular
membrane surfaces, respectively (Colman, 1989).
Myelin is metabolically active in synthesis, processing and metabolic turnover of several of
its own components, including degradation, phosphorylation and dephosphorylation of
proteins as well as ion transport with respect to not only maintenance of its own structure
but also participation in buffering of ion levels in the vicinity of the axons (Brady et al.,
1999).

The importance of the myelination process is illustrated by the neurological deficits
caused by demyelinating diseases of the CNS, such as multiple sclerosis (MS).
Since the discovery that remyelination may occur within the central nervous system (Bunge
et al., 1961) there has been a great interest in clarifying the molecular and cell biology of
OLGs, including factors that influence their proliferation, migration, differentiation and

ability to remyelinate nerve axons.



1.2.1  Composition of Myelin

Myelin has a water content of about 40%. Biochemically, the dry mass of myelin is
characterized by a high proportion of lipid (70 to 85%) and, consequently, a low proportion
of protein (15 to 30%). In contrast, most biological membranes have a higher ratio of

proteins to lipids.

1.2.1.1 Myelin Lipids

Multiple lipids make up the myelin with major lipids being galactosylceramide
(cerebroside and its sulfated derivative sulfatide), cholesterol, ethanolamine-containing
plasmalogens and lecithin (phosphatidylcholine) (Norton, 1984). Each, with its own distinct
physical properties contributes to the myelin membrane structure; to its adhesive stability

as well as its susceptibility.

1.2.1.2 Myelin Proteins

There is a relatively simple array of myelin-specific proteins with proteolipid protein
(PLP) and myelin basic proteins (MBP) representing the two predominant proteins
comprising approximately 60 to 80% of the total proteins found in CNS myelin in most
species. Many other proteins and glycoproteins are present but in lower amounts (Morell,
1994).

1.2.1.3 Proteolipid Protein (PLP)

PLP is the most abundant protein in the CNS. It is highly conserved and one of the
most hydrophobic proteins in nature (Schliess and Stoffel, 1991; Weimbs and Stoffel,
1992). PLP seems to contain four transmembrane domains and binds strongly to other
copies of itself on the extracellular side of the membrane being therefore essential for the
compact apposition and spanning of the oligodendrocyte plasma membrane processes
around the axon. It further contains two disulphide bonds which covalently bind lipids
(Schliess and Stoffel, 1991; Weimbs and Stoffel, 1992)



1.2.1.4 Myelin Basic Protein (MBP)

MBP is the second most abundant protein in the CNS. As a membrane protein it is
primarily located in the cytoplasmic spacing of the myelin sheath and is believed to play an
active role in stabilizing the periodic myelin structure via non-specific interactions with the
opposing lipid bilayers (Roussel and Nussbaum, 1981; Inouye and Kirschner, 1994). MBP
is essential for the CNS myelin sheath formation, eminent in the Shiverer autosomal
recessive mouse mutant, which due to a deficiency of functional myelin basic protein,

results in failure of oligodendrocyte morphogenesis (Chernoff, 1981; Galiano et al., 2006).

1.2.1.5 Myelin Oligodendrocyte Glycoprotein (MOG)

With only 0.1% of total myelin protein, Myelin Oligodendrocyte Glycoprotein (MOG) is a
minor constituent of the CNS myelin sheath (Chekhonin et al., 2003). The full-length
protein contains 218 amino acids. The MOG gene belongs to the immunoglobulin gene
superfamily and is located within the major histocompatibility complex (MHC) both in
human and in mice (Pham-Dinh et al., 1993). The physiological function of MOG has not
been identified, yet its external location on myelin sheaths and its late appearance during
myelinogenesis suggest a role in the completion of myelin and maintenance of its integrity
(Pham-Dinh et al., 1995). The surface exposition of its IgV-like domain makes it a target
antigen (Ag) accessible to initial autoimmune attack for both humoral and cellular CNS-
directed immune responses (von Budingen et al.,, 2001). Indeed, in both rodent and
primate MS models, antibodies against MOG directly induce demyelination, whereas anti-
MBP or anti-PLP are not associated with an increase in myelin injury (Schluesener et al.,
1987). In a subgroup of MS patients, IgG antibodies pathogenic for native MOG expressing
cells are elevated and result in demyelination and axonal damage (Zhou et al., 2006).



1.3 Multiple Sclerosis

Multiple sclerosis (MS) is a chronic demyelinating disorder of the human central
nervous system. Already over one and a half century ago Cruveilhier and Carswell
described the pathological characteristics of this enigmatic neurological disease (Fig. 4)
(Cruveilhier, 1835-42; Carswell, 1838). In 1868 Jean Martin Charcot first noted the
association of accumulation of inflammatory cells in a perivascular distribution within the
brain and spinal cord white matter of patients with the clinical presentation of intermittent
episodes of neurologic dysfunction. He introduced the term sclérose en plaques
disseminées, in English it is termed multiple sclerosis (Charcot, 1877). In 1948 Elvin Kabat
found further evidence of an inflammatory nature of the disease with his observations of
increases in oligoclonal immunoglobulin in the cerebrospinal fluid of patients with MS
(Kabat et al., 1948).

MS is the major cause of non-traumatic neurological disability in young adults affecting
an estimated 2.5 million individuals worldwide (Hauser and Oksenberg, 2006; Warren et
al., 2008). Studies from several countries demonstrate a gender difference of the disease
with a female/male ratio of 2:1 denoting an increase in the incidence of MS particularly in
women (Orton et al., 2006; Alonso et al., 2008). The global geographic distribution of MS is
uneven with a low prevalence near the equator, which increases the higher the degree of
latitude in both hemispheres (Taylor et al.,, 2010). There is a large body of evidence
indicating that, despite genetic influences on immune mechanisms, MS is primarily of
environmental origin, which appears to be ordinarily acquired after birth with a prolonged
latency period between acquisition and onset of symptoms. Support for this has come
largely from studies of migrants to and from different geographic MS risk areas which
correlate with many physical, chemical, biological, and social factors (Wallin et al., 2009).
Nevertheless a strong environmental determinant could not be identified so far. Actual
genomewide association studies suggest a weak genetic influence of susceptibility to
multiple sclerosis, with variants most notably within the major histocompatibility complex,
but these variants probably account for only a small proportion (Hafler, 2004;
Hoppenbrouwers et al., 2008).

The clinical disease course is variable, it usually begins with reversible episodes of

neurological disability in the third or fourth decade of life, and transforms into a disease of
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continuous and irreversible neurological decline by the sixth or seventh decade (Lublin and
Reingold, 1996). While inflammation and demyelination induce neurological deficits, which
are in part reversible, destructions of axons, when past the threshold of compensation, are
always accompanied by irreversible clinical deficits (Kornek et al., 2000).

Depending on its onset, MS can be clinically categorized as either relapsing-remitting
(RRMS), observed in 85-90% of patients, or primary progressive (PPMS) MS. Relapses
typically present subacutely, with a rapid onset of symptoms developing over hours to
several days, and a short course, persisting for several days or weeks, and then gradually
dissipating. An increased frequency of attacks and poor recoveries from attacks from the
beginning of disease predict a more rapid deterioration. Ultimately neurological disability
occurs in approximately 40% of relapsing-remitting patients and they develop a
progressive form of neurodegeneration consequential to the chronic CNS inflammation,
known as secondary progressive multiple sclerosis (SPMS) (Kantarci and Weinshenker,
2005).

Figure 4. Sclerotic Chord and P ons Varolii (Carswell, 18 38)

Carswell was the first to portray the plaques of multiple
sclerosis, although he did not identify them as such:

“A peculiar diseased state of the chord and pons Varoli,
accompanied with atrophy of the discoloured portions”
(Carswell, 1838).
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1.3.1 Immunopathology of Demyelination in MS

The pathological hallmark of MS is the presence of focal areas of inflammatory-
mediated demyelination with reactive glial scarring. The immunological mechanisms
responsible for the destruction of myelin sheaths are, however, diverse and the
consequence of a complicated heterogeneous process.
By immunopathological analysis of samples of MS lesions, four general patterns of myelin
destruction have been described. All patterns occur on the background of a T-cell,
macrophage and microglia dominated inflammatory response. In pattern |, lesions are
mainly mediated by the cytotoxic machinery of T-cells and toxic products, produced by
activated phagocytes, similar to lesions seen in autoimmune encephalomyelitis. In pattern
Il, the dissolving myelin sheaths are additionally coated with immunoglobulins and
activated complement (Prineas and Graham, 1981; Storch et al., 1998). In these lesions,
antibodies against myelin OLG glycoprotein or other surface components of the myelin
sheath appear to be involved in the process of demyelination (Genain et al., 1999). The
third pattern seems to be more suggestive of a primary oligodendrocyte dystrophy,
reminiscent of virus- or toxin-induced demyelination rather than autoimmunity with a less
pronounced activation of inflammatory cells within the lesions. The process of
demyelination initially affects the most distal oligodendrocyte processes and is followed by
destruction through apoptotic cell death similar to lesions found in hypoxic injuries (Itoyama
et al., 1980; Lucchinetti et al., 2000). The inflammatory reaction of the fourth pattern leads
to an unusually extensive myelin breakdown. There are indications that this pattern is
associated with particular deficiencies leading to increasing tissue vulnerability (Linker et
al., 2002; Lassmann, 2004).

1.3.2  Current Pharmacological Therapies for Multipl e Sclerosis

Since the exact aetiology of multiple sclerosis is unknown, there is no curative
treatment. Therapeutic approaches focus therefore on disease-modifying agents that can
be grouped into immunomodulatory and immunosuppressive therapies. Exacerbations,
meaning the appearance of new, or worsening of old, clinical symptoms in the absence of
infection, are presently treated with high doses of intravenous glucocorticosteroids. This

treatment has been shown to reduce the intensity and duration of the neurologic disability
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during relapses, nevertheless there is no evidence that it has any effect on the ultimate
course of the disease (Filippini et al., 2000; Nos et al.,, 2004). Corticosteroids and
corticotrophin (adrenocorticotrophic hormone — ACTH) have been employed for more than
50 years (Jonsson et al., 1954). Corticotrophin acts by stimulating adrenocortical cells and
thereby induces synthesis and secretion of corticosteroids, among them cortisol. Because
of unpredictable undesired cortisol responses of corticotrophin, studies focused on orally or
intravenously administrated corticosteroids. Four randomized placebo-controlled trials of
intravenous or oral methylprednisolone have been reported. The studies showed benefit in
favour of methylprednisolone compared to placebo on speed of recovery from relapses,
but not on degree of recovery, risk of later relapses or long-term effects on disability
(Durelli et al., 1986; Milligan et al., 1987; Filipovic et al., 1997; Sellebjerg et al., 1998).

Over the last two decades four classes of immunomodulating drugs demonstrated
modest efficacy, altering the progression of multiple sclerosis at least in the early course.
The first to be approved were beta interferons (IFN-B-l1a and IFN-B-1b), which have
pleiotropic effects on cellular functions and may prevent leukocyte migration across the
blood brain barrier by altering the expression of adhesion molecules as well as Glatiramer
acetate, a MHC-binding protein that engages the T cell receptor (TCR) (Kozovska et al.,
1999; Zang et al., 2001; Muraro et al., 2004). These agents are generally well tolerated
and moderately effective in the short term in preventing relapses and attenuation of lesion
activity visible on magnetic resonance imaging (Galetta et al., 2002; Cohen and Rivera,
2010). Other treatment strategies for multiple sclerosis include immunosuppressants,
intravenous immunoglobulins, plasmapheresis and monoclonal antibodies such as
Natalizumab. The only immunosuppressant explicitly approved for the treatment of multiple
sclerosis is the chemotherapeutic agent Mitoxantrone, whose benefit has been
demonstrated in a number of clinical studies (Millefiorini et al., 1997; Hartung et al., 2002).
The use of this agent is however restricted to certain high-risk patients because of
potentially serious side-effects, notably cardiomyopathy and treatment-related acute
leukaemia, events which are assumed to emerge in between 1/800 and 1/250 of patients
(Morrissey et al., 2005; Wiendl et al., 2008). Natalizumab, a selective adhesion molecule
inhibitor that attenuates inflammation by selectively reducing the transmigration of

mononuclear cells into the CNS, was approved in 2004 after convincing results on relapse
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rate reduction, but serious adverse effects (severe opportunistic infection) are associated
with it (Rudick et al., 2006; Berger, 2009).

The aforementioned therapies are all based on the inhibition of inflammation, which is an
important aspect but covers only a fraction of the whole characteristics of MS. While the
root cause remains undetermined and the cure remote, therapeutic approaches need to

target both inflammation and promotion of myelin repair.

1.4  Biosynthesis and Actions of Steroids in the Cen tral Nervous System

It is common for substances or drugs with biological activity, which have first been
found in one particular tissue and in coherence with one particular function, to take many
decades until their distinctive additional activities are revealed. Steroid hormones are such
an example. Gonadal steroid hormones were for a long time only assigned to reproductive
functions and it was not until many decades later that their additional, essential
neuromodulatory activity was recognized.

Peripherally synthesized steroids, which derive from the adrenal gland, gonads and
placenta are released into the bloodstream, easily cross the blood-brain barrier, and
exercise a large array of biological effects on the central nervous system. Once this new
information was acknowledged even more surprising evidence emerged in the early 1980s
when Baulieu and co-workers (1981) proposed that the brain itself serves as a
steroidogenic organ and introduced the term “neurosteroids” referring to their site of
synthesis. He discovered that the steroids dehydroepiandrosterone (DHEA), pregnenolone,
and their sulphated esters, were present in higher concentration in the brain than in
circulation and even more significantly remained high after gonadectomy and
adrenalectomy (Corpechot et al., 1981; Jo et al., 1989; Baulieu et al., 1999). Existence of
steroidogenesis within the nervous tissue was further substantiated by the
immunohistochemical localization and proof of biological activity of the enzyme cytochrome
P450 side-chain cleavage (P450scc) in rat oligodendrocytes (Le Goascogne et al., 1987).

The first step of steroidogenesis is the conversion of cholesterol into pregnenolone by
the mitochondrial cholesterol P450scc located on the matrix side of the inner mitochondrial
membrane (Stocco and Clark, 1996). Whereas there is a slow basic regulation of

neurosteroid secretion achieved through trophic hormones which stimulate transcription of
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genes encoding steroidogenic enzymes, its concentrations are primarily regulated at the
level of steroid hormone synthesis. Since all steroid hormones derive from cholesterol, the
regulation of the level of cholesterol flow from the outer to the inner mitochondrial
membrane allows a fast induction, with a 10-100-fold increase in synthesis, and fast
termination (Miller, 1988). Two proteins located in the mitochondrial membrane, the
steroidogenic acute regulatory protein (StAR) and the peripheral-type benzodiazepine
receptor, recently renamed as translocator protein (TSPO), are involved in this highly
controlled transport (Lavaque et al., 2006; Papadopoulos et al., 2006b).

After its conversion from cholesterol to pregnenolone it passes to the cytosol, where it
serves as the precursor of all neurosteroids (fig. 5). Via consecutive enzymatic steps,
pregnenolone is converted to progesterone, and the latter is metabolized to other potent
neurosteroids such as tetrahydroprogesterone (3a,5a-THP), also known as
allopregnanolone (ALLO). Pregnenolone also is a common precursor for dehydroepi-
androsterone. Further metabolism of DHEA leads to the production of the androgens
dihydrotestosterone DHT and testosterone, which via action of aromatase is converted to
estradiol (E2). On the other hand, progesterone is predominantly converted to its highly
active metabolites dihydroprogesterone (5a-DHP) and 3a,5a-THP. All enzymes required
for the CNS steroid biosynthesis and metabolism are expressed in astrocytes,

oligodendrocytes and neurons (Melcangi et al., 2008).
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Figure 5
Biosynthesis of Neurosteroids (Schumacher et al., 2 008)

Progesterone is synthesized by neurons and glial cells. Ligands of the transport protein TSPO stimulate the
passage of cholesterol into the mitochondria and, as a consequence, the synthesis of pregnenolone from
cholesterol through cytochrome P450scc inside steroidogenic mitochondria. The conversion of
pregnenolone to progesterone by different isoforms of the 3b-hydroxysteroid dehydrogenase (3b-HSD) takes
place either inside the mitochondria or within the cytoplasm.

The action of gonadal steroid hormones in the CNS was initially thought to be restricted
to a few brain areas related to predominantly endocrine control of reproductive behaviour,
ovulation and pregnancy. In the meantime it is well established that gonadal steroids also
play a general maturation-stimulating and survival-promoting role on neurons as well as
glial cells, in physiological conditions and CNS injury, which could be demonstrated in
experimental animals as well as in humans (De Nicola, 1993; Schumacher et al., 1996;
Wright et al., 2007). Estrogens for instance, particularly 17B-estradiol, have been widely
studied in different experiments using in vitro and in vivo approaches (Garcia-Segura et al.,
1994; Kipp et al., 2006). Interest in estrogens as neuroprotectants was roused by
experimental observations in female animals where the stage of the oestrous cycle
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influenced the size of tissue damage as well as the functional outcome after neuronal
ischemic injury (Hall, 1972). Since then numerous studies added a variety of higher
activities for oestrogen including the promotion of neuronal and glial plasticity in the
hypothalamus, axonal growth and synaptogenesis in the hippocampus, (McEwen et al.,
1995; Toran-Allerand et al., 1999; Compagnone and Mellon, 2000). So far estrogens are
the best studied and therefore most evident protective steroid hormones in the CNS,
however ample evidence suggests additional roles also for progesterone and

glucocorticoids within the nervous system.

1.5 Progesterone

Together with estradiol, progesterone (PROG) is known for its importance as
reproductive steroid hormone regulating functions of the reproductive organs, sexual
behaviour and the release of gonadotropins. In non-pregnant women, the major source of
progesterone synthesis is the corpus luteum, a gland that during a day within the mid luteal
phase produces more than ten times its own weight of progesterone (Ottander et al.,
2000). During pregnancy progesterone is produced in even larger amounts by the
placental syncytotrophoblasts. Based on the notion of its prototypical supportive role in
gestation, preparing and maintaining the uterus for pregnancy, it was named progesterone
(from lat. pro + gestare) (Allen et al., 1935). However, the adrenal glands also contribute
significant amounts of circulating progesterone (PROG) in humans and rodents, which is
why it is not only present in females but also circulates in males (Gutai et al., 1977; Kalra
and Kalra, 1977). Elevated levels can furthermore be measured in various brain regions,
equally both in men and women (Weill-Engerer et al., 2002; Oren et al., 2004). As in the
case of most free steroid hormones (which are neither esterified nor bound to protein), the
lipophilia of circulating progesterone accounts for the easy passage through the blood-
brain barrier. Via free diffusion it enters the central nervous system at various sites.
Additionally, as mentioned above, progesterone is also synthesized locally within the CNS
mainly by neurons, either de novo from cholesterol or in situ from blood-derived
pregnenolone (Baulieu et al., 1999). For its catalytic conversion from pregnenolone to
progesterone, the enzyme 3B-hydroxysteroid dehydrogenase (33-HSD) is extensively

distributed both in brain and spinal cord (Guennoun et al., 1995; Coirini et al., 2002).
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Microglial cells, including astrocytes and oligodendroglial cells, also have the capacity to
synthesize progesterone, but the expression and activity of 33-HSD in these cells are
regulated by cellular interactions responding to neuronal signals. The mechanisms, which
regulate the activity of CNS progesterone synthesis, seem to involve the mediation of
neurotransmitters and neuropeptides, but require further detailed exploration (Vaudry et al.,
2005). In Schwann cells for instance, the myelin producing glial cells of the peripheral
nervous system (PNS), progesterone is synthesized in response to diffusible neuronal
signals (Robert et al., 2001). Of historical interest is the fundamental discovery of Selye
who was the first to show the relatively immediate (within minutes) anaesthetic and
anticonvulsant properties of progesterone intraperitoneally administered to rats (Selye,
1941). This provided the first evidence that endogenous steroid hormones could influence
neuronal excitability on a time scale inconsistent with the classic genomic mechanisms of
steroid action. In keeping with this early observation of Selye, there are more and more
experimental data that give fuel to the idea that progesterone exerts further functions within

the nervous system in addition to the “classical” endocrine nature.

151 Neuroprotective Properties of Progesterone (Animal Studies)

Dopaminergic neurons of the midbrain, pyramidal neurons of the hippocampus and
cerebral cortex, Purkinje cells of the cerebellum, as well as neurons of the dorsal striatum
and the caudate nucleus are known for their particular vulnerability to excitotoxic and
ischemic damage (Gonzalez-Vidal et al., 1998; Xu et al., 2001). In cats, the administration
of progesterone during experimentally induced global cerebral ischemia reduced the loss
of these highly sensitive neurons, mainly within the dorsal hippocampus (subfields CA1
and CA2) (Cervantes et al., 2002). In rats, progesterone given before transient occlusion of
the middle cerebral artery decreased the infarct size and consequent neurological deficits
(Jiang et al., 1996; Kumon et al., 2000). In an analogous experiment on male mice the
evaluation of motor ability through Grid and Rotarod assessment confirmed progress
following progesterone treatment in both tests (Gibson and Murphy, 2004). Large
increases of progesterone content in perifocal areas following injuries like spinal cord

trauma suggest that the neurosteroid could be the physiological response to injury as an
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attempt to cope with neurodegeneration (di Michele et al., 2000; Labombarda et al., 2006;
Schumacher et al., 2007).

The potential role of progesterone as a neuroprotectant has also been evaluated in
experimental models of traumatic brain injury (TBI). A frequently used model is the bilateral
contusion of the medial prefrontal rat cortex which generates cognitive deficits in close
analogy to human frontal lobe injuries (Hoffman et al., 1994; Stein, 2001). Traumatic brain
injury leads to a significant inflammatory reaction that is generally accompanied by heavy
gliosis and cell death in the vicinity of the lesion and a rise in cerebral water content in the
form of oedema. Augmenting the intracranial pressure, the oedema is considered to be
one of the most important negative factors for the outcome of TBI (Saatman et al., 2006).
Again, observations of a gender-dependent difference in the outcome after brain injury,
with a smaller water content in females (presenting higher endogenous levels of
progesterone) when compared with males, suggested progesterone as a protective player
(Roof et al., 1993). In various subsequent TBI studies progesterone was administered to
male rats and in effect progesterone reduced both oedema and secondary neuronal losses
and improved behavioural recovery (Roof et al., 1994; Roof et al., 1996; Thomas et al.,
1999; Wright et al., 2001; Shear et al., 2002).

152 Neuroprotective Properties of Progesterone (Clinical Studies)

These encouraging results led to a translation from the laboratory to a pilot clinical trial
in humans in order to test the safety and potential efficacy of progesterone as a
neuroprotectant in acutely brain-injured patients. The randomized, double-blinded,
placebo-controlled trial, named “ProTECT” was conducted in the United States and
included 100 trauma patients of moderate and severe TBI who received rapid intravenous
(i.v.) infusions of progesterone continuously for 3 days (Wright et al., 2005). In this trial no
adverse events could be attributed to progesterone. The results showed that through i.v.
administration steady state serum concentrations can be achieved which do not differ by
sex or injury severity. While the trial lacked sufficient power to assess the definite efficacy
of progesterone treatment, it showed possible signs of benefit. Progesterone-treated
patients with severe TBI had a statistically significant decrease in one-month mortality and

patients with moderate TBI had an improved functional outcome one month after injury
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compared to patients given state-of-the-art treatment plus placebo (Wright et al., 2007). In
2008 these findings were replicated and extended in a Chinese trial including 159 patients
with severe TBI, which reported a significant difference in mortality, lower intracranial
pressure and improved functional outcomes one and six month after injury (Xiao et al.,
2008). Despite the compelling outcomes demonstrated in animal and clinical studies, the
specific molecular basis and mechanisms by which progesterone acts to enhance
neuroprotection is still not understood in detail.

1.5.3 General Mechanisms of Action of Progesterone  Within the CNS
1.5.3.1 Genomic Mechanism

Until recently, it was presumed that all steroid hormones regulate biological functions by
genomic mechanisms. The genomic action of steroid hormones in the classical sense
means steroid hormones enter the cell, either passively by diffusion, through the
membrane, or assisted by any transporter, and subsequently bind to and activate
intracellular receptors located in the cytosol or in the nucleus. Attachment of progesterone
to the specific steroid receptor ligand-binding domain then induces a conformational
change of the receptor and provokes the separation of the receptor from cytoplasmic
chaperone proteins such as heat shock proteins. This leads to exposure of nuclear
localization sequences or allows nuclear translocation and dimerization of the ligand-bound
receptors and their binding to steroid response elements on the promoter regions of the
target genes. Finally the binding on the promotor region regulates gene expression by
interacting with the transcription machinery. Genes are transcribed into mRNA and the
MRNA is in turn translated into protein molecules, which ultimately exert biological
functions (Truss and Beato, 1993). These events require relatively long time to fully
activate the specific biological response. Since the central mechanism takes place on the

genome in the nucleus, these actions are termed ‘genomic effects’.

15311 Isoforms of Progesterone Receptor

The effects of progesterone on gene expression are mediated by at least two
intracellular receptor isoforms, PR-A and PR-B, which are generated from a single gene
(Kastner et al., 1990; Conneely and Lydon, 2000). They only differ by an additional 164
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amino acid segment in the N-terminal region of PR-B, called the B-receptor upstream
segment (Takimoto et al., 2003).

The progesterone receptor (PR) is a member of the steroid receptor family, which is
part of a larger nuclear receptor superfamily. These receptor proteins are related by
sequence similarities within their "zinc finger" DNA-binding domains and by ligand-
dependent regulation of specific gene transcription (Evans, 1988; Beato, 1989).
Transcription activation is regulated by two transcription activation function (AF) domains,
constitutive ligand-independent AF-1 in the N terminus and ligand-dependent AF-2 in the C
terminal region. A DNA-binding domain and the hinge region are mapped to the central
region of both receptors. Furthermore, a unique activation function domain, AF-3, is
contained in the upstream segment of PR-B that is missing in PR-A. AF-3 allows binding of
a subset of co-activators to PR-B that is not efficiently recruited by progestin bound PR-A
(Giangrande et al., 2000). Thus, PR-A and PR-B display different transactivation properties
that are specific to both cell type and target gene promoter context (Tora et al., 1988).
Agonist-bound PR-B functions as a strong activator of transcription of several PR-
dependent promoters and in a variety of cell types in which PR-A is inactive (Hovland et
al., 1998). In these cell and promoter contexts in which agonist-bound PR-A is inactive, the
PR-A possesses the capability to repress the activity of PR-B and even other steroid
receptors including estrogens, androgens, glucocorticoids and mineralocorticoids, a

phenomenon called “transrepression” (Li et al., 2004)

1.5.3.2 Non-genomic Mechanisms

In addition to their delayed action on gene expression in the cell nucleus, progesterone,
like other steroids, elicits a variety of rapid effects on various signal transduction pathways
and second messenger systems without the involvement of transcriptional modulation.
Non-genomic signal perception occurs at the plasma membrane and cytoplasmic level but
can also be observed within mitochondria (Razmara et al., 2008). The discovery of the
non-genomic effects of progesterone originated with the aforementioned striking finding of
Selye in 1941, who encountered the drastically conflicting magnitude of the time course
between the rapid anaesthetic and the delayed anticipated hormone action of progesterone

(Selye, 1941). With passing decades more experiments made rapid signal transduction of
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hormone steroids apparent, such as acute cardiovascular effects of aldosterone (Klein and
Henk, 1963). With a series of publications Pietras and Szego underlined the diversity of
steroid action in cells and animals and in due course identified a high-affinity oestrogen
binding protein (receptor) at the plasma membrane of cells that responded to oestrogen
administration with cAMP generation and calcium changes (Szego and Davis, 1967;
Pietras and Szego, 1975, 1977). This led to increasing interest and many experimental
studies examined rapid effects of progesterone using mainly the two model systems of
acrosome reaction in human spermatozoa and the induction of oocyte maturation in
Xenopus laevis (Maller and Krebs, 1980; Tian et al., 2000; Qiu and Lange, 2003; Hammes
and Levin, 2007). These experiments describe various potential ‘non-genomic’
mechanisms, showing that the actions of progesterone and other steroids are probably
mediated by various pathways rather than only one. Rapid actions are suggested to be
mediated through activation of intracellular signalling pathways, resulting in alterations in
ion fluxes and intracellular free calcium concentrations occurring within seconds, and of
other second messengers such as cyclic nucleotides and extracellular-regulated kinase 1
and 2 (erk 1/2), phosphoinositide-3 (PI3) kinase, mitogen-activated protein (MAP) kinase,
Ras homolog A/ Rho-activated kinase-2 (RhoA/ROCK-2) cascade and G-protein activation
which can take from a few minutes to several hours (Blackmore et al., 1990; Filardo et al.,
2000; Bagowski et al., 2001; Peluso et al., 2001; Zhu et al., 2003; Luconi et al., 2004; Cai
et al., 2008). However, progesterone membrane receptor-mediated pathways can also
ultimately regulate transactivation of the nuclear progesterone receptor resulting in
alteration in gene transcription, which is why the only characteristic common to all these
non-classical steroid actions is rapid activation of intracellular signalling pathways.
Depending on the system, they can vary from seconds, e.g. by opening of ion channels, to
minutes or hours, in the case of apoptosis inhibition. Nevertheless they clearly contrast
with genomic responses, which generally take from a few hours up to days to fully manifest
themselves (Wehling et al., 2006)
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1.5.3.3 Membrane Progesterone Receptors
1.5.3.3.1 Novel Receptors

Due to the technical complexity, investigators just recently started to characterize
extranuclear progesterone binding and signal transduction. There is evidence for at least
two types of novel membrane proteins, progesterone membrane receptors (mPRs) and
progesterone receptor membrane component one (PGMRC1). The mPRs, (MW ~40 kDa)
initially discovered in fish ovaries, comprise at least three subtypes, a, § and y and belong
to the seven-transmembrane progesterone adiponectin Q receptor (PAQR) family. The
mPRs display high affinity, limited capacity, displaceable, specific progesterone binding
and are directly coupled to G proteins activating inhibitory G proteins (Gi) and thereby
downregulating adenylyl cyclase activity. The single-transmembrane protein PGMRC1
(MW ~26-28 kDa) was first purified from porcine livers and its cDNA was subsequently
cloned from a variety of other tissues and species including rats (25-Dx) and humans
(Hpr.6) by different investigators. PGMRC1 and the closely related PGMRC2 belong to the
membrane-associated progesterone receptor (MAPR) family. The PGMRC1 protein
displays moderately high binding affinity for progesterone but also binds other molecules
such as testosterone and glucocorticoids. Despite recent advances, it has not been
possible to date to describe the signal transduction pathways induced by binding of
progesterone to these two families of novel membrane proteins. Amino acid sequence
predictions suggest the involvement of tyrosine kinase, kinase binding, src homology
domain 2 (SH2) and SH3 (Thomas, 2008).

1.5.3.3.2 Conventional Receptors

The conventional progesterone receptors have been shown to be targeted not only to
the nucleus, but also to the cell membrane, where they interact with other proteins
belonging to intracellular signalling pathways (Edwards, 2005). In form of a transient
induction the N-terminal domain common to PR-A and PR-B selectively interacts with Src
tyrosine kinase family members and activates c-Src and downstream MAPK (Erk-1/-2)
(mitogen-activated protein kinase) signalling pathway in the absence of gene transcription
(Leonhardt et al., 2003; Boonyaratanakornkit et al., 2008).
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1.5.3.4 Corepressors and Coactivators

The multiplicity of regulatory effects that impact progesterone and other nuclear
receptors is due in part to an intricate array of coactivators, corepressors, and
cointegrators that are recruited to receptor-bound promoters. A subset of receptors binds
corepressor factors and actively silences target gene expression in the absence of ligand
(Gurevich et al., 2007). Corepressors are found within multicomponent complexes that
contain histone deacetylase activity. Deacetylation leads to chromatin compaction and
transcriptional repression. Upon ligand binding, the receptors undergo a conformational
change that allows the recruitment of multiple coactivator complexes. Whereas some of
these proteins are chromatin remodelling factors or possess histone acetylase activity,
others potentiate transcription by direct interaction with the basic transcriptional machinery.
The recruitment of coactivator complexes to the target promoter then causes chromatin
decompaction and transcriptional activation. More than 300 cofactors have been described
to date and some of them possess diverse additional functions, such as RNA chain

elongation, splicing and termination (Aranda and Pascual, 2001; Lonard et al., 2007).

1.5.3.5 Modulation of Neurotransmission by Progeste  rone

One element of neuroprotection provided by progesterone and its metabolites is the
inhibition of neuronal excitability. In this regard progesterone differs from estrogens, which
in general have excitatory effects by potentiating the actions of excitatory neurotransmitters
(Smith and Woolley, 2004). On the contrary, progesterone and its metabolites inhibit
excitatory neurotransmitter receptors and stimulate inhibitory neurotransmitter receptors.
Major effects of progesterone on a membrane neurotransmitter of neurons and glial cells
are mediated by its metabolite allopregnanolone (3a,5a-tetrahydroprogesterone), which is
a potent positive modulator of g-aminobutyric acid type A (GABA A) receptors (Majewska
et al., 1986; Herd et al., 2008). This explains several of its psychopharmacological actions,
in particular its anaesthetic, analgesic, and anxiolytic effects, as well as its role in stress,
depression, memory, seizure susceptibility, and alcohol dependence (Morrow et al., 2001;
Eser et al., 2006). The augmentation of inhibitory GABAergic transmission by 3a,5a-THP
may preserve neurons from the effects of excessive excitatory neurotransmitter release in

response to injury, given that after TBI, its administration reduces cell death, gliosis, and
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functional deficits (Djebaili et al., 2005). In the range of high micromolar concentrations,
progesterone inhibits the activity of the neuronal nicotinic acetylcholine receptor (nAChR)
(Valera et al., 1992; Lena and Changeux, 1993).

1.5.3.6 Antioxidant Action and Lipid Peroxidation

Even though progesterone does not have the characteristic structure of an antioxidant,
elevated serum levels have been shown to reduce free radical damage (Subramanian et
al., 1993). Another important consequence of progesterone treatment is the reduction of
lipid peroxidation. Thus, pregnancy was shown to reduce lipid peroxidation in brain
homogenates and mitochondria (Garrel et al., 2010). The peroxidation of lipids involves
complex enzymatic pathways as well as non-enzymatic mechanisms, such as free radical
mediated peroxidation, which is reduced by the actions of different antioxidant enzymes

(e.g. superoxide dismutases) (Moorthy et al., 2005; Niki et al., 2005).

1.5.3.7 Synopsis

The Mannheim classification scheme proposed by Falkenstein and co-workers seeks to
describe and categorize potential mechanisms. The scheme is split into the two main
categories ‘A - direct steroid action’ and ‘B - indirect steroid action’, which are in turn
separated into a nonspecific (I) and a specific (II) category. The latter is again further
divided into group ‘a - classic steroid receptor’ and ‘b — non-classic steroid receptor’ (fig. 6)
(Falkenstein et al., 2000).
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A Direct B Indirect

(steroid is acting alone) (steroid requires a coagonist)

> I Nonspecific <
(no receptor involved, possibly steroid effect on membrane fluidity)

Il Specific

(steroid receptor with ligand specificity involved)

a) classical steroid nuclear receptor

(belongs to the superfamily)

b) nonclassical steroid receptor

(involving second messengers)

Figure 6
Mannheim Classification

Mannheim classification of nongenomically initiated (rapid) steroid actions.
(Falkenstein et al, 2000)

1.6 Animal Models
1.6.1 Models of Experimental CNS Demyelination

Since the human diseased CNS cannot easily be sampled, various models have been
developed to gain ideas about the disease mechanisms and to study demyelination and
remyelination in the CNS. There are four general categories of experimental CNS
demyelination models.
I.  Autoimmune-induced: experimental autoimmune encephalomyelitis (Rivers and
Schwentker, 1935; Traugott et al., 1985)
Il. Gliotoxin-induced: diphtheria toxin (McDonald and Sears, 1970), cuprizone (Blakemore,
1973), ethidium bromide (Yajima and Suzuki, 1979) and lysophosphatidylcholine (Hall,
1972)
lll. Virus-induced: coronavirus (Herndon et al., 1975) and Theiler's murine
encephalomyelitis virus (Lang et al., 1984).
IV. Myelin mutants: Rumpshaker and Jimpy mice (PLP mutants) Shiverer mouse and
Taiep rat (MBP mutants), (Chernoff, 1981; Sorg et al., 1986; Griffiths et al., 1990; Duncan
et al., 1992)
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1.6.2 Experimental Autoimmune Encephalomyelitis (EA  E)

The most frequently employed and well-studied model of autoimmune demyelination is
the model of experimental autoimmune encephalomyelitis (EAE) (Gold et al., 2006). The
origins of EAE can be traced back to the 1920s, when Koritschoner and Schweinburg
produced spinal cord inflammation in rabbits by inoculation with human spinal cord and
finally to the 1930s, when Rivers and Schwentker reproduced the encephalitic
complications associated with Louis Pasteur's rabies vaccination by repetitive
immunization of rhesus monkeys with CNS tissue (Koritschoner and Schweinburg, 1925;
Rivers and Schwentker, 1935). It became apparent that the complications seen after
vaccination have striking similarities with clinical, neuropathological and immunological
aspects of multiple sclerosis in human. Ever since, EAE has been intensively employed in
order to understand the pathogenesis and help identify potential therapeutic candidates for
MS. It was obtained in several different species and induced by immunization with a large
number of CNS-derived antigens. As a consequence, the pathogenesis, pathology and
clinical signs of EAE vary (Steinman, 2001; Baxter, 2007). Furthermore the severity of the
induced disease and the profile of its clinical deficiencies are determined by the dose and
method of immunization. EAE is most commonly induced by active priming with CNS
homogenate or components of myelin that are encephalitogenic, most notably myelin basic
protein, proteolipid protein and myelin oligodendrocyte glycoprotein (Massacesi et al.,
1995). The antigens are mixed with an adjuvant and inactivated Mycobacterium
tuberculosis (complete Freund’s adjuvant) to enhance the immune response. Immunization
of these proteins in most strains causes paralytic disorder, generally beginning with the tail
muscles and hind legs, and then progressing towards the upper limbs. The rapidly
unfolding neurological defects are accompanied by dramatic loss of weight due to
anorexia. The development of clinical EAE usually follows a predictable schedule. After a
prodromal interval the actual disease develops 10-20 days post-immunization. EAE may
be monophasic or take a fluctuating course with individual disease episodes separated by
partial recovery phases, or chronic, where disease symptoms of the initial attack either
stabilize at peak levels or gradually worsen over time. The disease may then either

spontaneously resolve or end up in chronic paralysis.
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The neuropathology of clinically afflicted rodents includes spinal cord demyelination,
neuronal dysfunction, inflammatory cell infiltration, microglial activation, astrocytosis, axon
loss and proliferation of oligodendrocyte progenitor cells (Penkowa and Hidalgo, 2003;
Ayers et al., 2004; Papadopoulos et al., 2006a). Demyelination and paralytic episodes are
associated with blood-brain barrier dysfunction and infiltration of myelin-specific
inflammatory cells into the CNS (Ercolini and Miller, 2006). The protective myelin sheath is
damaged as a result of several inflammatory mechanisms. Among them are cytokine- (i.a.
IFN-y and tumour necrosis factor alpha (TNF-a) and complement mediated damage,
digestion of surface myelin antigens by macrophages, and direct damage by Thl CD4"
and CD8+ T cells, which lead to apoptosis of oligodendrocytes and microglia (Behi et al.,
2005; Sonobe et al., 2007).

1.6.3  Focal Gliotoxin-induced Demyelination: Lysoph osphatidylcholine (LPC)
Historically local actions of myelinolytic factors in general have been thought to be
involved in the pathogenesis of demyelinating diseases. This encouraged experimental
studies of the activity of lysophosphatides, i.a. lysophosphatidylcholine (LPC) (Thompson,
1961), in the course of which it could be demonstrated in different in vitro studies that LPC
can cause demyelination in the central nervous system and that it is competent to produce
complete solubilisation of brain myelin (Morrison and Zamecnik, 1949; Birkmayer and
Neumayer, 1957; Gent et al., 1964). Several in vivo studies followed demonstrating the
demyelinating capacity of lysophosphatidylcholine in mature, myelinated peripheral nerve
fibores as well as in CNS fibres of dorsal white matter in adult animal spinal cord and
cerebellar peduncle (Woodruff & Franklin, 1999) (Hall and Gregson, 1971; Hall, 1972;
Blakemore et al., 1977). Injection of LPC appeared therefore useful as demyelination
model. Hall and co-workers showed in their experiments that the intraspinal injection of
LPC produces a pure, localized demyelinating lesion. The lesion appears already within 30
min secondary to the toxic effect of LPC on either the oligodendrocytes or the myelin itself
without any involvement of other adjacent, non-myelin cellular components of the fibre
(Hall, 1972). Only after 6-12 h of the toxin withdrawal, a transient T cell and neutrophil

response in the CNS takes place which leads to recruitment of monocytes followed by
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widespread of haematogenous macrophages that mediate rapid phagocytosis and facilitate
the rapid clearance of myelin debris (Ousman and David, 2000). Already within the first
week following LPC injection begins the process of spontaneous remyelination, comprising
the proliferation and differentiation of oligodendrocyte progenitor cell (OPC), which is
completed in most parts of the demyelinated area two weeks later (Jeffery and Blakemore,
1995; Larsen et al., 2003). The lysophosphatidylcholine model has since been employed
by various investigators to create experimental demyelination by myelin breakdown and
apoptosis of oligodendrocytes (Pavelko et al., 1998; Shields et al., 1999; Blakemore et al.,
2002; Wallace et al., 2003). In a manner similar to that used in the EAE, the experimental
model of demyelination based on the injection of LPC as a toxin has been employed as a
model of multiple sclerosis (Blakemore and Franklin, 2008). Yet the use of the neurotoxic
does not attempt to mimic MS with its complex aetiology and pathogenesis but is rather
used to study the biology of remyelination. Comprising both demyelination as well as
remyelination in a short time frame it is particularly suitable for studying the mechanisms

and factors involved in promoting oligodendrocyte differentiation and proliferation.

1.6.3.1 Chemical Structure and Mechanism of LPC

Lysophosphatidylcholine (LPC), also known as lysolecithin, is a major lipid constituent
in mammalian tissues. The LPC molecule is wedge shaped and consists of one long
hydrophobic fatty acyl chain and one large hydrophilic polar choline headgroup, attached to
a glycerol backbone. LPC possesses both hydrophilic and lipophilic properties. This
amphipathic nature gives it surfactant and detergent-like properties.
The biochemical mechanism of the lysophosphatidylcholine generated demyelination is not
yet fully understood. Part of the demyelination effect of LPC may be related to its detergent
effect on membranes, which leads to secondary Ca?* overload accelerating the
demyelinating process. In addition to its action as direct solvent it is thought to cause
myelin breakdown by increasing phospholipase A, activity contained in activated
macrophages which degrades membrane phosphatidylcholine (lecithin) into
lysophosphatidylcholine (lysolecithin) in form of a chain-reaction. Moreover, an indirect
damaging effect on oligodendrocytes by latter disintegration of myelin seems plausible
(Pavelko et al., 1998; Birgbauer et al., 2004).
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1.7  Steroid Hormones, Pregnancy and Multiple Sclero  sis
Multiple sclerosis is a devastating neurological disease that currently affects several
million people throughout the world. Many treatments have been employed to alleviate the
course of the disease and to avoid relapses. The fact that pregnant women suffering from
multiple sclerosis are spared from relapses at the time that sex steroid hormones are at
their physiological maximum prompted the use of neuroactive steroids as potential
treatment for MS (Confavreux et al., 1998). Following this assumption, there is currently a
clinical phase Il trial ongoing, which involves steroid therapy, given immediately
postpartum to prevent relapses of pregnant women suffering from MS (Vukusic et al.,
2009). In this study, named Popart-Mus, an increasing nhumber of pregnant patients are
being recruited and treated with oestrogen/progesterone. First results are expected to
become available by the end of this year. However, tissues to study the neurochemical
basis for steroid treatment cannot come from human sources. Thus, animal models such
as the ones employed in this thesis work may yield valuable data to support a rationale for
steroid treatment of MS.
Relapse decline during pregnancy has also been observed in different animal studies.
In an experimental autoimmune encephalomyelitis model using pregnant rabbits it was
shown that pregnancy exerts a protective effect on the severity of EAE and the risk of EAE
is even lower when immunization has been induced at the end of pregnancy (Evron et al.,
1984). It has been proposed that the increased levels of circulating progesterone at the
time of pregnancy may afford protection against MS (Vukusic and Confavreux, 2006). As
mentioned in the introduction, progesterone receptors are found in spinal cord
motoneurons and oligodendrocytes and it has been observed that progesterone influences
myelin synthesis in the peripheral and central nervous system (Schumacher et al., 2004).
In cultures of oligodendrocytes, the myelin-producing glia of the CNS, PROG increases the
expression of the myelin basic protein (MBP) indicating strong stimulation of myelination
(Ghoumari et al., 2003). Hence progesterone may contribute to oligodendrocyte progenitor
proliferation and have a beneficial influence on the regeneration of myelin repair. In
addition to neuronal and myelinating effects progesterone is thought to have modulating

effects on the immune system.
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1.8 Preliminary Data: Progesterone Applicationin E  AE - Autoimmune-induced
Demyelination (EAE Model)

A preceding study investigated the role of progesterone on spinal cord neuropathology
and clinical outcome employing the before mentioned EAE model of autoimmune-induced
demyelination (Garay et al., 2007).

The study included C57BL/6 female mice (9—-11 weeks old) which remained untreated,
received a single 20 mg or 100 mg progesterone pellet one week before EAE induction by
immunization with the myelin protein “myelin oligodendrocyte glycoprotein” (MOGgo-54)
together with Freund’s adjuvant. This combination led to an encephalitogenic T-cell and
demyelinating autoantibody response, caused extensive demyelination, and reproduced
the complex range of pathological and clinical phenotypes which are associated with
multiple sclerosis (Schluesener et al., 1987; Storch et al., 1998). More specifically, rodents
with EAE presented the expected spinal cord demyelination, inflammatory cell infiltration,
microglial activation, astrocytosis and neuronal dysfunction among other features that are
typically seen in EAE (Papadopoulos et al., 2006a).

Progesterone was employed in order to determine whether the disease onset, clinical
stages and neurochemical changes of the spinal cord could be delayed or ameliorated by
the treatment with the neuroactive steroid. To this end the EAE clinical disease signs were
evaluated along with the spinal cord tissues by means of Luxol fast blue histochemical
staining, expression of myelin basic protein (MBP) and proteolipid protein (PLP) in mice

with and without hormonal treatment.

1.8.1 Progesterone Effects in EAE Mice

The EAE experiment showed that progesterone led to a reduction in clinical severity.
The implanted progesterone pellets modified neurological deficits of EAE mice in that
clinical severity was significantly attenuated and the disease onset significantly delayed.
Histopathological examination of the EAE experiment provided evidence that progesterone
improves the spinal cord neuropathology. While a haematoxylin and eosin staining,
commonly used to assess immune cell infiltration, revealed intense spinal cord infiltration
of mononuclear cells in EAE mice, PROG treatment significantly (p < 0.01 at doses of 20

as well as 100 mg) dampened this inflammatory cell infiltration, thus exhibiting a down-
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regulatory role upon the immune reaction triggered by the myelin protein immunization
(figure 7).
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Figure 7. HE Staining .

Representative 100x magnified photomicrographs show a control mouse, intense infiltration of the dorsal
funicular area in EAE and its recovery after treatment with 20 or 100 mg PROG pellets according to HE
staining. Quantitative data for percent infiltration area is presented in graph on the right: EAE (gray
column), EAE + PROG 20mg (light green column) and EAE + PROG 100 mg (dark green column). Cell
infiltration in EAE was significantly decreased by PROG 20 and 100 mg pellets (**p < 0.01 for both doses;
n = 8-10 mice per group).

Interestingly, percentage of demyelination in the EAE study was positively correlated
with the area of inflammation according to the absence of Luxol fast blue staining for total
myelin (r = 0.99, p = 0.0019) which was substantiated even further by immunohisto-
chemical analysis of the expression of the two major CNS myelin proteins, myelin basic
protein (MBP) and proteolipid protein (PLP) (figures 8a and b).
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Figure 8 a. Myelin protei n stainings .

Representative photomicrographs (100x magn.) of LFB stain and immunoreaction for MBP and PLP.
From top to bottom: CONTROL, EAE, EAE + PROG 20mg and EAE PROG 100 mg treated mice. Arrows
in the EAE groups correspond to demyelinated areas free of LFB staining or MBP and PLP
immunoreactivity. As can be seen in this figure, both doses of PROG were able to recover LFB staining
as well as MBP and PLP immunoreaction intensity of EAE mice.
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Figure 8b . Myelin Protein S tainings .

Quantitative data for percent of demyelination in respect to total white matter area according to Luxol Fast
Blue staining (LFB), immunoreaction for myelin basic protein (MBP) and proteolipid protein (PLP). The three
graphs represent EAE (gray columns), EAE + PROG 20mg (light green columns) and EAE + PROG 100 mg
(dark green columns). PROG of 20 and 100 mg significantly reduced unstained area (*p < 0.05 for both doses
vs. EAE, n = 8-10 mice per group).

The EAE model had been used as an approach to obtain information on whether
progesterone has the potential to impact immune-mediated CNS demyelination. Indeed,
PROG ameliorated disease severity and exhibited anti-inflammatory and myelin-protective
effects, encouraging its potential therapeutic application in demyelinating diseases such as
MS. Yet inflammatory models of demyelination and neurological impairment like EAE are
based on systematic immunological induction and are thus associated with widespread
involvement of not only large areas of the nervous system but also all kinds of immune
cells. This makes it difficult to analyse and interpret specific components of de- and
remyelination in a controlled manner. In contrast, the mechanism of gliotoxin-induced focal
demyelination is independent of the activation of the peripheral immune system and
chronic inflammation at the side of the lesion is minimal. Focal areas of demyelination can
be induced in animals by injection of myelinolytic chemicals into white matter areas which

specifically destroy glial cells.
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2 HYPOTHESIS AND RESEARCH OBJECTIVES

2.1  Hypothesis and General Objectives

Neurosteroids influence the biochemical composition of myelin proteins and promote
myelin renewal in a slow but continuous process of myelin maintenance in the adult human
brain. Even though it is most likely that MS has manifold causes, one possibility
contributing to the pathology could be a diminishment of neuroactive steroids leading to an
absence of their protective, promyelinating influence. This absence would result in an
increased vulnerability of the myelin constituents leaving the myelin structurally altered and
less stable, ultimately resulting in demyelination.

The emerging findings regarding sources, mechanisms, and effects of progesterone
challenge our traditional understanding of steroids and reveal novel so far undefined
actions. Physiological existence of local synthesis and autocrine/paracrine activities are
likely to play an important role in the viability of oligodendrocytes and in the formation of
myelin sheath.

The aim of this thesis was to obtain a more detailed knowledge of the biological
significance and the possible therapeutic value of progesterone in the CNS. It was of
interest to examine whether progesterone ameliorates myelin impairment independently of
the general activation of the immune system. To this end, the role of progesterone and its
contribution on the myelin status were investigated at cellular and molecular levels using

an approach in which myelin destruction is achieved by the local application of a gliotoxin.
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2.2 Specific Objectives

To put these aims into practice a non-immune mediated demyelination model of toxin-
induced origin following intraspinal lysophosphatidylcholine (LPC) injection was employed
(referred to as “LPC model”). The specific aims were to assess whether progesterone

treatment modifies:

a) the survival of oligodendrocytes and their production of myelin proteins indicating
the product of myelin synthesis by mature oligodendrocytes and/or indirectly by
measuring the number of myelinating cells (measured by Luxol fast blue

histochemical staining)

b) the proliferation of the oligodendrocyte progenitor cells and their maturation needed

for remyelination (using immunohistochemistry for NG2 and CC1)

c) the infiltration of inflammatory cells as indicative of the degree of microglial cell

activity (evaluated by OX42 immunohistochemistry)

d) the response of the astrocyte population (by means of GFAP

immunohistochemistry)
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3 ANIMALS, MATERIAL AND METHODS

3.1 Experimental Animals

The experiment of lysophosphatidylcholine induced demyelination was carried out in
C57BL/6 male mice aged 15 weeks. These mice were born and raised in the animal
facilities of the IBYME Institute of Biology and Experimental Medicine or purchased from
the Faculty of Veterinary Medicine, National University of La Plata. The mice were kept at a
constant temperature (23C) and humidity (40%), on a 12 h light—dark cycle, standard food
and water was given ad libitum.
Animal care and all surgical procedures were performed in accordance with the “National
Institutes of Health's Guide for the Care and Use of Laboratory Animals” (NIH
Guide, Institute’s Assurance Certificate # A5072-01) and experimental protocols were
approved by the Institute’s Animal Care and Use Committee. All efforts were made to
minimize animal suffering and to reduce the number of animals used to the minimum

required for statistical accuracy.

3.2 Methods
3.2.1  Surgery of Toxin-induced Demyelination — Intr  aspinal LPC Injection

Mice were anesthetized by intraperitoneal injection of ketamine hydrochloride (25
mg/kg body weight) and xylazine hydrochloride (5 mg/kg body weight). Dorsal
laminectomies were made in the upper thoracic region of the spinal cord and the dura
mater incised close to the midline. A 34 gauge needle attached to a Hamilton syringe was
used to inject 1 pl of a 1% solution of lysophosphatidylcholine (Sigma-Aldrich, MO USA) in
sterile PBS, pH 7.4, with Evan's blue added as a marker. The needle was inserted into the
anterolateral part of the spinal cord, 1 ul of the LPC solution injected, and the needle then
slowly withdrawn. The surgical wound was sutured in two layers, and mice were allowed to

recover. The day of lysophosphatidylcholine injection was designated day O.
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3.2.2 Progesterone (PROG) Treatment

Seven days prior to lysophosphatidylcholine injection 14 mice received hormone treatment.
To this end, mice were implanted with a single 100 mg progesterone (Sigma-Aldrich, MO
USA) pellet under the skin of the neck, whereas another group of 14 mice remained
without steroid treatment and received an equivalent cholesterol pellet. The group

assignment was carried out randomly.

3.2.3  Perfusion, Fixation, Dissection and Tissue Pr  eparation

For histochemical examination experimental animals were sacrificed 7 days after
lysophosphatidylcholine injection. To this end the animals were deeply anesthetized with
ketamine and xylazine hydrochloride (50 mg/kg and 10 mg/kg body weight i.p.
respectively) and intracardially perfused with 30 ml of diethylpyrocarbonate-treated (DEPC)
0.9 % sodium chloride (NaCl) followed by 30 ml of 4 % DEPC paraformaldehyde fixative
(pH 7.2) at 4. Blood was collected from the heart at the time of sacrifice. The spinal
cords were carefully removed. More precisely, the thoracic segments of the spinal cords
were extracted cranial and caudal to the injection site, which were indicated
macroscopically by the addition of Evan’'s blue dye at level T1-T3 approximately. The
spinal cord tissues were then post-fixed in the aforementioned fixative for 2.5 h at 4<C.
Eight entire thoracic segments of the spinal cord per group were processed for further
inclusion in paraffin and six entire thoracic segments per group prepared to be frozen.
Tissues to be stored frozen until further process were cryoprotected by immersion in 20%
sucrose in phosphate buffer (pH 7.2) for 24 h at 4°C, then embedded in Tissue Tek OCT
compound (Sakura Finetek, CA USA) and kept at -80C .

3.2.3.1 Paraffin Section Process

Spinal cord segments embedded in paraffin were cut with a microtome into consecutive
transversal 5 ym sections and mounted on glass slides previously coated with 3.5 %
gelatine. Before that the distinctive stainings sections were deparaffinised with xylene and

rehydrated in descending alcohols.
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3.2.3.2 Cryostat Section Process
Tissues stored frozen at -80C were cut transversal ly at 30 um thickness in a cryostat
(HM505N, Microm, Walldorf Germany) and mounted onto positively charged microscope

slides to be stored again frozen at -80<C until fur ther processing.

3.2.4  Progesterone Serum Level Determination

At the day of sacrifice, blood was drawn from the heart and centrifuged to obtain the
serum. The content of serum progestins were determined using a Coat-A-Count
progesterone radioimmunoassay (RIA) kit (Diagnostic Product Corporation, CA USA) and

results expressed as ng/ml serum.

Due to the relative specificity of RIA methods, the possibility of cross-reaction with
progesterone metabolites existed in hormone-treated mice. Thus, steroid levels were
reported as serum progestins referring to progesterone and its derivates (5a-DHP and
3a,5a-THP).

3.2.5 Determination of Cell Infiltration and Demyel ination
3.2.5.1 Luxol Fast Blue (LFB) Histochemical Stainin g

Deparaffinised sections were stained with Luxol fast blue to mark the area of
demyelination. LFB dye is commonly used for the demonstration of normal myelin. It
belongs to the sulfonated copper phthalocyanine type and is the alcohol-soluble
counterpart of the water-soluble Alcian Blue. Staining is due to lipoproteins, and the
mechanism is an acid-base reaction with salt formation, where the base of the lipoprotein
replaces the base of the dye causing a colour change with myelin fibres seen blue under
the light microscope (Kluver and Barrera, 1953).

For LFB staining, spinal cord sections were deparaffinised and hydrated to 95% ethyl
alcohol and left in 1% Luxol fast blue solution (Luxol fast blue 1 g, 95% alcohol 100 ml,
10% acetic acid 5 ml) at 60° C for 18 hours. After rinsing of excess stain in 95% ethyl
alcohol and distilled water, slides were immersed first in lithium carbonate solution, then in
70% ethyl alcohol (for each 1 min), rinsed in distilled water and mounted with Permount as
described by Kim et al. (Kim et al., 2006).
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3.2.5.2 IHC for Detection of Glial Fibrillary Acidi ¢ Protein (GFAP) and Adenomatous
Polyposis Coli (CC1)

The adenomatous polyposis coli (CC1) antibody recognizes antigens of mature
oligodendrocytes. A weak labelling of astrocytes was however reported. To verify the
specificity of CC1 staining, a double immunofluorescence procedure using the monoclonal
CC1 antibody and a polyclonal glial fibrillary acidic protein (GFAP) antibody (marker of
mainly mature astrocytes) was adopted, where single-labelled cells (CC1-positive/GFAP-
negative) were considered oligodendrocytes (Horky et al., 2006). For double-labelling with
GFAP-CC1, the 30 um frozen sections were thawed, rinsed in PBS and PBS containing
0.5% Triton X-100. Sections were first blocked in 3 % goat serum solved in 0.5% Triton X-
100 for 10 at 37C, then with mouse IgG blocking reagent (Vector M.O.M.
immunedetection kit, Vector Labs) for 1 h at room temperature and rinsed. After
preincubation in M.O.M. diluent (600 ul of protein concentrate in 7.5 ml PBS) for 5 min at
room temperature, sections were incubated at 4C with the mouse anti-CC1 monoclonal
antibody (1/100, Calbiochem, CA USA) and rabbit anti-GFAP polyclonal antibody (1/250,
Sigma-Aldrich, MO USA) diluted in PBS containing 2% goat serum and 0.1% Triton X-100
at 4° C overnight. Negative controls were prepared omitting the primary antibodies (each
singular and jointly). Following the incubation with the primary antibodies, sections were
washed again before application of the secondary antibodies: goat anti-rabbit 1gG
conjugated to Alexa 488 (1/500, Molecular probes, OR USA) and goat anti-mouse IgG
conjugated to Alexa 555 (1/1000, Molecular probes, OR USA) for 30 min at room
temperature. Incubation with secondary antibodies was followed with final washes,
coverslipped using Fluoromount G (Southern Biotech, AL USA) as mounting media and

kept in the dark at 4°C until analysis by confocal microscopy.

3.2.5.3 IHC for Detection of Neuron-Glial Antigen 2  (NG2) and
Complement Receptor 3 (0X42)
It has been reported that neuron-glial antigen 2 (NG2) labelling in lesioned spinal cord
is not restricted to oligodendrocyte progenitor cell (OPC) population, but also includes a

subset of macrophages (McTigue et al., 2001). Thus, the phenotype of NG2+ cells was
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determined using a double labelling immunofluorescence protocol, in which sections were
exposed to the polyclonal rabbit anti-mouse NG2 antibody (1/250, Dr. William Stallcup, the
Burnham Institute, CA USA), and the monoclonal complement receptor 3 (OX42) antibody,
a marker of macrophages / microglia, (1/100, Chemicon, CA USA). It was considered that
single-labelled NG2+/0OX42- cells were indicative of OPC. For double-labelling with NG2-
0OX42, the 30 um frozen sections were thawed, rinsed in PBS and PBS containing 0.5%
Triton X-100 and then blocked with a 3 % goat serum-PBS solved in 0.5% Triton X-100.
After additional washing in PBS the tissue sections were treated with mouse IgG blocking
reagent (Vector M.O.M. Immunodetection Kit, Vector Labs) for 1 h at room temperature
and rinsed again. The application of the M.O.M. diluent (600 ul of protein concentrate in
7.5 ml PBS) for 5 min at room temperature was followed by the incubation with the
respective primary antibodies in 2 % goat serum containing 0.1 % Triton X-100 solution at
4° C overnight. Following the incubation with the primary antibodies, the sections were
washed again before application of the secondary antibodies: goat anti-rabbit 1gG
conjugated to Alexa 488 (1:500, Molecular probes, OR USA) and goat anti-mouse IgG
conjugated to Alexa 555 (1:500), Molecular probes, OR USA) for 30 min at room
temperature. Negative controls were prepared omitting the respective primary antibodies.
Incubation with secondary antibodies was followed with final washes to be mounted with

Fluoromount G and kept in the dark at 4°C until an alysis by confocal microscopy.

Summary of Antibodies Used for Immunohistochemistry

Antibody Specificity
a-NG2 (rabbit, polyclonal) oligodendrocyte precursor cells (neuron-glial antigen 2)

a-CC1 (mouse, monoclonal) mature oligodendrocytes (adenomatous polyposis coli)
a-OX42 (mouse, monoclonal)  microglia, macrophages (complement receptor 3)

a-GFAP (rabbit, polyclonal) astrocytes (glial fibrillary acidic protein)

3.2.6  Quantitative and Statistical Analysis
Values were generally expressed as means * standard error of the mean (SEM). In all
cases p-values < 0.05 were considered significant and indicated with asterisk(s) (* p <

0.05, ** p < 0.01). Graph Pad Prism 5.0 was used for graphic visualization.
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3.2.6.1 Analysis of Luxol Fast Blue

To determine spinal cord demyelination produced by the toxin and the treatment effect
of progesterone on this parameter, images were captured at 40x magnification by the use
of an Olympus BH-2 light microscope coupled to a digital Panasonic GP-KR222 camera.
Focal areas showing negative histochemical staining for LFB were delimited at several
regions of the spinal cord (dorsal, lateral or ventral funiculus) by computerized image
analysis using Bioscan Optimas VI software (Bioscan Optimas, WA USA) (Ferrini et al.,
1995). Surface areas of these regions were added up and demyelination for each spinal
cord section expressed as a percentage of the total surface area of white matter sampled
(Mathisen et al., 2001; Papadopoulos et al., 2006a). Group differences for LFB staining
were determined by one-way ANOVA, followed by post-hoc comparisons with the
Newman-Keuls test.

3.2.6.2 Analysis of NG2, OX42, CC1 and GFAP Immunoh istochemistry

Double-labelled fluorescent cells were examined under a Nikon Eclipse E-800 confocal
scanning laser microscope (Nikon, Tokyo Japan). Images were acquired sequentially in a
line-scanning mode through an optical section of 1 um in the z-axis, and merged using
Nikon EZC1 version 2.1 software. Quantitative analysis of the amount of NG2+ and Ox42+
cells was carried out by computerized image analysis using Bioscan Optimas Il software.
For statistical analysis the Student’s t-test was applied.
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4 RESULTS

As it was pointed out in the introduction, the central aim of this thesis was to study
progesterone’s role as neuroprotectant considering its possible utility in demyelinating
diseases. In view of the fact that MS presents clinical and pathological heterogeneity, it
seems reasonable to undertake different approaches to better understand steroid action in
the setting of demyelination. In a preceding study progesterone effects were studied using
the EAE animal model of autoimmune induced demyelination, that reproduces specific
features of the histopathology and neurobiology of MS including a broad systemic immune
response. The findings of the EAE study obtained in our laboratory strongly support the
promyelinating and neuroprotective actions of progesterone. Yet the EAE experimental
model relies entirely on the compromise of the immune system, suggesting that
progesterone’s main effect is the suppression of immune attack on myelin and myelin-
producing oligodendrocytes.

In view of existing reports in the literature presented in the introduction it seems
possible that progesterone might modulate myelinogenesis at the local level. To test this
hypothesis, LPC was injected directly into the spinal cord which resulted in a focal
demyelinated lesion. In contrast to the EAE model of demyelinating disease, the
mechanism of demyelination in the toxin-induced model is unrelated to general immune
system activation, allowing the evaluation of the remyelinating repair potential of
progesterone treatment from a different perspective.

?ﬁ Exp. EAE T‘\?ﬁ Exp. LPC
C57 BL/6 C57 BL/6
Induction of EAE: (7\‘ i Dorsal laminectomy on upper v
MOG,;.54(200 pg s.c.) + == thoracic region for
CFA (cont. inact. Mycobac. tuberculosis) o !_—1 LLLLLL intraspinal 1% LPC injection
+ Bordetella Pertussis toxin (400 ng i.p.) = with Evan’s blue -
-7 [ 1 16 -7 l 7
Day: 0 l Day: 0
| B.Pertussis toxin (400 ng i.p.) |
S.c. implantation of pellets: S.c. implantation of pellets: |
+ 20 mg progesterone +100 mg progesterone
* 100 mg progesterone + steroid free
+ steroid-free
Figure 9 . Experimental Designs of the previous EAE and Actual LPC Experiment in Comparison.
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The experimental protocol involving lesioning with LPC was adapted from the preceding
EAE experiment (figure 9). For the evaluation of demyelinating lesions using the model of
chemical demyelination, one percent solution of lysophosphatidylcholine (LPC) was
injected into the dorsal funiculus of the spinal cord. The demyelinated lesions,
macroscopically visible due to aggregation of Evan’s blue dye, appeared rostral and caudal
to the injection site within an area ranging between 4 and 10 mm. The C57BL/6 male mice
(15 weeks old) remained either untreated or received a single 100 mg progesterone pellet
one week prior to intraspinal LPC injection and thus progesterone treatment lasted 14
days. Mice were sacrificed seven days after the surgical toxin application because it is
known that at this time point the extent of the lesion is maximal and the expression of the
myelin proteins MBP and PLP is reduced to a minimum as a result of
lysophosphatidylcholine action (Woodruff and Franklin, 1999).

In order to evaluate whether progesterone is able to accelerate the remyelination
process, a comparison between LPC-lesioned animals with or without treatment was
carried out. For the histological assessment of spinal cord demyelination and
remyelination, similar methods to the one described in the EAE experiment were applied,;
however, in this experiment a closer look was given at parameters reflecting the maturation

grade of the oligodendrocytes.

4.1  Progesterone serum level determination

Steroid levels are reported as serum progestins (ng/ml) because of relative specificity of
the RIA methods due to the possibility of cross-reactions with PROG metabolites in
hormone-treated mice. The serum progestin levels were low in hormone-free mice (2.76 £
0.95 ng/ml), and increased more than 25-fold in mice treated with 100 mg progesterone
pellet (73.87 + 8.88, p < 0.0001 versus non-treated mice).

4.2  Histochemical Results
4.2.1  Luxol Fast Blue Histochemistry
The demyelination degree of the lysophosphatidylcholine (LPC) lesioned spinal cord

was determined by histochemical staining with Luxol fast blue (LFB). Intraspinal injection of
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LPC resulted in a prominent focal demyelination 1 week after injury (Fig 10, upper
photomicrographs). To test the putative neuroprotective function of progesterone, the
lesion size of progesterone-treated mice was compared to that of untreated mice,
evaluating sections all through the entire thoracic segment (site of injection) of the spinal
cord. The quantitative evaluation of demyelination expressed as percentage of the total
white matter was carried out as described in Materials and Methods. The study
demonstrated that in progesterone-treated mice the extent of white matter lesions was
significantly reduced in comparison to the lesions shown by the untreated mice (fig. 10,

lower graph).
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Figure 10 . Demyelination Determined by LFB S taining.

The upper photomicrographs show the Luxol Fast Blue staining of representative transverse sections of the
spinal cord. Progesterone administration had a protective effect against damage of white matter myelin.
Quantitative evaluation (lower graph) of % demyelination with respect to total white matter according to Luxol
Fast Blue staining confirmed that the extent of white matter lesions was less severe in progesterone-treated
mice, as compared with untreated animals. Values are the mean + SEM (n = 6-8 mice per group), *p< 0.05
(unpaired t test) with a 95% confidence interval of 1.41 to 20.70.
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4.2.2  Lysophosphatidylcholine Induced Lesions

As a result of LPC injection, we observed a reactive cellular response histological
visible as conglomeration of glial cells. It was equally possible that part of this response
was due to the direct physical injury caused by the injection. Due to the spurious
confluence of many cell types at the direct injection site, quantification of some sections
mostly within the funiculus dorsalis was often difficult as exemplified in figure 11.
Therefore, computerized image analysis was concentrated on the ventral and lateral parts

of the spinal cord white matter.

Figure 11 . LPC-ind uced Glial S car.

Exemplar of strong cell conglomeration caused by local LPC injection —here exc. at FVM (4x and 20x
magnification).

4.2.3 NG2 Immunostaining

The effects of progesterone on oligodendrocyte-precursor cells (NG2-positive cells)
were determined using a cell-specific marker and immunocytochemical techniques coupled
to computerized image analysis. As shown in figure 12, progesterone treatment given
seven days prior to the LPC induced demyelinating lesion moderately stimulated the
proliferation of NG2-positive oligodendrocyte precursor cells. More precisely, progesterone
significantly increased the number of NG2-positive cells in the lateral funiculus but not in
the ventrolateral funiculus over levels of untreated mice. To discount the contribution of

other cell types to NG2 quantification (activated microglia and macrophages), the number
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of NG2-positve/OX42-negative cells was counted in a double immunofluorescence assay
in which staining for NG2 was combined with anti-OX42 staining of the same sections. The
single-labelled cells (NG2'/0X42") were considered indicative of OPC, yet colocalization
was very rarely observed. Thus, it is unlikely that microglia/macrophages produced an

overestimation of the number of NG2+ cells.

NG2 FVL_non treated NG2 FVL PROG treated

NG2 FL non treated NG2 FL PROG treated
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Figure 12. NG2 Immunostaining.

Quantitative evaluation of NG2" cells in FVL and FL in the demyelinated lesion area 7 days after LPC
injection analyzed by immunohistochemistry in untreated and progesterone-treated mice. Results represent
the mean percentage of NG2" cells per 300 pm2 + SEM (n = 5-6 mice per group). There was a significant
difference (indicated with an asterisk) between treated and untreated groups *p< 0.05 in the FL but not in the
FVL (unpaired t test). The 95% confidence interval was -0.64 to 0.93 in FVL and 0.05 to 0.80 in FL. The
upper representative photomicrographs, obtained in the laser confocal microscope, show the counterstaining
of NG2 (green) and OX42" cells (red) in FVL (upper row) and FL (lower row) of the spinal cord below the
LPC lesion site in mice killed 7 days post-injection. Only very few NG2" cells colocalized with Ox42.

4.2.4 0OX42 Immunostaining

Reactive microglia, identified by their intense OX-42 immunoreactivity and enlarged cell
bodies, were additionally detected and measured in the white matter. Following
progesterone treatment, microglial activation in response to LPC was noticeably depressed

as shown by the significant decrease of the number of OX42 immunoreactive cells (fig. 13).

OX42 FVL non treated OX42 FVL PROG treated
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Figure 13. OX42 | mmunostaining.

Quantitative evaluation of OX42" cells in FVL and FL in the demyelinated lesion area 7 days after LPC
injection analyzed by immunohistochemistry in untreated and PROG-treated mice. Results represent the
mean number of OX42" cells per 300 um* + SEM (n = 5-6 mice per group). The asterisk indicates significant
difference between groups ** p< 0.01 (unpaired t-test). The 95% confidence interval is -22.73 to -4.67 in
FVL and -22.99 to -7.97 in FL. PROG significantly decreased the density of OX42" cells in FL as well as
FVL. The upper representative single channel confocal photomicrographs show OX42" cells (red) in FVL
(upper image) and FL (lower image) of the spinal cord below the LPC lesion site in mice killed 7 days p.i.

4.2.5 GFAP Immunostaining
To further evaluate the effects of progesterone on neuroglial cells in the context of
remyelination, the response of astrocytes to the gliotoxin was investigated. In previous

studies it was shown that glial fibrillary acidic protein (GFAP)-labelled astrocytes are
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strongly upregulated in response to CNS damage (Lee et al., 2006). In a study of
penetrating spinal cord injury, progesterone, given for 3 days at the dose of 4 mg/kg, did
not modify the already high GFAP immunoreactivity with the exception of an effect in gray
matter astrocytes (De Nicola et al., 2003). In the present study there was also no
statistically significant difference between untreated and steroid-treated mice between
GFAP-immunoreactive astrocytes in the vicinity of the LPC induced lesion, neither in the
white nor in the gray matter (fig. 14). Similarly, we did not observe a statistical difference in
GFAP-expressing astrocytes, when comparing LPC injected mice with control mice

receiving an injection of PBS as opposed to LPC (data not shown).

GFAP ‘FVM non treated - GFAP - EVM _PROG treated
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Figure 14 . GFAP Immunostaining.

%of GFAP * cells / SG CA

14+
124
104
8
6
4

%of GFAP * cells / FL

2+

GFAP funiculus lateralis

p =0.3581

LPC lesioned
non treated

LPC lesioned
PROG treated

GFAP substantia grisea (cornu anterius)

20-
18+
16-
14+

p = 0.2040

124
104
8
6
e
24
0

LPC lesioned
non treated

LPC lesioned
PROG treated

Quantitative evaluation of GFAP" cells in FVM and FL (upper histogram) and SB and SG (lower histogram)
7 days after LPC injection analyzed by immunohistochemistry in untreated and progesterone-treated mice.
Results represent the mean percentage of GFAP" cells per 300 um”> + SEM (n = 5 mice per group).
Statistical comparison between groups was performed by unpaired t test. The 95% confidence interval is -
2.87 to 7.77 in FVM, -2.34 to 5.76 in FL, -3.80 to 4.92 in SB and -2.61 to 10.45 in SG. The number of
GFAP+ cells did not significantly vary after LPC injection in the demyelinated lesion area. Upper
representative confocal photomicrographs show double staining of GFAP® (green) and CCl1-
oligodendrocyte labelled cells (red) in FVM (upper row) and FL (lower row) of the spinal cord below the

LPC lesion site in mice killed 7 days p.i.

4.2.6

CC1 Immunostaining

The CC1 antibody has been shown to stain mostly mature oligodendrocytes, although

astrocytes may cross-react (although feebly) with this antibody. We observed an increased

immunoreactivity for CC1 in the lateral part of the white matter, which correlated with
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increased immunoreactivity for NG2 (fig. 15). We also performed double-labelling of CC1
and the astrocyte marker glial fibrillary acidic protein (GFAP) in order to discount a
contribution of the latter cell type to the CC1 data. Yet allocation was not always clear due
to a peculiar staining pattern. Thus, it was difficult to differentiate CC1-positive cell bodies
from GFAP-positive astrocytic processes even by confocal microscopy. However, the
observation of the relative absence of influence on GFAP-positive cells, representing
reactive astrocytes, following LPC injection (as described in 4.2.6) suggests that the
significant CC1 increase in the FL portrays a response of mature oligodendrocytes.
Interestingly, progesterone treatment led to a significant increase of CC1 in the funiculus
lateralis but did not differ from untreated mice in the ventral funiculus. This is in agreement

with the results obtained by NG2 immunostaining (see corresponding section 4.2.4).

CC1l FVM non treated CC1 FVM PROG treated
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Figure 15 . CC1 Immunostaining

Quantitative evaluation of CC1" cells in FVL and FL in the demyelinated lesion area 7 days after LPC
injection analyzed by immunohistochemistry in untreated and progesterone-treated mice. Results
represent the mean number of CC1" cells per 300 um2 + SEM (n = 5 mice per group). The asterisk
indicates significant difference between treated and untreated groups **p< 0.01 (unpaired t-test). The 95%
confidence interval is -6.86 to 29.65 in FVM and 5.29 to 20.68 in FL. Progesterone significantly decreased
the density of CC1" cells in FL but not in FVM. Upper representative single channel confocal
photomicrographs show CC1" cells (red) in FVM (upper row) and FL (lower row) of the spinal cord below
the LPC lesion site in mice killed 7 days post-injection.

In summary, the toxin-induced demyelination model showed that the significant
increase in plasma progesterone via progesterone pellet implantation was able to
attenuate the toxin neurochemical damage. Thus, progesterone ameliorated the degree of
myelination according to measurements of Luxol fast blue staining, decreased the density
of OX42-positive microglia/macrophages and increased the density of NG2-positive
oligodendrocyte progenitors as well as the density of CC1-positve mature oligodendrocytes
in the lateral part of the white matter as demonstrated by immunohistochemical analysis.
These data support a promyelinating and anti-inflammatory effect of neuroactive
progesterone, acting locally at the spinal cord level. Thus, previous results obtained with
the EAE model are complemented with data obtained by the LPC model, indicating that in
addition to a powerful suppression of the peripheral immune system, progesterone is able
to locally modulate repair under conditions of demyelination and inflammation of the spinal
cord. In other words, there are two sites of progesterone action, a peripheral and a local,
that complement each other and counteract the neuropathological consequences of

demyelination.
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) DISCUSSION AND PERSPECTIVES

Although inflammation is considered to be a primary feature of demyelinating plaques,
recent reports indicate that demyelination may precede inflammation (Barnett and Prineas,
2004). Furthermore, differences in whether disease pathogenesis is initiated by
demyelination or as preponderance of inflammation could be an explanation of the different
disease courses observed in MS patients. A differentiation between primary inflammatory
and primary demyelinating activities in lesions should therefore be considered. In the
previously published EAE study, it could be demonstrated that progesterone improved the
spinal cord myelin status subsequent to autoimmune triggered demyelination. This reflects
progesterone’s therapeutic suitability in immune triggered demyelination. We hypothesized
furthermore that progesterone is likely to participate in the protection and regeneration of
oligodendrocytes subsequent to demyelination in a local manner not only by influencing
systemic inflammation response.

Hence the focal demyelination model was employed in order to understand if
progesterone effects were entirely due to suppression of the activation of the peripheral
immune system, or if a direct steroid effect in the spinal cord could also explain
progesterone neuroprotective actions. It is known that a focal demyelination model can be
achieved by injection or topic application of lysophosphatidylcholines (LPC). LPC is
obtained from the partial hydrolysis of phosphatidylcholines which removes one of the fatty
acid groups. Hydrolysis is generally the result of the enzymatic action of phospholipase A2.

Quantitative determination by Luxol fast blue staining gave evidence that successful
focal loss of myelin in the spinal cord could be detected through areas lacking Luxol fast
blue staining. Results obtained in mice with injections of lysophosphatidylcholine indicated
that:

a) Progesterone treatment produced important changes in the myelin status

observable in decrease of demyelination foci according to Luxol fast blue staining.

Thus also in the toxin-induced demyelination model, progesterone exerts myelin protecting

effects as previously observed for the EAE demyelination model of autoimmune origin
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(Garay et al., 2007) indicating that progesterone directly influences the survival of

oligodendrocytes and their maintenance or production of myelin proteins.

b) In progesterone-treated mice, the number of NG2+ cells was increased in

comparison to untreated mice injected with LPC.

This response suggests an effect on the oligodendrocytes, the myelin-synthesizing cells
of the CNS. These cells are extremely labile to injury, toxins and neurodegenerative
diseases, which provoke oligodendrocyte loss, axonal demyelination and impaired nerve
conduction (Olby and Blakemore, 1996). However, remaining oligodendrocytes cannot
repair myelin, and remyelination derives from recruitment of an endogenous population of
oligodendrocyte precursor cells (OPC) that express the NG2 surface proteoglycan
(McTigue and Tripathi, 2008). Normally, OPC remain in a quiescent state but rapidly
proliferate in response to toxic demyelination. However, these NG2+ cells do not
differentiate but rapidly evolve into myelin-forming oligodendrocytes if properly stimulated
by several transcription factors, some of which are directly stimulated by progesterone
(Labombarda et al., 2009). Therefore, it was quite important that under our experimental
conditions, progesterone treatment decreased the extent of white matter lesions and
increased the number of NG2+ cells in LPC-lesioned mice in comparison to mice injected
with LPC but without progesterone. At the same time, progesterone treatment led to a
significant increase of mature, differentiated oligodendrocytes labelled with the CC1
antibody at least in the funiculus lateralis, suggesting either that part of the NG2+ cells
differentiated into mature, myelin-producing oligodendrocytes or that both oligodendrocyte
stages were being protected from cell death during and after injury.

Other studies which examined the dynamic nature of oligodendrocyte death and
replacement following spinal cord injury show that oligodendrocytes are lost early and then
replenished within the first 2 weeks following injury (Zai et al., 2005; Horky et al., 2006;
Tripathi and McTigue, 2007). To verify whether differentiation has taken place, a double-

labelled analysis for mature oligodendrocytes (CC1) and bromodeoxyuridine (BrdU) using
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confocal microscopy could be applied as demonstrated in a model of spinal cord injury
(Labombarda et al., 2009).

Progesterone could influence oligodendrocyte survival and/or genesis by multiple
external and internal signaling molecules. To the extracellular growth factors which are
known to be upregulated in the vicinity of CNS lesions, belong brain-derived neurotrophic
factor (BDNF), Neurotrophin-3, glial growth factor and fibroblast growth factor-2 (Lee et al.,
2009; Linker et al., 2009). Data of our laboratory obtained in the Wobbler mouse model of
motoneuron degeneration suggests for example that modulation of brain-derived
neurotrophic factor is likely to be part of the progesterone activated-pathways affording a
trophic protective environment (Gonzalez Deniselle et al., 2007). BDNF in turn could be the
stimulator of intracellular signals such as the transcription factors Olig-1 and Olig-2 which
are essential for the regulation of oligodendrocyte proliferation and differentiation (Talbott
et al.,, 2005; De Nicola et al., 2009). It might also be of interest to study progesterone
effects on the transcription factor peroxisome proliferator-activated receptor delta (PPAR-
0), which is known to play a global role in cellular differentiation and has been shown to be
expressed in the CNS by oligodendrocytes and neurons (Benani et al., 2004; Hall et al.,
2008; Muller et al., 2008). The relation of oligodendrocyte differentiation and this
transcription factor has recently been studied in a model of spinal cord injury without any
treatment applying a triple-label of the above mentioned CC1,BrdU and PPAR-& (Almad
and McTigue, 2010). The study showed two interesting details which help to understand
the LPC experimental results. First of all the results obtained in the model of spinal cord
injury proved once more that NG2-positive oligodendrocyte progenitor cells have the
potential to proliferate after injury. More remarkably, the same study shows that within one
week following injury, new mature CC1-positive BrdU positive oligodendrocytes are
formed. Therefore, this paper is in line with our suggestion that it is indeed possible that
new oligodendrocytes differentiated from proliferating progenitors during LPC-induced
demyelination. Secondly, as mentioned above, the transcription factor PPAR-d may be
involved in the dynamic oligodendrogenesis detected during CNS lesions making it, along
with progesterone treatment an interesting target worthy of further study (Almad and
McTigue, 2010).
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c) It is equally important that our results provided strong evidence that progesterone
treatment prevented the strong microglial activation caused by LPC, as

demonstrated by the diminished number of OX42 immunoreactive cells.

The OX42 antibody recognizes complement receptor type 3 (CR3) in mononuclear
phagocytes and is commonly used to determine the activated microglia (Ling et al., 1990).
Microglial activation is a common response to injury, neurodegeneration and application of
neurotoxins to the central nervous system (O'Callaghan et al., 2008). In these situations,
microglial cells change the phenotype from small, star-shaped cells to amoeboid subtypes
showing strong labelling for OX42. Our demonstration that progesterone treatment
decreased the density of OX42-positive cells indicated that progesterone shows potent
anti-inflammatory effects in situ. There is a single paper in the literature showing that
administration of a glucocorticoid in mice after intraspinal LPC injection arrests the
inflammatory reaction (Pavelko et al., 1998). This glucocorticoid-like effect of progesterone
may be explained by the fact that the glucocorticoid receptor and the progesterone
receptor share the same hormone response element in the DNA (GRE/PRE) (Lee et al.,
2009).

Activated microglia is believed to contribute to MS pathology, possibly, at least in part,
due to the production of nitric oxide and TNF-a, molecules which can be toxic to CNS cells,
including oligodendrocytes. The phenomenon of microglial immunomodulation has been
reported by several authors using different animal models. It was demonstrated that,
similarly to the effects observed during pregnancy, progesterone stimulates a change from
a T helper cell 1 (Thl) pro-inflammatory response to a T helper cell 2 (Th2) anti-
inflammatory response (Gibson et al., 2005; Pettus et al., 2005). It thereby alters the profile
of cytokine secretion by activated lymphocytes, increasing the production of non-
inflammatory, non-cytotoxic interleukins (IL) such as IL-3, IL-4 and IL-10 and reducing the
production of inflammatory, cytotoxic cytokines including interferon delta (IFN-0), TNF-a
and IL-2 (Druckmann and Druckmann, 2005). Progesterone-dependent immune-
modulation, in part mediated by a protein called progesterone-induced blocking factor

(PIBF) (Szekeres-Bartho and Wegmann, 1996), seems plausible considering that during
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pregnancy a protective immunological environment is necessary to prevent abortion. Thus
progesterone plays a modulatory role in the interaction between the neuroendocrine and
the immune systems, constituting a novel therapeutic intervention with respect to the
treatment of autoimmune diseases such as MS. Given that our laboratory focuses on the
biochemical neuroendocrinology, detailed immunomodulatory parameters were not
examined in this study. However it might be interesting to further analyze this issue with
the help of neuroimmunologists (a study concerning this issue will be carried out in the
future in collaboration with the neuroimmunologist Dr. Gabriel Rabinovich at the IBYME

Buenos Aires).

The findings presented here are consistent with a hypothesis regarding the
pathophysiology of MS based on the instability of myelin. It suggests that myelin
components breaking adrift would need to be eliminated by phagocytosis through
microglial cells. The more myelin debris and phagocytic cells there are, the greater the
likelihood that a fraction will be drained into the lymphatic system. Whereas the myelin
proteins are inaccessible to immunosurveillance under normal conditions (being on the
other side of the blood-brain barrier), they would now be present in elevated amounts and
most likely over a longer period within an immunoregulatory environment and thus lead to
the activation of the inadequate immune response. In that way it is favourable that
progesterone seems to diminish broad systemic immune reaction as observed in the EAE
model. Yet, as seen in the LPC model, also around the CNS lesions themselves the myelin
debris triggers an undesirable local inflammatory response and contributes to the
progressive neuropathology and functional deterioration. Until recently there were no
studies on how exactly the myelin, as endogenous inflammatory stimulus, initiates this
inflammatory reaction. Interestingly, new data show that the complement receptor 3 (CR3)
may play a crucial role in the initiation of this inflammatory response. The myelin debris
generated in the injured CNS or demyelinating diseases appear to stimulate macrophages
by binding to its CR3. This leads to the activation of nuclear factor kappa of activated B-
cells (NF-kB) through the focal adhesion kinase/ phosphotidylinositol 3-kinase/ protein
kinase B (FAK/PI3K/PKB) pathway which initiates the inflammation cascade by
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upregulating gene expression of pro-inflammatory mediators and downregulating anti-
inflammatory cytokines (Sun et al., 2010).

Applying this new data to our results suggests that the progesterone treatment-
attributed reduction of CR3 expression (evaluated by OX42 immunohistochemistry) may

contribute to fewer CR3-myelin interactions, avoiding the undesirable microglial activation.

d) GFAP-expressing astrocytes did not significantly vary after LPC injection in the area

surrounding the demyelinated lesion.

Reactive astrogliosis has become a pathological hallmark of CNS structural lesions; it
starts when trigger molecules produced at the injury site drive astrocytes to leave their
guiescent state and become activated. This process is morphologically and biochemically
characterized by upregulation of the intermediate filament glial fibrillary acidic protein
(GFAP), increased cell proliferation and cell hypertrophy.

It is commonly accepted that LPC causes astrocyte reactivity, changing their gene
expression resembling the pattern of immune cells. The toxin-activated astrocytes can
release pro-inflammatory mediators that attract macrophages and microglia and induce
their local and distal proliferation (Sheikh et al., 2009). In the present study there was no
statistically significant difference between GFAP-immunoreactive astrocytes in the vicinity
of the LPC induced lesion in the white or gray matter between untreated and steroid-
treated mice. Therefore, the astrocyte reaction under these conditions may be insensitive
to progesterone levels reached under our experimental protocol, and its down-regulation
may need an additional regulatory factor, i.e., the addition to estrogens, higher or more
prolonged progesterone treatment or other factors.

While reactive astrogliosis was classically considered to be detrimental to CNS
function, it has been suggested to be beneficial in an acute inflammatory environment soon
after demyelination (Williams et al., 2007). Activated astrocytes have been shown to help
maintain a functional environment and influence OPC survival, differentiation and migration
(Dziembowska et al., 2005). GFAP-expressing astrocytes are thought to be necessary for

remyelination. Once stimulated, they produce trophic factors, increase the uptake of toxic
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levels of glutamate and potassium and release lactate as glucose precursor in neurons
(Simard and Nedergaard, 2004).

There are many different theories about the relationship between inflammation and
neurodegeneration in MS. EAE is a model in which inflammation causes demyelination, the
LPC model, by contrast, is one where demyelination causes inflammation. Cumulatively
the results obtained confirm previous data and indicate that progesterone possesses OPC
survival promoting activity regardless of the demyelination origin. Progesterone seems to
influence multiple neuroglial cell types including oligodendrocytes and microglial cells in the
pathophysiological environment following injury induced by lysophosphatidylcholine.

Together with previous observations of progesterone neuroprotective effects observed
following traumatic brain injury, kainic acid damage to the hippocampus and models of
permanent focal brain ischemia as well as glutamate exposed motoneurons, the data
presented in this thesis work provide additional proof that progesterone, a hormone deeply
involved in pregnancy and sexual behaviour, displays unique properties remote and quite
different from its reproductive effects in models of neuroinflammation. (Yu, 1989; Ogata et
al., 1993; Ciriza et al., 2004; Ibanez et al., 2004; Gonzalez Deniselle et al., 2007; Sayeed
et al., 2007; MacNevin et al., 2009). Future work is needed to unveil the clinical relevance

of the present experimental study.

In perspective, as future therapies will have to tackle both damage repair and
attenuation of the ongoing disease process, progesterone is likely to be included in a
therapeutic trial suppressing disease-related inflammation, demyelination and enhancing
myelination. New data evolving from different approaches will help to improve the

understanding of the mechanisms affected by progesterone and other neurosteroids.
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SUMMARY

This thesis comprehends the study of in vivo neuroendocrine effects of progesterone on
myelination and its possible therapeutic value in multiple sclerosis. Progesterone has long
been considered a female sex hormone that is primarily involved in regulating pregnancy.
Yet interestingly also neurons and glial cells synthesize progesterone de novo and express
progesterone receptors (Mariott et al. 2008 Glia 56: 686-98; Schumacher et al. 2008 Curr
Opin Pharmacol 8: 740-6). Recent research shows that progesterone is a potent
pleiotropic neuroactive steroid that can protect and promote myelin renewal in the slow but
continuous process of myelin maintenance in the adult central nervous system.
Regeneration of myelin is mediated by oligodendrocyte precursor cells, which are widely
distributed throughout the central nervous system (CNS).

In multiple sclerosis (MS), the most common demyelinating disease and cause of
neurological disability in young adults, there is a progressive and irreversible loss of myelin
and the remyelination process fails. MS disease activity diminishes during the third
trimester of pregnancy and increases during the first three months post-partum which
coincides with increasing high levels of female sex steroids during pregnancy followed by
dramatic decline immediately after delivery (Confavreux et al. 1998 N Engl J Med 339:
285-291).

An ongoing clinical trial aims to prevent MS relapses related to the post-partum
condition by administering progesterone in combination with estradiol (Vukusic et al. 2009
J Neurol Sci 286: 114-8). Data generated from another clinical trial found evidence that
progesterone is safe for use in patients suffering from traumatic brain injuries and may
reduce the risk of death and long-term disability (Wright et al. 2007 Ann Emerg Med 49:
391-402). While these trials are already enrolling thousands of patients, it seems important
to gain more knowledge of the biological significance of progesterone in the CNS.

Since preclinical data of various experimental CNS lesion models including a preceding
experiment of autoimmune induced encephalitis (EAE) with progesterone treatment
indicate promotion of myelin viability along with anti-inflammatory protection, it was our
objective to investigate whether progesterone ameliorates myelin impairment also

independently of general immune system activation (Garay et al. 2007 J Steroid Biochem
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Mol Biol. 107: 228-237, Gibson et al. 2008 Brain 131: 318-28). Thus, the effects of
exogenously applied progesterone on myelin protection and renewal were examined in
spinal cord lesions of demyelination in a murine model using C57BL/6 mice. Demyelination
was focally induced by direct intraspinal injection of the gliotoxic detergent
lysophosphatidylcholine (LPC).

The histopathological examinations revealed that progesterone reduced the size of LPC
demyelinated lesions as seen by histochemical and immunohistochemical staining of
myelin proteins in animals receiving progesterone treatment compared to untreated
animals. Specifically, the experiments indicated that progesterone treatment (a) produced
important changes in the myelin status of the spinal cord according to the decrease of
demyelination foci measured by Luxol fast blue staining. Progesterone treatment (b)
increased the number of NG2-positive oligodendrocyte-precursor cells and (c) diminished
the number of the local LPC-triggered reactive microglia identified by 0OX42
immunoreactivity in comparison to untreated mice injected with LPC alone, while (d)
progesterone administration did not significantly change glial fibrillary acidic protein
(GFAP)-labelled astrocytes after LPC injection in the area surrounding the demyelinated
lesion.

Thus the results of this thesis using the non-immune mediated toxin-induced model run
in parallel with previous results obtained in the EAE model. While progesterone prevented
excessive microglial activation in the context of local reactive inflammation, the model
suggests that progesterone shows potent myelin protecting activities which are
independent from the systemic immunomodulation and involve recruitment and

proliferation of oligodendrocytes.
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ZUSAMMENFASSUNG

Die vorliegende Arbeit untersucht den neuroendokrinen Einfluss von Progesteron auf die
De- und Remyelinisierung im zentralen Nervensystem (ZNS) und seinen moglichen
therapeutischen Einsatz in Multiple Sklerose (MS).
Progesteron ist uns bisher als weibliches Sexualhormon bekannt, unter anderem in seiner
Funktion zur Aufrechterhaltung der Schwangerschaft. Bemerkenswert ist jedoch, dass
nicht nur Rezeptoren fir das Steroidhormon im gesamten ZNS verteilt gefunden werden
kénnen, sondern auch dass es dort von Nerven- und Gliazellen lokal synthetisiert wird
(Mariott et al. 2008 Glia 56: 686-98; Schumacher et al. 2008 Curr Opin Pharmacol 8: 740-
6). Neue Forschungsergebnisse deuten darauf hin, dass es sich bei Progesteron um ein
leistungsfahiges pleiotrophisches Neurosteroid handelt, welches den langsamen, aber
kontinuierlichen  Prozess der Aufrechterhaltung und Erneuerung der von
Oligondendrozyten gebildeten Myelins im adulten ZNS schitzt und férdert.
MS, die haufigste chronisch-entzindliche, demyelinisierende Erkrankung des ZNS, ist
charakterisiert durch eine progrediente, irreversible Zerstérung der Nervenzellen-
umhillenden Myelinscheide. Studien zeigen, dass die Aktivitat der Krankheit im Verlauf
einer Schwangerschaft deutlich abnimmt und nach Entbindung wieder zunimmt, welches
mit der drastischen Erhéhung wahrend fortschreitender Schwangerschaft sowie dem
postpartalen Abfall der Konzentration dieses Sexualhormons korreliert (Confavreux et al.
1998 N Engl J Med 339: 285-291).
In einer laufenden klinischen Studie scheint die Einnahme von Progesteron kombiniert mit
Ostradiol den postpartalen MS-Rezidiven vorzubeugen (Vukusic et al. 2009 J Neurol Sci
286: 114-8). Daten einer weiteren klinischen Studie demonstrieren, dass Progesteron im
Rahmen von traumatischen Gehirnverletzungen Mortalitdt und Langzeit-Behinderung
reduziert (Wright et al. 2007 Ann Emerg Med 49: 391-402). Wahrend die klinischen
Studien bereits tausende Probanden rekrutieren, erscheint es wichtig die biologische
Bedeutsamkeit von Progesteron im ZNS genauer zu ertrtern.

Préklinische Daten aus experimentellen Tiermodellen auf der Basis verschiedener

ZNS-Lé&sionen, darunter einem fur MS haufig genutztem Tiermodell der experimentell
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autoimmun-induzierten Encephalitis (EAE), unterstitzen die These, dass Progesteron
antiinflammatorisch und protektiv auf Neurone und dessen Myelinschicht wirkt.

Ziel dieser Arbeit ist es, zu untersuchen, ob Progesteron Myelinschdden auch
unabhangig von seinem Einfluss auf das allgmeine Immunsystem direkt schitzt (Garay et
al. 2007 J Steroid Biochem Mol Biol. 107: 228-237, Gibson et al. 2008 Brain 131: 318-28).
Anhand eines geeigneten Tiermodelles zur Untersuchung der De- und Remyelinisierung
wurde die Wirkung von exogen verabreichtem Progesteron auf den Schutz und die
Erneuerung von Myelin untersucht. Hierzu wurde das gliotoxische Detergens
Lysophosphatidylcholin (LPC) lokal in das Rickenmark von C57BL/6 Mausen injiziert. Die
histopathologischen Analysen mittels immun-/ histochemischer Nachweise zeigten, dass
Progesteron die Grosse der durch LPC verursachten demyelinisierten L&sionen im
Vergleich zu unbehandelten Tieren reduziert.

Im Detail zeigte das Experiment, dass die Therapie mit Progesteron (a) signifikant den
Myelin-Status verandert, da es die demyelinisierten Foki, sichtbar durch Luxol-Fast-Blau
Farbung, verringert. Durch die Progesterontherapie wurde sowohl (b) die Anzahl der NG2-
positiven Oligodendrozten-Vorlauferzellen erhéht, als auch (c) die Anzahl der durch die
LPC-verursachten reaktiven Ox42-positiven Microglia-Zellen jeweils im Vergleich zu
unbehandelten Mausen reduziert, wahrend die Progesteronbehandlung (d) GFAP-
markierte Zellen im Bereich der durch LPC bewirkten demyelinisierten L&sion nicht
beeinflusste.

Die Arbeitsergebnisse, die unter Zuhilfenahme des immununabhangigen
Demyelinisierungmodelles durch lokale Toxinverabreichung gewonnen wurden, stimmen
mit vorhergenden Ergebnissen des EAE Modells Uberein. Wéahrend Progesteron eine
UberméRige Mikrogliaaktivierung auch im Rahmen einer lokalen Entzindungsreaktion
eindammt, zeigt dieses angewandte Modell weiterfihrend auf, dass Progesteron starke
Myelin-schitzende Eigenschaften besitzt, welche nicht unter dem Einfluss systemischer
Immunreaktionen stehen und die Rekrutierung und Proliferation von Oligodendrozyten
beinhaltet.

64



REFERENCES

ALLEN, W. M., BUTENANDT, A., CORNER, G. W. & SLOTTA, K. H. (1935) Nomenclature
of the corpus luteum hormone. Science, 82, 153.

ALMAD, A. & MCTIGUE, D. M. (2010) Chronic expression of PPAR-delta by
oligodendrocyte lineage cells in the injured rat spinal cord. J Comp Neurol, 518, 785-99.

ARANDA, A. & PASCUAL, A. (2001) Nuclear hormone receptors and gene expression.
Physiol Rev, 81, 1269-304.

AYERS, M. M., HAZELWOOD, L. J., CATMULL, D. V., WANG, D., MCKORMACK, Q.,
BERNARD, C. C. & ORIAN, J. M. (2004) Early glial responses in murine models of
multiple sclerosis. Neurochem Int, 45, 409-19.

BAGOWSKI, C. P.,, MYERS, J. W. & FERRELL, J. E., JR. (2001) The classical
progesterone receptor associates with p42 MAPK and is involved in
phosphatidylinositol 3-kinase signaling in Xenopus oocytes. J Biol Chem, 276, 37708-
14.

BARNETT, M. H. & PRINEAS, J. W. (2004) Relapsing and remitting multiple sclerosis:
pathology of the newly forming lesion. Ann Neurol, 55, 458-68.

BAULIEU, E. E., ROBEL, P. & SCHUMACHER, M. (Eds.) (1999) Neurosteroids: A new
regulatory function in the nervous system, Totowa, New Jersey, Humana Press.

BAXTER, A. G. (2007) The origin and application of experimental autoimmune
encephalomyelitis. Nat Rev Immunol, 7, 904-12.

BEATO, M. (1989) Gene regulation by steroid hormones. Cell, 56, 335-44.
BEHI, M. E., DUBUCQUOI, S., LEFRANC, D., ZEPHIR, H., SEZE, J. D., VERMERSCH, P.

& PRIN, L. (2005) New insights into cell responses involved in experimental
autoimmune encephalomyelitis and multiple sclerosis. Immunology Letters, 96, 11-26.

BENANI, A., HEURTAUX, T., NETTER, P. & MINN, A. (2004) Activation of peroxisome
proliferator-activated receptor alpha in rat spinal cord after peripheral noxious
stimulation. Neurosci Lett, 369, 59-63.

BERGER, T. (2009) Current therapeutic recommendations in multiple sclerosis. Journal of
the Neurological Sciences, 287, S37-S45.

BIRGBAUER, E., RAO, T. S. & WEBB, M. (2004) Lysolecithin induces demyelination in
vitro in a cerebellar slice culture system. J Neurosci Res, 78, 157-66.

BIRKMAYER, W. & NEUMAYER, E. (1957) [Experimental studies on the problem of formal
pathogenesis of multiple sclerosis.]. Dtsch Z Nervenheilkd, 177, 117-25.

BLACKMORE, P. F, BEEBE, S. J., DANFORTH, D. R. & ALEXANDER, N. (1990)
Progesterone and 17 alpha-hydroxyprogesterone. Novel stimulators of calcium influx in
human sperm. J Biol Chem, 265, 1376-80.

BLAKEMORE, W. F. (1973) Remyelination of the superior cerebellar peduncle in the
mouse following demyelination induced by feeding cuprizone. J Neurol Sci, 20, 73-83.

65



BLAKEMORE, W. F., CHARI, D. M., GILSON, J. M. & CRANG, A. J. (2002) Modelling large
areas of demyelination in the rat reveals the potential and possible limitations of
transplanted glial cells for remyelination in the CNS. Glia, 38, 155-68.

BLAKEMORE, W. F., EAMES, R. A., SMITH, K. J. & MCDONALD, W. I. (1977)
Remyelination in the spinal cord of the cat following intraspinal injections of lysolecithin.
J Neurol Sci, 33, 31-43.

BLAKEMORE, W. F. & FRANKLIN, R. J. (2008) Remyelination in experimental models of
toxin-induced demyelination. Curr Top Microbiol Immunol, 318, 193-212.

BOONYARATANAKORNKIT, V., Bl, Y., RUDD, M. & EDWARDS, D. P. (2008) The role and
mechanism of progesterone receptor activation of extra-nuclear signaling pathways in
regulating gene transcription and cell cycle progression. Steroids, 73, 922-928.

BRADY, S. T., WITT, A. S., KIRKPATRICK, L. L., DE WAEGH, S. M., READHEAD, C., TU,
P. H. & LEE, V. M. (1999) Formation of compact myelin is required for maturation of the
axonal cytoskeleton. J Neurosci, 19, 7278-88.

BUNGE, M. B., BUNGE, R. P. & RIS, H. (1961) Ultrastructural study of remyelination in an
experimental lesion in adult cat spinal cord. J Biophys Biochem Cytol, 10, 67-94.

CAI, W., ZHU, Y., FURUYA, K., LI, Z., SOKABE, M. & CHEN, L. (2008) Two different
molecular mechanisms underlying progesterone neuroprotection against ischemic brain
damage. Neuropharmacology, 55, 127-38.

CARSWELL, R. (Ed.) (1838 ) Pathological anatomy : illustrations of the elementary forms
of disease, London, Longman, Rees, Orme, Brown, Green, and Longman.

CERVANTES, M., GONZALEZ-VIDAL, M. D., RUELAS, R., ESCOBAR, A. & MORALI, G.
(2002) Neuroprotective effects of progesterone on damage elicited by acute global
cerebral ischemia in neurons of the caudate nucleus. Arch Med Res, 33, 6-14.

CHARCOT, J. (1877) Lectures on the diseases of the nervous system. London, United
Kingdom, The New Sydenham Society.

CHEKHONIN, V. P., SEMENOVA, A. V,, GURINA, O. I. & DMITRIEVA, T. B. (2003) [Myelin
oligodendrogliocyte glycoprotein: the structure, functions, role in pathogenesis of
demyelinating disorders]. Biomed Khim, 49, 411-23.

CHERNOFF, G. F. (1981) Shiverer: an autosomal recessive mutant mouse with myelin
deficiency. J Hered, 72, 128.

CIRIZA, I., AZCOITIA, I. & GARCIA-SEGURA, L. M. (2004) Reduced progesterone
metabolites protect rat hippocampal neurones from kainic acid excitotoxicity in vivo. J
Neuroendocrinol, 16, 58-63.

COHEN, B. A. & RIVERA, V. M. (2010) PRISMS: the story of a pivotal clinical trial series in
multiple sclerosis. Curr Med Res Opin, 26, 827-38.

COIRINI, H., GOUEZOU, M., LIERE, P., DELESPIERRE, B., PIANOS, A., EYCHENNE, B.,
SCHUMACHER, M. & GUENNOUN, R. (2002) 3 Beta-hydroxysteroid dehydrogenase
expression in rat spinal cord. Neuroscience, 113, 883-91.

COLMAN, D. R. (1989) Molecular biology of myelin formation. Current Opinion in
Neurology, 2, 979-981.

COMPAGNONE, N. A. & MELLON, S. H. (2000) Neurosteroids: biosynthesis and function
of these novel neuromodulators. Front Neuroendocrinol, 21, 1-56.

66



CONFAVREUX, C., HUTCHINSON, M., HOURS, M. M., CORTINOVIS-TOURNIAIRE, P.,
MOREAU, T. & THE PREGNANCY IN MULTIPLE SCLEROSIS GROUP (1998) Rate of
Pregnancy-Related Relapse in Multiple Sclerosis. N Engl J Med, 339, 285-291.

CONNEELY, O. M. & LYDON, J. P. (2000) Progesterone receptors in reproduction:
functional impact of the A and B isoforms. Steroids, 65, 571-7.

CORPECHOT, C., ROBEL, P., AXELSON, M., SJOVALL, J. & BAULIEU, E. E. (1981)
Characterization and measurement of dehydroepiandrosterone sulfate in rat brain. Proc
Natl Acad Sci U S A, 78, 4704-7.

CRUVEILHIER, J. (Ed.) (1835-42) Anatomie Pathologique du Corps Humain, ou
Descriptions, avec Figures Lithographiees et Coloriees, des Diverses alterations
Morbides dont le Corps Humain est susceptible, Paris, J.B. Bailliere.

DE NICOLA, A. F. (1993) Steroid hormones and neuronal regeneration. Adv Neurol, 59,
199-206.

DE NICOLA, A. F,, LABOMBARDA, F., DENISELLE, M. C., GONZALEZ, S. L., GARAY, L.,
MEYER, M., GARGIULO, G., GUENNOUN, R. & SCHUMACHER, M. (2009)
Progesterone neuroprotection in traumatic CNS injury and motoneuron degeneration.
Front Neuroendocrinol, 30, 173-87.

DI MICHELE, F., LEKIEFFRE, D., PASINI, A., BERNARDI, G., BENAVIDES, J. & ROMEO,
E. (2000) Increased neurosteroids synthesis after brain and spinal cord injury in rats.
Neuroscience Letters, 284, 65-68.

DJEBAILI, M., GUO, Q., PETTUS, E. H.,, HOFFMAN, S. W. & STEIN, D. G. (2005) The
neurosteroids progesterone and allopregnanolone reduce cell death, gliosis, and
functional deficits after traumatic brain injury in rats. J Neurotrauma, 22, 106-18.

DRUCKMANN, R. & DRUCKMANN, M. A. (2005) Progesterone and the immunology of
pregnancy. J Steroid Biochem Mol Biol, 97, 389-96.

DUNCAN, I. D., LUNN, K. F., HOLMGREN, B., URBA-HOLMGREN, R. & BRIGNOLO-
HOLMES, L. (1992) The taiep rat: a myelin mutant with an associated oligodendrocyte
microtubular defect. J Neurocytol, 21, 870-84.

DURELLI, L., COCITO, D., RICCIO, A., BARILE, C., BERGAMASCO, B., BAGGIO, G. F,,
PERLA, F., DELSEDIME, M., GUSMAROLI, G. & BERGAMINI, L. (1986) High-dose
intravenous methylprednisolone in the treatment of multiple sclerosis: clinical-
immunologic correlations. Neurology, 36, 238-43.

DZIEMBOWSKA, M., THAM, T. N., LAU, P., VITRY, S., LAZARINI, F. & DUBOIS-DALCQ,
M. (2005) A role for CXCR4 signaling in survival and migration of neural and
oligodendrocyte precursors. Glia, 50, 258-69.

EDWARDS, D. P. (2005) Regulation of signal transduction pathways by estrogen and
progesterone. Annu Rev Physiol, 67, 335-76.

ERCOLINI, A. M. & MILLER, S. D. (2006) Mechanisms of immunopathology in murine
models of central nervous system demyelinating disease. J Immunol, 176, 3293-8.

ESER, D., ROMEO, E., BAGHAI, T. C., DI MICHELE, F., SCHULE, C., PASINI, A.,
ZWANZGER, P., PADBERG, F. & RUPPRECHT, R. (2006) Neuroactive steroids as
modulators of depression and anxiety. Neuroscience, 138, 1041-8.

67



EVANS, R. M. (1988) The steroid and thyroid hormone receptor superfamily. Science, 240,
889-95.

EVRON, S., BRENNER, T. & ABRAMSKY, O. (1984) Suppressive effect of pregnancy on
the development of experimental allergic encephalomyelitis in rabbits. Am J Reprod
Immunol, 5, 109-13.

FALKENSTEIN, E., TILLMANN, H. C., CHRIST, M., FEURING, M. & WEHLING, M. (2000)
Multiple actions of steroid hormones--a focus on rapid, nongenomic effects. Pharmacol
Rev, 52, 513-56.

FALLER, A. & SCHUENKE, M. (Eds.) (2004) The Human Body: An Introduction to
Structure and Function Georg Thieme Verlag.

FERRINI, M., LIMA, A. & DE NICOLA, A. F. (1995) Estradiol abolishes autologous down
regulation of glucocorticoid receptors in brain. Life Sci, 57, 2403-12.

FILARDO, E. J., QUINN, J. A., BLAND, K. I. & FRACKELTON, A. R., JR. (2000) Estrogen-
induced activation of Erk-1 and Erk-2 requires the G protein-coupled receptor homolog,
GPR30, and occurs via trans-activation of the epidermal growth factor receptor through
release of HB-EGF. Mol Endocrinol, 14, 1649-60.

FILIPOVIC, S. R., DRULOVIC, J., STOJSAVLJEVIC, N. & LEVIC, Z. (1997) The effects of
high-dose intravenous methylprednisolone on event-related potentials in patients with
multiple sclerosis. J Neurol Sci, 152, 147-53.

FILIPPINI, G., BRUSAFERRI, F, SIBLEY, W. A., CITTERIO, A., CIUCCI, G., MIDGARD, R.
& CANDELISE, L. (2000) Corticosteroids or ACTH for acute exacerbations in multiple
sclerosis. Cochrane Database Syst Rev, CD001331.

GALETTA, S. L., MARKOWITZ, C. & LEE, A. G. (2002) Immunomodulatory Agents for the
Treatment of Relapsing Multiple Sclerosis: A Systematic Review. Arch Intern Med, 162,
2161-2169.

GALIANO, M. R., ANDRIEUX, A., DELOULME, J. C., BOSC, C., SCHWEITZER, A., JOB,
D. & HALLAK, M. E. (2006) Myelin basic protein functions as a microtubule stabilizing
protein in differentiated oligodendrocytes. J Neurosci Res, 84, 534-41.

GARAY, L., DENISELLE, M. C., LIMA, A., ROIG, P. & DE NICOLA, A. F. (2007) Effects of
progesterone in the spinal cord of a mouse model of multiple sclerosis. J Steroid
Biochem Mol Biol, 107, 228-37.

GARCIA-SEGURA, L. M., CHOWEN, J. A., DUENAS, M., TORRES-ALEMAN, I. &
NAFTOLIN, F. (1994) Gonadal steroids as promoters of neuro-glial plasticity.
Psychoneuroendocrinology, 19, 445-53.

GARREL, C., FOWLER, P. A. & AL-GUBORY, K. H. (2010) Developmental changes in
antioxidant enzymatic defences against oxidative stress in sheep placentomes. J
Endocrinol, 205, 107-16.

GENAIN, C. P, CANNELLA, B., HAUSER, S. L. & RAINE, C. S. (1999) Identification of
autoantibodies associated with myelin damage in multiple sclerosis. Nat Med, 5, 170-5.

GENT, W. L., GREGSON, N. A., GAMMACK, D. B. & RAPER, J. H. (1964) THE LIPID-
PROTEIN UNIT IN MYELIN. Nature, 204, 553-5.

GHOUMARI, A. M., IBANEZ, C., EL-ETR, M., LECLERC, P., EYCHENNE, B., O'MALLEY,
B. W., BAULIEU, E. E. & SCHUMACHER, M. (2003) Progesterone and its metabolites

68



increase myelin basic protein expression in organotypic slice cultures of rat cerebellum.
J Neurochem, 86, 848-59.

GIANGRANDE, P. H., KIMBREL, E. A., EDWARDS, D. P. & MCDONNELL, D. P. (2000)
The opposing transcriptional activities of the two isoforms of the human progesterone
receptor are due to differential cofactor binding. Mol Cell Biol, 20, 3102-15.

GIBSON, C. L., CONSTANTIN, D., PRIOR, M. J., BATH, P. M. & MURPHY, S. P. (2005)
Progesterone suppresses the inflammatory response and nitric oxide synthase-2
expression following cerebral ischemia. Exp Neurol, 193, 522-30.

GIBSON, C. L. & MURPRHY, S. P. (2004) Progesterone enhances functional recovery after
middle cerebral artery occlusion in male mice. J Cereb Blood Flow Metab, 24, 805-13.

GOLD, R., LININGTON, C. & LASSMANN, H. (2006) Understanding pathogenesis and
therapy of multiple sclerosis via animal models: 70 years of merits and culprits in
experimental autoimmune encephalomyelitis research. Brain, 129, 1953-71.

GONZALEZ-VIDAL, M. D., CERVERA-GAVIRIA, M., RUELAS, R., ESCOBAR, A.,
MORALI, G. & CERVANTES, M. (1998) Progesterone: protective effects on the cat
hippocampal neuronal damage due to acute global cerebral ischemia. Arch Med Res,
29, 117-24.

GONZALEZ DENISELLE, M. C., GARAY, L., GONZALEZ, S., SARAVIA, F,
LABOMBARDA, F., GUENNOUN, R., SCHUMACHER, M. & DE NICOLA, A. F. (2007)
Progesterone modulates brain-derived neurotrophic factor and choline
acetyltransferase in degenerating Wobbler motoneurons. Exp Neurol, 203, 406-14.

GRAY, H. (1973) Anatomy of the human body, Philadelphia :, Lea & Febiger.

GRIFFITHS, I. R., SCOTT, I.,, MCCULLOCH, M. C., BARRIE, J. A., MCPHILEMY, K. &
CATTANACH, B. M. (1990) Rumpshaker mouse: a new X-linked mutation affecting
myelination: evidence for a defect in PLP expression. J Neurocytol, 19, 273-83.

GUENNOUN, R., FIDDES, R. J., GOUEZOU, M., LOMBES, M. & BAULIEU, E. E. (1995) A
key enzyme in the biosynthesis of neurosteroids, 3 beta-hydroxysteroid
dehydrogenase/delta 5-delta 4-isomerase (3 beta-HSD), is expressed in rat brain. Brain
Res Mol Brain Res, 30, 287-300.

GUREVICH, |., FLORES, A. M. & ANESKIEVICH, B. J. (2007) Corepressors of agonist-
bound nuclear receptors. Toxicol Appl Pharmacol, 223, 288-98.

GUTAI, J. P.,, MEYER, W. J., 3RD, KOWARSKI, A. A. & MIGEON, C. J. (1977) Twenty-four
hour integrated concentrations of progesterone, 17-hydroxyprogesterone and cortisol in
normal male subjects. J Clin Endocrinol Metab, 44, 116-20.

HAFLER, D. A. (2004) Multiple sclerosis. J Clin Invest, 113, 788-94.

HALL, M. G., QUIGNODON, L. & DESVERGNE, B. (2008) Peroxisome Proliferator-
Activated Receptor beta/delta in the Brain: Facts and Hypothesis. PPAR Res, 2008,
780452.

HALL, S. M. (1972) The effect of injections of lysophosphatidyl choline into white matter of
the adult mouse spinal cord. J Cell Sci, 10, 535-46.

HALL, S. M. & GREGSON, N. A. (1971) The in vivo and ultrastructural effects of injection
of lysophosphatidyl choline into myelinated peripheral nerve fibres of the adult mouse. J
Cell Sci, 9, 769-89.

69



HAMMES, S. R. & LEVIN, E. R. (2007) Extranuclear steroid receptors: nature and actions.
Endocr Rev, 28, 726-41.

HARTUNG, H. P., GONSETTE, R., KONIG, N., KWIECINSKI, H., GUSEO, A.,
MORRISSEY, S. P., KRAPF, H., ZWINGERS, T., ALBRECHT, H., BASEDOW-
RAJWICH, B., HOFMEISTER, R., POLLMANN, W., STARCK, M., BEER, K., HOPF, H.
C., KOHLER, J., LENSCH, E., BESINGER, U., VOM DAHL, M., HENDRICH, A.,
LOSER, M., BRAUN, M., GREILING, H. W., GREVE, H., KOHL, D., MERKEL, M.,
CONRAD, B., KONSTANZER, A., KORNHUBER, M., DIERKES, W., MUNZ, T.,
ZENKER, O., FLACHENECKER, P. M., WEILBACH, F. X., HAAS, J., HAUSER, U.,
KAMPF, D., MOSER, A., SCHOLZ, J., WEIGLE, L. J., BRANAS, C., SADZOT, B.,
CRAS, P,, DAMS, L., VANDE GAER, L., DEMONTY, L., LISSOIR, F., GUILLAUME, D.,
SEELDRAYERS, P., PEETERS, B., HOSSZU, Z., JOFEJA, E., JANIEC, K., LUBOS, L.,
WAIGT, A., KAMINSKA, A. M. & ZAKRZEWSKA-PNIEWSKA, B. (2002) Mitoxantrone in
progressive multiple sclerosis: A placebo-controlled, double-blind, randomised,
multicentre trial. Lancet, 360, 2018-2025.

HAUSER, S. L. & OKSENBERG, J. R. (2006) The neurobiology of multiple sclerosis:
genes, inflammation, and neurodegeneration. Neuron, 52, 61-76.

HERD, M. B., HAYTHORNTHWAITE, A. R., ROSAHL, T. W., WAFFORD, K. A.,
HOMANICS, G. E., LAMBERT, J. J. & BELELLI, D. (2008) The expression of GABA A
beta subunit isoforms in synaptic and extrasynaptic receptor populations of mouse
dentate gyrus granule cells. J Physiol, 586, 989-1004.

HERNDON, R. M., GRIFFIN, D. E., MCCORMICK, U. & WEINER, L. P. (1975) Mouse
hepatitis virus-induced recurrent demyelination. A preliminary report. Arch Neurol, 32,
32-5.

HOFFMAN, S. W., FULOP, Z. & STEIN, D. G. (1994) Bilateral frontal cortical contusion in
rats: behavioral and anatomic consequences. J Neurotrauma, 11, 417-31.

HOPPENBROUWERS, I. A., AULCHENKQO, Y. S., EBERS, G. C., RAMAGOPALAN, S. V.,
OOSTRA, B. A., VAN DUIJN, C. M. & HINTZEN, R. Q. (2008) EVI5 is a risk gene for
multiple sclerosis. Genes Immun, 9, 334-7.

HORKY, L. L., GALIMI, F.,, GAGE, F. H. & HORNER, P. J. (2006) Fate of endogenous
stem/progenitor cells following spinal cord injury. J Comp Neurol, 498, 525-38.

HOVLAND, A. R., POWELL, R. L., TAKIMOTO, G. S., TUNG, L. & HORWITZ, K. B. (1998)
An N-terminal Inhibitory Function, IF, Suppresses Transcription by the A-isoform but Not
the B-isoform of Human Progesterone Receptors. Journal of Biological Chemistry, 273,
5455-5460.

IBANEZ, C., SHIELDS, S. A, EL-ETR, M., BAULIEU, E. E., SCHUMACHER, M. &
FRANKLIN, R. J. (2004) Systemic progesterone administration results in a partial
reversal of the age-associated decline in CNS remyelination following toxin-induced
demyelination in male rats. Neuropathol Appl Neurobiol, 30, 80-9.

INOUYE, H. & KIRSCHNER, D. A. (1994) Membrane topology of PLP in CNS myelin:
evaluation of models. Neurochem Res, 19, 975-81.

ITOYAMA, Y., STERNBERGER, N. H., WEBSTER, H. D., QUARLES, R. H., COHEN, S. R.
& RICHARDSON, E. P, JR. (1980) Immunocytochemical observations on the

70



distribution of myelin-associated glycoprotein and myelin basic protein in multiple
sclerosis lesions. Ann Neurol, 7, 167-77.

JEFFERY, N. D. & BLAKEMORE, W. F. (1995) Remyelination of mouse spinal cord axons
demyelinated by local injection of lysolecithin. J Neurocytol, 24, 775-81.

JIANG, N., CHOPP, M., STEIN, D. & FEIT, H. (1996) Progesterone is neuroprotective after
transient middle cerebral artery occlusion in male rats. Brain Res, 735, 101-7.

JO, D. H., ABDALLAH, M. A., YOUNG, J., BAULIEU, E. E. & ROBEL, P. (1989)
Pregnenolone, dehydroepiandrosterone, and their sulfate and fatty acid esters in the rat
brain. Steroids, 54, 287-97.

JONSSON, B., VON REIS, G. & SAHLGREN, E. (1954) ACTH and cortisone in the
treatment of multiple sclerosis. Acta Psychiatr Neurol Scand, 29, 53.

KABAT, E. A., GLUSMAN, M. & KNAUB, V. (1948) Quantitative estimation of the albumin
and gamma globulin in normal and pathologic cerebrospinal fluid by immunochemical
methods.

. Am. J. Med., 653-662.

KALRA, P. S. & KALRA, S. P. (1977) Circadian periodicities of serum androgens,
progesterone, gonadotropins and luteinizing hormone-releasing hormone in male rats:
the effects of hypothalamic deafferentation, castration and adrenalectomy.
Endocrinology, 101, 1821-7.

KANTARCI, O. H. & WEINSHENKER, B. G. (2005) Natural history of multiple sclerosis.
Neurol Clin, 23, 17-38, v.

KASTNER, P., KRUST, A., TURCOTTE, B., STROPP, U., TORA, L., GRONEMEYER, H. &
CHAMBON, P. (1990) Two distinct estrogen-regulated promoters generate transcripts
encoding the two functionally different human progesterone receptor forms A and B.
EMBO J, 9, 1603-14.

KIPP, M., KARAKAYA, S., PAWLAK, J., ARAUJO-WRIGHT, G., ARNOLD, S. & BEYER, C.
(2006) Estrogen and the development and protection of nigrostriatal dopaminergic
neurons: concerted action of a multitude of signals, protective molecules, and growth
factors. Front Neuroendocrinol, 27, 376-90.

KLEIN, K. & HENK, W. (1963) [Clinical experimental studies on the influence of
aldosterone on hemodynamics and blod coagulation.]. Z Kreislaufforsch, 52, 40-53.
KLUVER, H. & BARRERA, E. (1953) A method for the combined staining of cells and fibers

in the nervous system. J Neuropathol Exp Neurol, 12, 400-3.

KORITSCHONER, R. S. & SCHWEINBURG, F. (1925) Induktion von Paralyse und
Ruckenmarksentziindung durch Immunisierung von Kaninchen mit menschlichem
Ruckenmarksgewebe. Z. Immunitatsf. Exp. Therapie, 42:217-283.

KORNEK, B., STORCH, M. K., WEISSERT, R., WALLSTROEM, E., STEFFERL, A.,
OLSSON, T., LININGTON, C., SCHMIDBAUER, M. & LASSMANN, H. (2000) Multiple
sclerosis and chronic autoimmune encephalomyelitis: a comparative quantitative study
of axonal injury in active, inactive, and remyelinated lesions. Am J Pathol, 157, 267-76.

KOZOVSKA, M. E., HONG, J., ZANG, Y. C., LI, S., RIVERA, V. M., KILLIAN, J. M. &
ZHANG, J. Z. (1999) Interferon beta induces T-helper 2 immune deviation in MS.
Neurology, 53, 1692-7.

71



KUMON, Y., KIM, S. C., TOMPKINS, P., STEVENS, A., SAKAKI, S. & LOFTUS, C. M.
(2000) Neuroprotective effect of postischemic administration of progesterone in
spontaneously hypertensive rats with focal cerebral ischemia. J Neurosurg, 92, 848-52.

LABOMBARDA, F., GONZALEZ, S. L., LIMA, A, ROIG, P., GUENNOUN, R.,
SCHUMACHER, M. & DE NICOLA, A. F. (2009) Effects of progesterone on
oligodendrocyte progenitors, oligodendrocyte transcription factors, and myelin proteins
following spinal cord injury. Glia, 57, 884-97.

LABOMBARDA, F., PIANOS, A, LIERE, P., EYCHENNE, B., GONZALEZ, S.,
CAMBOURG, A., DE NICOLA, A. F., SCHUMACHER, M. & GUENNOUN, R. (2006)
Injury elicited increase in spinal cord neurosteroid content analyzed by gas
chromatography mass spectrometry. Endocrinology, 147, 1847-59.

LANG, W., RODRIGUEZ, M., LENNON, V. A. & LAMPERT, P. W. (1984) Demyelination and
remyelination in murine viral encephalomyelitis. Ann N 'Y Acad Sci, 436, 98-102.

LARSEN, P. H., WELLS, J. E., STALLCUP, W. B., OPDENAKKER, G. & YONG, V. W.
(2003) Matrix metalloproteinase-9 facilitates remyelination in part by processing the
inhibitory NG2 proteoglycan. J Neurosci, 23, 11127-35.

LASSMANN, H. (2004) Recent neuropathological findings in MS--implications for diagnosis
and therapy. J Neurol, 251 Suppl 4, IV2-5.

LAVAQUE, E., SIERRA, A., AZCOITIA, I. & GARCIA-SEGURA, L. M. (2006) Steroidogenic
acute regulatory protein in the brain. Neuroscience, 138, 741-7.

LE GOASCOGNE, C., ROBEL, P., GOUEZOU, M., SANANES, N., BAULIEU, E. E. &
WATERMAN, M. (1987) Neurosteroids: cytochrome P-450scc in rat brain. Science,
237, 1212-5.

LEE, S. H., JANG, M. K,, KIM, O. S., LEE, O. H., KIM, N. Y,, YOO, K. H., LEE, D. G,
SHONG, Y. H. & MOURADIAN, M. M. (2009) Activation of the GDNF-inducible
transcription factor (GIF) gene promoter by glucocorticoid and progesterone. J Steroid
Biochem Mol Biol, 115, 30-5.

LENA, C. & CHANGEUX, J. P. (1993) Allosteric modulations of the nicotinic acetylcholine
receptor. Trends Neurosci, 16, 181-6.

LEONHARDT, S. A., BOONYARATANAKORNKIT, V. & EDWARDS, D. P. (2003)
Progesterone receptor transcription and non-transcription signaling mechanisms.
Steroids, 68, 761-70.

LI, X., LONARD, D. M. & O'MALLEY, B. W. (2004) A contemporary understanding of
progesterone receptor function. Mechanisms of Ageing and Development, 125, 669-
678.

LING, E. A., KAUR, L. C., YICK, T. Y. & WONG, W. C. (1990) Immunocytochemical
localization of CR3 complement receptors with OX-42 in amoeboid microglia in
postnatal rats. Anat Embryol (Berl), 182, 481-6.

LINKER, R., GOLD, R. & LUHDER, F. (2009) Function of neurotrophic factors beyond the
nervous system: inflammation and autoimmune demyelination. Crit Rev Immunol, 29,
43-68.

LINKER, R. A., MAURER, M., GAUPP, S., MARTINI, R., HOLTMANN, B., GIESS, R.,
RIECKMANN, P., LASSMANN, H., TOYKA, K. V., SENDTNER, M. & GOLD, R. (2002)

72



CNTF is a major protective factor in demyelinating CNS disease: a neurotrophic
cytokine as modulator in neuroinflammation. Nat Med, 8, 620-4.

LONARD, D. M., LANZ, R. B. & O'MALLEY, B. W. (2007) Nuclear receptor coregulators
and human disease. Endocr Rev, 28, 575-87.

LUBLIN, F. D. & REINGOLD, S. C. (1996) Defining the clinical course of multiple sclerosis:
results of an international survey. National Multiple Sclerosis Society (USA) Advisory
Committee on Clinical Trials of New Agents in Multiple Sclerosis. Neurology, 46, 907-11.

LUCCHINETTI, C., BRUCK, W., PARISI, J., SCHEITHAUER, B., RODRIGUEZ, M. &
LASSMANN, H. (2000) Heterogeneity of multiple sclerosis lesions: implications for the
pathogenesis of demyelination. Ann Neurol, 47, 707-17.

LUCONI, M., FRANCAVILLA, F., PORAZZI, |., MACEROLA, B., FORTI, G. & BALDI, E.
(2004) Human spermatozoa as a model for studying membrane receptors mediating
rapid nongenomic effects of progesterone and estrogens. Steroids, 69, 553-9.

MACNEVIN, C. J., ATIF, F,, SAYEED, I., STEIN, D. G. & LIOTTA, D. C. (2009)
Development and screening of water-soluble analogues of progesterone and
allopregnanolone in models of brain injury. J Med Chem, 52, 6012-23.

MAJEWSKA, M. D., HARRISON, N. L., SCHWARTZ, R. D., BARKER, J. L. & PAUL, S. M.
(1986) Steroid hormone metabolites are barbiturate-like modulators of the GABA
receptor. Science, 232, 1004-7.

MALLER, J. L. & KREBS, E. G. (1980) Regulation of oocyte maturation. Curr Top Cell
Regul, 16, 271-311.

MASSACESI, L., GENAIN, C. P,, LEE-PARRITZ, D., LETVIN, N. L., CANFIELD, D. &
HAUSER, S. L. (1995) Active and passively induced experimental autoimmune
encephalomyelitis in common marmosets: a new model for multiple sclerosis. Ann
Neurol, 37, 519-30.

MATHISEN, P. M., KAWCZAK, J. A., YU, M., JOHNSON, J. M. & TUOHY, V. K. (2001)
Differential DM20 mRNA expression distinguishes two distinct patterns of spontaneous
recovery from murine autoimmune encephalomyelitis. J Neurosci Res, 64, 542-51.

MCDONALD, W. I. & SEARS, T. A. (1970) Focal experimental demyelination in the central
nervous system. Brain, 93, 575-82.

MCEWEN, B. S., GOULD, E., ORCHINIK, M., WEILAND, N. G. & WOOLLEY, C. S. (1995)
Oestrogens and the structural and functional plasticity of neurons: implications for
memory, ageing and neurodegenerative processes. Ciba Found Symp, 191, 52-66;
discussion 66-73.

MCTIGUE, D. M. & TRIPATHI, R. B. (2008) The life, death, and replacement of
oligodendrocytes in the adult CNS. J Neurochem, 107, 1-19.

MCTIGUE, D. M., WEI, P. & STOKES, B. T. (2001) Proliferation of NG2-positive cells and
altered oligodendrocyte numbers in the contused rat spinal cord. J Neurosci, 21, 3392-
400.

MELCANGI, R. C., GARCIA-SEGURA, L. M. & MENSAH-NYAGAN, A. G. (2008)
Neuroactive steroids: state of the art and new perspectives. Cell Mol Life Sci, 65, 777-
97.

73



MILLEFIORINI, E., GASPERINI, C., POZZILLI, C., D’ANDREA, F., BASTIANELLO, S.,
TROJANO, M., MORINO, S., MORRA, V. B., BOZZAO, A., CALO’, A., BERNINI, M. L.,
GAMBI, D. & PRENCIPE, M. (1997) Randomized placebo-controlled trial of
mitoxantrone in relapsing-remitting multiple sclerosis: 24-month clinical and MRI
outcome. Journal of Neurology, 244, 153-159.

MILLER, W. L. (1988) Molecular biology of steroid hormone synthesis. Endocr Rev, 9, 295-
318.

MILLIGAN, N. M., NEWCOMBE, R. & COMPSTON, D. A. (1987) A double-blind controlled
trial of high dose methylprednisolone in patients with multiple sclerosis: 1. Clinical
effects. J Neurol Neurosurg Psychiatry, 50, 511-6.

MOORTHY, K., YADAV, U. C., SIDDIQUI, M. R., MANTHA, A. K., BASIR, S. F., SHARMA,
D., COWSIK, S. M. & BAQUER, N. Z. (2005) Effect of hormone replacement therapy in
normalizing age related neuronal markers in different age groups of naturally
menopausal rats. Biogerontology, 6, 345-56.

MORELL, P., QUARLES, R.H., AND NORTON, W.T. (Ed.) (1994) Myelin formation,
structure, and biochemistry, New York, Raven Press.

MORRISON, L. R. & ZAMECNIK, P. C. (1949) Demyelination by means of enzymes. J
Nerv Ment Dis, 109, 358-60.

MORRISSEY, S. P., LE PAGE, E. & EDAN, G. (2005) Mitoxantrone in the treatment of
multiple sclerosis. International MS Journal, 12, 74-87.

MORROW, A. L., VANDOREN, M. J., PENLAND, S. N. & MATTHEWS, D. B. (2001) The
role of GABAergic neuroactive steroids in ethanol action, tolerance and dependence.
Brain Res Brain Res Rev, 37, 98-109.

MULLER, R., RIECK, M. & MULLER-BRUSSELBACH, S. (2008) Regulation of Cell
Proliferation and Differentiation by PPARDbeta/delta. PPAR Res, 2008, 614852.

MURARO, P. A., LIBERATI, L., BONANNI, L., PANTALONE, A., CAPORALE, C. M.,
IARLORI, C., DE LUCA, G., FARINA, D., LUGARESI, A. & GAMBI, D. (2004)
Decreased integrin gene expression in patients with MS responding to interferon-beta
treatment. J Neuroimmunol, 150, 123-31.

NIKI, E., YOSHIDA, Y., SAITO, Y. & NOGUCHI, N. (2005) Lipid peroxidation: mechanisms,
inhibition, and biological effects. Biochem Biophys Res Commun, 338, 668-76.

NORTON, W. T. (1984) Recent advances in myelin biochemistry. Ann N 'Y Acad Sci, 436,
5-10.

NOS, C., SASTRE-GARRIGA, J., BORRAS, C., RIO, J., TINTORE, M. & MONTALBAN, X.
(2004) Clinical impact of intravenous methylprednisolone in attacks of multiple
sclerosis. Mult Scler, 10, 413-6.

O'CALLAGHAN, J. P., SRIRAM, K. & MILLER, D. B. (2008) Defining "neuroinflammation"”.
Ann N Y Acad Sci, 1139, 318-30.

OGATA, T., NAKAMURA, Y., TSUJI, K., SHIBATA, T. & KATAOKA, K. (1993) Steroid
hormones protect spinal cord neurons from glutamate toxicity. Neuroscience, 55, 445-9.

OLBY, N. J. & BLAKEMORE, W. F. (1996) Primary demyelination and regeneration of
ascending axons in the dorsal funiculus of the rat spinal cord following photochemically
induced injury. J Neurocytol, 25, 465-80.

74



OREN, I., FLEISHMAN, S. J., KESSEL, A. & BEN-TAL, N. (2004) Free diffusion of steroid
hormones across biomembranes: a simplex search with implicit solvent model
calculations. Biophys J, 87, 768-79.

OTTANDER, U., HOSOKAWA, K., LIU, K., BERGH, A., NY, T. & OLOFSSON, J. I. (2000) A
putative stimulatory role of progesterone acting via progesterone receptors in the
steroidogenic cells of the human corpus luteum. Biol Reprod, 62, 655-63.

OUSMAN, S. S. & DAVID, S. (2000) Lysophosphatidylcholine induces rapid recruitment
and activation of macrophages in the adult mouse spinal cord. Glia, 30, 92-104.

PAPADOPOULOS, D., PHAM-DINH, D. & REYNOLDS, R. (2006a) Axon loss is
responsible for chronic neurological deficit following inflammatory demyelination in the
rat. Exp Neurol, 197, 373-85.

PAPADOPOULOS, V., BARALDI, M., GUILARTE, T. R., KNUDSEN, T. B., LACAPERE, J.
J., LINDEMANN, P., NORENBERG, M. D., NUTT, D., WEIZMAN, A., ZHANG, M. R. &
GAVISH, M. (2006b) Translocator protein (18kDa): new nomenclature for the
peripheral-type benzodiazepine receptor based on its structure and molecular function.
Trends Pharmacol Sci, 27, 402-9.

PAVELKO, K. D., VAN ENGELEN, B. G. & RODRIGUEZ, M. (1998) Acceleration in the rate
of CNS remyelination in lysolecithin-induced demyelination. J Neurosci, 18, 2498-505.

PELUSO, J. J., FERNANDEZ, G., PAPPALARDO, A. & WHITE, B. A. (2001)
Characterization of a putative membrane receptor for progesterone in rat granulosa
cells. Biol Reprod, 65, 94-101.

PENKOWA, M. & HIDALGO, J. (2003) Treatment with metallothionein prevents
demyelination and axonal damage and increases oligodendrocyte precursors and
tissue repair during experimental autoimmune encephalomyelitis. J Neurosci Res, 72,
574-86.

PETTUS, E. H.,, WRIGHT, D. W., STEIN, D. G. & HOFFMAN, S. W. (2005) Progesterone
treatment inhibits the inflammatory agents that accompany traumatic brain injury. Brain
Res, 1049, 112-9.

PHAM-DINH, D., JONES, E. P., PITIOT, G., DELLA GASPERA, B., DAUBAS, P., MALLET,
J., LE PASLIER, D., FISCHER LINDAHL, K. & DAUTIGNY, A. (1995) Physical mapping
of the human and mouse MOG gene at the distal end of the MHC class Ib region.
Immunogenetics, 42, 386-91.

PHAM-DINH, D., MATTEI, M. G., NUSSBAUM, J. L., ROUSSEL, G., PONTAROTTI, P,
ROECKEL, N., MATHER, I. H., ARTZT, K., LINDAHL, K. F. & DAUTIGNY, A. (1993)
Myelin/oligodendrocyte glycoprotein is a member of a subset of the immunoglobulin
superfamily encoded within the major histocompatibility complex. Proceedings of the
National Academy of Sciences of the United States of America, 90, 7990-7994.

PIETRAS, R. J. & SZEGO, C. M. (1975) Endometrial cell calcium and oestrogen action.
Nature, 253, 357-9.

PIETRAS, R. J. & SZEGO, C. M. (1977) Specific binding sites for oestrogen at the outer
surfaces of isolated endometrial cells. Nature, 265, 69-72.

PRINEAS, J. W. & GRAHAM, J. S. (1981) Multiple sclerosis: capping of surface
immunoglobulin G on macrophages engaged in myelin breakdown. Ann Neurol, 10,
149-58.

75



QIU, M. & LANGE, C. A. (2003) MAP kinases couple multiple functions of human
progesterone receptors: degradation, transcriptional synergy, and nuclear association.
The Journal of Steroid Biochemistry and Molecular Biology, 85, 147-157.

RAZMARA, A., SUNDAY, L., STIRONE, C., WANG, X. B., KRAUSE, D. N., DUCKLES, S.
P. & PROCACCIO, V. (2008) Mitochondrial effects of estrogen are mediated by
estrogen receptor alpha in brain endothelial cells. J Pharmacol Exp Ther, 325, 782-90.

RITCHIE, J. M., WAXMAN, S. G. & WAKSMAN, B. H. (1981) Basic and clinical
electrophysiology of demyelinating diseases. Neurology, 31, 1308-10.

RIVERS, T. M. & SCHWENTKER, F. F. (1935) Encephalomyelitis accompanied by myelin
destruction experimentally produced in monkeys. J Exp Med, 61, 689-702.

ROBERT, F.,, GUENNOUN, R., DESARNAUD, F.,, DO-THI, A., BENMESSAHEL, Y.,
BAULIEU, E. E. & SCHUMACHER, M. (2001) Synthesis of progesterone in Schwann
cells: regulation by sensory neurons. Eur J Neurosci, 13, 916-24.

ROOF, R. L., DUVDEVANI, R., BRASWELL, L. & STEIN, D. G. (1994) Progesterone
facilitates cognitive recovery and reduces secondary neuronal loss caused by cortical
contusion injury in male rats. Exp Neurol, 129, 64-9.

ROOF, R. L., DUVDEVANI, R., HEYBURN, J. W. & STEIN, D. G. (1996) Progesterone
rapidly decreases brain edema: treatment delayed up to 24 hours is still effective. Exp
Neurol, 138, 246-51.

ROOF, R. L., DUVDEVANI, R. & STEIN, D. G. (1993) Gender influences outcome of brain
injury: progesterone plays a protective role. Brain Res, 607, 333-6.

ROUSSEL, G. & NUSSBAUM, J. L. (1981) Comparative localization of Wolfgram W1 and
myelin basic proteins in the rat brain during ontogenesis. Histochem J, 13, 1029-1047.

RUDICK, R. A., STUART, W. H., CALABRESI, P. A.,, CONFAVREUX, C., GALETTA, S. L.,
RADUE, E.-W., LUBLIN, F. D., WEINSTOCK-GUTTMAN, B., WYNN, D. R., LYNN, F,
PANZARA, M. A., SANDROCK, A. W. & THE SENTINEL INVESTIGATORS (2006)
Natalizumab plus Interferon Beta-1a for Relapsing Multiple Sclerosis. N Engl J Med,
354, 911-923.

SAATMAN, K. E., FEEKO, K. J., PAPE, R. L. & RAGHUPATHI, R. (2006) Differential
behavioral and histopathological responses to graded cortical impact injury in mice. J
Neurotrauma, 23, 1241-53.

SAYEED, |., WALLI, B. & STEIN, D. G. (2007) Progesterone inhibits ischemic brain injury in
a rat model of permanent middle cerebral artery occlusion. Restor Neurol Neurosci, 25,
151-9.

SCHLIESS, F. & STOFFEL, W. (1991) Evolution of the myelin integral membrane proteins
of the central nervous system. Biol Chem Hoppe Seyler, 372, 865-874.

SCHLUESENER, H. J., SOBEL, R. A., LININGTON, C. & WEINER, H. L. (1987) A
monoclonal antibody against a myelin oligodendrocyte glycoprotein induces relapses
and demyelination in central nervous system autoimmune disease. J Immunol, 139,
4016-21.

SCHUMACHER, M., GUENNOUN, R., ROBERT, F., CARELLI, C., GAGO, N.,
GHOUMARI, A., GONZALEZ DENISELLE, M. C., GONZALEZ, S. L., IBANEZ, C.,
LABOMBARDA, F., COIRINI, H., BAULIEU, E.-E. & DE NICOLA, A. F. (2004) Local

76



synthesis and dual actions of progesterone in the nervous system: neuroprotection and
myelination. Growth Hormone & IGF Research, 14, 18-33.

SCHUMACHER, M., GUENNOUN, R., STEIN, D. G. & DE NICOLA, A. F. (2007)
Progesterone: therapeutic opportunities for neuroprotection and myelin repair.
Pharmacol Ther, 116, 77-106.

SCHUMACHER, M., ROBEL, P. & BAULIEU, E. E. (1996) Development and regeneration
of the nervous system: a role for neurosteroids. Dev Neurosci, 18, 6-21.

SCHUMACHER, M., SITRUK-WARE, R. & DE NICOLA, A. F. (2008) Progesterone and
progestins: neuroprotection and myelin repair. Curr Opin Pharmacol, 8, 740-6.

SELLEBJERG, F., FREDERIKSEN, J. L., NIELSEN, P. M. & OLESEN, J. (1998) Double-
blind, randomized, placebo-controlled study of oral, high-dose methylprednisolone in
attacks of MS. Neurology, 51, 529-34.

SELYE, H. (1941) The anesthetic effect of steroid hormones. Proceedings of the Society
for Experimental Biology and Medicine, 46, 116-121.

SHEAR, D. A., GALANI, R., HOFFMAN, S. W. & STEIN, D. G. (2002) Progesterone
protects against necrotic damage and behavioral abnormalities caused by traumatic
brain injury. Exp Neurol, 178, 59-67.

SHEIKH, A. M., NAGAI, A., RYU, J. K., MCLARNON, J. G, KIM, S. U. & MASUDA, J.
(2009) Lysophosphatidylcholine induces glial cell activation: role of rho kinase. Glia, 57,
898-907.

SHERMAN, D. L. & BROPHY, P. J. (2005) Mechanisms of axon ensheathment and myelin
growth. Nat Rev Neurosci, 6, 683-90.

SHIELDS, S. A., GILSON, J. M., BLAKEMORE, W. F. & FRANKLIN, R. J. (1999)
Remyelination occurs as extensively but more slowly in old rats compared to young rats
following gliotoxin-induced CNS demyelination. Glia, 28, 77-83.

SIMARD, M. & NEDERGAARD, M. (2004) The neurobiology of glia in the context of water
and ion homeostasis. Neuroscience, 129, 877-96.

SMITH, S. S. & WOOLLEY, C. S. (2004) Cellular and molecular effects of steroid
hormones on CNS excitability. Cleve Clin J Med, 71 Suppl 2, S4-10.

SONOBE, Y., JIN, S., WANG, J., KAWANOKUCHI, J., TAKEUCHI, H., MIZUNO, T. &
SUZUMURA, A. (2007) Chronological changes of CD4(+) and CD8(+) T cell subsets in
the experimental autoimmune encephalomyelitis, a mouse model of multiple sclerosis.
Tohoku J Exp Med, 213, 329-39.

SORG, B. J., AGRAWAL, D., AGRAWAL, H. C. & CAMPAGNONI, A. T. (1986) Expression
of myelin proteolipid protein and basic protein in normal and dysmyelinating mutant
mice. J Neurochem, 46, 379-87.

STEIN, D. G. (2001) Brain damage, sex hormones and recovery: a new role for
progesterone and estrogen? Trends Neurosci, 24, 386-91.

STEINMAN, L. (2001) Myelin-specific CD8 T cells in the pathogenesis of experimental
allergic encephalitis and multiple sclerosis. J Exp Med, 194, F27-30.

STOCCO, D. M. & CLARK, B. J. (1996) Regulation of the acute production of steroids in
steroidogenic cells. Endocr Rev, 17, 221-44.

77



STORCH, M. K., PIDDLESDEN, S., HALTIA, M., IVANAINEN, M., MORGAN, P. &
LASSMANN, H. (1998) Multiple sclerosis: in situ evidence for antibody- and
complement-mediated demyelination. Ann Neurol, 43, 465-71.

SUBRAMANIAN, M., PUSPHENDRAN, C. K., TARACHAND, U. & DEVASAGAYAM, T. P.
(1993) Gestation confers temporary resistance to peroxidation in the maternal rat brain.
Neurosci Lett, 155, 151-4.

SUN, X., WANG, X., CHEN, T,, LI, T., CAO, K., LU, A., CHEN, Y., SUN, D., LUO, J., FAN,
J., YOUNG, W. & REN, Y. (2010) Myelin activates FAK/Akt/NF-kappaB pathways and
provokes CR3-dependent inflammatory response in murine system. PLoS One, 5,
€9380.

SZEGO, C. M. & DAVIS, J. S. (1967) Adenosine 3',5-monophosphate in rat uterus: acute
elevation by estrogen. Proc Natl Acad Sci U S A, 58, 1711-8.

SZEKERES-BARTHO, J. & WEGMANN, T. G. (1996) A progesterone-dependent
immunomodulatory protein alters the Th1/Th2 balance. J Reprod Immunol, 31, 81-95.

TAKIMOTO, G. S., TUNG, L., ABDEL-HAFIZ, H., ABEL, M. G, SARTORIUS, C. A.,
RICHER, J. K., JACOBSEN, B. M., BAIN, D. L. & HORWITZ, K. B. (2003) Functional
properties of the N-terminal region of progesterone receptors and their mechanistic
relationship to structure. J Steroid Biochem Mol Biol, 85, 209-19.

TALBOTT, J. F, LOY, D. N,, LIU, Y,, QIU, M. S., BUNGE, M. B., RAO, M. S. &
WHITTEMORE, S. R. (2005) Endogenous Nkx2.2+/0lig2+ oligodendrocyte precursor
cells fail to remyelinate the demyelinated adult rat spinal cord in the absence of
astrocytes. Exp Neurol, 192, 11-24.

TAYLOR, B. V., LUCAS, R. M., DEAR, K., KILPATRICK, T. J., PENDER, M. P., VAN DER
MEI I. A., CHAPMAN, C., COULTHARD, A., DWYER, T., MCMICHAEL, A. J., VALERY,
P. C., WILLIAMS, D. & PONSONBY, A. L. (2010) Latitudinal variation in incidence and
type of first central nervous system demyelinating events. Mult Scler.

THOMAS, A. J., NOCKELS, R. P., PAN, H. Q., SHAFFREY, C. I. & CHOPP, M. (1999)
Progesterone is neuroprotective after acute experimental spinal cord trauma in rats.
Spine (Phila Pa 1976), 24, 2134-8.

THOMAS, P. (2008) Characteristics of membrane progestin receptor alpha (mPRalpha)
and progesterone membrane receptor component 1 (PGMRC1) and their roles in
mediating rapid progestin actions. Front Neuroendocrinol, 29, 292-312.

THOMPSON, R. H. (1961) Myelinolytic mechanisms. Proc R Soc Med, 54, 30-3.

TIAN, J., KIM, S., HEILIG, E. & RUDERMAN, J. V. (2000) Identification of XPR-1, a
progesterone receptor required for Xenopus oocyte activation. Proc Natl Acad SciU S
A, 97, 14358-63.

TORA, L., GRONEMEYER, H., TURCOTTE, B., GAUB, M.-P. & CHAMBON, P. (1988) The
N-terminal region of the chicken progesterone receptor specifies target gene activation.
Nature, 333, 185-188.

TORAN-ALLERAND, C. D., SINGH, M. & SETALO, G,, JR. (1999) Novel mechanisms of
estrogen action in the brain: new players in an old story. Front Neuroendocrinol, 20, 97-
121.

78



TRAUGOTT, U., SCHEINBERG, L. C. & RAINE, C. S. (1985) On the presence of la-
positive endothelial cells and astrocytes in multiple sclerosis lesions and its relevance
to antigen presentation. J Neuroimmunol, 8, 1-14.

TRIPATHI, R. & MCTIGUE, D. M. (2007) Prominent oligodendrocyte genesis along the
border of spinal contusion lesions. Glia, 55, 698-711.

TRUSS, M. & BEATO, M. (1993) Steroid hormone receptors: interaction with
deoxyribonucleic acid and transcription factors. Endocr Rev, 14, 459-79.

VALERA, S., BALLIVET, M. & BERTRAND, D. (1992) Progesterone modulates a neuronal
nicotinic acetylcholine receptor. Proc Natl Acad Sci U S A, 89, 9949-53.

VAUDRY, H., REGO, J. L., BEAUJEAN-BUREL, D., LEPRINCE, J., GALAS, L.,
LARHAMMAR, D., FREDRIKSSON, R., LUU-THE, V., PELLETIER, G., TONON, M. C.
& DELARUE, C. (2005) Regulation of Neurosteroid Biosynthesis by Neurotransmitters
and Neuropeptides. Hormones and the Brain.

VON BUDINGEN, H. C., TANUMA, N., VILLOSLADA, P., OUALLET, J. C., HAUSER, S. L.
& GENAIN, C. P. (2001) Immune responses against the myelin/oligodendrocyte
glycoprotein in experimental autoimmune demyelination. J Clin Immunol, 21, 155-70.

VUKUSIC, S. & CONFAVREUX, C. (2006) [Multiple sclerosis and pregnancy]. Rev Neurol
(Paris), 162, 299-309.

VUKUSIC, S., IONESCU, I., EL-ETR, M., SCHUMACHER, M., BAULIEU, E. E., CORNU,
C. & CONFAVREUX, C. (2009) The Prevention of Post-Partum Relapses with Progestin
and Estradiol in Multiple Sclerosis (POPART'MUS) trial: rationale, objectives and state
of advancement. J Neurol Sci, 286, 114-8.

WALLACE, V. C., COTTRELL, D. F,, BROPHY, P. J. & FLEETWOOD-WALKER, S. M.
(2003) Focal lysolecithin-induced demyelination of peripheral afferents results in
neuropathic pain behavior that is attenuated by cannabinoids. J Neurosci, 23, 3221-33.

WALLIN, M. T., PAGE, W. F. & KURTZKE, J. F. (2009) Migration and multiple sclerosis in
Alaskan military veterans. J Neurol, 256, 1413-7.

WARREN, S. A., SVENSON, L. W. & WARREN, K. G. (2008) Contribution of incidence to
increasing prevalence of multiple sclerosis in Alberta, Canada. Mult Scler, 14, 872-9.

WEHLING, M., SCHULTZ, A. & LOSEL, R. (2006) Nongenomic actions of estrogens:
exciting opportunities for pharmacology. Maturitas, 54, 321-6.

WEILL-ENGERER, S., DAVID, J. P., SAZDOVITCH, V., LIERE, P., EYCHENNE, B.,
PIANOS, A., SCHUMACHER, M., DELACOURTE, A., BAULIEU, E. E. & AKWA, Y.
(2002) Neurosteroid quantification in human brain regions: comparison between
Alzheimer's and nondemented patients. J Clin Endocrinol Metab, 87, 5138-43.

WEIMBS, T. & STOFFEL, W. (1992) Proteolipid protein (PLP) of CNS myelin: positions of
free, disulfide-bonded, and fatty acid thioester-linked cysteine residues and implications
for the membrane topology of PLP. Biochemistry, 31, 12289-12296.

WIENDL, H., TOYKA, K. V., RIECKMANN, P., GOLD, R., HARTUNG, H. P., HOHLFELD,
R., BAUMHACKL, U., BERGER, T., DEISENHAMMER, F., FAZEKAS, F,,
FREIMULLER, M., KOLLEGGER, H., KRISTOFERITSCH, W., LASSMANN, H.,
MARKUT, H., STRASSER-FUCHS, S., VASS, K., SINDIC, C., D’HOOGHE, M. B.,
PODOBNIK, S., HAVRDOVA, E., ELOVAARA, I., CLANET, M., CONFAVREUX, C.,
EDAN, G,, LUBETZKI, C., ALTENKIRCH, H., BAMBORSCHKE, S., BAUM, K., BAYAS,

79



A., BENECKE, R., BRUCK, W., BUTTMANN, M., CHAN, A., DAUMER, M.,
DOMMASCH, D., ELIAS, W. G., FASSHAUER, E., FLACHENECKER, P., HAAS, J.,
HAFERKAMP, G., HALLER, P., HEESEN, C., HEIBEL, M., HEIDENREICH, F.,
HEMMER, B., HENZE, T., JANZEN, R. W. C., JAPP, G,, JUNG, S., JAGELT, E.,
KALLMANN, B., KIESEIER, B. C., KLEINSCHNITZ, C., KOHLER, J., KOHLER, W.,
KOLMEL, W., KONIG, N., LEHRIEDER, G., LEUSSINK, V., LOWITZSCH, K., MAURER,
M., MANEGOLD, U., MELMS, A., MERTIN, J., MEUTH, S. G,, NEUHAUS, O.,
OSCHMANN, P., PETEREIT, H. F,, PETTE, M., POHLAU, D., POHL, D., RUPRECHT,
K., SAILER, M., SCHIPPER, H., SCHMIDT, S., SCHOCK, G., SCHULZ, M.,
SCHWARZ, S., SCHWENDEMANN, G,, SEIDEL, D., SOMMER, N., STANGEL, M.,
STARK, E., STEINBRECHER, A., STOLL, G., TUMANI, H., VOLTZ, R., WEBER, F,,
WEILBACH, F., WIETHALTER, H., WILDEMANN, B., ZETTL, U. K., ZIEMSSEN, T.,
ZIPP, F., ZSCHENDERLEIN, R., OROLOGAS, A., GUSEO, A., BERGMANN, S.,
PUGLIATTI, M., et al. (2008) Basic and escalating immunomodulatory treatments in
multiple sclerosis: Current therapeutic recommendations. Journal of Neurology, 255,
1449-1463.

WILLIAMS, A., PIATON, G. & LUBETZKI, C. (2007) Astrocytes--friends or foes in multiple
sclerosis? Glia, 55, 1300-12.

WOODRUFF, R. H. & FRANKLIN, R. J. (1999) Demyelination and remyelination of the
caudal cerebellar peduncle of adult rats following stereotaxic injections of lysolecithin,
ethidium bromide, and complement/anti-galactocerebroside: a comparative study. Glia,
25, 216-28.

WRIGHT, D. W., BAUER, M. E., HOFFMAN, S. W. & STEIN, D. G. (2001) Serum
progesterone levels correlate with decreased cerebral edema after traumatic brain
injury in male rats. J Neurotrauma, 18, 901-9.

WRIGHT, D. W., KELLERMANN, A. L., HERTZBERG, V. S., CLARK, P. L., FRANKEL, M.,
GOLDSTEIN, F. C., SALOMONE, J. P, DENT, L. L., HARRIS, O. A., ANDER, D. S.,
LOWERY, D. W., PATEL, M. M., DENSON, D. D., GORDON, A. B., WALD, M. M.,
GUPTA, S., HOFFMAN, S. W. & STEIN, D. G. (2007) ProTECT: a randomized clinical
trial of progesterone for acute traumatic brain injury. Ann Emerg Med, 49, 391-402, 402
el-2.

WRIGHT, D. W., RITCHIE, J. C., MULLINS, R. E., KELLERMANN, A. L. & DENSON, D. D.
(2005) Steady-state serum concentrations of progesterone following continuous
intravenous infusion in patients with acute moderate to severe traumatic brain injury. J
Clin Pharmacaol, 45, 640-8.

XIAO, G., WEI, J., YAN, W., WANG, W. & LU, Z. (2008) Improved outcomes from the
administration of progesterone for patients with acute severe traumatic brain injury: a
randomized controlled trial. Crit Care, 12, R61.

XU, L., SAPOLSKY, R. M. & GIFFARD, R. G. (2001) Differential sensitivity of murine
astrocytes and neurons from different brain regions to injury. Exp Neurol, 169, 416-24.

YAJIMA, K. & SUZUKI, K. (1979) Demyelination and remyelination in the rat central
nervous system following ethidium bromide injection. Lab Invest, 41, 385-92.

YU, W. H. (1989) Survival of motoneurons following axotomy is enhanced by lactation or
by progesterone treatment. Brain Res, 491, 379-82.

80



ZAl L. J., YOO, S. & WRATHALL, J. R. (2005) Increased growth factor expression and cell
proliferation after contusive spinal cord injury. Brain Res, 1052, 147-55.

ZANG, Y. C. Q., HALDER, J. B., SAMANTA, A. K., HONG, J., RIVERA, V. M. & ZHANG, J.
Z. (2001) Regulation of chemokine receptor CCR5 and production of RANTES and
MIP-1[alpha] by interferon-[beta]. Journal of Neuroimmunology, 112, 174-180.

ZHOU, D., SRIVASTAVA, R., NESSLER, S., GRUMMEL, V., SOMMER, N., BRUCK, W.,
HARTUNG, H. P.,, STADELMANN, C. & HEMMER, B. (2006) Identification of a
pathogenic antibody response to native myelin oligodendrocyte glycoprotein in multiple
sclerosis. Proc Natl Acad Sci U S A, 103, 19057-62.

ZHU, Y., RICE, C. D., PANG, Y., PACE, M. & THOMAS, P. (2003) Cloning, expression, and
characterization of a membrane progestin receptor and evidence it is an intermediary in
meiotic maturation of fish oocytes. Proc Natl Acad Sci U S A, 100, 2231-6.

81



"Mein Lebenslauf wird aus datenschutzrechtlichen Griinden in der elektronischen Version
meiner Arbeit nicht veroffentlicht."”

82



ERKLARUNG

»ich, Victoria Tungler, erklare, dass ich die vorgelegte Dissertationsschrift mit dem
Thema: ,Progesterone’s Activity in the Central Nervous System: A Murine Model Study
on Gliotoxin Injured Myelin of the Spinal Cord” selbst verfasst und keine anderen als die
angegebenen Quellen und Hilfsmittel benutzt habe. Ich erklare, diese Arbeit ohne die
(unzul&ssige) Hilfe Dritter verfasst zu haben und auch in Teilen keine Kopien anderer
Arbeiten dargestellt zu haben.”

Datum: Unterschrift:

83



