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Glucocorticoids are a class of steroid hormones that are endowed with profound antiinflammatory and immunosuppressive activities. Endogenous glucocorticoids are key players in the modulation of the immune system and establish an endocrine basis of many inflammatory diseases. In addition, synthetic glucocorticoids are amongst the most commonly prescribed drugs worldwide for the treatment of autoimmune disorders. In this review we summarize our present knowledge on the mechanisms by which glucocorticoids impact on multiple sclerosis (MS), a highly prevalent neuroinflammatory disease, and its animal model experimental autoimmune encephalomyelitis (EAE). In spite of the new methodologies that have become available during recent years, we are still far from a comprehensive picture of the mechanism by which glucocorticoids control neuroinflammation.

Introduction

Glucocorticoids (GCs) are a class of steroid hormones that are commonly used to treat acute and chronic inflammatory disorders [START_REF] Tuckermann | Molecular mechanisms of glucocorticoids in the control of inflammation and lymphocyte apoptosis[END_REF]. They exert most of their functions by binding to the glucocorticoid receptor (GR), which controls gene expression and signalling cascades through genomic as we ll as non-genomic mechanisms. By this means, GCs modulate the survival, differentiation, migration and various effector functions of leukocytes and other cell types and thereby impact both, innate and adaptive immunity. W hilst GCs administered at pharmacological concentrations are considered purely immunosuppressive, fluctuations in the levels of endogenous GCs, e.g. during stress, result in more complex immunomodulatory effects [START_REF] Elenkov | Stress Hormones, Th1/Th2 patterns, Pro/Antiinflammatory Cytokines and Susceptibility to Disease[END_REF].

One major application of GCs is the treatment of neuroinflammatory disorders, in particular multiple sclerosis (MS), the most prevalent chronic autoimmune disease of the central nervous system (CNS) in the Western world [START_REF] Noseworthy | Multiple sclerosis[END_REF].

MS is characterized by infiltrating autoreactive T-cells in the CNS that initiate an inflammatory cascade involving leukocytes and humoral components [START_REF] Sospedra | Immunology of multiple sclerosis[END_REF]. This causes demyelination and axonal loss, which eventually leads to severe functional deficits. While GCs have no positive effect on the long-term prognosis of MS, optic neuritis and other acute relapses are widely treated with high doses of methylprednisolone [START_REF] Milligan | A double-blind controlled trial of high dose methylprednisolone in patients with multiple sclerosis: 1. Clinical effects[END_REF]. Still, such a therapy may lead to severe complications or incomplete recovery. Furthermore, it is known that the course of MS is influenced by the level of endogenous GCs [START_REF] Elenkov | Stress Hormones, Th1/Th2 patterns, Pro/Antiinflammatory Cytokines and Susceptibility to Disease[END_REF]. Women in the third trimester of pregnancy and Cushing syndrome patients often experience remission of the disease. This is explained by a polarization of the immune system towards T H 2 dominated responses as a consequence of increased A c c e p t e d M a n u s c r i p t -4 cortisol synthesis. Thus, fluctuations in GC production impact the course of neuroinflammatory diseases such as MS.

Whilst the importance of GCs for the control of neuroinflammation is doubtless, the mechanism at work is still unclear. Presently the pro-apoptotic function of GCs, their ability to impact migration and extravasation through the blood-brain barrier (BBB) and various influences on the effector functions of immune cells are discussed [START_REF] Reichardt | Glucocorticoids in multiple sclerosis and experimental autoimmune encephalomyelitis[END_REF]. While clinical studies have made important contributions to solve these questions, new insight has mainly been achieved using experimental autoimmune encephalomyelitis (EAE), a widely recognized animal model for MS that reflects many hallmarks of the human disease [START_REF] Gold | Understanding pathogenesis and therapy of multiple sclerosis via animal models: 70 years of merits and culprits in experimental autoimmune encephalomyelitis research[END_REF]. It will be important in the future to continue along this line to improve our understanding of the mechanism of GCs in the control of neuroinflammation.

Molecular basis of glucocorticoid actions

The GR, a member of the nuclear receptor superfamily, is involved in the control of a plethora of physiological processes ranging from energy homeostasis and cognitive functions to the modulation of the immune system [START_REF] Mangelsdorf | The nuclear receptor superfamily: the second decade[END_REF]. In the absence of GCs, the GR is sequestered in a multimeric complex in the cytoplasm.

Once GCs have entered the cell, the GR is released and translocates into the nucleus [START_REF] Beato | Steroid hormone receptors: many actors in search of a plot[END_REF]. After binding to DNA, it drives transcription from socalled GC response elements (GREs), present in the promoter and enhancer regions of many genes [START_REF] Luisi | Crystallographic analysis of the interaction of the glucocorticoid receptor with DNA[END_REF]. Besides this mode of action, the GR also regulates gene expression by interfering with other transcription factors such as NF-κB, AP-1 or Stat5 without the need to directly bind DNA [START_REF] Heck | I kappaB alpha-independent downregulation of NF-kappaB activity by glucocorticoid receptor[END_REF]Heck et A c c e p t e d M a n u s c r i p t al., 1994;[START_REF] Stoecklin | Specific DNA binding of Stat5, but not of glucocorticoid receptor, is required for their functional cooperation in the regulation of gene transcription[END_REF]. Besides their established effects on transcription there is growing evidence for additional non-genomic effects of GCs [START_REF] Song | Non-genomic glucocorticoid effects to provide the basis for new drug developments[END_REF]. These comprise physicochemical interactions of the hormones with cellular membranes, the interference of the GR with cytosolic signal transduction components such as PI3K [START_REF] Limbourg | Rapid nontranscriptional activation of endothelial nitric oxide synthase mediates increased cerebral blood flow and stroke protection by corticosteroids[END_REF] or actions mediated through membrane-bound GRs [START_REF] Bartholome | Membrane glucocorticoid receptors (mGCR) are expressed in normal human peripheral blood mononuclear cells and upregulated after in vitro stimulation and in patients with rheumatoid arthritis[END_REF]. While cellular properties are modulated through different mechanisms, the GR itself is also subject to various modifications. These include the generation of multiple N-terminal isoforms by translational mechanisms [START_REF] Lu | Translational regulatory mechanisms generate Nterminal glucocorticoid receptor isoforms with unique transcriptional target genes[END_REF], differential phosphorylation of the receptor [START_REF] Webster | Mouse glucocorticoid receptor phosphorylation status influences multiple functions of the receptor protein[END_REF] and the use of distinct promoters by alternative mRNA splicing [START_REF] Purton | Expression of the glucocorticoid receptor from the 1A promoter correlates with T lymphocyte sensitivity to glucocorticoid-induced cell death[END_REF]. Taken together, this forms the basis for a plethora of GC activities.
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Multiple sclerosis and its animal model experimental autoimmune encephalomyelitis

MS was first described in 1868 by the French neurologist Jean Martin Charcot who observed an accumulation of inflammatory cells in the CNS of patients suffering from periodic episodes of neurological dysfunction [START_REF] Hafler | Multiple sclerosis[END_REF]. In 1933, Thomas Rivers showed that symptoms similar to the ones seen in MS patients could be induced by repeated injection of rabbit brain homogenate into primates without a need of infectious agents [START_REF] Rivers | Observations on attemps to produce acute disseminated encephalomye litis in monkeys[END_REF]. This marks the beginning of the long history of EAE, the most widely used animal model of MS.
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MS is a neuroinflammatory disorder characterized by the infiltration of pathogenic T cells into the CNS reacting with myelin antigens (Figure 1). Although the site where the encephalitogenic cells are initially primed remains elusive, it is known that they cross the BBB followed by reactivation [START_REF] Kawakami | Live imaging of effector cell trafficking and autoantigen recognition within the unfolding autoimmune encephalomyelitis lesion[END_REF]. In turn, effector cells release proinflammatory cytokines leading to the activation of the microglia and other local immune cells. Subsequently, additional autoreactive and conventional T cells, macrophages, granulocytes and B cells are attracted to the CNS accompanied by antibody production and complement deposition [START_REF] Hemmer | Immunopathogenesis and immunotherapy of multiple sclerosis[END_REF]. This leads to the destruction of the myelin sheet, oligodendrocyte damage and axonal loss [START_REF] Bjartmar | Axonal and neuronal degeneration in multiple sclerosis: mechanisms and functional consequences[END_REF]. For a long time MS and EAE were considered to be purely T H 1-mediated autoimmune disorders. However, the T H 17 lineage [START_REF] Komiyama | IL-17 plays an important role in the development of experimental autoimmune encephalomyelitis[END_REF] and CD8 + T cells [START_REF] Friese | Autoreactive CD8+ T cells in multiple sclerosis: a new target for therapy?[END_REF] have recently gained attention and also appear to play an important role in the pathogenesis of neuroinflammatory diseases.

The majority of MS patients suffer from a relapsing-remitting form of the disease, which is characterized by attacks of neurological dysfunction followed by a gradual improvement. After ten years or more most of these patients develop secondary progressive MS where phases of quiescence are no longer observed. In contrast, up to 15% of all patients present with primary progressive MS that manifests in a continuous aggravation of the disease without remission. W hilst no treatment is available for the latter form, relapsing-remitting MS is most commonly treated with Interferon-β and Glatiramer Acetate [START_REF] Murray | Diagnosis and treatment of multiple sclerosis[END_REF]. In addition, new reagents such as Tysabri or FTY720 have proven to efficiently ameliorate MS in clinical trials [START_REF] Fontoura | Emerging therapeutic targets in multiple sclerosis[END_REF]. W hereas application of GCs has little impact on the long-term prognosis of MS, high-dose therapy still remains the standard regimen for the treatment of acute relapses and optic neuritis. Most commonly 0.5 -2g
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methylprednisolone are applied intravenously for five consecutive days followed by a rapid taper [START_REF] Pozzilli | Corticosteroids treatment[END_REF]. However, despite its unsurpassed efficacy, accompanying side effects still cannot be circumvented.

EAE has been instrumental in analysing the pathogenesis of MS for more than 70 years [START_REF] Gold | Understanding pathogenesis and therapy of multiple sclerosis via animal models: 70 years of merits and culprits in experimental autoimmune encephalomyelitis research[END_REF]. EAE can be induced by injection of various myelin antigens in the presence of adjuvant (active EAE) or by adoptive transfer of encephalitogenic T cells (AT-EAE) [START_REF] Ben-Nun | The rapid isolation of clonable antigenspecific T lymphocyte lines capable of mediating autoimmune encephalomyelitis[END_REF][START_REF] Swanborg | Experimental autoimmune encephalomyelitis in the rat: lessons in T-cell immunology and autoreactivity[END_REF]. MBP-induced EAE in the Lewis rat results in a monophasic disease course, which mimics the inflammatory characteristics of MS whereas injection of myelin oligodendrocyte glycoprotein (MOG) into C57/Bl6 mice causes a chronic-progressive disease that is accompanied by demyelination and axonal damage [START_REF] Reichardt | Glucocorticoids in multiple sclerosis and experimental autoimmune encephalomyelitis[END_REF]. Moreover, DA rats or SJL mice are used to investigate a relapsing-remitting disease course, which is seen in the majority of MS patients (see above). The variety of EAE animal mode ls highlights the fact that most characteristics of MS can be studied in rodents although none of them fully reflects the human pathology.

Pivotal mechanisms of glucocorticoids in MS and EAE

Induction of apoptosis by glucocorticoids

The phenomenon of GC-induced T cell apoptosis has been recognized almost 30 years ago but the exact mechanism is not yet fully understood [START_REF] Screpanti | Steroid sensitivity of thymocyte subpopulations during intrathymic differentiation. Effects of 17 beta-estradiol -27 and dexamethasone on subsets expressing T cell antigen receptor or IL-2 receptor[END_REF]. The presence of the GR, DNA-binding dependent transcription and de novo gene expression is required but none of the identified target genes such as the proapoptotic proteins Bim and PUMA has turned out to be essential (Erlacher et al., A c c e p t e d M a n u s c r i p t -8

2005; [START_REF] Reichardt | DNA binding of the glucocorticoid receptor is not essential for survival[END_REF][START_REF] Wang | Glucocorticoids engage different signal transduction pathways to induce apoptosis in thymocytes and mature T cells[END_REF]. Signal transduction events initiated in T cells after exposure to GCs include the activation of various caspases, the release of cathepsin B from lysosomes, increased H 2 O 2 levels, production of ceramides, altered Na + / K + levels, interaction with kinases and many more [START_REF] Herold | Glucocorticoids in T cell apoptosis and function[END_REF].

Induction of T cell death in the CNS is widely observed in EAE models and MS patients (Figure 2). In the remission phase of MBP-EAE in Lewis rats, autoreactive T lymphocytes in the spinal cord undergo massive apoptosis [START_REF] Tabi | Apoptotic elimination of V beta 8.2+ cells from the central nervous system during recovery from experimental autoimmune encephalomyelitis induced by the passive transfer of V beta 8.2+ encephalitogenic T cells[END_REF].

Presumably, endogenous GCs are released as a consequence of proinflammatory cytokines produced during EAE and lead to the induction of T cell death [START_REF] Pender | Apoptosis of alpha beta T lymphocytes in the nervous system in experimental autoimmune encephalomyelitis: its possible implications for recovery and acquired tolerance[END_REF]. This notion is supported by the finding that adrenalectomized rats suffer from a fatal EAE accompanied by very low levels of apoptosis [START_REF] Grauer | Glucocorticosteroid therapy in optic neuritis and multiple sclerosis. Evidence from clinical studies and practical recommendations[END_REF][START_REF] Smith | Apoptosis of T cells and macrophages in the central nervous system of intact and adrenalectomized Lewis rats during experimental allergic encephalomyelitis[END_REF]. Furthermore, high-dose methylprednisolone pulse therapy of AT-EAE in Lewis rats augments T cell apoptosis in a dose-dependent manner [START_REF] Schmidt | Tcell apoptosis in situ in experimental autoimmune encephalomyelitis follo wing methylprednisolone pulse therapy[END_REF]. Similar results were obtained in clinical studies, demonstrating induction of apoptosis in peripheral blood leukocytes after high-dose GC therapy of MS patients [START_REF] Leussink | High-dose methylprednisolone therapy in multiple sclerosis induces apoptosis in peripheral blood leukocytes[END_REF]. In general, it appears that DNA fragmentation and the susceptibility to apoptosis after GC treatment is more pronounced in CD4 + T cells as compared to CD8 + T cells due to differences in Bcl-2 expression [START_REF] Migita | Apoptosis induction in human peripheral blood T lymphocytes by high-dose steroid therapy[END_REF]. Thus, both endogenous and therapeutically applied GCs cause T cell death during EAE and MS and are responsible for the amelioration of the disease. Although this is generally accepted, the true relevance for therapeutic efficacy in the treatment of EAE and MS is debatable. In particular, a marked repression of neurological symptoms could be achieved in Lewis rats after a single dose of 0,25mg/kg dexamethasone despite the absence of T cell apoptosis [START_REF] Nguyen | Increased apoptosis of T lymphocytes and macrophages in the central and peripheral nervous systems of Lewis rats with experimental autoimmune encephalomyelitis treated with dexamethasone[END_REF].

Moreover, it is also not known whether autoreactive and conventional T cells are differentially affected by GC-induced cell death [START_REF] Mccombe | Corticosteroid treatment of experimental autoimmune encephalomyelitis in the Lewis rat results in loss of V beta 8.2+ and myelin basic protein-reactive cells from the spinal cord, with increased total T-cell apoptosis but reduced apoptosis of V beta 8.2+ cells[END_REF]. Thus, administration of GCs leads to the induction of T cell apoptosis and ameliorates MS and EAE but the mechanism and the extent to which a causative relationship between both pheno mena exists remains elusive.

Effects of glucocorticoids on the blood-brain barrier and leukocyte migration

The BBB mainly consists of endothelial cells, astrocyte end feet and pericytes and serves to protect the CNS from attacks by the systemic immune system. The endothelium shows specific characteristics in the sense that these cells lack fenestration, make more extensive tight junctions and contain a specific transport system [START_REF] Ballabh | The blood-brain barrier: an overview: structure, regulation, and clinical implications[END_REF]. W hile the vascular endothelium does not express ICAM-1 and VCAM-1 under basal conditions, these adhesion molecules are upregulated in response to pro-inflammatory cytokines such as IFN-γ and TNF-α [START_REF] Sloka | The mechanism of action of methylprednisolone in the treatment of multiple sclerosis[END_REF]. Consequently, integrines on encephalitogenic T cells interact with these adhesion molecules, which is required for the extravasation of additional effector T cells into the CNS [START_REF] Engelhardt | Molecular mechanisms involved in T cell migration across the blood-brain barrier[END_REF]. Importantly, GCs inhibit the disruption of the BBB and thereby reduce leukocyte infiltration into the CNS [START_REF] Paul | Inhibition of blood-brain barrier disruption in experimental allergic encephalomyelitis by short-term therapy with dexamethasone or cyclosporin A[END_REF]. Direct effects of GCs on the BBB were demonstrated in vitro (Figure 2). In cultured brain endothelial cells dexamethasone induced the reduction of pores, the concentration of F-Actin on the cell periphery and an increased expression of ZO-1 and occludin [START_REF] Förster | Occludin as direct target for glucocorticoid-induiced improvement of blood-brain barrier properties in a murine in vitro system[END_REF][START_REF] Förster | Glucocorticoid effects on mouse microvascular endothelial barrier permeability are brain specific[END_REF][START_REF] Romero | Changes in cytoskeletal and tight junctional proteins correlate with decreased permeability induced by dexamethasone in cultured rat brain endothelial cells[END_REF]. How these mechanisms impact the integrity of the BBB in vivo requires as well as adhesion molecules on the endothelial cells (Figure 2). Follo wing methylprednisolone treatment, one study described reduced amounts of soluble VCAM-1 and E-selectin in the serum of MS patients [START_REF] Elovaara | Adhesion molecules in multiple sclerosis: relation to subtypes of disease and methylprednisolone therapy[END_REF]. Similarly, the amount of VLA-4 and LFA-1 on blood leukocytes was found to be decreased [START_REF] Elovaara | Methylprednisolone reduces adhesion molecules in blood and cerebrospinal fluid in patients with MS[END_REF]. High-dose methylprednisolone also reduced the TNF-α induced expression of ICAM-1 and VCAM-1 [START_REF] Gelati | High-dose methylprednisolone reduces cytokine-induced adhesion mo lecules on human brain endothelium[END_REF]. Studies in humans further demonstrated a down-regulation of gelatinase B and urokinase-type plasminogen activator and an increase of TIMPs after steroid therapy [START_REF] Rosenberg | Effect of steroids on CSF matrix metalloproteinases in multiple sclerosis: relation to blood-brain barrier injury[END_REF]. Also the cytokine-induced up-regulation of MMP-9 [START_REF] Harkness | Dexamethasone regulation of matrix metalloproteinase expression in CNS vascular endothelium[END_REF] as well as the histamine H 1 and H 2 receptors [START_REF] Karlstedt | Lack of histamine synthesis and down-regulation of H1 and H2 receptor mRNA levels by dexamethasone in cerebral endothelia l cells[END_REF] in rat brain endothelial cells were diminished after dexamethasone treatment. Recently, it was shown that fibrinogen is deposited in MS plaques following BBB disruption. This leads to microglia activation through MAC-1 and thereby contributes to demyelination and an exaggerated EAE [START_REF] Adams | The fibrin-derived γ377-395 peptide inhibits microglia activation and suppresses relapsing paralysis in central nervous system autoimmune disease[END_REF]. Since GCs prevent disruption of the BBB, this should diminish fibrinogen leakage into the CNS and therefore contribute to the amelioration of the disease. In summary, these studies revealed cell-cellinteraction as well as extracellular matrix remodelling as potential targets of GCs in the context of the BBB (Figure 2).

Interpretation of GC effects on the BBB in vivo is somewhat problematic. In most studies encephalitogenic T cells cannot be distinguished from other T cells, which may disguise specific effects on the effector cells. In contrast, in vitro studies using cell lines do not allow addressing the complex interplay between infiltrating leukocytes and the endothe lial cells of the BBB. Finally, the down-regulation of adhesion molecules on the vascular endothelium may either result from direct transcriptional regulation but could also be secondary to diminished cytokine release Chemokines and their receptors play a prominent role for the migration of leukocytes to the site of inflammation (Figure 2). In particular CXCR-3 seems to be crucial for neuroinflammation. The majority of T cells in MS patients express CXCR-3 within the CSF compartment [START_REF] Sorensen | Multiple sclerosis: a study of CXCL10 and CXCR3 co-localization in the inflamed central nervous system[END_REF] and almost all encephalitogenic T cells isolated from Lewis rats stain positive for this chemokine receptor [START_REF] Tischner | Polyclonal expansion of regulatory T cells interferes with effector cell migration in a model of multiple sclerosis[END_REF]. High-dose methylprednisolone treatment of MS patients leads to a reduction of CXCR-3 and CCR5 expression on peripheral blood T cells [START_REF] Elovaara | Effect of high-dose methylprednisolone treatment on CCR5 expression on blood cells in MS exacerbation[END_REF][START_REF] Wang | Immune parameters associated with early treatment effects of high-dose intravenous methylprednisolone in multiple sclerosis[END_REF]. In addition, a diminished level of CXCL10/IP-10, the ligand of CXCR3, and an elevated level of CCL2 were observed in the CSF of MS patients after GC therapy [START_REF] Moreira | Effect of the treatment with methylprednisolone on the cerebrospinal fluid and serum levels of CCL2 and CXCL10 chemokines in patients with active multiple sclerosis[END_REF]. It is noteworthy that the role of CCL2 in MS is controversial, although it appears that it is linked to the polarization of T cells towards a TH2 phenotype [START_REF] Moreira | Effect of the treatment with methylprednisolone on the cerebrospinal fluid and serum levels of CCL2 and CXCL10 chemokines in patients with active multiple sclerosis[END_REF]. Thus, influences on the expression of chemokine receptors and their ligands may also result from a T H 2 shift induced by GCs (see below). Finally, production of IL-8 by monocytes, which contributes to the disruption of the BBB by recruiting leukocytes to the CNS is also decreased in MS patients after GC treatment [START_REF] Mirowska-Guzel | High dose of intravenously given glucocorticosteroids decrease IL-8 production by monocytes in multiple sclerosis patients treated during relapse[END_REF].

In summary, administration of GCs interferes with the disruption of the BBB. This involves direct effects on endothelial cells, interactions between the vascular endothelium and infiltrating leukocytes, extracellular matrix remodelling and migration along chemokine gradients. However, direct effects on the BBB are hard to distinguish from indirect effects that stem from increased apoptosis or diminished pro-inflammatory cytokine production.
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Immunosuppressive effects of glucocorticoids

Besides influences on apoptosis and the BBB, GCs are known for a variety of general immunosuppressive effects (Figure 2). GC treatment decreases the production and release of pro-inflammatory cytokines such as IFN-γ, TNF-α, IL-2, IL-1β and IL-12 [START_REF] Almawi | Regulation of cytokine and cytokine receptor expression by glucocorticoids[END_REF], which is similarly observed in MS patients during steroid therapy. Methylprednisolone decreases the expression of TNFα and IFNγ on the mRNA level in PBMCs isolated from MS patients [START_REF] Gayo | Glucocorticoids increase IL-10 expression in multiple sclerosis patients with acute relapse[END_REF]. This was also observed in cultured PLP-specific CD4 + T cells in the presence of dexamethasone [START_REF] Correale | Steroid hormone regulation of cytokine secretion by proteolipid protein-specific CD4+ T cell clones isolated from multiple sclerosis patients and normal control subjects[END_REF]. Most of the pro-inflammatory cytokines that are down-regulated by GCs are T H1 cytokines, which are known to play an important role in the pathogenesis of MS. In contrast, the levels of T H 2 cytokines such as IL-10 and TGF-β are rather increased by GCs [START_REF] Correale | Steroid hormone regulation of cytokine secretion by proteolipid protein-specific CD4+ T cell clones isolated from multiple sclerosis patients and normal control subjects[END_REF][START_REF] Gayo | Glucocorticoids increase IL-10 expression in multiple sclerosis patients with acute relapse[END_REF].

This observation led to the model that GCs favour the differentiation of T cells into the TH2 lineage and thereby modulate the susceptibility to EAE and MS (Figure 2).

Such a notion would be in line with the finding that encephalitogenic T cells cultured in the presence of IL-4 and dexamethasone are unable to induce EAE. Furthermore, we have recently described a strain of transgenic rats (superTGR) characterized by enhanced GR signalling (van den [START_REF] Van Den Brandt | Enhanced glucocorticoid receptor signalling in T cells impacts thymocyte apoptosis and adaptive immune responses[END_REF]. Intriguingly, these anima ls show increased resistance to EAE induction, presumably as a consequence of a T H 2 bias of the immune response. Similarly, clinical studies show that MS patients often experience a remission of disease symptoms under conditions of chronically elevated cortisol levels [START_REF] Elenkov | Stress Hormones, Th1/Th2 patterns, Pro/Antiinflammatory Cytokines and Susceptibility to Disease[END_REF]. In summary, GCs impact on the production of various cytokines, polarize the immune response towards the T H 2 type and directly affect the effector functions of encephalitogenic T cells.

Besides the control of cytokine synthesis, also NO production by macrophages, neutrophilic granulocytes and microglial cells is inhibited by GCs [START_REF] Kleinert | Glucocorticoids inhibit the induction of nitric oxide synthase II by downregulating cytokine-induced activity of transcription factor nuclear factor-kappa B[END_REF] (Figure 2). NO is involved in the destruction of oligodendrocytes by micrcoglial cells, and both IFN-γ and TNF-α are able to induce iNOS [START_REF] Redford | Nitric oxide donors reversibly block axonal conduction: demyelinated axons are especially susceptible[END_REF][START_REF] Sloka | The mechanism of action of methylprednisolone in the treatment of multiple sclerosis[END_REF]. In a coculture system of rat primary neurons and activated microglia the addition of dexamethasone decreased the production of NO [START_REF] Golde | Decreased iNOS synthesis mediates dexamethasone-induced protection of neurons from inflammatory injury in vitro[END_REF]. However, it is also conceivable that this effect is secondary to the GCmediated down-regulation of IFN-γ and TNF-α, which are essential for the induction of iNOS [START_REF] Redford | Nitric oxide donors reversibly block axonal conduction: demyelinated axons are especially susceptible[END_REF][START_REF] Sloka | The mechanism of action of methylprednisolone in the treatment of multiple sclerosis[END_REF]. Another potentially important target for the immunosuppressive activity of GCs is the activation and priming of effector T cells, a process that requires the expression of MHC and costimulatory molecules on myeloid cells (Figure 2). Application of 1mg/kg dexamethasone in a Wistar rat EAE model reduced MHC class II expression on microglial cells, which presumably interferes with antigen presentation and thereby the activation of effector T cells [START_REF] Kiefer | Effects of dexamethasone on microglial activation in vivo: selective downregulation of major histocompatibility complex class II expression in regenerating facial nucleus[END_REF]. In contrast, the influence of GCs on CD80 and CD86 is controversial. Dexamethasone increased antigen uptake by DCs and decreased the basal expression of CD86 in cell culture [START_REF] Vanderheyde | Inhibition of human dendritic cell functions by methylprednisolone[END_REF]. In contrast, the expression of B7 molecules in MS patients was not affected after high-dose GC therapy [START_REF] Boylan | CD80 (B7-1) and CD86 (B7-2) expression in multiple sclerosis patients: clinical subtype specific variation in peripheral monocytes and B cells and lack of modulation by high dose methylprednisolone[END_REF].

The influence of GCs on regulatory T (T reg ) cells was only recently recognized (Figure 2). Administration of dexamethasone to mice increases the relative number of CD4 + CD25 + T reg cells, which are more resistant to GC-induced apoptosis due to a higher expression of Bcl-2. After dexamethasone treatment Treg cells express elevated levels of CTLA-4, which may enhance their suppressive capacity (Chen et A c c e p t e d M a n u s c r i p t -14 al., 2004). Importantly, similar observations were made in humans where the percentage of T reg cells in MS patients was increased after short-term GC therapy [START_REF] Navarro | Circulating dendritic cells subsets and regulatory T-cells at multiple sclerosis relapse: differential short-term changes on corticosteroids therapy[END_REF]. Furthermore, concomitant administration of dexamethasone and IL-2 was more successful in treating EAE as compared to dexamethasone alone, which correlated with the expansion of T reg cells in vivo [START_REF] Chen | Glucocorticoid amplifies IL-2-dependent expansion of functional FoxP3(+)CD4(+)CD25(+) T regulatory cells in vivo and enhances their capacity to suppress EAE[END_REF]. Thus, effects on Treg cells presumably contribute to the therapeutic efficacy of GCs.

In summary, GCs exert immunosuppressive activities by acting on both T cells and myeloid cells, e.g. macrophages and microglia. This leads to a suppression of T H 1 and an induction of T H 2 cytokines, the repression of NO production, impaired T cell activation and a higher number of T reg cells. In combination, these effects may significantly contribute to the beneficial clinical effect of GCs in the treatment of neuroinflammatory diseases.

Side effects of glucocorticoid therapy

Despite the unsurpassed efficacy of GCs in the treatment of MS, such therapies are accompanied by multiple side effects. These compromise mood disorders, gastrointestinal pain and headache, while chronic administration may additionally lead to osteoporosis, diabetes and an increased susceptibility to infectious diseases [START_REF] Pozzilli | Corticosteroids treatment[END_REF]. Importantly, these side effects depend on the duration, dose and combination with other therapeutic agents and complicate MS therapy to a not yet fully understood degree.

Although largely neglected in the context of MS, GCs exert a number of effects on neurons, which may be either protective as well as harmful. In one study it was
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-15 myelination of axons. This process depends on the GR because it could be inhibited by RU486, an antagonist of the GR [START_REF] Chan | Glucocorticoids and progestins signal the initiation and enhance the rate of myelin formation[END_REF]. In contrast, neurotoxic effects were also reported after high-dose GC therapy. In an optic neuritis model high-dose methylprednisolone administration augmented retinal ganglion cell apoptosis during chronic inflammation [START_REF] Diem | Methylprednisolone increases neuronal apoptosis during autoimmune CNS inflammation by inhibition of an endogenous neuroprotective pathway[END_REF]. This could be circumvented by a combination therapy with erythropoietin where the neurodegenerative effects were reduced [START_REF] Diem | Combined therapy with methylprednisolone and erythropoietin in a model of multiple sclerosis[END_REF]. Moreover, it was observed that the fast withdrawal of GCs can lead to severe relapses [START_REF] Reder | A reduction in serum glucocorticoids provokes experimental allergic encephalomyelitis: implications for treatment of inflammatory brain disease[END_REF], which can be prevented by slowly reducing GCs instead of a sudden withdrawal. This led to the current treatment protocol used in MS patients that includes an oral taper of methylprednisolone [START_REF] Beck | A randomized, controlled trial of corticosteroids in the treatment of acute optic neuritis. The Optic Neuritis Study Group[END_REF]. Unfortunately, GC therapy has no beneficial long-term effect on disease progression in MS patients. Although GCs rapidly induce apoptosis and cause acute immunosuppression, this does not result in a persistent elimination or silencing of autoreactive lymphocytes. Furthermore, prolonged GC treatment often induces GC resistance by down-regulating GR levels or altering signal transduction pathways. Thus, GCs are an effective means to treat acute relapses while drugs such as Interferon-β, Glatiramer Acetate or Tysabri are rather used to generally impact disease progression.

Conclusions and future directions

Despite the long history of GC research and the wide usage of these drugs in the clinical management of MS there are still many open questions. Firstly, which molecular mechanisms underlie the effects of GCs in MS and how could this knowledge be exploited to develop new drugs with an improved therapeutic profile?
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Also the cellular basis of GC effects continues to attract attention, e.g. which celltypes are the predominant targets of GCs in MS therapy and which of these effects are most crucial? Is it induction of apoptosis, the down-regulation of inflammatory mediators, compromised antigen presentation or effects on the BBB? Based on this knowledge, it will be interesting to see whether it becomes possible to improve the success of GC therapy by introducing different synthetic compounds. Whereas all these issues are related to the therapy of overt MS and EAE with GCs, the role of stress in the susceptibility to autoimmune diseases also remains debatable. How do endogenous GCs for example impact on the immune system and how does this modulate the development of autoimmune responses? Many of these questions can be addressed using improved animal models, especially some of the newly generated knock-out and transgenic mouse strains [START_REF] Reichardt | Immunomodulatory activities of glucocorticoids: insights from transgenesis and gene targeting[END_REF]. Thus, basic and clinical research on the role that GCs play in MS will continue to be a fertile and fascinating ground that bears the potential to improve not only the understanding of this devastating autoimmune disease but, most importantly, also its clinical management.
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Figure legends Figure 1 .

 legends1 Figure legends

Figure 2 .

 2 Figure 2. Glucocorticoid effects on neuroinflammation. GCs induce or repress the expression of secreted effector molecules and surface receptors on leukocytes and endothelial cells of the BBB. In addition, GCs causes T cell apoptosis in peripheral lymphoid organs and the CNS. T reg = regulatory T cells; T H 2 = T helper 2 cells.

Figure 3 .

 3 Figure 3. Side effects of GCs in MS and EAE. GCs induce rapid and chronic systemic effects, impact on neurons and may cause relapses upon withdrawal.

Table 1 : Beneficial effects of glucocorticoids in MS and EAE

 1 

	mechanism	effects	reference
	apoptosis	induce cell death (dose-	
		dependent), more pronounced amongst CD4 + T cells, involved in remission of EAE	
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