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2  Chapter 1 

Introduction 
In general, the nervous system performs three main functions: sensory input, 
integration of information and motor output. The nervous system can be divided into 
the central nervous system (CNS), comprising the brain and spinal cord, and the 
peripheral nervous system (PNS). Functionally, the CNS integrates and processes 
information, whereas the PNS comprises of afferent and efferent neurons that 
coordinate input of information to and convey signals from the CNS. Within the CNS 
there are two major classes of cells: neuronal cells and glial cells. Neurons are 
specialized in transmitting signals from cell to cell or from one location in the body to 
another. Glial cells are predominant in the CNS and can be divided into micro- and 
macroglia. Microglia cells are immune-competent defense cells that are capable of 
phagocytosis. Astrocytes and oligodendrocytes are the major macroglial cells. 
Astrocytes not only provide structural support in the CNS, but also serve a multitude 
of other functions, e.g., providing other cells with neurotropic factors. 
Oligodendrocytes synthesize membraneous myelin sheaths that insulate axons and 
increase the speed and efficiency of electrical impulses conducted by neuronal cells. 
 
Inflammatory demyelinating diseases of the CNS, such as multiple sclerosis (MS), 
disrupt functions of the nervous system. Progression of MS is fatal for the individual. 
Contemporary treatments for this disease are primarily based on immune-suppressive 
strategies that restrict inflammatory responses. These therapies are, however, 
inefficient, since remyelination of denuded axons is limited in the MS brain. 
Alternative strategies are imploring in order to promote remyelination in MS lesions. 
Issues, such as plasticity and regeneration are central to understanding the basis of 
spontaneous recovery in MS or how it can be induced. In order to design a 
remyelination-based therapy it is therefore, important not only to have a 
comprehensive understanding of cellular events that cause demyelination but also an 
understanding of mechanisms that could, e.g., augment endogenous remyelination. In 
diseases, where cells are lost, such as for oligodendrocytes in MS, induction of 
mitosis could replenish the cell number needed for remyelination and restoration of 
myelin functions. Growth factors, e.g. platelet derived growth factor (PDGF), 
fibroblast growth factor (FGF) and the insulin-like growth factors (IGFs), have the 
potential to enhance oligodendroglial cell number and myelin production. 
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Oligodendrocytes 
Oligodendrocytes are the myelinating cells of the CNS. Our understanding of the 
molecular basis of these cells comes primarily from in vitro and in vivo studies on 
rodents. Glial progenitor cells, known as oligodendrocyte-type 2 astrocytes (O-2A) 
are bipotential cells that follow diverging pathways to differentiate into 
oligodendrocytes or astrocytes depending on factors provided (1, 2). In vivo, 
environmental signals such as PDGF, IGF-1 or ciliary neurotrophic factor (CNTF) 
can act as oligodendrotrophic factors and enhance oligodendrocyte survival or induce 
differentiation (3, 4, 5, 6). However, it has become evident that a complex network of 
factors is involved in orchestrating cellular events of oligodendrocytes. 
In vivo, myelination of axons involves regulation of oligodendrocyte proliferation, 
migration, maturation, regulation of myelin specific genes, and finally, control of the 
extent of myelination (7). The elaborate plasma membrane is wrapped around the 
axon to form a multilamellar structure. Myelin is the primary target of the immune 
invasion that occurs in MS and its destruction leads to demyelination of axons. The 
observation that remyelination occurs in MS raises the question as to which signals 
trigger these mechanisms (8, 9, 10). Oligodendrocyte precursor cells have been 
described in the human adult CNS and are apparently present in increasing numbers in 
MS lesions (11, 12). As the demands for remyelination in MS lesions may exhaust the 
supply of precursor cells trophic factors could promote proliferation, enhance their 
survival and stimulate myelination processes. 
 
Astrocytes 
The most abundant cell in the CNS is the astrocyte that out numbers neurons 10-fold. 
They perform vital functions including brain homeostasis, e.g., regulation of 
glutamate concentrations. During development, astrocytes have been recognised as a 
source of cytokines that are involved in the growth and differentiation of neuronal and 
glial cell populations (13, 14). By releasing lactate these cells also provide important 
nutrients for neurons (15). Astrocytes are physically as well as biochemically 
involved in CNS immunology. The end feet of the processes of specialized astrocytes 
(glia limitans) are invested by the basal lamina making astrocytes an essential element 
in the formation of the blood brain barrier (BBB), the physical barrier between the 
CNS and the circulation (16). In addition to this physical barrier, astrocytes express 
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and release cytokines that regulate immune responses under inflammatory conditions 
(17, 18). 
Astrocytes are highly plastic and reactive (19). In this respect, they are assumed to 
play a role in adapting the more stable components of the CNS to changes in the 
environment (20, 21). In nearly all neurological disorders, including MS, disruption of 
the structural and functional integrity of the brain leads to a prominent astrocyte 
reaction (22). This is characterised by enhanced or de novo expression of a large panel 
of genes and proteins leading to growth, migration and morphological changes of 
astrocytes. This process is referred to as astrogliosis (23, 24, 25, 26). It is unclear what 
the functional significance of astrogliosis may be. In MS, the presence of reactive 
astrocytes appears to impede the regeneration of oligodendrocytes (27, 28). However, 
plastic responses of astrocytes are a reply to environmental changes and may provide 
trophic factors to suit environmental needs, e.g. supporting survival of 
oligodendrocytes and neurons. Reactive astrocytes also may create a structural milieu 
for supporting remyelination processes. (29, 30). Taken together, astrocytes display 
growth-promoting or growth-inhibiting properties in response to different stimuli. 
 
Microglia 
In the adult CNS, differentiated ramified microglia derive most likely from the fetal 
macrophage progenitor cells within the neuroepithelium (31). During CNS 
development, they serve to remove apoptotic bodies and debris (32). In normal adult 
brain, microglia are in quiescent state, possessing short-branched processes. In 
response to pathological changes in the CNS, microglia cells reply with rapid 
activation. This activation is an important factor in the defence of the neuronal 
parenchyma against infectious diseases, trauma, ischaemia, or during inflammation 
due to autoimmune disease, such as MS (33). Activated microglia can release toxic 
molecules such as free radicals, nitric oxide, and arachidonic acid derivatives they are, 
therefore potentially cytotoxic (34). Although activated microglia are generally 
regarded as cytotoxic effector cells, neuroprotective properties have been 
demonstrated for these cells (35). 
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Multiple Sclerosis 
The most common demyelinating disease is multiple sclerosis with a prevalence of 1 
in 1000 persons in Europe (36). MS is a chronic inflammatory disease of the CNS, 
which leads to selective destruction of myelin sheaths. Cruveilhier (1791-1874) first 
described this condition in the 1830s as a disease that caused multiple irregular foci of 
discoloration and shrinkage throughout the neuroaxis (37). Despite recognisable 
clinical patterns, e.g. sensory loss in the limbs and visual impairment, substantial 
variability in the impact and severity of disease is found (38). With continual 
progression of MS, impairment worsens ending fatally for the patient. 
MS is presently regarded as an autoreactive immune-mediated disorder of the CNS. 
Inflammation occurring in MS lesions aroused the speculation regarding an infectious 
basis of the disease (39, 40). Although the initial trigger for the disease is yet 
unknown, there is speculation that a virus may cause the onset of the disease. In 
addition to a direct infection, a virus could act indirectly by triggering an immune 
response which cross reacts with a neural antigen, a process termed molecular 
mimicry (41). However, is has also been suggested that anti-myelin reactivity 
emerged through epitope spreading of the primary anti-viral response (42, 43). 
Independent of environmental factors triggering the initial immune reaction there is 
evidence that genetic susceptibility contributes to disease development (44, 45, 46). 
Early in plaque development, myelin sheaths show degenerative changes. Increasing 
numbers of activated T cells pass into the brain from peripheral blood and attack 
myelin components (figure 1). Fragmentation and disintegration of myelin is 
accompanied by chemical breakdown and ingestion of debris by macrophages. In 
contrast, axons and nerve cell bodies are believed to be preserved. Astrocytes, 
macrophages, lymphocytes and plasma cells display presence in damaged tissue. At 
all stages of plaque formation remyelination can be observed although, the capacity 
for myelin repair is limited and probably relatively ineffective due to relapsing phases 
of disease. A further limitation is provided by reactive astrocytes, which migrate into 
spaces of demyelination and prevent repair processes (47). 
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Figure 1: Schematic drawing of diapedesis 
Cytokines upregulate the expression of adhesion molecules on endothelial cells and activate 
lymphocytes to progress through a course of interactive rolling and binding to endothelial 
cells before diapedesis begins. Migration of the lymphocyte into the CNS allows subsequent 
immune response. 
 
Insulin-like growth factor-system 
Growth factors are proteins that regulate cell proliferation, differentiation and 
survival. They must be present in the extracellular environment for cells to grow and 
develop normally. These extracellular molecules achieve this through a complex 
network of intracellular signalling cascades, which ultimately regulate gene 
transcription and cell cycle promoting factors. Insulin-like growth factor-1 (IGF-1) 
was discovered in 1957 (48) and termed sulfation factor, since it was observed that 
this molecule could stimulate cartilage sulfation. When it was found that the 
homology to human proinsulin ranged around 48% (49), sulfation factor was renamed 
insulin-like growth factor. Since the first discovery of IGF-1, a further insulin- like 
growth factor (termed IGF-2), 6 IGF regulatory binding proteins (IGFBPs) and 
receptors for IGF-1 and IGF-2 have been identified (figure 2). All molecules of the 
IGF-system have been sequenced and characterised (50, 51, 52). 
The ligands IGF-1 and IGF-2 are ubiquitous single-chain polypeptides with a 
molecular weight of approximately 7.5 kDa. They possess a sequence homology of 
62% with each other and 48% sequence homology with insulin (52). The most widely 
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studied effect of IGF-1 in vitro is the stimulation of DNA synthesis and cell growth. A 
cellular action of IGF-1 that is complementary to its stimulation of cell proliferation is 
its capacity in certain cells to inhibit apoptosis (53, 54). It has also been shown that 
IGF-1 is a potent inducer of differentiation (55). Furthermore, IGF-1 is apparently 
involved in transformation of cells during cancer development (56). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Major components of the IGF-1 system 
In addition to IGF-1 and 2, 6 IGF binding proteins (IGFBPs) and receptors for IGF-1 and 
IGF-2 have been determined. The IGFBPs possess a high affinity for IGF-1 and –2 and can 
promote or inhibit IGF actions. 
 
In vivo IGF-1 is expressed in a variety of organs, in particular the liver, and is one of 
the major trophic factors in the circulation (57). Approximately 80% of IGF-1 in the 
human circulation is bound to a 150 kDa IGF-1 binding protein complex consisting of 
IGF binding protein-3 and the acid-labile-subunit (ALS) (58). The concentration of 
this storage form of IGF-1 is under growth hormone control (59). In addition to its 
classical endocrine functions, IGF-1 is expressed in numerous tissues, and therefore, 
also exerts auto- and paracrine effects. In general, IGF-1 promotes either acute 
anabolic effects on protein and carbohydrate metabolism, or longer-term effects on 
cell replication and differentiation (table 1). 
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Table 1: Effects of IGF-1 administration in humans 
 
IGF-receptors 
Two types of receptors for the IGFs have been identified, the type-1 and type-2 IGF 
receptors (60, 61). The type-1 IGF receptor was isolated and identified as a receptor 
tyrosine kinase (62, 63). The type-1 IGF receptor gene is transcriptionally regulated 
by growth factors and tumor supressors and encodes a 210 kDa αβ-chain, which is 
proteolytically cleaved and disulfide bonded to produce an αβ-structure. After 
posttranslational modifications, the dimer of an α-extracellular and a β-
transmembrane subunit form an alpha-beta half-receptor, which binds to another half-
receptor to form a mature α2β2-heterotetramer (64, 65). IGF-1 binding to a cysteine-
rich domain in the extracellular α-subunit causes autophosphorylation of three 
tyrosines in the activation loop of the highly conserved tyrosine kinase catalytic 
domain in the cytoplasmic portion of the β-subunit, which results in amplification of 
tyrosine kinase activity and further autophosphorylation of additional tyrosine 
residues. These phosphotyrosine containing motifs are binding sites for adaptor and 
effector molecules in receptor signaling pathways. The biological effects of IGF-1 and 
–2 are mediated only by the type-1 IGF receptor (52). The type-2 IGF receptor is 
identical to the mannose-6-phosphate receptor. The function of this receptor has been 
proposed to provide a degradative pathway for IGF-2 via receptor-mediated 
endocytosis (66, 67). The type-1 IGF receptor gene is expressed nearly ubiquitously, 
with high levels in brain. 
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Signal transduction 
Several components of the signal transduction pathways have been identified and 
functions are being elucidated. After receptor autophosphorylation, a pivotal role of 
propagation of the cytoplasmic signal is played by a 185 kDa substrate, termed the 
insulin receptor substrate (IRS-1/3) (68). Once activated the receptor phosphorylates 
IRS-1/3 on multiple tyrosines. Phosphorylation of this large docking protein allows 
binding of 2 proteins with src homology 2 (SH2) domains; the p85 regulatory subunit 
of phosphatidyl inositol-3 kinase (PI3 kinase) and growth factor receptor bound 
protein 2 (Grb 2). It is, therefore, thought that IGF-1 initiates at least 2 signalling 
cascades (figure 3). The first involves activation of PI3 kinase and subsequent 
formation of phosphatidyl inositol-3 phosphate (PIP3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Signal transduction pathways of IGF-1 
Routes of action for IGF include MAP kinase and PI3 kinase/Akt pathways mediated by the 
IGF1R. Both lead ultimately to delivery of signals to the nucleus and initiate the mitogenic 
responses. Grb 2: growth factor receptor associated protein 2; IRS-1: insulin receptor 
substrate 1; MAP-K: mitogen-activated protein kinase; MEK: mitogen and extracellular 
signal-activated kinase; p110, p85: 110 and 85 kDa subunits of PI3 kinase; PIP2, 3: 
phosphatidyl inositol 2 (3) phosphate; Ras: rat sarcoma protein; sos: son of sevenless. 
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The second pathway involves the extracellular signal-related kinases ERK-1 and 
ERK-2 (also termed MAP kinases). In the MAP kinase signal transduction pathway a 
complex is formed by IRS-I, Grb 2, and the guanine nucleotide exchange factor Sos. 
This complex activates the GTPase Ras, which in turn phosphorylates and activates 
Raf. This activates the down-stream protein kinase, MAP kinase kinase 1 (also known 
as MEK MMK1) or the MAP kinase kinase 2 (MMK2). MKK1 and 2 activate two 
members of the MAP kinase family, ERK1 and ERK2. Once activated, they are 
translocated to the nucleus where they phosphorylate a variety of transcription factors 
including c-fos, c-jun, and c-myc. This signaling cascade is important for cellular 
growth and mitogenisis (52). 
 
IGF in the CNS 
Critical period of cell proliferation in the brain is during fetal and neonatal life. High 
expression of type-1 IGF receptors during early foetal and neonatal development, 
suggest an important role for these factors in nervous system development (69, 70, 71, 
72, 73). In transgenic mice overexpressing IGF-1, brains were 55% larger with 
increased cell number and size (74). Myelin content in these animals was increased by 
130%. In accordance with this, the density of oligodendrocytes and neurons in IGF-1 
knock-out mice are reduced (75). In trangenic mice overexpressing the IGF inhibitory 
IGFBP-1, the percentage of myelinated axons and the thicknesss of myelin sheaths 
were reduced, in addition to this, myelin proteins were down regulated (76). The 
beneficial effects of IGF-1 on motor and sensory neurons include growth cone 
motility and long-term neurite outgrowth (77). On oligodendrocytes IGF-1 enhances 
cell survival, development and myelin production. (54, 78, 79, 80).  
 
IGF-Binding Proteins 
The IGFs are present in the circulation and throughout the extracellular space almost 
entirely bound to members of a family of high affinity IGFBPs. There are 6 IGFBPs, 
all of which have been cloned and sequenced. They possess an 80% sequence 
homology, share a conserved structure and contain conserved N-and C-terminal 
regions that are cystein rich. IGFBPs are, however, individual proteins with unique 
properties and functions. IGFBPs possess individual structural characteristics such as 
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phosphorylation, glycosylation and cleavage sites which enable specific functional 
properties of these proteins (table 2). 
The IGFBPs have been proposed to have 4 major functions that are essential to 
coordinate and regulate the biological activities of the IGFs. These are; 1) to act as 
transport proteins in the plasma, 2) to prolong the half-lives of the IGFs and regulate 
their metabolic clearance, 3) to provide a means of tissue- and cell type specific 
localization, and 4) to directly stimulate or inhibit interactions of the IGFs with their 
receptors (52). Several IGFBP specific proteases have been identified, which cleave 
the peptides into fragments and reduce their affinity for the IGFs (81). The biological 
function of the IGFBPs may vary according to the presence of these proteases.  
 
In addition to regulating the biological actions of IGFs, IGFBPs also demonstrate 
IGF-independent actions (82). This has been shown for several binding proteins and 
demonstrated on many cell types. Through interactions with specific cell surface 
structures, such as integrins and glycosaminoglycans, IGFBPs have been shown to 
regulate cell cycle, apoptosis, and cell migration. IGFBP-1, for example, has been 
reported to bind to the α5β1 integrin receptor and influences cell motility and 
adhesion (83). Independent actions of IGFBP-2 include mitogenic effects on epithelial 
cells (84), whereas IGFBP-3 has been demonstrated to enhance as well as inhibit cell 
growth (85, 86). 
 
 
 
 
 
 
 
 
 
Table 2: Comparison of IGFBP characteristics. 
I indicates that data is inconclusive, N, N-linked glycosylation; O, O-Linked glycosylation 
(modified after Jones and Clemmons, 1995 (52)) 
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Therapeutic applications of IGF-1 
IGF-1 has been used as a treatment of several diseases, including growth deficiency, 
osteoporosis, catabolic disorders, kidney disorder, and diabetes (87, 88, 89). To date, 
there is no evidence for side effects following treatment with IGF-1 (90). The wide 
spread distribution of the type-1 IGF receptor in the CNS indicates the neuro- and 
glial-protective potential for IGF-1 (91). The application of IGF-1 in inflammatory 
disorders of the CNS has proven its relevance as a therapeutic agent in in vivo MS 
animal models such as experimental allergic encephalomyelitis (EAE). EAE is the 
most studied animal model used to define mechanisms underlying immune mediated 
CNS demyelinating diseases (92, 93, 94). Several studies have shown that injection of 
IGF-1 into Lewis rats with EAE significantly reduced the number and area of the 
demyelinating lesions in the spinal cord and promoted clinical and pathological 
recovery in the treated animals (95, 96, 97). IGF-1 treatment also enhanced expression 
of myelin genes and stimulated remyelination. 
If IGF-1 possesses the potential to develop fully myelinating-capable mature 
oligodendrocytes, strategies must be developed in order to specifically target IGF-1 
treatment for remyelination. A prerequisite for the application of IGF-1 is good 
understanding of IGF-regulation in the CNS. 
There are two major obstacles preventing beneficial application of IGF-1 in man. One 
of the most limiting problems is the poor penetration of the CNS due to the blood 
brain barrier (BBB) that prevents the passage of IGF-1 to the damaged site. Both IGF-
1 and -2 are normally expressed in the CNS and only cross the BBB poorly (98). The 
second problem is targeting the growth factor to the oligodendrocyte in order to 
promote remyelination. This is limited, for example, by high expression of type-1 IGF 
receptors on neurons and other glial cells (69). One theoretical strategy to evade these 
obstacles lies in the potential of the entire IGF-axis to regulate the mitogenic effects 
of this growth factor. By utilizing or manipulating components of the IGF-system, 
such as regulatory IGF-binding proteins, IGF-binding protein proteases, or IGF-
receptors, therapeutic obstacles might be circumvented and enhanced IGF levels and 
targeting may be achieved within the CNS. In order to exploit the IGF-system to 
clinical advantage, complete characterisation of the molecules affecting IGF-1 actions 
in the CNS is necessary. This includes not only how IGFs are influenced by IGFBPs, 
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but also which cell types are expressing these molecules and upon which cell types 
the ultimate effects occur. 
 
Scope of the thesis 
Aim of this research project was to investigate the role of glial cells in regulating the 
actions of the insulin-like growth factors in the CNS. Investigations began by 
examining expression and cellular distribution of IGFBPs in astrocytes and micoglia 
(chapter 2 and 3). Efforts were concentrated on delineating the distinct roles these 
cells might subserve in light of their distinct expression pattern of these molecules. 
Immunohistochemical approaches were applied to detail expression in the healthy 
CNS as compared to lesions of multiple sclerosis. This study is of particular interest, 
since astrocytes and microglia play an important role in MS lesions, where their 
presence is drastically increased. In the CNS, IGFs exert their effects in an autocrine 
or paracrine manner. For this reason localization of distribution patterns of regulatory 
IGFBPs and the type-1 IGF receptor is crucial if we are to understand the locus of 
their action. 
Results obtained from experiments depicted in chapter 2 and 3 indicate a role, in 
particular, for IGFBP-2 and –4 in regulating IGF actions in MS lesions. Studies were, 
therefore, directed to investigate these two IGFBPs and their possible implications in 
reactive astrogliosis. Emphasis of chapter 4 and 5 was, therefore, placed on 
elucidating functional roles of IGFBP-2 and –4 on astrocyte proliferation and 
differentiation. In vitro experiments were designed to address this issue. The 
involvement of IGFBP-2 on astrocyte proliferation is clearly demonstrated in chapter 
4, and we identify IGFBP-2 proteases secreted from astrocytes that may contribute to 
the proliferative status of these cells. When addressing the role of IGFBP-4 in 
astrocytes we reveal a unique intracellular localization of this molecule and discuss 
the possible functional purpose of this association. 
In vitro analysis of IGFBP expression in isolated astrocytes has been described in 
other studies. However, there are no studies demonstrating the expression of IGFBPs 
in isolated microglia. The intention of chapter 6 was to identify expression of IGFBPs 
under culture conditions as compared to inflammatory conditions in vitro. By 
characterizing the expression patterns of IGFBPs in microglia we build a composite of 
the potential roles of these proteins during inflammatory processes. 
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Chapter 7 reveals a unique functional divergence between the type-1 IGF receptor 
expressed in oligodendrocytes as compared to the type-1 IGF receptor expressed on 
other cells. Alternative stimulation strategies may be a useful tool in targeting IGF-1 
to the myelinating cell, the oligodendrocyte. 
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