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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. 
 
 
 
 
 
 



General Introduction  15 

References 
 

1. Franklin RJ, and Blakemore WF. Glial-cell transplantation and plasticity in the O-2A lineage-
implications for CNS repair. Trends Neurosci 1995; 18(3): 151-156. 

 
2. Raff MC, Miller RH, and Noble MA. Glial progenitor cell that develops in vitro into an 

astrocyte or an oligodendrocyte depending on culture medium. Nature 1983; 303 (5916): 390-
396. 

 
3. Barres BA, Schmid R, Sendnter M, and Raff MC. Multiple extracellular signals are required 

for long-term oligodendrocyte survival. Development 1993; 118(1): 283-295. 
 

4. Barres BA and Raff MC. Control of oligodendrocyte number in the developing rat optic nerve. 
Neuron 1994; 12(5): 935-942. 

 
5. Gard AL and Pfeiffer SE. Glial cell mitogens bFGF and PDGF differentially regulate 

development of O4+GalC- oligodendrocyte progenitors. Dev Biol 1993; 159(2): 618-630. 
 

6. Pringle NP, Nadon NL, Rhode DM, Richardson WD, and Duncan ID. Normal temporal and 
spatial distribution of oligodendrocyte progenitors in the myelin-deficient (md) rat. J Neurosci 
Res 1997; 47(3): 264-270. 

 
7. Kamholz JA. Regulation of myelin development. Mult Scler 1996; 2(5): 236-240. 

 
8. Keirstead HS, and Blakemore WF. The role of oligodendrocytes and oligodendrocyte 

progenitors in CNS remyelination. Adv Exp Med Biol 1999; 468: 183-197. 
 

9. Raine CS, Scheinberg L, and Waltz JM. Multiple sclerosis. Oligodendrocyte survival and 
proliferation in an active established lesion. Lab Invest 1981; 45(6): 534-546. 

 
10. Scolding N, and Lassmann H. Demyelination and remyelination. Trends Neurosci 1996; 

19(1): 1-2. 
 

11. Blakemore WF, and Keirstead HS. The origin of remyelinating cells in the central nervous 
system. J Neuroimmunol 1999; 98(1): 69-76. 

 
12. Prineas JW, Barnard RO, Kwon EE, Sharer LR, and Cho ES. Multiple sclerosis: remyelination 

of nascent lesions. Ann Neurol 1993; 33(2): 137-151. 
 

13. Du Y, and Dreyfus CF. Oligodendrocytes as providers of growth factors. J Neurosci Res 
2002; 68(6): 647-654. 

 
14. Raff MC, Abney ER, and Fok-Seang J. Reconstitution of a developmental clock in vitro: a 

critical role for astrocytes in the timing of oligodendrocyte differentiation. Cell 1985; 42(1): 
61-69. 

 
15. Dienel GA, and Hertz L. Glucose and lactate metabolism during brain activation. J Neurosci 

Res 2001; 66(5): 824-838. 
 

16. Abbott NJ. Astrocyte-endothelial interactions and blood-brain barrier permeability. J Anat 
2002; 200(6): 629-638. 

 
17. Dong Y, and Benveniste EN. Immune function of astrocytes. Glia 2001; 36(2): 180-190. 

 
18. Meeuwsen S, Persoon-Deen C, Bsibsi M, Ravid R, and Noort JM. Cytokine, chemokine and 

growth factor gene profiling of cultured human astrocytes after exposure to proinflammatory 
stimuli. Glia 2003; 43(3): 243-253. 

 



16  Chapter 1 

19. Colognato H, and ffrench-Constant C. Mechanisms of glial development. Curr Opin 
Neurobiol 2004; 14(1): 37-44. 

 
20. Walz W. Controversy surrounding the existence of discrete functional classes of astrocytes in 

adult gray matter. Glia 2000; 31(2): 95-103. 
 

21. Wilkin GP, Marriott DR, and Cholewinski AJ. Astrocyte heterogeneity. Trends Neurosci 
1990; 13(2): 43-46. 

 
22. Fawcett JW, and Asher RA. The glial scar and central nervous system repair. Brain Res Bull 

1999; 49(6): 377-391. 
 

23. Eddleston M, and Mucke L. Molecular profile of reactive astrocytes-implications for their role 
in neurologic disease. Neuroscience 1993; 54(1): 15-36. 

 
24. Eng LF, and Ghirnikar RS. GFAP and astrogliosis. Brain Pathol 1994; 4(3): 229-237.  

 
25. Eng LF, Ghirnikar RS, and Lee YL. Glial fibrillary acidic protein: GFAP-thirty-one years 

(1969-2000). Neurochem Res 2000; 25(9-10): 1439-1451. 
 

26. Norton WT, Aquino DA, Hozumi I, Chiu FC, and Brosnan CF. Quantitative aspects of 
reactive gliosis: a review. Neurochem Res 1992; 17(9): 877-885. 

 
27. Compston A. Remyelination of the central nervous system. Mult Scler 1996; 1(6): 388-392. 

 
28. Hickey WF. The pathology of multiple sclerosis: a historical perspective. J Neuroimmunol 

1999; 98(1): 37-44. 
 

29. Blakemore WF, Olby NJ, and Franklin RJ. The use of transplanted glial cells to reconstruct 
glial environments in the CNS. Brain Pathol 1995; 5(4): 443-450. 

 
30. Raine CS. Membrane specialisations between demyelinated axons and astroglia in chronic 

EAE lesions and multiple sclerosis plaques. Nature 1978; 275(5678): 326-327. 
 

31. Streit WJ. Microglia and macrophages in the developing CNS. Neurotoxicology 2001; 22(5): 
619-624. 

 
32. Egensperger R, Maslim J, Bisti S, Hollander H, and Stone J. Fate of DNA from retinal cells 

dying during development: uptake by microglia and macroglia (Muller cells). Brain Res Dev 
Brain Res 1996; 97(1): 1-8. 

 
33. Kreuzberg GW. Microglia: a sensor for pathological events in the CNS. Trends Neurosci 

1996; 19(8): 312-318.  
 

34. Aloisi F. Immune function of microglia. Glia. 2001; 36(2):165-79. 
 

35. Rabchevsky AG and Streit WJ. Grafting of cultured microglial cells into the lesioned spinal 
cord of adult rats enhances neurite outgrowth. J Neurosci Res 1997; 47(1): 34-48. 

 
36. Zajicek J, and Compston A. Mechanisms of damage and repair in multiple sclerosis-a review. 

Mult Scler 1995; 1(2): 61-72. 
 

37. Moreira MA, Tilbery CP, Lana-Peixoto MA, Mendes MF, Kaimen-Maciel DR, and Callegaro 
D. Historical aspects of multiple sclerosis. Rev Neurol 2002; 34(4): 379-83. 

 
38. Weinshenker BG, and Ebers GC. The natural history of multiple sclerosis. Can J Neurol Sci 

1987; 14(3): 255-61. 
 



General Introduction  17 

39. Merelli E, Bedin R, Sola P, Barozzi P, Mancardi GL, Ficarra G, and Franchini G. Human 
herpes virus 6 and human herpes virus 8 DNA sequences in brains of multiple sclerosis 
patients, normal adults and children. J Neurol 1997; 244(7): 450-454. 

 
40. Soldan SS, Berti R, Salem N, Secchiero P, Flamand L, Calabresi PA, Brennan MB, Maloni 

HW, McFarland HF, Lin HC, Patnaik M, and Jacobson S. Association of human herpes virus 
6 (HHV-6) with multiple sclerosis: increased IgM response to HHV-6 early antigen and 
detection of serum HHV-6 DNA. Nat Med 1997; 3(12): 1394-1397. 

 
41. Talbot PJ, Paquette JS, Ciurli C, Antel JP, and Ouellet F. Myelin basic protein and human 

coronavirus 229E cross-reactive T cells in multiple sclerosis. Ann Neurol 1996; 39(2): 233-
240. 

 
42. Miller SD, Katz-Levy Y, Neville KL, and Vanderlugt CL. Virus-induced autoimmunity: 

epitope spreading to myelin autoepitopes in Theiler's virus infection of the central nervous 
system. Adv Virus Res 2001; 56: 199-217. 

 
43. Vanderlugt CL, Karandikar NJ, Lenschow DJ, Dal Canto MC, Bluestone JA, and Miller SD. 

Treatment with intact anti-B7-1 mAb during disease remission enhances epitope spreading 
and exacerbates relapses in R-EAE. J Neuroimmunol 1997; 79(2): 113-118. 

 
44. Dyment DA, Sadovnick AD, Ebers GC, and Sadnovich AD. Genetics of multiple sclerosis. 

Hum Mol Genet 1997; 6(10): 1693-1698. 
 

45. Ebers GC, Bulman DE, Sadovnick AD, Paty DW, Warren S, Hader W, Murray TJ, Seland TP, 
Duquette P, and Grey T. A population-based study of multiple sclerosis in twins. N Engl J 
Med 1986; 315 (26): 1638-1642. 

 
46. Spurkland A, Celius EG, Knutsen I, Beiske A, Thorsby E, and Vartdal F. The HLA-DQ (alpha 

1*0102, beta 1*0602) heterodimer may confer susceptibility to multiple sclerosis in the 
absence of the HLA-DR (alpha 1*01, beta 1*1501) heterodimer. Tissue Antigens 1997; 50(1): 
15-22. 

 
47. Prineas JW, and Connell F. Remyelination in multiple sclerosis. Ann Neurol 1979; 5(1): 22-

31. 
 

48. Salmon WD, and Daughaday WH. A hormonally controlled serum factor which stimulates 
sulfate incorporation by cartilage in vitro. J Lab Clin Med 1957; 49(6): 825-836.  

 
49. Rinderknecht E, and Humbel RE. The amino acid sequence of human insulin-like growth 

factor I and its structural homology with proinsulin. J Biol Chem 1978; 253(8): 2769-2776. 
 

50. Rinderknecht E, and Humbel RE. Amino-terminal sequences of two polypeptides from human 
serum with nonsuppressible insulin-like and cell-growth-promoting activities: evidence for 
structural homology with insulin B chain. Proc Natl Acad Sci U S A 1976; 73(12): 4379-4381. 

 
51. Rinderknecht E, and Humbel RE. Primary structure of human insulin-like growth factor II. 

FEBS Lett 1978; 89(2): 283-286. 
 

52. Jones JI, and Clemmons DR. Insulin-like growth factors and their binding proteins: biological 
actions. Endocr Rev 1995; 16(1): 3-34. 

 
53. Barres BA, Schmid R, Sendnter M, and Raff MC. Multiple extracellular signals are required 

for long-term oligodendrocyte survival. Development 1993; 18(1): 283-295. 
 

54. Feldman EL, Sullivan KA, Kim B, and Russell JW. Insulin-like growth factors regulate 
neuronal differentiation and survival. Neurobiol Dis 1997; 4(3-4): 201-214. 

 



18  Chapter 1 

55. Schneider HJ, Pagotto U, and Stalla GK. Central effects of the somatotropic system. Eur J 
Endocrinol 2003; 49(5): 377-392. 

 
56. Baserga R, Peruzzi F, and Reiss K. The IGF-1 receptor in cancer biology. Int J Cancer 2003; 

107(6): 873-877. 
 

57. Dore S, Kar S, and Quirion R. Rediscovering an old friend, IGF-I: potential use in the 
treatment of neurodegenerative diseases. Trends Neurosci 1997; 20(8): 326-331. 

 
58. Baxter RC, Martin JL, and Beniac VA. High molecular weight insulin-like growth factor 

binding protein complex. Purification and properties of the acid-labile subunit from human 
serum. J Biol Chem 1989; 264(20): 11843-11848. 

 
59. Juul A. Serum levels of insulin-like growth factor I and its binding proteins in health and 

disease. Growth Horm IGF Res 2003; 13(4): 113-170. 
 

60. Gammeltoft S, Haselbacher GK, Humbel RE, Fehlmann M, and Van Obberghen E. Two types 
of receptor for insulin-like growth factors in mammalian brain. EMBO J 1985; 4(13A): 3407-
3412. 

 
61. Morgan DO, Edman JC, Standring DN, Fried VA, Smith MC, Roth RA, and Rutter WJ. 

Insulin-like growth factor II receptor as a multifunctional binding protein. Nature 1987; 329 
(6137): 301-307. 

 
62. Chernausek SD, Jacobs S, and Van Wyk JJ. Structural similarities between human receptors 

for somatomedin C and insulin: analysis by affinity labeling. Biochemistry 1981; 20(26): 
7345-7350. 

 
63. Ullrich A, Gray A, Tam AW, Yang-Feng T, Tsubokawa M, Collins C, Henzel W, Le Bon T, 

Kathuria S, and Chen E. Insulin-like growth factor I receptor primary structure: comparison 
with insulin receptor suggests structural determinants that define functional specificity. EMBO 
J 1986; 5(10): 2503-2512. 

 
64. Prager D, and Melmed S. Insulin and insulin-like growth factor I receptors: are there 

functional distinctions? Endocrinology 1993; 132(4): 1419-1420. 
 

65. Rechler MM, and Nissley SP. The nature and regulation of the receptors for insulin-like 
growth factors. Annu Rev Physiol 1985; 47: 425-442. 

 
66. August GP, Nissley SP, Kasuga M, Lee L, Greenstein L, and Rechler MM. Purification of an 

insulin-like growth factor II receptor from rat chondrosarcoma cells. J Biol Chem 1983; 
258(15): 9033-9036. 

 
67. Kornfeld S. Structure and function of the mannose 6-phosphate/insulinlike growth factor II 

receptors. Annu Rev Biochem 1992; 61: 307-330. 
 

68. De Meyts P, Wallach B, Christoffersen CT, Urso B, Gronskov K, Latus LJ, Yakushiji F, 
Ilondo MM, and Shymko RM. The insulin-like growth factor-I receptor. Structure, ligand-
binding mechanism and signal transduction. Horm Res 1994; 42(4-5): 152-169. 

 
69. Anlar B, Sullivan KA, and Feldman EL. Insulin-like growth factor-I and central nervous 

system development. Horm Metab Res 1999; 31(2-3): 120-125. 
 

70. Beck F, Samani NJ, Byrne S, Morgan K, Gebhard R, and Brammar WJ. Histochemical 
localization of IGF-I and IGF-II mRNA in the rat between birth and adulthood. Development 
1988; 104(1): 29-39. 

 



General Introduction  19 

71. Sara VR, Carlsson-Skwirut C, Andersson C, Hall E, Sjogren B, Holmgren A, and Jornvall H. 
Characterization of somatomedins from human fetal brain: identification of a variant form of 
insulin-like growth factor I. Proc Natl Acad Sci U S A 1986; 83(13): 4904-4907. 

 
72. Sara VR, Rutherford R, and Smythe GA. The influence of maternal somatostatin 

administration on fetal brain cell proliferation and its relationship to serum growth hormone 
and brain trophin activity. Horm Metab Res 1979; 11(2): 147-149. 

 
73. Underwood LE, and D'Ercole AJ. Insulin and insulin-like growth factors/somatomedins in 

fetal and neonatal development. Clin Endocrinol Metab 1984; 13(1): 69-89. 
 

74. Carson MJ, Behringer RR, Brinster RL, and McMorris FA. Insulin-like growth factor I 
increases brain growth and central nervous system myelination in transgenic mice. Neuron 
1993; 10(4): 729-740. 

 
75. Beck KD, Powell-Braxton L, Widmer HR, Valverde J, and Hefti F. Igf1 gene disruption 

results in reduced brain size, CNS hypomyelination, and loss of hippocampal granule and 
striatal parvalbumin-containing neurons. Neuron 1995; 14(4): 717-730. 

 
76. Ye P, Carson J, and D'Ercole AJ. In vivo actions of insulin-like growth factor-I (IGF-I) on 

brain myelination: studies of IGF-I and IGF binding protein-1 (IGFBP-1) transgenic mice. J 
Neurosci 1995; 15(11): 7344-7356. 

 
77. Kim B, Leventhal PS, Saltiel AR, and Feldman EL. Insulin-like growth factor-I-mediated 

neurite outgrowth in vitro requires mitogen-activated protein kinase activation. J Biol Chem 
1997; 272(34): 21268-21273. 

 
78. Mozell RL, and McMorris FA. Insulin-like growth factor I stimulates oligodendrocyte 

development and myelination in rat brain aggregate cultures. J Neurosci Res 1991; 30(2): 382-
90. 

 
79. McMorris FA, and Dubois-Dalcq M. Insulin-like growth factor I promotes cell proliferation 

and oligodendroglial commitment in rat glial progenitor cells developing in vitro. J Neurosci 
Res 1988; 21(2-4): 199-209. 

 
80. Shinar Y, and McMorris FA. Developing oligodendroglia express mRNA for insulin-like 

growth factor-I, a regulator of oligodendrocyte development. J Neurosci Res 1995; 42(4): 516-
27. 

 
81. Maile LA and Holly JMP. Insulin-like growth factor binding protein (IGFBP) proteolysis: 

occurrence, identification, role and regulation. Growth Hormone and IGF Res 1999; 9: 85-95.  
 

82. Mohan S, and Baylink DJ. IGF-binding proteins are multifunctional and act via IGF-
dependent and -independent mechanisms. J Endocrinol 2002; 175(1): 19-31. 

 
83. Jones JI, Gockerman A, Busby WH Jr, Wright G, and Clemmons DR. Insulin-like growth 

factor binding protein 1 stimulates cell migration and binds to the alpha 5 beta 1 integrin by 
means of its Arg-Gly-Asp sequence. Proc Natl Acad Sci U S A 1993; 90(22): 10553-7. 

 
84. Badinga L, Song S, Simmen RC, Clarke JB, Clemmons DR, and Simmen FA. Complex 

mediation of uterine endometrial epithelial cell growth by insulin-like growth factor-II (IGF-
II) and IGF-bindingprotein-2. J Mol Endocrinol 1999; 23:277–285. 

 
85. Valentinis B, Bhala A, DeAngelis T, Baserga R, and Cohen P. The human insulin-like growth 

factor (IGF) binding protein-3 inhibits the growth of fibroblasts with a targeted disruption of 
the IGF-I receptor gene. Mol Endocrinol 1995; 9: 361–367. 

 
86. Cohen P, Rajah R, Rosenbloom J, and Herrick DJ.  IGFBP-3 mediates TGF-α1-induced cell 

growth in human airway smooth muscle cells. Am J Physiol 2000; 278: L545–L551. 



20  Chapter 1 

87. Lewis ME, Neff NT, Contreras PC, Stong DB, Oppenheim RW, Grebow PE, and Vaught JL. 
Insulin-like growth factor-I: potential for treatment of motor neuronal disorders. Exp Neurol 
1993; 124(1): 73-88. 

 
88. Neff NT, Prevette D, Houenou LJ, Lewis ME, Glicksman MA, Yin QW, and Oppenheim RW. 

Insulin-like growth factors: putative muscle-derived trophic agents that promote motoneuron 
survival. J Neurobiol 1993; 24(12): 1578-1588. 

 
89. Yuen EC, and Mobley WC. Therapeutic potential of neurotrophic factors for neurological 

disorders. Ann Neurol 1996; 40(3): 346-354. 
 

90. Bondy CA, Underwood LE, Clemmons DR, Guler HP, Bach MA, and Skarulis M. Clinical 
uses of insulin-like growth factor I. Ann Intern Med 1994 20(7): 593-601. 

 
91. Lewis ME, Vaught JL, Neff NT, Grebow PE, Callison KV, Yu E, Contreras PC, and Baldino 

F Jr. The potential of insulin-like growth factor-I as a therapeutic for the treatment of 
neuromuscular disorders. Ann N Y Acad Sci 1993; 692: 201-208. 

 
92. Blakemore WF. Remyelination of the superior cerebellar peduncle in the mouse following 

demyelination induced by feeding cuprizone. J Neurol Sci 1973; 20(1): 73-83. 
 

93. Dal Canto MC, and Rabinowitz SG. Experimental models of virus-induced demyelination of 
the central nervous system. Ann Neurol 1982; 11(2): 109-127. 

 
94. Yajima K, and Suzuki K. Demyelination and remyelination in the rat central nervous system 

following ethidium bromide injection. Lab Invest 1979; 41(5): 385-392. 
 

95. Liu X, Yao DL, and Webster H. Insulin-like growth factor I treatment reduces clinical deficits 
and lesion severity in acute demyelinating experimental autoimmune encephalomyelitis. Mult 
Scler 1995; 1(1): 2-9. 

 
96. Li W, Quigley L, Yao DL, Hudson LD, Brenner M, Zhang BJ, Brocke S, McFarland HF, and 

Webster HD. Chronic relapsing experimental autoimmune encephalomyelitis: effects of 
insulin-like growth factor-I treatment on clinical deficits, lesion severity, glial responses, and 
blood brain barrier defects. J Neuropathol Exp Neurol 1998; 57(5): 426-438. 

 
97. Yao DL, Liu X, Hudson LD, and Webster HD. Insulin-like growth factor I treatment reduces 

demyelination and up-regulates gene expression of myelin-related proteins in experimental 
autoimmune encephalomyelitis. Proc Natl Acad Sci U S A 1995; 92(13): 6190-6194. 

 
98. D'Ercole AJ. Expression of insulin-like growth factor-I in transgenic mice. Ann N Y Acad Sci 

1993; 692: 149-160. 
 



 
 
 
 
 
 

        Chapter 2 
 
 

Involvement of insulin-like growth factor 
binding protein-2 in activated microglia as 

assessed in post mortem human brain 
 
 

Daniel Chesik, Jacques de Keyser and Nadine Wilczak 
 
 
Department of Neurology, University Hospital Groningen, Hanzeplein 1, 9713 GZ 
Groningen, The Netherlands 
 

 
Neuroscience letters (2004); 362(1):14-16 

 
 
 



22   Chapter 2 

Abstract 
 

In vitro studies suggest that insulin-like growth factor (IGF)-1 is a mitogen for 

microglia/macrophages. The actions of IGF-1 are mediated by the type-1 IGF receptor 

and modulated by IGF binding proteins (IGFBPs). The aim of this study was to 

investigate IGF-1 receptors and IGFBPs in human microglia in normal brain white 

matter and active lesions of multiple sclerosis, which contain activated 

microglia/macrophages. Methods used were immunohistochemistry and confocal 

laser microscopy. IGF-1 receptors were demonstrated in both resting and activated 

microglia. In resting conditions, microglia displayed no immunoreactivity for any of 

the six IGFBPs, whereas activated microglia/macrophages were immunoreactive for 

IGFBP-2 only. Our data suggest an important function for IGFBP-2 in IGF-1 actions 

in activated microglia/macrophages in human brain. 
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Introduction 
 
Microglia are resident monocyte-lineaged cells in the central nervous system (CNS) 
[11, 12]. In the unaffected CNS they appear as ramified cells. In response to 
inflammation or CNS injury, resting microglia transform into activated microglia with 
retracted processes and enlarged cell bodies, they begin to proliferate, and acquire a 
macrophage phenotype. Microglia participate in many reactive processes in the CNS 
and are therefore an integral part of lesions in a variety of pathological conditions. 
Upon activation they secrete a variety of proinflammatory cytokines and toxic factors, 
such as tumor necrosis factor alpha (TNF-α) and reactive oxygen species, which are 
thought to contribute to tissue injury [11, 12]. On the other hand, activated microglia 
regulate inflammation by production of anti-inflammatory cytokines, such as 
transforming growth factor beta (TGF-ß), and have potential to produce and release a 
range of factors that directly or indirectly promote regeneration in the injured CNS 
[11, 12]. 
Insulin-like growth factor (IGF)-1 is trophic factor that acts as mitogen for a variety of 
cell types in the CNS [4]. Actions of IGF-1 are mediated by the IGF-1 receptor. IGF-1 
promotes differentiation and proliferation of oligodendrocyte progenitor cells and 
upregulates the expression of myelin proteins [10]. In addition, IGF-1 possesses 
neuroprotective properties [9], and stimulates proliferation of astrocytes [14]. 
Recently, O’Donnell and co-workers reported that IGF-1 also promoted proliferation 
of cultured adult mouse brain microglia [13]. Purified microglia in serum free medium 
containing 3H-thymidine showed a twofold increase in 3H-thymidine incorporation in 
the presence of IGF-1. Tightly regulating IGF-actions are six IGF binding proteins 
(IGFBPs) [1, 3, 4]. At the level of the extracellular matrix or cell surface, IGFBPs can 
either inhibit or enhance the presentation of IGF-1 to its receptor. The IGFBPs 
responsible for modulating the actions of IGF-1 in activated microglia/macrophages in 
human brain have not been fully characterized. Using immunohistochemistry, Gveric 
and coworkers investigated active lesions of multiple sclerosis (MS), which is a 
prototypic inflammatory CNS disease, for IGF-1 receptors and IGFBPs-1, -2, and –3 
[6]. They identified IGF-1 receptors and IGFBPs -2 and -3 in activated 
microglia/macrophages. In the present study, we investigated IGF-1 receptors and all 
six IGFBPs in microglia in human CNS tissue. Basal levels of these proteins in 
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microglia under normal resting conditions were compared to activated 
microglia/macorphages in active MS lesions. 
 
Materials and Methods 
 
Post-mortem brain tissue from individuals without evidence of neurological disease 
was collected at autopsy from 12 patients (8 males aged between 40 and 80 years, and 
4 females aged between 60 and 80 years). Post-mortem MS brain was obtained from 
13 patients (6 males aged between 30 and 72 years, and 7 females aged between 35 
and 82 years) with clinical definite and pathologically confirmed MS. Post-mortem 
interval for the two groups did not differ significantly (range 6-12 hours). Tissue 
blocks of cerebral white mater of approximately 0.5 cm thick were frozen rapidly by 
immersion in liquid nitrogen, and stored at -80°C until further processing. Active MS 
plaques were identified by routine myelin, haematoxylin-eosin staining and major 
histocompatibility (MHC) class II immunostaining (not shown). 
Brain tissue was examined for IGF receptors and IGFBPs by immunohistochemistry 
according to previously reported methods [15]. Polyclonal antibodies against human 
IGFBPs-1, -2, -3, -4, -5 and -6 were obtained from Gropep (Thebarton, Adelaide, 
Australia). The specificity of the antibodies was confirmed using the antibody pre-
absorbed with excess of matched recombinant human IGFBPs. The same antibodies 
were used by our group to demonstrate IGF-1 receptors and all six IGFBPS in human 
spinal motor neurons [15]. The sensitivity of the antibodies against IGFBPs was tested 
by Western-immunoblotting experiments. In these experiments the same dilution 
(1/1000) of antibody was used to detect the same amount (100 ng) of corresponding 
human recombinant IGFBP (Upstate, Lake Placid, NY, US). Pixel densities were not 
significantly different between the six anti-IGFBP antibodies (Kruskal-Wallis test, 
P=0.3151), indicating a comparable degree of sensitivity. A monoclonal antibody 
against human CD68 (microglia/macrophage marker) was obtained from Novocastra 
laboratories (Newcastle, UK).  
Double stainings of IGFBPs and microglia/macrophages was performed by incubating 
sections with the primary antibody solution: rabbit-anti-human IGFBPs-1, -2, -3, -4, -
5, -6 (1/100) and mouse-anti-human CD68 (1/100). Thereafter, sections were 
incubated with the secondary antibody solution (1/100) in PBS: Alexa-fluor-488-goat-
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anti-mouse-IgG (FITC-conjugated, Molecular Probe, Leiden, The Netherlands) and 
Alexa-fluor-568-goat-anti-rabbit (TRITC-conjugated, Molecular probe) (1/100). For 
double staining of the IGF-1 receptor (Upstate) and microglia/macrophages, sections 
were incubated with chicken-anti-human IGF-1 receptor (1/100) and mouse-anti-
human CD68 (1/100). Thereafter, sections were incubated with the secondary 
antibody solution (1/100) in PBS: biotin-conjugated-anti-chicken (Jackson 
Immunoresearch Laboratories, West Baltimore, PA, USA), followed by the incubation 
of the sections with a mixture of Alexa-fluor-488-goat-anti-mouse-IgG (1/100) and 
extrAvidin-TRITC (1/100) (Sigma, Saint Louis, Missouri, USA). Micro-sections were 
embedded in fluorescent mounting medium and evaluated using confocal microscopy. 
The images were digitized, and pixel densities analyzed and quantified by computer-
assisted densitometry using the program Image (National Institutes of Health 
Research Services Branch, Betheseda, MD). The unpaired t-test was applied to test for 
significant differences between MS patients and controls. The level of significance in 
all tests was set at p ≤ 0.05.  
 
 
 
Results 
 
We identified IGF-1 receptor immunoreactivity in resting microglia in normal 
cerebral white matter, normal appearing white matter from MS patients, and in 
activated microglia/macrophages at the edges of active MS lesions (Fig. 1). Pixel 
densities of IGF-1 receptors between resting microglia and activated 
microglia/macrophages were not significantly different (Table 1). Resting microglia 
in control cerebral white matter showed no immunoreactivity for any of the six 
IGFBPs. Activated microglia/macrophages in MS lesions showed positive 
immunostaining for IGFBP-2, but not for any of the other IGFBPs (Fig. 2). 
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Table 1. Pixel densities of IGF-1 receptors measured in microglia in cerebral white matter 
from controls without neurological disease (n =12), in normal appearing white matter in MS 
(n = 13), and at the edges of active MS plaques (n = 13). Pixel densities were measured per 
cell, for each measurement 15 cells were analyzed. 
 
Location of IGF-1 receptors   pixel density/cell   *p  

(mean, ±S.E.M)   
Control white matter    192. 20 ± 3.59   0.4706 
Normal appearing white matter in MS  188.70 ± 3.11   0.5758 
Edges of active MS lesions   188.90 ± 4.54   0.9714 

* Unpaired t-test. 
 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 1 
Double immunostaining of IGF-1 receptors (red) and microglia (anti-CD68; green) in control white 
matter (A) and chronic active MS lesions (B). Both resting microglia (A) and activated 
microglia/macrophages (B) are positive for IGF-1 receptors. Bar = 50 µm. 
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Ctrl   MS     Ctrl     MS 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 
Double immunostaining of IGFBPs 1-6 (red) and microglia (anti-CD68; green) in control 
(Ctrl) white matter (resting microglia) and chronic active MS lesions (MS) (activated 
microglia). Resting microglia were negative for all six IGFBPs (A, C, E, G, I, K).  Activated 
miocroglia/macrophages were positive for IGFBP-2 only (B, D, F, H, J, L). Bar = 50 µm. 
 

 

 
Discussion 
We confirmed the presence of IGF-1 receptors on microglia in human CNS [6], and 
showed that reactive microglia/macrophages immunostained only for IGFBP-2. We 
could not reproduce the finding by Gveric and co-workers of IGFBP-3 
immunoreactivity in activated microglia/macrophages [6], which may be due to 
technical differences. The antibody used in our study immunostained IGFBP-3 in 
spinal motor neurons [15]. Depending on the cell type, IGFBPs can either inhibit or 
stimulate the actions of IGF-1 [1, 3, 4]. In vitro studies have shown that 
overexpression of IGFBP-2 may result in both increased and decreased growth of 
cells [7, 8]. IGFBP-2 can interact with components of the extracellular matrix and 
concentrate IGF-1 in the vicinity of the receptor, enhancing IGF-1 activity, or inhibit 
interaction with receptors. 
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Most cell types express a variety of IGFBPs, which through a complex interplay 
modulate the actions of IGF-1 or may exert IGF-1 independent actions [1, 3, 4]. 
Therefore, the finding that activated microglia/macrophages only express IGFBP-2 
could be interesting for therapeutic purposes. Manipulation of IGFBP-2 regulated 
pathways might enable us to alter the actions of IGF-1 on microglia/macrophages in a 
precise way. For example, IGFBP-2 expression can be increased with the 
corticosteroid dexamethason [5], and decreased by retinoic acid [2]. Further study is 
necessary to resolve the regulatory mechanism of IGFBP-2 in activated 
microglia/macrophages. 
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Abstract 
 
In this study, we examined the presence of IGFBP-1-6 in astrocytes under normal 

conditions as compared to lesions of multiple sclerosis (MS) by means of 

immunohistochemistry and confocal laser microscopy. Under normal conditions all 6 

IGFBPs were detected. Compared to controls, hypertrophic astrocytes at the borders 

of chronic active MS lesions displayed increased immunoreactivity for IGFBP-2 and -

4. In vitro studies were performed on primary rat astrocytes to analyse the effects of 

these two IGFBPs on cellular proliferation. IGFBPs were examined individually as 

well as in combined treatment with IGF-1. Both IGFBPs displayed inhibiting effects 

on cellular growth when administered alone. Interestingly, IGFBP-2 potentiated IGF-

1 effects on cellular proliferation, yet inhibited IGF-2 stimulated growth. In contrast, 

IGFBP-4 inhibited IGF-1 stimulated proliferation. IGFBP-2 treatment on 

oligodendrocytes resulted in decreased cell survival and reduction of IGF-1 enhanced 

cell survival. Investigations suggest that an upregulation of IGFBP-2 observed during 

astrogliosis may primarily serve as a mitogenic stimulus for astrocytes by targeting 

IGF-1 to these cells rather than supporting oligodendrocyte survival. 
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Introduction 
 
The insulin-like growth factors (IGFs) regulate growth, survival and differentiation in 
multiple tissues and are crucial in early development of the central nervous system 
(CNS) (1, 2). The importance of IGFs in the CNS qualifies this molecule as a 
neurotropin. It has been shown that IGF-1 can stimulate proliferation or survival of 
neurons, astrocytes and oligodendrocytes in vitro (3, 4, 5). The protective effects of 
IGF-1 on neurons and oligodendrocytes are thought to be primarily due to inhibition 
of apoptosis (6, 7). 
Tightly regulating the actions of IGFs are 6 structurally distinct IGF-binding proteins 
(IGFBPs) that can promote or inhibit IGF effects by preventing receptor interaction or 
by transporting IGF to target cells (8). It is thought that the biological actions of IGFs 
on the developing brain are regulated by locally synthesized IGFBPs. Many studies 
have displayed IGF-independent actions of several binding proteins, most of which 
indicate inhibitory roles of these molecules on cellular proliferation both in vivo and 
in vitro (9). For example, IGFBP-1 interaction with integrins, mediated by RDG 
sequences (10), is thought to stimulate signaling pathways inducing inhibitory effects 
on cellular growth or increasing cell motility. Other studies, however, indicate 
growth-promoting effects of IGFBPs as is the case for IGFBP-5, which has been 
shown to stimulate bone formation (11). Data on IGFBP actions are compiling and the 
importance of these molecules on regulating cellular functions is becoming apparent. 
 
Expression patterns of both IGFs and their regulatory IGFBPs are known for many 
cell types and are governed by developmental changes, fluctuating environmental 
conditions and during a number of pathological situations. Levels of these IGF 
regulatory molecules are altered in several conditions of the CNS, such as tumor 
growth, hypoxic-ischemic injury and in demyelinating diseases such as multiple 
sclerosis (MS) as well as in experimental allergic encephalitis (EAE), the animal 
model of MS (12, 13, 14, 15). In particular, increased levels of IGFBP-2 have been 
attributed to reactive astrocytes and microglia in or around these regions (15, 16, 17, 
18). One consequence of inflammation in MS is a rapid response from resident 
astrocytes, resulting in mitosis, hypertrophy, migration and regulation of specific 
genes. This is referred to as reactive astrogliosis, a process that eventually creates a 
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glial scar impeding repair processes such as remyelination (19, 20). In contrast to this 
detrimental effect, reactive astrocytes are known to be a major source of 
neuroprotective factors, including IGF-1 and -2. 
In vitro studies have shown that IGF-1 markedly increases proliferation of glial cells 
and enhances survival of mature oligodendrocytes. Stimulation of oligodendrocytes 
with IGF-1 has shown an upregulation of differential marker proteins, an effect that is 
inhibited by IGFBP-1 and -2 (21, 22). In EAE, the occurrence of remyelination in 
lesions coincides with an upregulation of IGF-1 and IGFBP-2 (18). In accordance 
with these findings, IGF-1 receptors have been found in oligodendrocytes of these 
lesions. From these studies, it has been suggested that IGFBP-2 may target IGF-1 to 
oligodendrocytes, a mechanism that could explain remyelination. 
Focusing on mechanisms of IGF-regulation in the normal CNS as compared to MS 
diseased brain, we examined the presence of IGFBPs in astrocytes. Results indicate a 
role for IGFBP-2 and –4, the major IGFBPs found in the cerebral spinal fluid (CSF), 
which are shown in this study to be upregulated in reactive astrocytes in MS lesions. 
Further, the effects of these IGFBPs on cellular proliferation and survival were 
investigated on primary cultures of neonatal rat glial cells. 
 
 
Materials and methods 
 
Polyclonal antibodies against IGFBP-1, -2, -3, -4, -5 and -6 were obtained from 
Gropep (Thebarton, Adelaide, Australia). The monoclonal antibody against human 
glial fibrillary acidic protein (GFAP) was purchased from Dako (Glostrup, Denmark). 
The monoclonal antibody against human CD68, and normal goat serum were obtained 
from Novocastra laboratories (Newcastle, UK). ExtrAvidin-TRITC conjugate and 
normal sheep serum was purchased from Sigma (Saint Louis, Missouri, USA). Biotin 
conjugated rabbit-anti-chicken (IgG) was obtained from Jackson Immunoresearch 
Laboratories (West Baltimore, PA, USA). Alexa-fluor 488 goat-anti-mouse-IgG and 
Alexa-fluor 568-goat-anti-rabbit-IgG were purchased from Molecular probes (Leiden, 
the Netherlands). Tissue culture plasticware was obtained from Nalge Nunc 
International (Roskilde, Denmark). All other cell culture materials were purchased 
from Gibco BRL (Breda, Netherlands). Recombinant human IGF-1, IGFBP-1, -2, -3, -
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-4, -5 and –6 were supplied by Gropep (Thebarton, Australia). IGF-2 and MTT (3-[4, 
5-Dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide) were purchased from 
Sigma (Saint Louis, USA). 
 
Tissue 
Post-mortem MS brain was obtained at autopsy from 13 patients (6 males aged 
between 30 and 72 years, and 7 females aged between 35 and 82 years) with clinical 
definite and pathologically confirmed MS. Post-mortem control brain was collected 
from 12 patients (8 males aged between 40 and 80 years, and 4 females aged between 
60 and 80 years) without evidence of neurological or psychiatric diseases. Post-
mortem interval for the two groups did not differ significantly (range 6-12 hours). 
 
Immunohistochemistry 
The specificity of the antibodies was confirmed using the antibody pre-absorbed with 
excess of matched recombinant human IGFBPs. Specificity of the immunoreactivity 
was also controlled by the incubation of tissue sections in 5 % goat serum, and or 5 % 
sheep serum instead of primary antibodies; the immunohistochemical reactions were 
negative (data not shown). Frozen sections of 10 µm were fixated 10 minutes in 2 % 
buffered formaldehyde (pH 7.4) and washed in phosphate buffer saline (PBS) for 15 
minutes. Before the addition of first and secondary antibody solution, sections were 
incubated in normal goat serum or sheep serum containing 0.5 % triton to suppress 
non-specific antibody binding. For double staining of IGFBPs and astrocytes sections 
were incubated with the primary antibody solution: rabbit-anti-human IGFBPs-1, -2, -
3, -4, -5, -6 (1/100) and mouse-anti-GFAP (1/100). Thereafter, sections were 
incubated with the secondary antibody solution: Alexa-fluor-488-goat-anti-mouse-
IgG (FITC-conjugated) and Alexa-fluor-568-goat-anti-rabbit (TRITC-conjugated) 
(1/100) in PBS for 120 min at room temperature. Between all steps sections were 
thoroughly rinsed with PBS. Micro-sections were embedded in fluorescent mounting 
medium and evaluated using confocal microscopy. Images were digitized, analyzed 
and quantified by computer-assisted densitometry using the program Image (National 
Institutes of Health Research Services Branch, NIH, Betheseda, MD). 
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Cell culture 
Primary rat astrocyte-enriched cultures were prepared according to a shake-off 
protocol described previously (23). Briefly, cerebral hemispheres of 1 day-old Wistar 
rats were freed from the meninges and mechanically disrupted. After centrifugation 
(10 min, 300*g) single cell suspensions were transferred to culture flasks (1 
brain/flask) and cultivated for 5 to 6 days in growth medium (DMEM containing 10% 
FCS, 5 µg/ml pyruvate, 2 mmol/L glutamine, 50 U/ml penicillin, and 50 µg/ml 
streptomycin). Growth medium was supplemented twice a week. 10 days after 
plating, O2A precursor cells and microglia were removed by shaking-off overnight at 
250 rpm and 37°C. Two shake-off procedures were performed followed by 
trypsination of the astrocytic monolayer. The suspended cells were filtrated through 
100 µm mesh nylon membranes, centrifuged (300*g, 15 min), counted and plated into 
poly-L-lysine- (PLL)-coated 12-well culture plates for cell proliferation assays. 
 
Cell proliferation assay 
Primary rat astrocytes and oligodendrocyte precursor cells (O2A) were plated into 
PLL-coated 12-well plates. Two hours after plating growth medium was removed, 
cells rinsed once with PBS, and a serum-free chemically defined medium (CDM) was 
added. CDM contained: DMEM containing 5 µg/ml pyruvate, 2 mmol/l glutamine, 50 
U/ml penicillin, 50 µg/ml streptomycin, 5 µg/ml transferrin, and 5 ng/ml selenite. 
Cells were supplemented with recombinant human IGF-1, IGF-2, IGFBPs or 
combined treatment of IGFs and IGFBPs. IGF-1 and –2 were supplemented at a 
concentration of 50ng/ml. For IGFBP-1, -2, and -4 concentrations were 200ng/ml. For 
combined treatment, IGF-1 and individual IGFBPs were incubated at 37*C for 30 
minutes with equimolar concentrations prior to addition to cells. IGFs, IGFBPs and 
combined treatments were supplemented into the culture medium every 24 hours. At 
day 5 MTT cell proliferation/survival assay was performed according to the 
manufacturer’s instructions. Briefly, yellow tetrazolium salt (MTT) was added at a 
concentration of 1mg/ml. In metabolically active cells MTT is reduced to form 
insoluble formazan crystals, which is solubilized by the addition of DMSO. Substrate 
conversion was quantified by spectrophotometry. For each cell type a linear 
relationship between cell number and absorbance was established. 
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Statistical analysis 
Experiments were performed a minimum of five times each. For any given 
experiment, each data point represents the mean +/- SEM. The data are analysed by 
analysis of variance, and statistical significance was determined by comparing each 
data point to the control using the unpaired student’s t-test. p<0.05 was considered 
significant. 
 
 
Results 
 
Immunostaining of IGFBPs in MS tissue 
Investigations were performed on unaffected cerebral white matter from 12 controls 
and 13 chronic active plaques of MS. Plaques were histologically characterized by 
demyelination (identified by myelin staining) and a rim of hypertrophic reactive 
astrocytes (figure 1). For double labeling experiments, astrocytes were identified by 
staining for the astrocyte specific marker glial fibrilary acidic protein (GFAP). 
Sections were analyzed by using confocal laser microscopy of the marker protein 
(green) and IGFBPs (red). Co-localization of IGFBPs and GFAP resulted in yellow 
staining. 
 

Figure 1: Characterization of MS lesions 
Histological characterization of plaques was performed by staining with luxol-fast blue 
(myelin staining) in MS white matter (A). The pale area is a demyelinated plaque (p) and the 
surrounding non-affected area in blue is myelinated white matter (wm). Hypertrophic reactive 
astrocytes of an MS patient were identified by GFAP staining (B). 
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Astrocytes in control cerebral white matter and in normal appearing white matter in 
MS showed positive immunoreactivity of all six IGFBPs. Pixel densities of all six 
IGFBPs between the two groups were not significantly different (table 1). 
Hypertrophic (reactive) astrocytes at the edges of the MS lesions showed enhanced 
immunostaining for IGFBP-2 and IGFBP-4 (figure 2). Compared to control cerebral 
white matter and normal appearing white matter in MS, pixel densities of IGFBP-2 
and –4 were enhanced in reactive astrocytes (tables 1 and 2). Compared to controls, 
the relative increase of IGFBP-2 and IGFBP-4 was 65 % and 195 %, respectively. 
 
Effects of IGFs, IGFBP-2 and –4 on astrocyte proliferation 
Increased levels of IGFBP-2 and –4 indicate roles for these binding proteins in 
processes occurring during astrogliosis in MS. In order to investigate the actions of 
IGFBP-2 and -4 we performed in vitro studies to elucidate the influence of these 
binding proteins on primary rat glial cell proliferation. For these studies we employed 
the MTT assay that accurately quantifies changes in proliferation by evaluating a cell 
population's response to treatment. Flow cytometric measurements have shown that 
astrocytes cultivated in CDM deprived of serum supplementation retain proliferative 
capacity (24). In response to treatments, as described in our study, astrocytes display 
altered cell growth rates. 
 
 
Table 1. Pixel densities of IGFBPs measured in astrocytes in cerebral white matter from 
controls (n = 12) and in normal appearing white matter in MS (n=13). 

control white matter   normal white matter (MS) *P 
  pixel density   pixel density 
  (mean, ±SEM)   (mean, ±SEM) 
IGFBP-1 181.80 ± 2.31   182.90 ± 1.72   0.7077 
IGFBP-2 150.70 ± 2.15   154.10 ± 3.62   0.4301 
IGFBP-3 129.40 ± 4.85   131.90 ± 5.18   0.7288 
IGFBP-4 50.30 ± 2.57   49.20 ± 2.10   0.7439 
IGFBP-5 85.50 ± 4.50   83.30 ± 4.35   0.7293 
IGFBP-6 250.10 ± 3.52   251.30 ± 2.87   0.7948 
IGFBP = Insulin like growth factor binding protein,  * Unpaired t-test. 
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Table 2. Pixel densities of IGFBPs measured in astrocytes in cerebral white matter from 
controls (n =12) and at the edges of MS plaques (n=13). 
  control white matter   edges of MS lesions  *P 
  pixel density   pixel density 
  (mean, SEM)   (mean, SEM) 
IGFBP-1 181.80 ± 2.31   181.60 ± 3.94   0.9656  
IGFBP-2 150.70 ± 2.15   252.40 ± 3.25   <0.0001 
IGFBP-3 129.40 ± 4.85   137.60 ± 5.77   0.2910 
IGFBP-4 50.3 ± 2.57   150.70 ± 3.20   < 0.0001 
IGFBP-5 85.50 ± 4.50   78.80 ± 3.65   0.2627 
IGFBP-6 250.10 ± 3.52   249.80 ± 3.11   0.9498 
IGFBP = Insulin like growth factor binding protein, *Unpaired t-test.  
 
 
 
Figure 3 displays treatment of rat astrocytes with IGF-1 and -2 (10ng/ml each), as 
well as the influence of 10% fetal calf serum (FCS) on these cells after 5 days in 
culture. Astrocytes responded with increased proliferation by 33% and 22% (p<0.05), 
for IGF-1 and –2 respectively. This data demonstrates the importance of IGFs as 
growth factors for astrocytes. Supplementation of 10% FCS to cultures resulted in 
increased cell proliferation of 128% (p<0.05).  
Treatment of astrocytes with IGFBP-2 displayed an inhibitory effect on proliferation 
(figure 4a) with a decrease of 20.4% (p<0.05), as compared to controls. Combined 
treatment of IGFBP-2 with IGF-1, however, did not result in inhibition of IGF-1 
effects. This treatment displayed a slight potentiation of proliferation of 5%, that was 
not considered significant (compared to IGF-1 treatment alone) and, therefore, 
remains descriptive. In addition, we investigated the influence of IGFBP-2 on IGF-2 
effects. This binding protein is known to bind IGF-2 with higher affinity than IGF-1 
(10-fold higher affinity). Studies showed that IGF-2 enhanced effects on astrocyte 
proliferation could be entirely inhibited when treatment was combined with IGFBP-2 
(103%, as compared to control). 
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Figure 2: Immunostaining of IGFBPs in astrocytes 
Immunostaining of IGFBPs in control white matter (control) and at the edges of subchronic 
MS plaques (MS). Micrographs showing co-localization (yellow) for IGFBP-1, -2, -4 (red) in 
astrocytes (green), in control white matter and MS brain. Astrocytes in control brain (a, c, e) 
and in MS brain (b, d, f) showed co-localization of all three IGFBPs. Reactive astrocytes 
(MS) demonstrated increased co-localization of IGFBP-2 and -4 (d and f). Bar = 50µm. 
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Figure 3: Influence of IGFs on astrocyte proliferation 
Astrocytes were plated in equal amounts, cultivated in serum-free CDM and subsequently 
exposed to treatment; IGF-1, IGF-2 or culture medium containing 10% foetal calf serum. 
MTT conversion was measured on day 5. IGF-1 and -2 increased cell proliferation by 33% 
and 22%, respectively (as compared to control). Supplementation of 10% foetal calf serum 
enhanced proliferation by 128%. Data represents mean ± SEM of 5 experiments performed in 
triplicate. *, p<0.05, compared to control. CDM: chemically defined medium; FCS: foetal 
calf serum. 
 
Supplementation of IGFBP-4 to astrocyte cultures (figure 4b) resulted in a mild 
inhibitory effect on proliferation (16%, p<0.05). Similarly, combined treatment of 
IGFBP-4 with IGF-1 resulted in an inhibitory effect on IGF-1 induced proliferation by 
13% (p<0.05). Further, we evaluated the influence of IGFBP-1 on astrocyte 
proliferation. IGFBP-1 is an example of an IGFBP demonstrating basal levels in the 
differentiated cell in situ, which did not result in regulation of levels in the reactive 
astrocyte in MS lesions. Treatment of cultures with IGFBP-1 resulted in a strong 
decrease of proliferation by 25% (figure 4c). IGFBP-1 not only displays a strong 
inhibitory effect alone, but in combined treatment with IGF-1 the stimulating effects 
of this growth factor on astrocyte proliferation were completely inhibited. 
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Figure 4: IGFBP-1, -2 and -4 on astrocytes 
Astrocytes were plated in equal amounts, cultivated in serum-free CDM and subsequently 
exposed to treatment with IGFBPs and IGFs or combined treatment. MTT conversion was 
measured on day 5. Panel a; IGF-1 and -2 enhance cell proliferation, whereas IGFBP-2 
treatment inhibits growth (79.6%, compared to control). Combined treatment of IGFBP-2 
with IGF-1 does not inhibit IGF-1 enhanced proliferation (138%, compared to control), yet 
completely inhibits IGF-2 enhanced proliferation (103%, compared to control). Panal b; 
IGFBP-4 inhibits proliferation (84%, compared to control) and in combination with IGF-1 
IGFBP-4 inhibits IGF-1 stimulated proliferation (117%, compared to IGF-1 treatment). Panal 
c; IGFBP-1 strongly reduces astrocyte proliferation alone (73%, compared to control) and 
completely inhibits IGF-1 stimulated proliferation (96%, compared to control). Data 
represents mean ± SEM of 5 experiments performed in triplicate. *, p<0.05; compared to 
control. CDM: chemically defined medium; BP-1: IGFBP-1; BP-2: IGFBP-2; BP-4: IGFBP-
4; BP-1/IGF-1: combined treatment of IGFBP-1 with IGF-1; BP-2/IGF-1: combined 
treatment of IGFBP-2 with IGF-1; BP-4/IGF-1: combined treatment of IGFBP-4 with IGF-1 
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IGFBP-2 effects on oligodendrocyte cultures 
Immature oligodendrocytes (O2A cells) differentiate rapidly in serum-free medium 
and cease to proliferate. Previous results have shown that this differentiation is 
accompanied by terminal arrest in G1-phase of the cell cycle 24h after plating (21). 
Since these cells cease to proliferate, MTT assays performed in this study measure 
cell survival in respond to treatment. As a potent stimulant, IGF-1 supplementation to 
oligodendrocyte cultures enhanced cell survival by 260% (p<0.05), as compared to 
control (figure 5). By comparison, IGFBP-2 treatment decreased survival of 
oligodendrocytes by 41% (p<0.05). In combined treatment, IGFBP-2 strongly reduced 
IGF-1 enhanced survival by 160% (p<0.05). 
 

Figure 5: BP-2 effects on oligodendrocytes 
Oligodendrocytes were grown in a serum-free, CDM and treated with IGF-1, IGFBP-2 or as 
combined treatment of IGF-1 and IGFBP-2. MTT conversion was measured on day 5. IGF-1 
proved a strong inducer of oligodendrocyte survival, which was enhanced by 260%. 
Supplementation of IGFBP-2 reduced cell survival by 40%. Combined treatment resulted in 
decreased IGF-1 stimulated cell survival by 160%. Data represents mean ± SEM of 5 
experiments performed in triplicate. *, p<0.05; compared to control. CDM: chemically 
defined medium; BP-2: IGFBP-2; BP-2/IGF-1: combined treatment of IGFBP-2 with IGF-1. 
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Discussion 
 
In the present study, all six IGFBPs were present in astrocytes in control as well as in 
normal appearing white matter of MS brains. Hypertrophic astrocytes, most abundant 
at lesion edges of MS plaques, showed enhanced expression of IGFBP-2 and –4. 
IGFBP-2 is highly expressed in the CNS, and is the major IGFBP in cerebrospinal 
fluid (25, 26). In our laboratories, we have shown that reactive 
microglia/macrophages in MS lesions also display a strong immunoreactivity for 
IGFBP-2 (15). Several lines of evidence are now suggesting that the response of 
increased levels of IGFs and IGFBP-2 in injured brain provides protection for neurons 
(27, 28). 
In this study, increased immunostaining for IGFBP-4 was also demonstrated in 
reactive astrocytes. This inhibitory IGFBP binds IGF-1 with high affinity and 
decrease its local availability. This may serve to protect cells from overstimulation by 
IGFs (29, 30). We have recently reported that IGFBP-4 associates with centrioles and 
microtubules of primary cultured rat and human astrocytes, whereas we were unable 
to observe this interaction in oligodendrocytes or microglia (31). The function of this 
association is presently unclear. One characteristic of astrogliosis is morphological 
changes, which is accompanied by alterations of the cytoskeleton, including 
restructuring of microtubules. Whether IGFBP-4 plays a role in these morphological 
alterations in vivo can only be speculated. In this context, IGFBP-4 may exert IGF-
independent actions. 
It is well established that some IGFBPs inhibit IGF actions, whereas others potentate 
IGF actions. In addition to this, IGFBPs are known to assert IGF-independent actions. 
Local regulators control the production of IGFBPs in tissues and it is speculated that 
the complexity of IGFBP regulation may provide the required flexibility for 
modulating IGF actions in a variety of tissues (9). A number of in vitro studies have 
shown that IGFBPs stimulate IGF actions in a variety of cell types and that the same 
IGFBPs could act to inhibit IGF actions depending on a number of variables, 
including culture conditions. In this investigation, we examined the influence of 
exogenous IGFBPs on rat glial cells. Treatment of serum deprived astrocytes with 
IGF-1 and –2 enhanced the proliferative capacity, whereas IGFBP-1, -2 and -4 
reduced cell growth when supplemented alone. Since astrocytes are known to express 
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IGFs in culture, inhibiting effects of IGFBPs are likely to be attributed to inhibition of 
endogenous IGF-1 and/or –2. The most potent inhibitor in this experiment was 
IGFBP-1, which decreased cell proliferation by 25%. In combined treatment with 
IGF-1, IGFBP-1 completely inhibited IGF-1 enhanced proliferation. Similarly, 
IGFBP-4 displayed an inhibitory effect on astrocyte proliferation and had an 
inhibitory effect on IGF-1 stimulated growth. 
Although IGFBP-2 is the most abundant IGFBP expressed by astrocytes in vitro 
supplementation of exogenous IGFBP-2 to cultures had a clear inhibiting effect on 
proliferation. Interestingly, in combined treatment IGFBP-2 slightly increased IGF-1 
stimulated growth on astrocytes, whereas IGF-2 stimulated proliferation could be 
entirely inhibited. It has been reported that IGFBP-2 binding to IGF-1 or IGF-2 
enhances binding to ECM (32). Furthermore, IGFBP-2 is known to have a 3-fold 
decreased affinity to IGF-1 when it binds to cell surface proteoglycans (33). Such cell 
associations might be an important mechanism by which bound IGF-1 could be 
released to act on astrocytes. Since combinatorial treatment such as described here 
serves as a better mitogenic stimulus than IGF-1 alone, we could speculate that this 
IGFBP might act as IGF-1 reservoir, releasing continuously low amounts of IGF-1 
and thereby creating a more effecient state of receptor occupancy. However, it could 
be argumented that combinatory treatment of IGF-1 with IGFBP-2 displays a lack of 
IGF-1 neutralization due to endogenous IGF-2 that may displace IGF-1 from the 
complex. It is known that IGFBP-2 has a 10-20-fold higher affinity to IGF-2 than 
IGF-1. In agreement with this, combinatory treatment of IGFBP-2 with IGF-2 
displays a neutralizing effect on IGF-2 actions. 
It remains unclear why treatment with IGFBP-2 alone displays an inhibiting effect on 
astrocytes. Other reports have demonstrated that preincubation of cells with IGFBPs 
followed by IGF-1 treatment has been shown to potentate the effects of IGF-1, 
whereas combinatorial treatment inhibits IGF-1 effects (34, 35). Discrepancies might 
be explained by experimental settings, which obviously have a dramatic influence on 
cellular effects. We can not exclude IGF-independent effects on astrocytes. This is 
especially the case for IGFBP-1 and -2, which are known to exert independent effects 
mediated through integrin receptors (due to its RGD motif) or glycosaminoglycans 
(36). IGFBP-4 is the only IGFBP that is not known to exert IGF-independent effects. 
In contrast to the effects observed on astrocytes, oligodendrocyte cell survival was 
significantly inhibited when treated with IGFBP-2 alone, as well as in combination 
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with IGF-1. Previous results have demonstrated that the expression of myelin marker 
proteins CNPase and MBP are also reduced by this treatment (21). In EAE, the 
occurrence of remyelination in lesions coincides with an upregulation of IGF-1 and 
IGFBP-2 (18, 37). In accordance with these findings, IGF-1 receptors have been 
found in oligodendrocytes of these lesions. Those investigations lead to the hypothesis 
suggesting that IGFBP-2 may target IGF-1 to oligodendrocytes, a mechanism that 
could explain remyelination. 
Astrocytes and microglia are the primary sources of IGF-1 in the damaged CNS, and 
it has been suggested that this growth factor assists in neuronal protection as well as 
facilitating myelin production. Our experiments have shown that combined treatment 
of IGFBP-2 and IGF-1 does not inhibit IGF-1 stimulated astrocyte proliferation, 
whereas it does inhibit IGF-1 stimulated survival of oligodendrocytes. It is, therefore, 
tempting to speculate that an upregulation of these molecules facilitates the process of 
astrogliosis rather than oligodendrocyte survival in vivo. Higher levels of IGFBP-2 in 
the microenvironment of the astrocyte could sequester IGF-1 and target this growth 
factor to the reactive astrocyte. 
In MS, increased levels of IGFBPs may serve to regulate IGF-1 induced release of 
cytokines. Reactive astrocytes and microglia/macrophages have been shown to release 
several cytokines, such as tumor necrosis factor (TNF)-α, transforming growth factor 
(TGF)-β, interleukin (IL)-10 and IL-1β (38 39, 40). TNF-α has been implicated in the 
mechanism of several demyelinating disorders, including MS. In rat spinal cord 
culture, TNF-α selectively damages oligodendrocytes and myelin, resulting in 
swelling of myelin sheets and oligodendrocyte death (41). Macrophages respond to 
IGF-1 with an increased production of the inflammatory cytokine TNF-α (42). In this 
respect, production of IGFBPs may serve to protect cells from cytokine release 
mediated by IGFs. On the other hand, high IGFBPs levels may lower free levels of 
IGFs restricting protective effects on neurons in the injured brain (43, 44). 
 
Conclusion 
The importance of the IGF-system in the CNS is well accepted, yet regulatory 
mechanisms controlling IGFs remain vague. Since IGF-1 has been proposed as a 
therapeutic agent in a number of degenerative diseases of the CNS it is important to 
elucidate regulatory mechanisms of this growth factor. This includes which cells 
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express molecules involved in IGF regulation and upon which cells effects are 
ultimately exerted. This study offers some insight on the influence of the IGF-system 
on glial cells. In particular, IGFBP-2 upregulation in MS may primarily serve to 
enhance astrocyte proliferation and reactive astrogliosis rather than providing support 
for oligodendrocyte survival. 
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Abstract 
 
Insulin-like growth factors (IGFs) protect neurons, are important for oligodendrocyte 

survival and myelin production, and stimulate the proliferation of astrocytes. The effects 

of IGFs are regulated by a family of IGF binding proteins (IGFBPs). Astrocytes 

predominantly express IGFBP-2. In the present study, primary neonatal rat astrocytes 

were cultivated in a chemically-defined medium in order to initiate a differentiated cell 

status. Following stimulation with fetal calf serum, astrocytes became hypertrophic and 

increased proliferation. Western blot analysis of cell lysate of proliferating astrocytes 

displayed an increased expression of IGFBP-2. This finding was supported by 

immunocytochemical images. Semi-quantitative PCR analysis demonstrated equal 

mRNA levels in both differentiated and proliferating astrocytes, suggesting that the 

increase in IGFBP-2 production in proliferating astrocytes was exerted at the 

translational level. Concentrated medium of proliferating cells, however, displayed 

lower levels of IGFBP-2 than differentiated cells. When recombinant IGFBP-2 was 

incubated with culture media we found degradation in the medium of proliferating cells, 

but not in medium of differentiated cells. This degradation could be inhibited with 

protease inhibitors, indicated that lower levels of IGFBP-2 in the medium of 

proliferating astrocytes are due to the presence of proteases. Our results suggest that in 

proliferating astrocytes IGFBP-2 may help target IGFs to IGF-1 receptors, and IGFBP-2 

proteases may play a role in enhancing the availability of IGFs. 
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Introduction 
In contrast to neurons and oligodendrocytes that are highly differentiated and have 
limited proliferative capacity, astrocytes are highly plastic and possess the potential to 
proliferate and migrate (Fawcett and Asher, 1999; Lee and Brosnan, 1997). Damage to 
the central nervous system (CNS) caused by injury or in the course of disease results in 
a rapid response from resident astrocytes, a process referred to as reactive astrogliosis. 
This phenomenon is characterised by hypertrophy, cell migration, cell proliferation and 
increased expression of glial fibrillary acidic protein (GFAP) (Eddleston and Mucke, 
1993; Fawcett and Asher, 1999; Norton et al., 1992; Wu and Schwartz, 1998; Wu et al., 
1998). Following cell division and migration to a damaged site, a glial scar, comprised 
predominantly of astrocytes, is eventually formed creating a structure that impedes 
repair processes (Fawcett and Asher, 1999; Fok-Seang et al., 1995). Reactive 
astrogliosis is not only observed following physical assaults to the brain, but also in a 
wide variety of pathological situations of the CNS, such as in multiple sclerosis (MS) 
(Fawcett and Asher, 1999; Norton et al., 1992). Although the function of this 
mechanism has not been elucidated, glial scarring ultimately forms an obstacle 
preventing axonal growth and remyelination of demyelinated axons. There is 
considerable interest in finding ways to prevent glial scarring. A better understanding of 
the functional biology of astrogliosis may lead to the development of therapeutic 
interventions that can be used in treating patients. 
Insulin-like growth factor-1 and -2 (IGF-1 and -2) are trophic factors that are present in 
the CNS and expressed in astrocytes (Chernausek, 1993). IGF-1 stimulates migration 
and differentiation of oligodendrocyte precursor (O2A) cells, promotes remyelination of 
axons by stimulating myelin protein synthesis in oligodendrocytes (Kuhl et al., 2002; Li 
et al., 1998; Yao et al., 1996), and possesses neuroprotective properties (Loddick, 
1998). However, this trophic factor also stimulates astrocytic growth and migration and 
can contribute to the formation of the inhibitory glial scar environment (Eng and 
Ghirnikar, 1994; Han et al., 1992). Effective therapeutic application of IGF-1 in MS or 
other conditions of CNS injury should, therefore, include measures to avoid its 
stimulating effect on astrocytes in order to prevent increasing severity of the lesion. 
Modes of IGF action are regulated by 6 structurally distinct IGF-binding proteins 
(IGFBPs) that may have either stimulating or inhibitory effects on cell growth or 
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survival (Baxter, 2000; Jones and Clemmons, 1995; Kelley et al., 1996). Depending on 
IGFBP or IGFBP protease bioavailability in the extracellular milieu the actions of IGFs 
can be influenced as to promote or prevent IGF-induced cell growth or survival. 
IGFBPs that are secreted in the extracellular space can sequester IGFs and prevent 
interaction with the IGF-1 receptor. Alternatively, IGFBPs can target IGFs to specific 
cell types by interacting with cell surface structures (Baxter, 2000; Jones and 
Clemmons, 1995). Proteolysis of IGFBPs can release IGFs from complexes and target it 
to specific cell types. 
When considering the potential of IGF-1 as a therapeutic agent, regulatory factors such 
as IGFBPs and proteases must be taken into consideration. The major IGFBP expressed 
by resting and reactive astrocytes is IGFBP-2 suggesting important functional roles of 
this binding protein in IGF regulation in the CNS (Beiharz et al., 1998; Chernausek et 
al., 1993; Gehrmann et al., 1994; Liu et al., 1994; Loret et al., 1991; Mewar and 
McMorris, 1997; Ocrant et al., 1990; Yao et al., 1995). In this study, we have performed 
a quantitative characterisation of IGFBP-2 expression patterns in reactive (proliferating) 
as compared to resting (differentiated) astrocytes in an in vitro situation that models 
reactive astrogliosis. 
 
 
MATERIALS AND METHODS 
 
Materials 
Tissue culture plasticware was obtained from Nalge Nunc International (Roskilde, 
Denmark). All other cell culture materials were purchased from Gibco BRL (UK). MTT 
(3-[4, 5-Dimethylthiazol-2-yl]-2, 5-diphenyl-tetrazolium bromide) was purchased from 
Sigma (Saint Louis, USA). Chemicals for SDS-PAGE and Western blot were obtained 
from BioRad (Veenendaal, The Netherlands). Propidium iodide (PI) and RNAse for 
FACS measurements were obtained from Sigma (Saint Louis, USA). Primary 
antibodies used were anti-GFAP (Boehringer Mannheim Biochemica, Germany), anti-
Vimentin (Sigma, Saint Louis, USA), anti-ED-1 (Chemicon International, Temecula, 
CA), anti-rat IGFBP-2 (Gropep, Australia) and anti-human IGFBP-2 (Gropep, 
Australia). Recombinant human IGFBP-2 (rhIGFBP-2) peptide for protease 
experiments was obtained from Gropep, Australia. Broad spectrum protease inhibitor 
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cocktail was purchased from Sigma. For RNA isolation we utilised the RNeasy Mini 
Kit from Qiagen (Valencia, CA). All reagents for reverse transcription and all primers 
were obtained from Life Technologies (Paisley, UK). The High Fidelity PCR Master kit 
was obtained from Roche (Indianapolis, IN). For PCR product purification we 
employed the kit sephadex G-50 (Amersham Biosciences, 27-5340-10) and for 
sequencing the sequencing kit Dyenamic ET-Terminator kit (Amersham Biosciences, 
US81090). 
 
Cell cultures 
Primary rat astrocyte cultures were prepared according to a shake-off protocol described 
previously (McCarthy and de Vellis, 1980). Briefly, cerebral hemispheres of 1 day-old 
Wistar rats were freed from the meninges and mechanically disrupted using a Pasteur 
pipette. After centrifugation (10 min, 300*g) single cell suspensions were transferred to 
culture flasks (1 brain/flask) and cultivated for 5 to 6 days in growth medium (DMEM 
containing; 10% FCS, 5 µg/ml pyruvate, 2 mmol/l glutamine, 50 U/ml penicillin, and 
50 µg/ml streptomycin). Growth medium was supplemented twice a week. 7 to 12 days 
after plating, O2A precursor cells and microglia were removed by shaking-off overnight 
at 250 rpm and 37°C. Suspended cells were counted and plated on bacterial dishes for 
30 minutes for adhesion of microglia. Oligodendrocytes in suspension were removed 
and remaining microglia were supplemented with culture medium. Two shake-off 
procedures were performed followed by trypsination of the astrocytic monolayer. The 
suspended cells were filtrated through 100 µm mesh nylon membranes, centrifuged 
(300*g, 15 min), counted and plated into poly-L-lysine- (PLL)-coated culture dishes or 
multiwells. 2 h after plating, growth medium was removed and cells rinsed with 
phosphate buffered saline (PBS) followed by addition of a chemically-defined, insulin-
free medium (CDM: DMEM containing 5 µg/ml pyruvate, 2 mmol/l glutamine, 50 U/ml 
penicillin, 50 µg/ml streptomycin, 5 µg/ml transferrin, and 5 ng/ml selenite) for 
cultivation of differentiated astrocytes. Proliferating astrocytes were cultivated in 
growth medium as described above supplemented with 10% FCS. Purity of cultures 
were examined by staining with the astrocytic marker GFAP and found to be 95% pure. 
Major contaminating cells in astrocyte cultures were microglia and identified by the 
microglia-specific marker ED-1. 
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Cell proliferation assay 
Primary rat astrocytes were plated (50,000 cells/well) into PLL-coated 12-well plates. 
Two hours after plating growth medium was removed, cells rinsed once with PBS, and 
culture medium was added. Cells were cultivated in CDM with and without 
supplementation of recombinant human IGF-1, des-IGF-1 or in medium containing 10% 
FCS. Des-IGF-1 (des-(N1-3)-IGF-1) is an IGF-1 analog that binds to the IGFBPs with 
negligible affinity. After 72 h a MTT assay was performed using a protocol according to 
the manufacturer’s instructions (Sigma, Saint Louis, USA). Recombinant IGF-1 and 
Des-IGF-1 were dissolved according to the manufacturers instructions (Gropep, 
Australia) and supplemented into the medium every 24h at a concentration of 10ng/ml. 
 
Flow cytometry 
Cells were plated on to 10cm2 dishes in equal numbers (1,000,000 cells/plate). Cells 
cultivated in serum free CDM were harvested by trypsinization on day 3 and 5. 
Proliferating cells cultured in 10% FCS were trypsinated on day 3. Day 5 differentiated 
cells were restimulated with serum to obtain proliferating cultures that were harvested 
on day 7. Following harvest cells were fixated in 70% ethanol and stored overnight at -
20°C. For DNA measurements, cells were centrifuged for 10 min at 300*g, and the 
pellet was resuspended in PBS. Cell aggregates and doublets were excluded by filtering 
the solution through a 30 µm mesh nylon net. After centrifugation, cells were 
resuspended in PBS containing 50 µg/ml propidium iodide and 10 mg/ml RNase and 
stained for 45 min. DNA analysis was performed with a FACS Caliber flow cytometer 
(Becton Dickinson, San Jose, California) using the WinList 32 software. Cell cycle 
phase distribution of 10.000 single cells was analyzed by software gating tools while 
remaining cell doublets were excluded from evaluation. 
 
Western blot 
Astrocytes were plated on to 10cm2 dishes in equal numbers (1,000,000 cells/plate) and 
cultivated for 3 days. Samples were made from cell lysates by rinsing cells twice with 
PBS and once with distillated water. Cells were than scraped together with a rubber cell 
scraper and lysated with 3X sample buffer containing; 30% glycerol, 15% β-
mercaptoethanol, 9% SDS, 100mM Tris*Cl and 0.2% bromophenol blue. Samples were 
boiled for 5 minutes and centrifuged at 10,000g for 5 minutes. Pellet was discarded and 
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protein concentration of the supernatant was measured according to the Neuhoff 
procedure. For cell lysates, SDS-PAGE was performed running 50 µg protein/lane on 
12.5 % gels. For medium samples, equal volumes of medium were centrifuged through 
Centricon-10 tubes (10 kDa cut-off), concentrated 100-fold and dissolved in 3x sample 
buffer. Equal volumes (45 µl) were run on 12.5 % gels. Proteins were blotted onto 
PVDF membranes for 1h at 350 mA. Membranes were blocked for 30 minutes in TBS-
T (6 g/l Tris-Base, 8 g/l NaCl, 0.2 g/l KCl, 0.2% (vol/vol) Tween 20, pH 7.6), 
containing 1% BSA. Incubations with the primary antibodies (1:200 for IGFBP-2 and 
1:1000 for vimentin and GFAP) were performed overnight at 4°C in TBS-T. The 
secondary alkaline phosphatase-conjugated antibody was diluted 1:20.000 and applied 
for 1 h at RT. NBT/X-phosphate was applied as a substrate for band detection. Bands 
were scanned and pixel densities calculated using the NIH Scion Image software. 
 
Immunofluorescence staining 
Astrocytes were plated in 12-well plates (50,000 cells / well) containing glass cover 
slips coated with poly-L-lysine (incubation 30 minutes at RT) and cultured under 
experimental conditions as described above in CDM or medium containing 10% FCS. 
Following 3 days cultivation, cells were rinsed 3 times in PBS and fixated in 
paraformaldehyde for 20 minutes at RT. After rinsing with PBS cells were treated with 
triton-X-100. Blocking was performed with 5% dried milk powder and 1% BSA for 30 
minutes. Primary anti-bodies used were mouse-anti-GFAP, mouse anti-vimentin and 
rabbit anti-rat IGFBP-2. Secondary antibodies were FITC labelled anti-mouse (Zymed, 
San Francisco, Ca., USA) or TRITC labelled anti-rabbit antibodies (Sigma, St Louis 
Mo., USA). Glass cover slips were mounted with fluorescent mounting medium 
(DAKO, Carpinteria, Ca. USA) and photographs were taken with an Axiophat 
fluorescent microscope (Zeiss, Germany). 
 
Semi-quantitative RT-PCR 
Total RNA was isolated from primary astrocytes using the RNeasy Mini Kit and 
following the manufacturers’ instructions. Purified RNA was analysed by ethidium-
bromide stained gel, in order to verify that there was no degradation. Single stranded 
cDNA was synthesized from 5 µg total RNA using 2.5 µg Oligo (dT) 12-18 primer, 
1000 units Superscript RT II, 20 µl first strand buffer, 10 mM DTT and 0.5 mM 
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dNTP in a total volume of 100 µl. Isolated RNA and the Oligo (dT) primer were 
denatured at 65°C for 15 min and placed on ice for 5 min before addition to the reaction 
tube. Reverse transcription was performed for 1 h at 37°C, and samples were 
subsequently heated at 99°C for 5 min to terminate the reaction. PCR was performed 
with the High Fidelity PCR Master using 250ng cDNA and 7.5 pmol sense and 
antisense primer. The final reaction volume was 50 µl. The tubes were incubated in a 
GeneAmp PCR System 9700 (Perkin-Elmer, Norwalk, CT) at 94°C for 5 min to 
denaturate the cDNA and primers. The cycling program was 94°C for 30 s, 62°C for 40 
s, and 72°C for 40 s for GAPDH and 94°C for 30 s, 65°C for 40 s, and 72°C for 40 s (7 
min in the last cycle) for IGFBP-2. For each primer set and sample, an increasing 
number of PCR cycles (20 to 32) were performed with otherwise fixed PCR conditions 
for semi-quantitative evaluation. The following primer pair was employed for IGFBP-2: 
5’-GCAGGTTGCAGACAGTGAGG-3’ (upstream) and 5’-
GAAGGCGCATGGTGGAGATG-3’ (downstream), yielding a 293 bp amplified 
product. In each experiment, water, RNA, cDNA without primers as well as cDNA with 
only sense or antisense primers was used as a negative control to check for 
contamination and specificity. 10 µl of each PCR product was separated on 2.0% 
agarose gels, stained with ethidium bromide, and photographed using a Polaroid DS34 
Instant Screen Direct Camera (Hertfordshire, UK). To insure specificity PCR products 
were sequenced. Prior to analysis on MegaBACE 1000 sequencing system (Amersham 
biosciences, Molecular Dynamics, 63-0034-24), PCR products were purified with 
AutoSeq96 filter plate containing DNA Grade Sephadex G-50 (sephadex G-50, 
Amersham Biosciences, 27-5340-10). We utilized the sequencing kit (Dyenamic ET-
Terminator kit Amersham Biosciences, US81090). MegaBACE long-read matrix 
(Amersham biosciences, US79676) generated sequence data was analyzed with 
basecaller Cimarron 2.19. This cDNA sequence was compared with the sequence 
available in the GenBank DNA databases and was identical to the known rat IGFBP-2 
sequence. (GenBank accession number M31672; rattus norvegicus cDNA position 
(474-766). 
 
Protease detection 
Detection of IGFBP-2 protease presence in the culture medium of astrocytes and 
microglia was performed by collecting 1 ml of culture medium from 3 day old cultures 
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of serum free and serum supplemented cells. 200ng of recombinant human IGFBP-2 
(rhIGFBP-2) was added to each sample and incubated 2h at 37°C. Positive controls 
consisted of rhIGFBP-2 incubated in culture medium without serum addition and 
without prior cell contact. Negative controls consisted of rhIGFBP-2 incubated in 
culture medium with serum addition and without prior cell contact to exclude protease 
presence in FCS added to proliferating cultures. For protease inhibition, samples were 
treated with a protease inhibitor cocktail (Sigma, Saint Louis, USA) in order to inhibit 
degradation induced by a broad spectrum of proteases. Following incubation samples 
were subjected to TCA (trichloric acetic acid) precipitation. 60 µl/ ml TCA (100%) and 
0.5% Na-desoxycholate was added and samples were incubated on ice for 30 min 
followed by centrifugation at 14000 rpm for 30 min. Pellets were resuspended in 100µl 
sample buffer and boiled. Presence of IGFBP-2 protease was determined by Western 
blot analysis of rhIGFBP-2 degradation indicated by decrease of band size as compared 
to positive controls. 
 
Statistical analysis 
All experiments were performed 5 times each. For any given experiment, each data bar 
represents the mean +/- SEM of values obtained in separate experiments. The data were 
analysed by analysis of variance using the program Instat for Macintosh, and statistical 
significance was determined with the unpaired student’s t-test. Values of P<0.05 were 
considered significant. 
 
 
RESULTS 
Changes in morphology and the expression of GFAP and vimentin 
Contrasting properties of differentiated and proliferating astrocytes were observed when 
the cell morphology was examined by light microscopy (Fig. 1A). Astrocytes that were 
cultivated in medium with 10% FCS (proliferating astrocytes) committed themselves to 
a wide and spacious form. Processes were not extended and cell bodies retained a broad 
appearance. Cells cultivated in serum deprived CDM revealed extreme changes that 
occurred after 72 h in culture. Compared to proliferating astrocytes these cells 
(differentiated astrocytes) displayed an overall decrease in cell body size and an 
extension of their processes. 
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Astrocytes in vivo are known to express low levels of GFAP. With onset of growth and 
migration following injury or during inflammation GFAP expression in reactive 
astrocytes is drastically increased (Eddleston and Mucke, 1995; Eng and Ghirnikar, 
1994; Fawcett and Asher, 1999). Similarly, vimentin expression is increased in reactive 
astrocytes (Wu et al., 1998; Yamada et al., 1992). Fig.1B shows immunocytochemical 
images of differentiated and proliferating cells stained with GFAP and vimentin, 
displaying the contrasting morphological alterations. In order to investigate whether this 
attribute was accompanied by differential expression patterns, Western blot detection of 
GFAP and vimentin was performed. Respective bands of the 52 and 58 kDa proteins 
were identified and found to differ in intensity (Fig. 1C; data only shown for GFAP). 
Quantitative evaluation of protein levels revealed increased expression in proliferating 
cells of 28% and 35% for GFAP and vimentin (P<0.05), respectively. 
 
Flow cytometric measurements 
In order to elucidate whether changes in the proliferative status occurred following 
serum withdrawal, flow cytometric DNA measurements were performed (Fig. 2). 
Differences between the cell dispositions are depicted as histograms in Fig. 2A, which 
provide the empirical data for the graph in Fig 2B. Cells with a G1 DNA content 
(G0/G1 fraction) were compared with the cycling fraction (S- and G2/M-phase cells). 
As serum withdrawal generally arrests cells in the G0/G1-phase, cells within other 
phases continue to proceeding through the cell cycle and are termed cycling cells. 
Astrocytes cultivated 3 days in 10% FCS displayed a distribution of cells throughout the 
cell cycle. Following serum withdrawal astrocytes showed an increased G0/G1-phase 
fraction and decreased S- and G2/M-phase fractions. Serum withdrawal influenced the 
distribution by decreasing the fraction of cycling cells from 34.6% to 14.3% (p<0.05 
compared with control), demonstrating reduced proliferative capacity. After 
restimulation of cells by FCS supplementation to culture medium at day 5, astrocytes 
displayed similar cell cycle-phase fraction distributions as day 3 proliferating cells. 
After one week in culture, proliferating astrocytes formed a monolayer and only ceased 
to proliferate after contact inhibition prevented further growth, whereas differentiated 
cells displayed limited cell division causing cell numbers to remain low. Despite slow 
growth rates, survival of astrocytes cultivated in CDM was confirmed after 3 weeks 
(data not shown). 
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Figure 1: Differentiated and proliferating astrocytes 
 
A. Light microscopy. Astrocytes were plated in equal amounts, cultivated in medium with 10% 
serum for 2h and subsequently exposed to a chemically defined medium or culture medium 
containing 10% FCS. After 3 days of cultivation microphotographs were taken. 
Microphotographs depict (a) differentiated astrocytes cultivated in serum deprived medium and 
(b) proliferating astrocytes cultivated in 10% FCS. Scale bars = 50µm. 
 
B. Immunocytochemical staining of GFAP and vimentin. In differentiated astrocytes (a and 
b; 0% FCS) cell bodies are small and processes elongated. In proliferating astrocytes (c and d; 
10 % FCS), cell bodies are broad with processes remaining limited in size and number. Scale 
bars = 10µm. 
 
C. Western blot analysis of GFAP. Cell lysate samples were made under denaturating 
conditions and proteins were subjected to SDS page and western blotting. Staining was 
performed with alkaline phosphatase. Densitometric measurements of band intensities are 
displayed in the graph below the blot. Quantitative evaluations derived from densitometric 
measurements are given in % of control. Data are expressed as the mean ± SEM of 5 separate 
experiments. *, p<0.05 compared to control. 
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Figure 2: Flow cytometric measurements 
Astrocytes were plated in equal amounts, cultivated in medium with 10% serum for 2h and 
subsequently exposed to a chemically defined medium or culture medium containing 10% FCS. 
Cells were then cultivated 3 days in 10% FCS, 3 and 5 days in 0% FCS and 5 day differentiated 
cells were restimulated with medium containing 10% serum and harvested on day 7. After 
harvesting, cells were fixated, PI stained and DNA content was measured by flow cytometery. 
 
A. Representative DNA-histograms of a 7 day kinetic. (a) depicts the cell cycle distribution 
of proliferating cells. (b) and (c) are histograms of differentiated cells on day 3 and 5, 
respectively. Histogram (d) represents restimulated cells on day 7 after serum supplementation 
of differentiated cells on day 5. 
 
B. Empirical data from the histograms. Cell number is given in % of total cells. Graph shows 
a comparison between cycling cells (cells in S- and G2/ M-phases) and cells in G0/G1 phase. 
Data represents mean ± SEM of 5 experiments. *, p<0.05 compared to control.  
 
 
Proliferation assays 
MTT conversion in cultures reflects the number of cells in the system. Duration of this 
experimental setting was 3 days, limiting the number of cell divisions and, therefore, the 
capacity of MTT conversion. Supplementation of IGF-1 or Des-IGF-1 to CDM induced 
an increase of proliferation of 33% and 58%, respectively (p<0.05 compared with 
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control) (Fig. 3). These data confirm the importance of IGF-1 as a growth factor for 
astrocytes. Since Des-IGF-1 does not bind to IGFBPs the influence of endogenous 
IGFBPs can be circumvented. Endogenous IGFBPs apparently sequestered 
supplemented IGF-1 and, compared to Des-IGF-1, reduced the proliferation by 25% as 
measured in this assay. 
After 3 days cultivation in 10% FCS, proliferating astrocytes displayed a 2-fold higher 
capacity for MTT conversion (108%; p<0.005) than in differentiated cells cultivated in 
CDM (Fig. 3). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: MTT Proliferation assay 
Astrocytes were plated in equal amounts, cultivated in medium with 10% serum for 24 h and 
subsequently exposed to CDM with or without IGF-1 and Des-IGF-1 or culture medium 
containing 10% FCS. MTT conversion was measured on day 3. Data represents mean ± SEM of 
5 experiments performed in triplicate. *, p<0.05; ***, p<0.005 compared to control. 
 
 
 
Immunocytochemical detection of IGFBP-2 
By means of immunofluorescent staining we detected the expression of IGFBP-2 in 
both differentiated and proliferating astrocytes (Fig. 4A). Differentiated cells cultivated 
in CDM displayed a strong signal and revealed structures of the golgi apparatus. (Fig. 
4a). Staining of proliferating cells revealed a more intense signal throughout the 
intercellular milieu (Fig. 4b). 
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Figure 4: Detection of IGFBP-2 in astrocytes 
A. Immunocytochemical staining. Images depict divergent signal intensities with higher levels 
of IGFBP-2 in proliferating cells cultivated in 10% FCS (b) as compared to differentiated cells 
cultivated in 0% FCS (a). Scale bars = 10µm. 
B. IGFBP-2 levels in primary rat astrocytes. IGFBP-2 was detected using an anti-IGFBP-2 
antibody and an alkaline phosphatase conjugated secondary antibody. Samples were subjected 
to SDS-PAGE and western blotting, showing bands in cell lysates of differentiated and 
proliferating rat astrocytes with a recombinant human IGFBP-2 (rhBP-2) as a positive control. 
C. IGFBP-2 levels in conditioned medium. Western blots show bands of IGFBP-2 in 
concentrated medium samples of differentiated and proliferating cells. 
Densitometric measurements of band intensities are depicted in the graphs below each blot. 
Data represents mean ± SEM of 5 experiments. *, p<0.05; ***, p<0.005 compared to control. 
 
 
Western blot detection of IGFBP-2 
Using an anti-IGFBP-2 antibody a single band of approximately 32 kDa was detected in 
cell lysates and medium samples harvested from astrocytes of both dispositions. Figure 
4B depicts IGFBP-2 bands from cell lysates using rhIGFBP-2 as a positive control. 
Western blot analysis of cell lysate samples showed an increase in band intensity in 
proliferating astrocytes. Densitometric measurements of band intensity revealed an 
increase of expression in proliferating cells of 35% (p<0.05 compared with control). 
This finding supports data from the immunofluorescent staining and indicates higher 
intracellular IGFBP-2 expression levels in proliferating as compared to differentiated 



IGFBP-2 in astrocytes   65 

astrocytes. However, when examining the culture medium we detected lower levels of 
IGFBP-2 secreted in the medium of proliferating astrocytes, compared to medium of 
differentiated cells (Fig. 4C). IGFBP-2 levels were 61% lower in the medium of 
proliferating cells (p<0.005 compared to control). 
 
Semi-quantitative PCR 
In order to determine whether the expression patterns of IGFBP-2 are regulated at the 
transcriptional or translational level we performed a semi-quantitative RT-PCR. The 
cDNA content of each sample was controlled by comparing GAPDH levels (data not 
shown). Figure 5 demonstrates that IGFBP-2 mRNA is detectable in both cell 
dispositions. When comparing relative band intensities, IGFBP-2 mRNA levels in 
proliferating and differentiated cells displayed no significant differences. PCR products 
were analysed for specificity by sequencing. The 293 nucleotide PCR product sequence 
was compared with other sequences available in the GenBank and was verified to be 
identical to the published sequence for rat IGFBP-2. Equal levels of IGFBP-2 mRNA in 
both cell dispositions suggests that differences in intracellular protein levels of IGFBP-2 
were either the consequence of an increased translational expression or decreased 
protein secretion. To elucidate whether the decreased extracellular levels of IGFBP-2 
found in proliferating cells was due to decreased secretion or the presence of a 
degrading protease in the medium of these cells, we performed an assay to detect 
IGFBP-2 proteolytic activity. 
 
Protease detection 
In order to determine whether astrocytes in this model secrete a protease that degrades 
IGFBP-2, we performed an assay to examine the degradation of rhIGFBP-2 incubated 
in culture medium gathered from these cells (fig.6A). Since equal concentrations of 
rhIGFBP-2 were applied in each sample, results were based on signal reduction as 
compared to the positive control. Densitometric measurements of Western blots showed 
that differentiated astrocytes (0%) did not display weaker band intensities than the 
positive control, indicating that degradation of rhIGFBP-2 was not occurring in the 
medium of these cells. In contrast, a reduction in band intensity of 48% was observed in 
samples from proliferating astrocytes (p<0.005). This degradation could be inhibited 
with protease inhibitors (wide spectrum), verifying protease involvement. Negative 
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controls provided evidence that rhIGFBP-2 degradation was not due to proteases 
present in the FCS from the culture medium. Degradation products (fragments) of 
rhIGFBP-2 could not be seen on the blots. Controls showed that the anti-human IGFBP-
2 antibody (Gropep) did not react with rat IGFBP-2 already present in the conditioned 
media (data not shown). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: RT-PCR analysis of IGFBP-2 expression in primary rat astrocytes. 
RT-PCR was performed with total RNA extracted from primary neonatal rat astrocytes 
cultivated in medium with and without FCS supplementation for 3 days. Amplification of 
cDNA was performed with 20, 24, 28 and 32 cycles for semi-quantitative analysis. PCR 
products were separated on a 2 % agarose gel and stained with ethidium bromide. Bands 
intensities of the amplified IGFBP-2 fragment (293 bp product) were measured 
densitometrically. Data represents mean ± SEM of 5 experiments. 
 
 
The major contaminating cell type in astrocyte cultures were microglia, which are 
known to be involved in events regulating astroglia activation. We, therefore, examined 
possible protease production in these cells. When rhIGFBP-2 was incubated in serum-
free as well as 10% serum supplemented medium from microglia cultures degradation 
was not observed (fig 6B). 
 
 



IGFBP-2 in astrocytes   67 

 
Figure 6: Protease detection in proliferating astrocytes in vitro 
Astrocytes and microglia were plated in equal amounts, cultivated in medium with 10% serum 
for 2h and subsequently exposed to a chemically defined medium or culture medium containing 
10% FCS. After 3 days in culture 1 ml culture medium was gathered and incubated with 
rhIGFBP-2. Samples were made for SDS-gel electrophorese and detection of IGFBP-2 
degradation was based on reduction of band intensity as compared to controls. Positive controls 
(ctrl) consisted of rhIGFBP-2 incubated in culture medium without serum addition and without 
prior cell contact. Negative controls were performed to exclude protease presence in FCS added 
to proliferating cultures (FCS-ctrl). Densitometric measurement of pixel intensities are 
displayed in the graph below. Data represents mean ± SEM of 5 experiments. *, p<0.05. 
A. IGFBP-2 degradation in proliferating astrocytes. Medium from astrocytes cultivated in 
FCS deprived medium display no degradation (0%). Medium from astrocytes supplemented 
with 10% FCS display IGFBP-2 degradation (10%). Inhibition with protease inhibitor cocktail 
(PI) inhibited degradation. 
B. Absence of protease production in microglia. Incubation of IGFBP-2 in medium of 
microglia displayed no degradation neither in CDM (0%) nor serum-supplemented medium 
(10%). 
 
 
DISCUSSION 
Astrocytes have been shown to express IGFBPs and are involved in mechanisms that 
regulate the IGF-system. Expression of IGFBP-2, -3 and -4 have been demonstrated in 
astrocytes in vitro (Aberg DN et al., 2003; Bradshaw et al., 1993; Chernausek et al., 
1993). IGFBP-2 is the major IGFBP found to be expressed by astrocytes in vitro and in 
vivo (Beiharz et al., 1998; Chernausek et al., 1993; Gehrmann et al., 1994; Liu et al., 
1994; Loret et al., 1991; Mewar and McMorris, 1997; Ocrant, 1990; Yao, 1995). In this 
investigation, we compared two dispositions of astrocytes and examined the expression 
of IGFBP-2. Serum withdrawal from astroglial cultures is known to provide cells of a 
more differentiated status (Morris and de Vellis, 1983). By comparing serum deprived 
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astrocytes with serum supplemented astrocytes, we depicted parallels between 
characteristics of these two cell dispositions in vitro and those of resting as compared to 
reactive astrocytes in vivo. Correlations included hypertrophy, cell proliferation and 
increased expression of GFAP and vimentin that occurs during the shift of status from 
resting to reactive astrocytes. Cell division properties of the two dispositions were 
examined by means of flow cytometry and MTT assays. Alterations in this in vitro 
system were evident enough that the status could easily be distinguished based on 
morphological observation. 
 
There have been a number of reports showing an increase of IGFBP-2 expression in 
reactive astrocytes in vivo (Beiharz et al., 1998; Gehrmann et al., 1994; Liu et al., 1994; 
Yao et al., 1995). By means of immunocytochemistry and Western blotting we 
demonstrated that proliferating astrocytes in vitro expressed higher levels of IGFBP-2 
than differentiated astrocytes. A corresponding increase in mRNA was not observed, 
suggesting that this enhanced expression was regulated at the translational level. 
Interestingly, culture medium of proliferating cells contained substantially lower levels 
of IGFBP-2 than that of differentiated cells. Although we cannot entirely exclude a 
reduction of secretion of IGFBP-2 by proliferating cells, we found clear evidence for 
proteolytic activity. When culture medium of proliferating astrocytes was harvested and 
incubated with rhIGFBP-2 we observed degradation of this peptide, which could be 
inhibited with a protease inhibitor cocktail. It became evident that lower levels of 
IGFBP-2 in the culture medium of proliferating astrocytes were due to the presence of 
protease(s). There was no degradation of rhIGFBP-2 incubated in the culture medium 
obtained from differentiated cells. This absence of protease activity in differentiated 
astrocytes is, therefore, likely to be responsible for the high levels of extracellular 
IGFBP-2 secreted into the culture medium. Since this binding protein has inhibiting 
effects on the actions of IGF-1 and -2, elevated levels of IGFBP-2 may contribute to the 
reduced proliferative capacity of these cells. We also tested whether microglia, as a 
major contaminant in isolated astrocyte cultures, produce IGFBP-2 proteases that could 
influence this experimental setting. Although a direct involvement in IGFBP-2 
degradation could not be established, we can not exclude that microglia may produce 
factors influencing astrocyte activation and mechanisms that regulate IGFs. 
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The role of IGFBP-2 in proliferating astrocytes warrants further research. Most data on 
IGFBP-2 suggest inhibitory actions of this molecule on regulating IGFs effects. Based 
on our results, it is tempting to speculate that an enhanced secretion of IGFBP-2 by 
proliferating astrocytes targets IGFs from the CNS microenvironment to astrocytes. One 
way to counteract the upregulation of inhibitory IGFBPs is to trigger IGFBP 
degradation. If proliferating astrocytes in vivo also secrete a protease that degrades 
IGFBP-2, the affinity for IGFs would decrease, allowing more free-IGF to interact with 
IGF-1 receptors on astrocytes. A previous study has shown that the addition of 
proteases to differentiated astrocytes enhanced their mitogenic activity (Perraud et al., 
1987). Whether or not IGFBP-2 was involved in these processes is not known. 
 
Strategies for manipulating the IGF-system in order to increase neuroprotective effects 
of this molecule include releasing IGF-1 from complexes with IGFBPs. Displacement 
such as this has shown to be neuroprotective after ischemic insults to rat (Loddick et al., 
1998). IGF-1 possesses therapeutic potential for treating pathological situations in the 
CNS. Therefore, a comprehensive characterisation of molecules regulating its actions is 
crucial. This includes not only how IGFBPs may influence IGFs but also what cell types 
are involved in the expression of these molecules and upon which cell types the ultimate 
effects are relayed. Comparing the expression of IGFBP-2 and its protease(s) in 
astrocytes may provide better insights toward possible mechanisms of IGF-1 regulation 
during the process of astrogliosis. 
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Abstract 
 

Insulin-like growth factor-1 and -2 (IGFs) are important for central nervous system 

development and have implications in pathological situations of the brain. Insulin-like 

growth factor binding protein-4 (IGFBP-4) regulates the biological effects of IGFs. 

We examined the expression of IGFBP-4 in primary rat and human astrocytes. 

IGFBP-4 mRNA was detectable by RT-PCR and protein expression was verified by 

Western blotting of cell lysates as well as conditioned culture medium. When 

astrocytes were immunostained for IGFBP-4 we detected an intracellular structure 

that did not derive from organelles involved in cellular trafficking. Ingestion of FITC-

labeled transferrin excluded detection of IGFBP-4 within vesicles of endosomal 

nature, in which the protein might have been incorporated. Double staining with 

gamma-tubulin demonstrated co-localization of IGFBP-4 with centrosomes of these 

cells. Treatment with nocodazole resulted in absence of IGFBP-4 signal on 

centrosomes, indicating a dependency on intact microtubules. Immunoelectron 

microscopy revealed IGFBP-4 localization not only at the centrioles but also a direct 

interaction with microtubules. There was no binding of IGFBP-4 to centrioles in 

primary rat oligodendrocytes, microglia or meningeal cells. 

The association of IGFBP-4 with centrioles and microtubules in astrocytes suggests 

an involvement of this molecule in microtubule functions of these cells. 
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Introduction 
 
The insulin-like growth factors (IGFs) are hormones that regulate growth, survival 
and differentiation of a variety of tissues and are known to play an important role in 
early development of the central nervous system (CNS) (Sara and Carlsson-Skwirut, 
1988; Anlar et al., 1999). Tightly regulating the actions of IGFs are 6 structurally 
distinct IGF-binding proteins (IGFBPs) that can inhibit or promote IGF effects by 
preventing receptor interaction or by transporting IGF to target cells (for review see 
Jones and Clemmons, 1995). More recent studies are providing additional evidence 
for IGF-independent effects of several binding proteins. Many IGF-1-independent 
activities have primarily inhibiting effects on cellular growth (for review see Mohan 
and Baylink, 2002). Such independent effects include binding of IGFBP-1 to α5β1-
intergrins that is mediated by Arg-Gly-Asp (RGD) recognition sequences. This 
binding has been shown to increase migration of Chinese hamster ovary cells and 
apoptosis in breast cancer cells (Jones et al., 1993; Perks et al., 1999). Putative 
receptors for IGFBP-3 have been investigated. This IGFBP appears have growth 
inhibiting effects on human breast cancer cells that are independent of IGF-1 (Oh et 
al., 1993). It is thought that these putative receptors may exhibit serine/threonine 
kinase activity and stimulate signaling pathways independent of IGF-receptor-
mediated signaling pathways. Recently, independent intracellular actions for IGFBP-3 
and IGFBP-5 have been reported. Both molecules contain sequences with the 
potential for nuclear localization and transportation from the cytoplasm into the 
nucleus has been demonstrated in some cell types. Although the intracellular function 
of these molecules is unknown, it has been proposed that they inhibit cell growth 
through transcriptional activation of genes that induce the expression of transforming 
growth factor-beta, retinoic acid and p53 (Schedlich et al., 1998). Thus, the IGFBP 
class of proteins is very pleiotropic and the diversity of IGF-independent actions of 
IGFBPs is substantially larger than first anticipated. 
It has been suggested that the biological actions of IGFs on the developing brain are 
regulated by locally synthesized IGFBPs. Astrocytes are known to express several 
IGFBPs. In astrocyte cultures, all 6 IGFBPs have been identified at mRNA level 
(Mever and McMorris, 1997). By means of ligand blot analysis IGFBP-2, -3 and –4 
have been verified at protein level (Chernausek et al., 1993; Bradshaw et al., 1993). 
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IGFBP-4 is one of the major IGFBPs expressed in the central nervous system (CNS) 
(Chernausek et al., 1993; Stenvers et al., 1994). Most data indicates an inhibitory role 
of IGFBP-4 on IGF-1 effects both in vivo and in vitro. Outside the CNS, IGFBP-4 has 
been implicated in many processes including reproduction, pregnancy, bone 
formation, and wound healing. These effects are presumably IGF-dependent. 
The function of IGFBP-4 in the CNS remains largely unknown. Regulatory molecules 
of the IGF-system, as well as the IGFs, are known to be differentially expressed 
during injury or in the course of disease. We analysed the expression of IGFBP-4 in 
primary cultures of neonatal rat astrocytes. Examination of IGFBP-4 expression by 
means of immunocytochemistry revealed an association of this molecule with 
centrosomes and microtubules in these cells. We also compared this intriguing finding 
with primary astrocytes of human origin. 
 
 
Materials and methods 
 
Materials 
Tissue culture plasticware was obtained from Nalge Nunc International (Roskilde, 
Denmark). All other cell culture materials were purchased from Gibco BRL (Breda, 
Netherlands). Chemicals for SDS-PAGE and Western blotting were obtained from 
BioRad (Veenendaal, The Netherlands). Commercially available primary antibodies 
used were anti-beta tubulin (Sigma, Saint Louis, USA), anti-gamma tubulin (Sigma, 
Saint Louis, USA), anti-GFAP (Sigma, Saint Louis, USA) and anti-rat IGFBP-4 
(Santa Cruz Biotechnology, Ca. USA). An additional polyclonal primary antibody 
directed against rat IGFBP-4 was a generous gift of S. Shimasaki, (Department of 
Reproductive Medicine, School of Medicine, University of California, San Diego 
California, USA). This antibody was generated in rabbits using synthetic peptide 
fragments (amino acids: 110-121) of IGFBP-4. This fragment derives from the mid-
portion of IGFBP-4, away from the 18 homologous cysteines (Liu et al., 1993). An 
anti-rat IGFBP-4 blocking peptide was purchased from Santa Cruz Biotechnology and 
neutralizes the anti-rat antibody purchased from this company. Secondary antibodies 
were anti-goat IgG TRITC conjugate (Zymax, San Fransico, Ca USA), anti-rabbit IgG 
TRITC conjugate (Sigma, Saint Louis, USA), anti-mouse IgG FITC conjugate 
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(Zymed, San Francisco, CA, USA) and alkaline phosphatase conjugated anti-goat 
(Sigma, Saint Louis, USA). FITC labelled transferrin was obtained from Molecular 
Probes (Eugene Origan, USA) and Nocodazole was obtained by Sigma (Saint Louis, 
USA). 
 
Cell cultures 
Primary rat astrocyte cultures were prepared according to a shake-off protocol 
described previously (McCarthy and De Vellis, 1980). Briefly, cerebral hemispheres 
of 1 day-old Wistar rats were freed from the meninges and mechanically disrupted. 
After centrifugation (10 min, 300*g) single cell suspensions were transferred to 
culture flasks (1 brain/flask) and cultivated for 5 to 6 days in growth medium (DMEM 
containing 10% FCS, 5 µg/ml pyruvate, 2 mmol/L glutamine, 50 U/ml penicillin, and 
50 µg/ml streptomycin). Growth medium was supplemented twice a week. 10 days 
after plating, O2A precursor cells and microglia were removed by shaking-off 
overnight at 250 rpm and 37°C. O2A cells and microglia were separated by adhesion 
of microglia to bacterial dishes and removal of O2A cells in suspension. Two shake-
off procedures were performed followed by trypsination of the astrocytic monolayer. 
The suspended cells were filtrated through 100 µm mesh nylon membranes, 
centrifuged (300*g, 15 min), counted and plated into poly-L-lysine- (PLL)-coated 
culture dishes. These cultures contained 95% astrocytes (GFAP positive cells). For 
immunocytochemical staining, glass cover slips were PLL coated and placed in 12 
well culture plates prior to cell passaging. 
Human astrocyte cell cultures were established as described previously (De Groot et 
al., 1997). In brief, tissue samples from post mortem adult cortex were collected and 
meninges and visible blood vessels were removed after which the tissue was minced 
into cubes of 2 mm. The tissue fragments were then incubated at 37°C for 20 minutes 
in Hanks balanced salt solution containing 0.25 % w/v porcine trypsin (Sigma, St. 
Louis, USA), 0.2 mg/ml EDTA, 1 mg/ml glucose and 0.1 mg/ml bovine pancreatic 
DNase I. After digestion, cell suspensions were gently triturated, washed and taken 
into culture in DMEM mixed 1 : 1 with L-glutamine containing HAM F10 (Life 
Technologies, Breda, The Netherlands) and supplemented with 10 % FCS and 0,01 % 
penicillin / 0.01 streptomycin in a humidified atmosphere (5 % CO2) at 37°C. To 
remove possible contamination of astrocyte cultures with meningeal and blood 
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monocyte derived macrophages, cell suspensions were grown overnight in uncoated 
tissue flasks allowing monocytes/macrophages to adhere. The supernatant was then 
transferred to poly-L-lysine (50µg / ml, Sigma)-coated 80 cm2 flasks and after 48 h 
the medium was changed to remove unattached cells and myelin debris. These 
cultures contained 100% astrocytes (GFAP positive cells). Culture medium was 
refreshed every six days. Cells were passaged by rinsing the cells with PBS, 
incubation for 5-10 minutes with 0.2% trypsin at 37°C, washing with culture medium 
and replating the cells in 25 cm2 flasks. Cells were used at early passage and not after 
passage 8. 
 
Western blot 
Prior to cell lysate harvesting, primary rat astrocytes were treated with brefeldin-A 
(Sigma) for 2 hrs at 37° C. This treatment interrupts the secretory pathway and 
provides an accumulation of secreted proteins within the cell. Samples were made 
from cell lysates by rinsing cells twice with PBS and once with double distillated 
H2O. Cells were scraped off with a rubber cell scraper and lysed with 3X sample 
buffer containing: 30% glycerol, 15% β-mercaptoethanol, 9% SDS, 100mM Tris*Cl 
and 0.2% bromophenol blue. Samples were boiled for 5 minutes and centrifuged at 
10,000 * g for 5 minutes. Pellet was discarded and protein concentration of the 
supernatant was measured according to the Neuhoff procedure. Medium samples were 
centrifuged through Centricon-10 tubes (10 kDa cut-off), concentrated exactly 100-
fold, dissolved in sample buffer and boiled for 5 min. SDS-PAGE was performed by 
running 50 µg protein for cell lysates and 45 µl for medium samples per lane on 12,5 
% gels. Proteins were blotted onto nitrocellulose membranes for 1h at 350 mA. 
Membranes were blocked for 30 min in TBS-T (6 g/l Tris-Base, 8 g/l NaCl, 0,2 g/l 
KCl, 0,2 % (vol/vol) Tween 20, pH 7,6), containing 1% BSA and 5% blotting grade 
blocker non-fat dry milk (Bio-Rad, CA. USA). Incubation with the IGFBP-4 primary 
antibody (Santa Cruz Biotechnology, CA.) was performed overnight at 4°C in TBS-T 
at a dilution of 1:200. The secondary alkaline phosphatase-conjugated antibodies 
(diluted 1:10.000) were applied for 1 h at RT. NBT/X-phosphate substrate solutions 
were applied for signal detection. 
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RT-PCR for IGFBP-4 
Total RNA was isolated from primary rat astrocytes using the RNeasy Mini Kit and 
following the manufacturers’ instructions. Single stranded cDNA was synthesized 
from 5 µg total RNA using 2.5 µg Oligo (dT)12-18 primer, 1000 units Superscript 
RT II, 20 µl first strand buffer, 10 mM DTT and 0.5 mM dNTP in a total volume of 
100 µl. Isolated RNA and the Oligo (dT) primer were denatured at 65°C for 15 min 
and placed on ice for 5 min before addition to the reaction tube. Reverse transcription 
was performed for 1 h at 37°C, and samples were subsequently heated at 99°C for 5 
min to terminate the reaction. PCR was performed with the High Fidelity PCR Master 
using 250 ng cDNA and 7.5 pmol sense and antisense primer. The final reaction 
volume was 50 µl. PCR tubes were incubated in a GeneAmp PCR System 9700 
(Perkin-Elmer, Norwalk, CT) at 94°C for 5 min to denaturate the cDNA and primers. 
The cycling program was 94°C for 30 s, 65°C for 40 s, 72°C for 40 s (7 min for the 
final elongation) for IGFBP-4. The following primer pairs were employed for IGFBP-
4: 5’-CACGGAGCTGTCGGAAATCG-3’ (sense) and 5’-
GCAGGTCTCACTCTTGGAGG -3’ (antisense), yielding an amplified product of 
473 bp. To exclude contamination with genomic DNA, isolated RNA was checked by 
running PCR reactions (35 cycles) using GAPDH primers (Sense and Anti-sense) 
after RNA degradation (24 h at room temperature). Only RNA samples that displayed 
no bands were used for further investigation. 10 µl of each PCR product was 
separated on 2% agarose gels, stained with ethidium bromide, and photographed using 
a Polaroid DS34 Instant Screen Direct Camera (Hertfordshire, UK). To insure 
specificity PCR products were sequenced. Prior to analysis on MegaBACE 1000 
sequencing system (Amersham biosciences, Molecular Dynamics, 63-0034-24), PCR 
products were purified with AutoSeq96 filter plate containing DNA Grade Sephadex 
G-50 (sephadex G-50, Amersham Biosciences, 27-5340-10). We utilized the 
sequencing kit (Dyenamic ET-Terminator kit Amersham Biosciences, US81090). 
MegaBACE long-read matrix (Amersham biosciences, US79676) generated sequence 
data was analyzed with basecaller Cimarron 2.19. This cDNA sequence was 
compared with the sequence available in the GenBank DNA databases and was 
identical to the known rat IGFBP-4 sequence. (GenBank accession number: 
BC019836; Mus musculus cDNA position (537-990). 
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Immunofluorescent staining 
For immunostaining, astrocyte cultures were plated on poly-L lysine coated glass 
cover slips. Cells were fixated with 100 % Methanol for 10 min at RT. Fixed cells 
were rinsed 3 times with PBS and blocked with 1% BSA and 5% blotting grade 
blocker non-fat dry milk (Bio-Rad, CA. USA) in PBS. Primary antibodies were 
diluted in PBS and incubated overnight at RT. Antibody dilution for both IGFBP-4 
antibodies and anti-gamma-tubulin was 1:50 and for anti-beta tubulin 1:150. 
Following incubation, cells were rinsed and secondary anti-bodies were applied at 
concentrations of: anti-mouse IgG-FITC conjugate at 1:100, anti-goat IgG-TRITC 
conjugate at 1:150, and anti-rabbit IgG TRITC conjugate at 1:150. For double 
staining, incubations were performed in parallel. For nucleus visualization, cells were 
treated with DAPI (4,6-dianidino-2-phenylindole) at a concentration of 500 ng/ml for 
15 min at RT. Glass coverslips were mounted on glass slides with mounting medium 
(DAKO, Carpinteria, CA, USA.). For images we used an Olympus Provis fluorescent 
microscope. Photographs were taken with a Soft imaging systems video camera and 
AnalySIS, a PC-based software program that enables image gathering and analysis. 
 
Nocodazole treatment 
100 ng/ml nocodazole was supplemented into the culture medium of astrocytes and 
incubated for 1h in a humidified incubator at 37°C with 5% CO2. This incubation time 
was chosen to insure disruption of the microtubule cytoskeleton. Following 
incubation, cells were stained for beta-tubulin and IGFBP-4. 
 
Transferrin treatment 
50 ng/ml FITC-labeled transferrin was added to cultured astrocytes and incubated for 
20 min in a humidified incubator (5% CO2) at 37°C. This incubation time was chosen 
to insure ingestion of transferrin into the cell and visualization of endocytotic vesicles 
and the recycling endosome. Following incubation, cells were stained for IGFBP-4 as 
described above. 
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Transmission Electron Microscopy 
Astrocytes were cultured for 3 days on thermanox cover slips (Nunc, inc. Naperville, 
Il) and treated for TEM. Briefly, culture medium was rinsed with PBS and cells fixed 
with cold methanol for 10 minutes. Methanol was rinsed with PBS followed by 
preincubation with PBS containing; 1% BSA, 0.1% cold-water fish gelatine, 50mM 
glycine, 50mM lysine, 0.025% Triton X-100 and 5% normal goat serum. Incubation 
with the primary polyclonal rabbit anti-IGFBP-4 IgG (antibody provided by S 
Shimasaki) (1:100 in PBS containing 0.025% Triton X-100) was performed overnight 
at 4°C. For immunogold labeling 10nm gold particle conjugated secondary antibody 
(goat anti-rabbit) was obtained by British Biocell International (Cardiff, England). 
This was applied at a concentration of 1:50 in 1% BSA and incubated for 2h. Cells 
were rinsed in PBS and fixed in 2% glutardialdehyde for 15 minutes in phosphate 
buffer (PB), followed by rinsing with PB. Postfixation was performed with 1% OsO4 
and 1.5% K4[Fe(Cn)6] (potassium hexacyanoferrate) in PB for 15 minutes. After 
rinsing in PB cells were dehydration via a graded ethanol series, followed by 
embedding in Epon. Ultrathin sections were cut on an LKB Ultratome (60nm) and 
counterstained with uranylacetate and Reynolds lead citrate. The material was 
examined for immunoreactivity in a Philips CM100 transmission electron microscope. 
 
 
Results 
 
Western blotting 
Figure 1A displays protein detection of IGFBP-4 in rat astrocytes by means of 
Western blotting. The antibody applied in this experiment cross-reacts with both 
human and rat IGFBP-4 (Santa Cruz Biotechnology). Lane 1 shows a positive control 
consisting of recombinant human IGFBP-4 (GroPep, Australia). Corresponding to the 
positive control, lanes 2 and 3 reveal bands of 28kDa from the cell lysate and 
concentrated medium sample, respectively. This experiment verifies IGFBP-4 
expression at protein level and displays specificity of the antibody in recognising this 
molecule. In a similar experiment, we verified IGFBP-4 detection through application 
of an additional primary antibody (antibody provided by S. Shimasaki) directed 
against IGFBP-4 (data not shown). 
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RT-PCR 
In order to determine IGFBP-4 expression at transcriptional level, we performed RT-
PCR. Figure 1B shows IGFBP-4 PCR product detectable in rat astrocytes. Controls of 
extracted RNA alone were used to evaluate contaminating genomic DNA (lane 1). 
PCR product (lane 2) was analysed for specificity by sequencing. Sequence of the 
474bp PCR product was compared with other sequences available in the GenBank 
and verified to be identical to the published sequence for rat IGFBP-4 (Figure 1C). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Detection of IGFBP-4 expression in primary rat astrocytes 
Primary rat astrocytes were plated in 75cm2 flasks and cultivated in culture medium 
supplemented with 10% fetal calf serum. Proliferating cells were cultivated for 3 days 
followed by harvesting of cells lysate, conditioned medium or total RNA extraction. Protein 
samples were prepared under denaturating conditions and subjected to SDS-PAGE and 
Western blotting (figure 1A). Polyclonal antibody against IGFBP-4 was applied followed by 
incubation with an alkaline phosphatase conjugated secondary antibody. As a positive control, 
human recombinant IGFBP-4 was employed (lane 1). Lane 2 and 3 depict astrocyte cell lysate 
and conditioned medium, respectively. Bands of 28 kDa were detectable in both samples. RT-
PCR amplification of cDNA was performed with 35 cycles. PCR product was separated on a 
2% agarose gel and stained with ethidium bromide. In figure 1B, lane 1 depicts negative 
control comprised of extracted RNA used for PCR analysis. Lane 2 displays the amplified 
PCR product from cDNA of astrocytes. The 474 nucleotide PCR product was sequenced and 
is depicted in figure 1C. Upstream and downstream primers (underlined) are complementary 
to the 5- and 3- end of clone, respectively. This cDNA sequence was compared with other 
sequences available in the GenBank DNA databases and was verified to be identical to the 
published sequence for rat IGFBP-4. MM, molecular weight marker. 
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Figure 2: Immunofluorescent staining of IGFBP-4 in primary rat astrocytes 
Primary rat astrocytes were plated on PLL coated glass cover slips and cultivated in culture 
medium supplemented with 10% serum. Proliferating cells were cultivated for 3 days 
followed by immunocytochemical staining. Images a and b depict immunostaining against 
IGFBP-4 (antibody provided by S. Shimasaki). Images c and d display double staining with 
an alternative primary antibody against IGFBP-4 (antibody purchased from Santa Cruz 
Biotechnology) and DAPI, respectively. Preincubation of anti-IGFBP-4 antibody (Santa Cruz 
Biotechnology) with a neutralising peptide resulted in blocking of the signal as shown in 
image e. This staining is accompanied by nuclear staining with DAPI in image f. Arrows 
indicate site of IGFBP-4 signal near the nucleus. Arrowheads depict nuclear membrane. Scale 
bar = 20µm. 
 
Immunocytochemistry 
The initial step in the secretory pathway of proteins is translocation that insures 
expression of a molecule into the endoplasmatic reticulum. When performing 
immunostaining, we detected a signal deriving from the nuclear membrane, as well as 
a strong signal deriving from structures in the proximity of the nucleus. Fig. 2a and b 
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depict staining with anti-IGFBP-4 (antibody provided by S. Shimasaki). In addition to 
staining of the nuclear membrane, astrocytes display small dots near the nucleus. A 
second staining was performed with application of an additional primary antibody 
against IGFBP-4 (polyclonal antibody purchased from Santa Cruz Biotechnology) and 
revealed a similar signal. This staining is shown in figure 2c and d and depicts a 
double staining with anti-IGFBP-4 and DAPI, respectively. In order to verify 
specificity, this antibody was neutralized with a blocking peptide. Following 
neutralization the signal could no longer be detected. Fig. 2e and f display a double 
staining with the neutralized anti-IGFBP-4 and DAPI, respectively. 

 
Figure 3: Transferrin treatment of primary rat astrocytes 
Primary rat astrocytes were plated on PLL coated glass cover slips and cultivated in culture 
medium supplemented with 10% serum. Proliferating cells were cultivated for 3 days 
followed by treatment with FITC-labelled transferrin for 30 minutes. Cells were than fixed 
and immunostained for IGFBP-4. Images a and c show IGFBP-4 stained cells which 
correspond to image b and d displaying endocytotic vesicles containing FITC-labelled 
transferrin. Signals deriving from IGFBP-4 staining do not correspond to the vesicles 
containing transferrin. Arrows indicate site of IGFBP-4 signal. Scale bar = 20µm. 
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Treatment with FITC-labeled transferrin 
Secretory proteins are transported through the exocytotic pathway and eventually 
released into the extracellular space. Endocytosis leads to ingestion of proteins that 
are eventually transported to the recycling endosome. In order to exclude the presence 
of IGFBP-4 within trafficking vesicles we incubated astrocytes with FITC-labeled 
transferrin to visualize vesicles of endosomal origin. Following ingestion of 
transferrin cells were fixated and stained for IGFBP-4. Double staining as shown in 
figure 3 displayed IGFBP-4 (a and c) as a distinct site (arrows) that did not coincide 
with labeling of trafficking vesicles (b and d). 
 
Double-staining with gamma-tubulin 
Double immunostaining with antibodies specific to centrosomal components such as 
gamma-tubulin provided evidence that the immunoreactive dots stained by the anti-
IGFBP-4 antibodies were associated with centrosomes. Images a, c, and e in figure 4 
show primary rat astrocytes stained for IGFBP-4 and correspond to the gamma-
tubulin stained cells in images b, d, and f, respectively. As displayed in images a and 
b, IGFBP-4 was co-localized with gamma-tubulin at the centrosomes of astrocytes 
(arrows). IGFBP-4 immunoreactivity was also present at the nuclear membrane 
(arrowheads). The cell depicted in images c and d appears to be in G2-phase of the 
cell cycle since two centrosomes are recognizable. Images e and f depict a cell in M-
phase when the mitotic spindle is beginning to form. These pictures display that in 
addition to centrosome association tubule structures of the mitotic spindle are also 
immunoreactive for IGFBP-4. These images indicate that IGFBP-4 presence is not 
restricted to one phase of the cell cycle. Furthermore, IGFBP-4 appears to interact 
with tubulin structures of the mitotic spindle. When human astrocytes were 
investigated we observed a similar signal as detected in rat cells. Figure 4g and h 
shows human astrocytes stained for IGFBP-4 and gamma tubulin, respectively. Other 
cells of the rat CNS, including oligodendrocytes, microglia and meningeal cells were 
examined by immunocytochemistry and found to be negative for intracellular IGFBP-
4 (data not shown). 
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Figure 4: Double staining of astrocytes against gamma-tubulin and IGFBP-4 
Primary astrocytes were plated on PLL coated glass cover slips and cultivated in culture 
medium supplemented with 10% serum. Proliferating cells were cultivated for 3 days 
followed by immunocytochemical staining for IGFBP-4 and gamma-tubulin. Images a, c, e, 
and g depict IGFBP-4 stained cells and correspond with the gamma-tubulin stained cells in 
images b, d, f, and h, respectively. Double staining with gamma tubulin localises IGFBP-4 to 
the site of the centrosome. In image a and b a single centrosome is indicated by the arrow 
(G1-phase cell) whereas image c and d shows a cell with 2 centrosomes (possibly S- or G2-
phase cell). M-phase cell in image e and f displays IGFBP-4 association with the mitotic 
spindle. In addition, human astrocytes obtained from post mortem adult cortex display a 
similar signal when stained against IGFBP-4 and gamma-tubulin (images g and h, 
respectively). These images depict two centrosomes in the proximity of the nucleus. Arrows 
indicate centrosomes. Arrowheads depict nuclear membrane. Scale bar = 20µm. 
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Treatment with nocodazole 
We investigated whether the signal deriving from IGFBP-4 staining was dependent on 
intact microtubules. Centrosomes, also termed microtubule organizing centers 
(MtOC), are the locations where tubulin is nucleated and polymerization of the 
microtubule cytoskeleton initiates. Treatment of cells with nocodazole causes 
inhibition of microtubule dynamics and disruption of mitotic spindles. The 
microtubule cytoskeleton is, therefore, completely disrupted, as are its functions. 
Figure 5 shows rat astrocytes stained for beta-tubulin before and after nocodazole 
treatment (images a and b, respectively). Intact microtubules of untreated cells display 
the highly branched cytoskeleton, whereas following treatment structures disperse 
into fragments of tubules. In order to elucidate the necessity of intact microtubule 
structures for IGFBP-4 presence at centrosomes, we treated cells with nocodazole and 
performed a double staining for IGFBP-4 and beta-tubulin. Following nocodazole 
treatment IGFBP-4 could no longer be detected at centrosomes (images d and f). 
IGFBP-4, however, was still detected at the nuclear membrane in nocodazole treated 
cells (image d and f). This finding indicates that intact microtubule structures are 
required for IGFBP-4 interaction with centrosomes. This dependency on intact 
microtubules raises the question whether IGFBP-4 in addition to an association with 
centrosomes also interacts with microtubules. 
 
Immunoelectron microscopy 
To further characterize the localization of IGFBP-4 within primary rat astrocytes, we 
performed immunoelectron microscopy. Fixed astrocytes were permeabilized with 
methanol and incubated with the polyclonal anti-IGFBP-4 antibody and visualized by 
gold-conjugated secondary antibodies. Figure 6a shows the IGFBP-4 antigen around a 
centiole. Antigen distribution was also investigated in regions were microtubules were 
visible. We detected frequent interactions of IGFBP-4 with individual microtubules. 
In some areas where bundles of tubules could be seen antigen was present at 
substantial levels, often higher than seen around the centrioles (figure 6b). Also, in 
regions where microtubules were less dense and spanned through the cell, direct 
association of the antigen with individual tubules was observed. In the nucleus, where 
microtubules are absent, labeling could not be seen (data not shown). 
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Figure 5: IGFBP-4 in nocodazole treated primary rat astrocytes 
Primary rat astrocytes were plated on PLL coated glass cover slips and cultivated in culture 
medium supplemented with 10% serum. Proliferating cells were cultivated for 3 days 
followed by treatment with nocodazole for 1h. Following treatment cells were immunostained 
for beta-tubulin and IGFBP-4. Untreated cell is displayed in image a where tubulin structures 
are intact and astrocytic processes are apparent. Following treatment tubulin structures are 
disrupted, as displayed in image b. Image c and d as well as e and f, depict double staining of 
nocodazole treated astrocytes against beta-tubulin and IGFBP-4, respectively. Double staining 
reveals an absence of IGFBP-4 reactivity at the centrosome following microtubule disruption. 
IGFBP-4 expression is still recognised in images d and f that reveal staining of the nuclear 
membrane (arrowheads). Scale bar = 20µm. 
 
 



IGFBP-4 in astrocytes  89 

 

 
Figure 6: Immunoelectron microscopy of IGFBP-4 in primary rat astrocytes 
Primary rat astrocytes were plated on PLL coated glass cover slips and cultivated in culture 
medium supplemented with 10% serum. Proliferating cells were cultivated for 3 days 
followed by fixation and staining for IGFBP-4. 10-nm gold conjugated secondary antibodies 
were applied. Antigen is present around the centrioles of astrocytes as displayed in image a. 
Direct interaction of IGFBP-4 with microtubules is seen in images b, c and d. Bundles of 
tubules are shown in b where a strong association of IGFBP-4 is observed. Distribution of 
microtubules throughout the cell display IGFBP-4 antigen presence (images c and d). Arrows 
depict IGFBP-4 labelling, N = nucleus, scale bars: (a and b) 1 µm, blow up = 0.2 µm; (c and 
d) 0.5 µm 
 
 
Discussion 
 
Astrocytes fulfill a multitude of functions in the CNS such as, providing integrity of 
CNS structures, channeling nutrients from vascular to neuronal elements, maintaining 
ionic balance, supporting blood-brain barrier functions and providing growth factors 
and cytokines in the CNS environment. These cells are very plastic and become 
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reactive upon damage to the CNS or in the course of disease, in which inflammation 
occurs. Reactive astrocytes display strong morphological changes. They begin to 
divide rapidly and migrate to sites where damage occurs. These cells are also a major 
source of IGFs and IGFBPs including IGFBP-4 that is found throughout the CNS 
(Chernausek et al., 1993; Stenvers et al., 1994; Brar and Chernausek, 1993). Secretory 
pathways release IGFBP-4 into the extracellular space where it sequesters IGFs and 
prevents interaction with the IGF-1 receptor (Mohan et al., 1995; Qin et al., 1998). 
Specific degradation of IGFBP-4 is known to occur through proteases that degrade 
IGFBPs into fragments that have reduced affinity for IGFs (Lawrence et al., 1999; 
Byun et al., 2001). Interestingly, IGFBP-4 is the only IGFBP that has not been 
described to bind to cell surfaces (Jones and Clemmons, 1995). For this reason it has 
been suggested that IGFBP-4 does not facilitate IGF-1 interaction with the IGF-1 
receptor, but rather functions only to inhibit IGF actions. To date, only one study has 
reported an IGF-independent action for IGFBP-4 (Wright et al., 2002). In this study, 
IGFBP-4 demonstrated an inhibitory effect on steroidogenesis in granulosa cells. 
The initial intention of our study was to investigate the involvement of IGFBP-4 in 
the processes of proliferation and differentiation of astrocytes. Unexpectedly, we 
discovered that IGFBP-4 interacts with centrosomes and microtubules of these cells in 
both rat and human. Further, examination of primary rat oligodendrocytes, microglia 
and meningeal cells did not result in detection IGFBP-4 at the centrioles in these cells, 
indicating cell specificity. This finding rises two major questions; what mechanism 
does IGFBP-4 utilise to enter the cell and what function does intracellular IGFBP-4 
perform in astrocytes. 
It is not certain how IGFBP-4 might enter the cytoplasm. In order to interact with 
intracellular structures such as centrosomes and microtubules access into the 
cytoplasma is required. During classical endocytosis extracellular material is 
internalized for degradation and recycling processes. It has been shown that during 
this process some of the internalized material may escape into the cytoplasm (Turek et 
al., 1993). Specialized structures for internalization, such as caveolae, that mediate 
potocytosis (Anderson, 1993), offer another possibility for internalization. Prior to 
transportation to the nucleus through nuclear localization sequences, IGFBP-3 and 
IGFBP-5 have been shown to enter the cytoplasm (Schedlich et al., 1998). This 
mechanism requires an interaction with cell surfaces in order to allow passage across 
the cell membrane. IGFBP-4, however, has not been described to interact with cell 



IGFBP-4 in astrocytes  91 

membrane surface structures. Although modes of internalization remain speculative, 
cellular uptake of IGFBP-4 may possibly occur through classical endocytosis. 
The centrosome of animal cells is composed of a pair of centrioles and a surrounding 
amorphous cloud of pericentriolar material. The molecular composition of this 
structure is not completely understood. It is responsible for the assembly of 
microtubules that are required for many vital cellular functions. The pericentriolar 
material of the centrosome attracts a number of noncentrosomal molecules into and 
around it, making it difficult to distinguish components directly involved in 
centrosomal activities and those that are associated with the centrosomal structure in a 
nonspecific manner. Because the centrosome attracts several noncentrosomal 
molecules it is impossible to determine if IGFBP-4 is associated with the centrosomal 
structure in a nonspecific manner or if it has a functional role in these cells. 
We have shown that IGFBP-4 is associated with centrosomes and interacts with 
microtubules in astrocytes. The functional role of such an interaction is unclear. Our 
experiments with nocodazole indicate a dependency of IGFBP-4 on intact 
microtubule structures. Following treatment the signal deriving from centrosomes 
could no longer be detected by immunocytochemistry. Other reports indicate the 
presence of intercellular IGFBP-4. In a previous study, IGFBP-4 has been found in an 
intracellular macromolecular complex containing 4 other proteins, including; Miz-1, 
leptin, lipocalin-type prostaglandin D synthase, and granulin precusor that interacted 
with the N-terminal half of type III hexokinase in PC12 neuroendocrine cells (Sui and 
Wilson, 2000). Interestingly, the transcription factor Miz-1 is regulated via 
microtubule association (Ziegelbauer et al., 2001). Furthermore, it has recently been 
shown that microtubules are potential targets for brain hexokinase binding (Wagner et 
al., 2001). Hexokinase plays a key role in the control of glycolysis; especially in the 
brain where glucose is the major energy source. It was suggested that the microtubular 
system might be involved in regulating the catalytic properties of this enzyme and in 
turn regulating the energy state of the brain. Whether or not IGFBP-4 is involved in 
these mechanisms can only be speculated. 
In another interesting study, C6 rat astroglioma cells were transfected with the gap 
junction protein connexin-43 cDNA (Bradshaw et al., 1993). Cells expressing high 
levels of this protein displayed an increase in gap junctions, reduced cellular 
proliferation and a strong increase in IGFBP-4 expression. Connexin-43 is known to 
interact directly with microtubules (Giepmans et al., 2001) and IGF-1 has been shown 
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to upregulate connexin43 in astrocytes (Aberg et al., 2003). There is increasing 
evidence that microtubule dynamics are suppressed in contacted cells, when compared 
to the highly dynamic behavior of microtubules in migrating cells that lack cell-cell 
contact (Pepperkok et al., 1990). An increase in gap junctions together with the 
stabilization of the microtubules limits the motility of cells. In this respect, it is 
tempting to speculate about IGF-independent effects of IGFBP-4 and a possible 
involvement in the regulation of cell proliferation. One plausible explanation is an 
influence of IGFBP-4 on microtubule dynamic instability. Conceivably, IGFBP-4 
could play a role in microtubule stability, which would influence cell motility and 
proliferation. In this sense, IGFBP-4 might serve as an accessory protein that assists in 
stabilizing or destabilizing microtubule polymers. 
We also observed IGFBP-4 on tubules of the mitotic spindle. It is unclear whether 
IGFBP-4 may be a component involved in the assembly of the spindle. If IGFBP-4 is 
involved in mechanisms of dynamic instability it may play a role in the critical 
balance between stabilizers and destabilizers that is necessary for the assembly of the 
mitotic spindle. 
In conclusion, our findings suggest that, IGFBP-4, in astrocytes, may be involved in 
mechanisms of the microtubules or microtubule organizing center, such as tubulin 
nucleation, spindle formation, or cell cycle regulation. Further research will be 
required to elucidate the precise function of this association. 
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Abstract 
 

In the central nervous system, insulin-like growth factor-1 (IGF-1) enhances survival 

of neurons, promotes myelin synthesis and acts as a mitogen for microglia. The 

effects of IGF-1 are regulated by a family of 6 IGF binding proteins (IGFBPs). We 

investigated mRNA expression patterns of IGFBPs in primary rat microglia under 

basal conditions and after activation with lipopolysaccharide (LPS). Under basal 

conditions, microglia expressed IGFBP-2 to -6, whereas, IGFBP-1 could not be 

detected. Following 2h treatment with LPS mRNA levels for IGFBP-4 and -6 

displayed a down regulation, and IGFBP-5 became undetectable. Levels of IGFBP-2 

and -3 remained unaltered. Expression patterns of IGFBPs might play an important 

role in regulating the autocrine/paracrine IGF-1 actions on microglia under 

inflammatory conditions. 
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Introduction 
 
Insulin-like growth factors-1 and -2 (IGFs) are trophic factors that are present in the 
central nervous system (CNS) and expressed in several cell types, including microglia 
[1, 2, 3]. Modes of IGF action are regulated by 6 structurally distinct IGF-binding 
proteins (IGFBPs) that may have either stimulating or inhibitory effects on cell 
growth or survival [4, 5, 6]. Depending on IGFBP or IGFBP protease bioavailability 
in the extracellular milieu the actions of IGF-1 can be influenced as to promote or 
prevent IGF-1-induced cell survival or proliferation. IGFBPs that are secreted in the 
extracellular space can sequester IGFs and prevent interaction with the IGF-1 
receptor. Alternatively, IGFBPs can target IGFs to specific cell types by interacting 
with cell surface structures [4, 5]. Furthermore, proteolysis of IGFBPs can release 
IGFs from complexes, thereby targeting IGFs to specific cell types. 
IGF-1 stimulates migration and differentiation of oligodendrocyte precursor (O2A) 
cells, promotes remyelination of axons by stimulating myelin protein synthesis in 
oligodendrocytes [7, 8, 9], and possesses neuroprotective properties [10]. Expression 
of molecules in the IGF-system in the CNS is altered as a result of damage or in a 
wide variety of pathological conditions such as in multiple sclerosis (MS), or hypoxic-
ischemic brain injury [11, 12, 13]. In MS and experimental allergic encephalitis 
(EAE), the animal model of MS, glial cells have been shown to be a major source of 
IGF-1. Application of IGF-1 has been shown to enhance remyelination and reduce 
clinical deficits in EAE [14, 15]. 
More recently, microglia are not only being regarded for their role in immunological 
events, but are now also recognised for their neuroprotective functions [16]. Although 
these cells are know to express both IGF-1 and -2, and IGF-1 has been implicated in 
tissue repair processes in the CNS, expression of regulatory IGFBPs has not been 
studied in microglia. In this investigation, we have examined the mRNA expression 
profile of IGFBP-1 –6 in cultured rat microglia using reverse transcriptase-
polymerase chain reaction (RT-PCR). In order to examine the influence of 
inflammatory conditions on IGFBP expression, microglia were treated with 
lipopolysaccharide (LPS). 
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Materials and Methods 
 
Tissue culture plasticware was obtained from Nalge Nunc International (Roskilde, 
Denmark). All other cell culture materials were purchased from Gibco BRL (Paisley, 
UK). Primary antibodies used were anti-ED-1 (Chemicon International, Temecula, 
CA) and anti-GFAP (Boehringer Mannheim Biochemica, Germany). For RNA 
isolation we utilised the RNeasy i Kit from Qiagen (Valencia, CA). All reagents for 
reverse transcription (RT) and all primers were obtained from Life Technologies 
(Paisley, UK). The High Fidelity PCR Master kit was obtained from Roche 
(Indianapolis, IN). For PCR product purification we employed the kit sephadex G-50 
(Amersham Biosciences, 27-5340-10) and for sequencing the sequencing kit 
Dyenamic ET-Terminator Kit (Amersham Biosciences, US81090). All other 
chemicals were purchased from Sigma (St. Louis, MO). 
 
Cell culture 
Primary rat microglia cultures were prepared according to a shake-off protocol 
described previously [17]. Briefly, cerebral hemispheres of 1 day-old Wistar rats were 
freed from the meninges and mechanically disrupted. After centrifugation (10 min, 
300*g) single cell suspensions were transferred to culture flasks (1 brain/flask) and 
cultivated for 5 to 6 days in growth medium (DMEM containing; 10% FCS, 5 µg/ml 
pyruvate, 2 mmol/l glutamine, 50 U/ml penicillin, and 50 µg/ml streptomycin). 
Growth medium was supplemented twice a week. 7 to 12 days after plating, 
oligodendrocyte precursor cells and microglia were removed by shaking-off overnight 
at 250 rpm and 37°C. The suspended cells were counted and plated on bacterial dishes 
for 30 minutes for adhesion of microglia. Oligodendrocyte precursor cells in 
suspension were cultivated further and used as controls for CNP messenger detection. 
These cells were cultivated 24h in DMEM (1% FCS) and harvested for RNA 
isolation. Remaining microglia were supplemented with culture medium. After shake-
off procedures, astrocytes were passaged, cultivated in DMEM (10%) for 24h 
followed by RNA harvest for detection of GFAP messenger (controls). Purity of the 
microglia cultures was examined by staining with the microglia-specific marker ED-1 
and the astrocyte-specific marker GFAP. Obtained cultures were almost 100% pure. 
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Major contaminating cells were oligodendrocytes (recognized based on morphology), 
followed by astrocytes. 
 
Immunofluorescence staining 
Microglia were plated in a 12-well plate containing poly-L-lysine coated glass cover 
slips (incubation 30 minutes at RT) and cultured for 24h in culture medium containing 
10% FCS. After adhering for 24h cells were rinsed 3 times in PBS and fixed in 
paraformaldehyde for 20 minutes at RT. After rinsing with PBS, cells were treated 
with triton-X-100 (20 min at RT). Blocking was performed with 5% blotting grade 
blocker non-fat dry milk (Bio-Rad, CA. USA) and 1% BSA for 30 minutes. Primary 
anti-bodies used were anti-ED-1 and anti-GFAP IgG, both at concentrations of 1:100. 
Anti-mouse IgG-FITC conjugate secondary antibody (Zymed, San Francisco, CA, 
USA) was used at a concentration of 1:150. Anti-rabbit IgG TRITC conjugate (Sigma, 
Saint Louis, USA) was used at a concentration of 1:150. Glass cover slips were 
mounted with fluorescent mounting medium (DAKO, Carpinteria, Ca. USA) and cells 
were evaluated with an Axiophat fluorescent microscope (Zeiss, Germany). 
 
Lipopolysacharide Treatment 
Following 24h in culture, lipopolysacharide (LPS) was added to isolated microglia 
cultures at a concentration of 1ng/ml. This relatively low dose was sufficient to 
stimulate microglia and insure cell survival for the duration of experiments. Treated 
cells were harvested for mRNA extraction at 2h and 24h. Controls consisted of 
untreated cells. 
 
Semi-quantitative RT-PCR 
Total RNA was isolated from primary rat microglia using the RNeasy Mini Kit 
following the manufacturers’ instructions. Single stranded cDNA was synthesized 
from 5 µg total RNA using 2.5 µg Oligo (dT) 12-18 primer, 1000 units Superscript 
RT II, 20 µl first strand buffer, 10 mM DTT and 0.5 mM dNTP in a total volume of 
100 µl. Isolated RNA and the Oligo (dT) primer were denatured at 65°C for 15 min 
and placed on ice for 5 min before addition to the reaction tube. Reverse transcription 
was performed for 1 h at 37°C, and samples were subsequently heated at 99°C for 5 
min to terminate the reaction. PCR was performed with the High Fidelity PCR Master 
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using 250ng cDNA and 7.5 pmol sense and antisense primer. The final reaction 
volume was 50 µl. The tubes were incubated in a GeneAmp PCR System 9700 
(Perkin-Elmer, Norwalk, CT) at 94°C for 5 min to denaturate the cDNA and primers. 
28 and 25 PCR cycles was used for IGFBPs and GAPDH, respectively. For IGFBP-1 
PCR cycles were increased to 35. For this binding protein rat liver was utilized as a 
positive control in order to verify primer suitability. 
Table 1 lists the primer sequences and PCR-product size. Each primer pair spanned an 
intron so that amplification from any contaminating genomic DNA could be detected 
based on the size of the product. 10 µl of each PCR product was separated on 2.0% 
agarose gels, stained with ethidium bromide, and photographed using a Polaroid DS34 
Instant Screen Direct Camera (Hertfordshire, UK). Images were evaluated with the 
NIH Scion Image software in order to determine pixel densities for densitometric 
measurement. Values for IGFBP levels were normalized to GAPDH levels. 
To exclude contamination of genomic DNA isolated RNA was checked by omitting 
RT polymerase and running PCR reactions (35 cycles) using GAPDH primers. Only 
RNA samples that displayed no bands were used for further investigation. 
 
Sequencing 
To insure specificity PCR products were sequenced. Prior to analysis on MegaBACE 
1000 sequencing system (Amersham biosciences, Molecular Dynamics, 63-0034-24), 
PCR products were purified with AutoSeq96 filter plate containing DNA Grade 
Sephadex G-50 (sephadex G-50, Amersham Biosciences, 27-5340-10). We utilized 
the sequencing kit (Dyenamic ET-Terminator kit Amersham Biosciences, US81090). 
MegaBACE long-read matrix (Amersham biosciences, US79676) generated sequence 
data was analyzed with basecaller Cimarron 2.19. cDNA sequences were compared 
with the sequence available in the GenBank DNA databases. 
 
Statistical analysis 
All experiments were performed a minimum of three times each. For any given 
experiment, each data bar represents the mean +/- SEM of values obtained in separate 
experiments. The data were analysed by analysis of variance using the program Instat 
for Macintosh, and statistical significance was determined using the method of 
Kolmogorov and Smirnov. Values of P<0.05 were considered significant. 
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Results 
 
Using RT-PCR analysis the expression of the 6 IGFBPs was accessed in cultured rat 
microglia cells. In order to check for specificity, PCR products were verified by 
sequence analysis. IGFBP expression in rat microglia cultures was investigated under 
basal conditions (cells cultured in medium containing 10% FCS) as compared to LPS-
stimulated cells. Figure 1 displays PCR products of IGFBPs. Under basal conditions 
all IGFBPs, except for IGFBP-1, were positively identified (data for IGFBP-1 not 
shown). Sequence analysis and comparison with Gen Data bases matched the PCR 
products with known sequences for IGFBPs (table 2 displays accession numbers for 
each IGFBP). After verification of IGFBP expression, cells were treated with 1ng/ml 
LPS. Following treatment, expression of IGFBP-2 and -3 remained unaltered after 2h 
and 24h (figure 2) and IGFBP-1 mRNA was not detectable at any time.  
 
 
Table 1: Primer sequences for rat IGFBPs and PCR-product size  
 
Gene   Primer sequences (5`-3`)   Product size 
GFAP   GGACCAGCTTACTACCAACA  349bp   
   CTCGTACTGAGTGCGAATCT     
CNP   TCCACTCTGGCTCGGCTCAT  278bp   
   TCTAGTCGCCACGCCGTCTT     
IGFBP-1  CGGTTCTCAGCATGAAGAGG     
   TGCTTTCTGTTGAGCGGCAC     
IGFBP-2  GCAGGTTGCAGACAGTGAGG  293bp   
   GAAGGCGCATGGTGGAGATG     
IGFBP-3  CAGCAACCTGAGTGCCTACC  263bp   
   CTGTCTCCCGCTTAGACTCG     
IGFBP-4  CACGGAGCTGTCGGAAATCG  473bp   
   GCAGGTCTCACTCTTGGAGG     
IGFBP-5  GCTACGGCGAGCAAACCAAG  495bp   
   TACTGCTGTCGAAGGCGTGG     
IGFBP-6  GGCCGTCGGAAGAGACTACC  369bp   
   CCTGGCAGAGCACTGAGAGC     
GAPDH  CATCCTGCACCACCAACTGCTTAG  346bp   
   GCCTGCTTCACCACCTTCTTGATG    
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Table 2: GenBank accession number for IGFBPs detected in rat microglia 
 
IGFBP   GenBank accession number 
IGFBP-2   M31672; rattus norvegicus mRNA 
IGFBP-3   NM 012588; rattus norvegicus mRNA 
IGFBP-4   BC019836; mus musculus mRNA 
IGFBP-5   NM 012817 rattus norvegicus mRNA 
IGFBP-6   NM 013104 rattus norvegicus mRNA 
 
 
As compared with basal expression levels, we observed a decreased expression of 
IGFBP-4 and -6, two hours after stimulation with LPS, to 71.1% ± 2.1% (mean ± 
S.E.M.; p<0.05) and 55.6% ± 2.4% (p<0.005), respectively. This decrease was less 
pronounced after 24h, when mRNA levels for IGFBP-4 and IGFBP-6 were measured 
at 85.3% ± 2.9% (p<0.05) and 91.4% ± 3.1% (p<0.05), respectively (compared to 
basal levels). More profound effects were observed for IGFBP-5. mRNA levels for 
this IGFBP were undetectable after 2h LPS treatment. After 24h, IGFBP-5 mRNA 
levels were determined at 60.1% ± 3.2% (p<0.005), as compared to basal levels. 
Since the PCR technique is sensitive, we preformed controls to evaluate the presence 
of contaminating cells in isolated microglia cultures. Astrocytes and oligodendrocytes, 
the major contaminants, are known to express IGFBPs. As markers for these cell 
types, we utilized glial fibrillary acidic protein (GFAP) and 2`, 3`-cyclic nucleotide 3` 
phosphodiesterase (CNP) for astrocytes and oligodendrocytes, respectively. In 
controls, comprised of isolated RNA from astrocytes and oligodendrocytes, these 
markers were detectable at 22 cycles (data not shown). In microglial samples used in 
our experiments mRNA was detectable for both markers. However, PCR products 
were only obtained at 34 and 32 cycles for GFAP and CNP, respectively (data not 
shown). Since the number of amplifications needed to obtain a signal from 
contaminating cells was higher than those needed to obtain a signal for IGFBPs, we 
conclude that an influence of these cells on IGFBP expression levels in our 
investigation on microglia is minimal. 
 
 



IGFBPs in microglia in vitro  103 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: mRNA expression of IGFBPs in primary rat microglia 
Primary neonatal rat microglia were isolated and cultivated in culture medium containing 
10% FCS for 24h prior to treatment with 1ng LPS. mRNA was isolated and RT-PCR was 
performed. PCR products were separated on a 2 % agarose gel and stained with ethidium 
bromide. For all gels; MM = molecular weight marker, Con = untreated controls showing 
basal expression of IGFBPs, 2h = 2 hour stimulation with LPS, 24h = 24 hour stimulation 
with LPS. GAPDH levels were measured from the respective samples and used as an internal 
control. Similar results were found in 3 independent experiments. 
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Figure 2: Levels of IGFBP expression in primary rat microglia 
Band intensities of PCR products were densitometrically measured, normalized to GAPDH 
levels, and are depicted in the graph. Controls represent basal mRNA level for each IGFBP. 
2h and 24h represent a 2- and 24-hour stimulation with LPS, respectively. IGFBP-2 and –3 
mRNA levels remained unaltered after treatment. IGFBP-4 and –6 mRNA display a 
decreased expression after 2h stimulation. These levels rise after 24h. After 2h LPS 
stimulation IGFBP-5 could not longer be detected, with levels rising after 24h. Data 
represents mean ± SEM of three experiments. *, P<0.05 and **, P<0.005 when compared 
with control. 
 
 
Discussion 
 
Microglia are a highly responsive population of cells within the CNS, which are 
engaged in the recognition and elimination of invading pathogens, regulation of 
adaptive immunity, participation in homeostatic anti-inflammatory mechanisms, and 
neuroprotection. In vivo and in vitro findings have shown the production of 
neurotrophins and other neuron survival-promoting effects by microglia [18, 19]. 
Microglia become activated in a variety of CNS diseases and injury. IGF-1 is a 
mitogen for microglia, but little is known about mechanisms that regulate its actions. 
In this study, we examined the expression of IGFBP-1 to -6 in cultures of primary rat 
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microglia in basal conditions and after LPS stimulation, one of the classical activators 
of microglia. Microglial responses to LPS are enhanced by LPS-binding protein, a 
molecule that binds LPS and transfers it to CD14, which interacts with toll-like 
receptors to transmit a signal and induce production of pro-and anti-inflammatory 
cytokines, chemokines, protaglandins, nitric oxide and growth factors [20]. The 
activation of microglia is readily observed in stroke, and hypoxic-ischemic brain 
injury, in neurodegenerative diseases, after direct or indirect axonal injury, or during 
inflammation due to infectious or autoimmune disease [16]. For example, during 
hypoxic-ischemic brain injury, microglia express IGF-1, and evidence indicates that 
IGF-1 plays a role in the proliferation of these microglia [2, 13].  
Several experimental reports have shown IGFBP-4, –5 and -6 to inhibit the actions of 
IGF-1 [5, 21]. It is tempting to speculate that the decrease in expression of these 
IGFBPs following microglial activation facilitates the autocrine/paracrine actions of 
IGF-1 to stimulate microglial proliferation. We found that stimulation of microglia by 
LPS resulted in a down-regulation of IGFBP-4, -5 and -6. This decrease in levels of 
IGFBPs was less substantial 24h after stimulation, however, levels did not rise to 
basal expression. 
The precise roles of IGFs in the injured or diseased CNS in vivo remain to be defined, 
although a neuroprotective and neurotrophic role may be especially relevant in CNS 
diseases. When considering the neuroprotective functions of microglia in wound 
healing or pathological events in the CNS, it is tempting to speculate about their role 
in IGF regulation. An immediate down regulation of inhibiting IGFBPs suggests such 
a role for microglia in promoting neuroprotective effects mediated by IGFs. 
 
Conclusion 
Microglia are involved in inflammatory reactions in acute CNS injury, multiple 
sclerosis and many neurodegenerative disorders. Because of its neuroprotective and 
myelinating properties there is increasing interest in using IGF-1 as a treatment of 
these disorders. However, IGF-1 can also act as mitogen for microglia. In 
inflammatory conditions, as mimicked in this study by the administration of LPS to 
microglia, a down-regulation of IGFBPs may promote the proliferative effects of IGF-
1 on microglia. Some of the neuroprotective effects of IGF-1 in pathological 
conditions might be mediated by their ability to stimulate proliferation of microglia. 
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Abstract 
 

Insulin-like growth factor-1 (IGF-1) promotes growth, differentiation and survival of 

glial cells and is neuroprotective. Treatment of oligodendrocytes with IGF-1 increases 

production of myelin proteins and enhances cell survival. In this study, we 

demonstrate stimulation of the type 1-IGF-receptor on oligodendrocytes mediated by 

an antibody (GR11) that effectively inhibits receptor activation in HepG2 cells and 

primary rat astrocytes. Enhanced cell survival in oligodendrocytes was observed 

following application of GR11 alone and strongly enhanced in combined treatment 

with IGF-1. mRNA sequences for the type-1 IGF receptor expressed by 

oligodendrocytes, astrocytes and microglia were analyzed. Differences in mRNA 

sequences could not be determined between these cell types and were identical to 

published sequences for the type-1 IGF receptor found in nucleotide sequence 

databases. Although the mechanisms for divergent functional characteristics of the 

type-1 IGF receptor remain unknown, receptor activation in oligodendrocytes offer a 

mechanism for specific induction of IGF-1 signaling in this cell type. Specific 

signaling may hold therapeutic potential in treating disorders in which 

oligodendrocytes and myelin are damaged or lost. 
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Introduction 
 
Protective effects of the insulin-like growth factor 1 (IGF-1) on oligodendrocytes and 
neurons has been demonstrated in in vivo and in vitro studies. Effects on 
oligodendrocytes include promotion of oligodendrocyte maturation and survival in 
vivo (1, 2), proliferation and promotion of differentiation of precursor cells (3, 4, 5) 
and the capacity to stimulate oligodendrocyte production of myelin proteins in vitro 
(6). There is considerable interest in the potential of IGF-1 for clinical applications. 
Multiple sclerosis (MS) is a demyelinating disease of the central nervous system 
(CNS), in which mature oligodendrocytes are damaged and lost. In the course of MS, 
elimination of myelin and oligodendrocytes leads to denuded axons and subsequent 
clinical effects. The observation that remyelination can occur in MS raises the 
question as to which signals trigger these mechanisms and which factors might 
provide sustenance for this process. In experimental allergic encephalomyelitis 
(EAE), the animal model of MS, subcutaneous or intravenous IGF-1 application has 
been shown to reduce disruption of the blood brain barrier, decrease immune cell 
infiltration and enhance remyelination (7, 8, 9). Together with these beneficial 
physiological effects, the clinical MS-like symptoms were reduced, indicating the 
therapeutic potential of IGF-1 in demyelinating diseases, such as MS. In a study, in 
which the gene encoding the type 1 IGF receptor was disrupted in mice, cuprizone 
induced demyelinating lesions demonstrated acute oligodendrocyte depletion. 
Compared to the wild type mice remyelination did not occur adequately. It was 
observed that oligodendrocyte progenitors did not accumulate, proliferate, or survive 
within the mutant mice, compared with wild type, indicating that signaling through 
the type 1 IGF receptor plays a critical role in remyelination (10). 
Activation of the type-1 IGF receptor by its natural ligand IGF-1 is regulated by 
several factors such as regulatory binding proteins (IGFBPs), which sequester IGF-1 
(11, 12, 13, 14, 15). Most effects of IGFBPs are inhibitory on IGF actions. Control 
mechanisms by which IGFBPs regulate IGF-1 interaction with the type-1 IGF 
receptor include cleavage of IGFBPs by specific proteases, a mechanism that releases 
IGF-1 from the complex to elevate levels of free IGF-1. Circumvention of regulatory 
mechanisms by administration of IGF-1 analogs that do not bind IGFBPs is very 
critical due to the insulin-like effects of free IGF-1 in the circulation that lead to 
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hypoglycemia (16). Furthermore, if IGF-1 concentrations could be relevantly 
increased in the CNS, targeting of IGF-1 to oligodendrocytes would be restricted 
since both neurons and astrocytes express high levels of the type-1 IGF receptor (17, 
18, 19, 20). Additionally, IGFBP expression has been shown to be regulated in EAE 
and MS plaques (7, 21), as well as expressed in isolated cultures of oligodendrocytes, 
astrocytes and microglia (6, 22, 23, 24, 25). When considering IGF-1 as a therapeutic 
agent in treating demyelinating diseases, novel strategies of IGF-1 receptor activation 
must be developed in order to circumvent regulatory pathways and specifically target 
oligodendrocytes. 
In this study, we demonstrate an antibody that strongly enhances survival of 
oligodendrocytes, whereas it inhibits receptor activation in other cell types. This 
functional difference may provide a valuable tool to specifically induce IGF-1 
signaling in oligodendrocytes. 
 
 
Materials and methods 
 
Tissue culture plasticware was obtained from Nalge Nunc International (Roskilde, 
Denmark). All other cell culture materials were purchased from Gibco BRL (UK). 
MTT (3-[4, 5-Dimethylthiazol-2-yl]-2, 5-diphenyl-tetrazolium bromide) was 
purchased from Sigma (St. Louis, USA). Primary antibodies for identification of 
isolated cells used were anti-ED-1 (Chemicon International, Temecula, CA) and anti-
GFAP (Boehringer Mannheim Biochemica, Germany). D-peptide analog of IGF-1, 
JB3 was acquired from (John Haylor, Sheffield Kidney Institute, Diabetic Centre, 
Northern General Hospital Trust, and Krebs Institute, University of Sheffield, 
Sheffield, United Kingdom.) and served as an antagonist for the type-1 IGF receptor 
(26). The anti-type-1 IGF receptor antibody GR11 was purchased from Calbiochem 
(La Jolla, CA, USA) and used in the MTT survival studies. Recombinant human IGF-
1 peptide was obtained from Gropep (Adelaide, Australia). For RNA isolation we 
utilised the RNeasy Mini Kit from Qiagen (Valencia, CA). All reagents for reverse 
transcription (RT) and all primers were obtained from Life Technologies (Paisley, 
UK). The High Fidelity PCR Master kit was obtained from Roche (Indianapolis, IN). 
For PCR product purification we employed the kit sephadex G-50 (Amersham 



Type-1 IGF receptor in oligodendrocytes  113 

Biosciences, 27-5340-10) and for sequencing the sequencing kit Dyenamic ET-
Terminator Kit (Amersham Biosciences, US81090). All other chemicals were 
purchased from Sigma (St. Louis, MO). 
 
Cell culture 
O2A progenitor cell-enriched cultures (purity about 95%) were prepared according to 
a modified shake-off protocol described previously (27). Briefly, cerebral 
hemispheres of 1 day-old Wistar rats were freed from the meninges and mechanically 
disrupted. After centrifugation (10 min, 300*g) single cell suspensions were 
transferred to culture flasks (1 brain/flask) and kept for 5 to 6 days in growth medium 
(DMEM containing 10% FCS, 5 µg/ml pyruvate, 2 mmol/L glutamine, 50 U/ml 
penicillin, and 50 µg/ml streptomycin). Thereafter, cells were fed twice a week with 
growth medium. 7 to 12 days after plating, O2A precursor cells growing on top of 
astrocytic monolayer were shaken off overnight at 250 rpm and 37°C. The suspended 
cells were filtrated through 30 µm mesh nylon membranes, centrifuged (300*g, 15 
min), and plated into uncoated dishes for selective adhesion of microglial cells. After 
30 min, O2A cells remaining in suspension were collected, counted, and plated into 
poly-L-lysine- (PLL)-coated multiwell plates. 2h after plating O2A cells, the growth 
medium was removed. The cells were washed once with HBSS (Hank’s balanced salt 
solution) and fed with a chemically-defined, insulin-free medium (CDM: DMEM 
containing 5 µg/ml pyruvate, 2 mmol/L glutamine, 50 U/ml penicillin, 50 µg/ml 
streptomycin, 5 µg/ml transferrin, and 5 ng/ml selenite). Astrocytes were obtained by 
passaging O2A depleted cultures 2 times. Purity of the astrocyte cultures was 
examined by staining with the astrocyte-specific marker GFAP. Obtained cultures of 
astrocytes and O2A cells were 95% pure. 
The human liver cell line hepatoma G2 (Hep G2) was cultured on PLL coated dishes 
in DMEM containing 10% FCS, 5 µg/ml pyruvate, 2 mmol/L glutamine, 50 U/ml 
penicillin, and 50 µg/ml streptomycin. These cells were used as a control cell type, 
since it is peripheral to the CNS and is known to highly express the type-1 IGF 
receptor. 
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Treatment procedures 
Recombinant human IGF-1 was dissolved following the manufacturer’s instructions 
and added directly to the culture medium. For combinatorial treatments, IGF-1, JB3 
and GR11 were pre-incubated in a small volume of medium for at least 30 min at 
37°C before addition to the cell cultures. The concentration of IGF-1 in all 
experiments was 10ng/ml. JB3 was applied at concentrations ranging from 0-1 µg/ml. 
The anti-type-1 IGF receptor antibody GP11was applied at concentrations ranging 
from 0-10 µg/ml. 
 
Cell survival assay 
Cell survival assays were performed as described previously (6). Briefly, cells were 
plated into PLL-coated 12-well plates. After two hours growth medium was removed, 
cells rinsed once with HBSS, and incubated with CDM with or without IGF-1, JB3 
antagonist, GR11, or as combined treatments. Every 24 h substances were 
supplemented. After 72 h MTT assays were performed using a protocol according to 
the manufacturer’s instructions (Sigma, Saint Louis, USA). 
 
RT-PCR 
Total RNA was isolated from rat kidney and primary cultures rat oligodendrocytes, 
astrocytes and microglia using the RNeasy Mini Kit following the manufacturers’ 
instructions. Single stranded cDNA was synthesized from 5 µg total RNA using 2.5 
µg Oligo (dT) 12-18 primer, 1000 units Superscript RT II, 20 µl first strand buffer, 
10 mM DTT and 0.5 mM dNTP in a total volume of 100 µl. Isolated RNA and the 
Oligo (dT) primer were denatured at 65°C for 15 min and placed on ice for 5 min 
before addition to the reaction tube. Reverse transcription was performed for 1 h at 
37°C, and samples were subsequently heated at 99°C for 5 min to terminate the 
reaction. PCR was performed with the High Fidelity PCR Master using 250ng cDNA 
and 7.5 pmol sense and antisense primer. The final reaction volume was 50 µl. The 
tubes were incubated in a GeneAmp PCR System 9700 (Perkin-Elmer, Norwalk, CT) 
at 94°C for 5 min to denaturate the cDNA and primers. 35 cycles were performed for 
each sample; 94ºC for 30 sec (denaturation), 55ºC for 1 min (annealing), and 72ºC for 
1 min (elongation). 4 products of the 4 kb messenger were amplified in order to 
minimized product size for sequencing of the PCR products. Table 1 lists the primer 
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sequences and PCR-product sizes of each segment of the type-1 IGF receptor. Each 
primer pair spanned an intron so that amplification from any contaminating genomic 
DNA could be detected based on the size of the product. 10 µl of each PCR product 
was separated on 2.0% agarose gels, stained with ethidium bromide, to check for 
specificity. In order to further analyse mRNA, PCR products were sequenced. Prior to 
analysis on MegaBACE 1000 sequencing system (Amersham biosciences, Molecular 
Dynamics, 63-0034-24), PCR products were purified with AutoSeq96 filter plate 
containing DNA Grade Sephadex G-50 (sephadex G-50, Amersham Biosciences, 27-
5340-10). We utilized the sequencing kit (Dyenamic ET-Terminator kit Amersham 
Biosciences, US81090). MegaBACE long-read matrix (Amersham biosciences, 
US79676) generated sequence data was analyzed with basecaller Cimarron 2.19. 
cDNA sequences were compared with the sequence available in the GenBank DNA 
databases. 
 
Statistical analysis 
All experiments were performed a minimum of five times each. For any given 
experiment, each data bar represents the mean +/- SD of values obtained in separate 
experiments. Statistical significance was determined with the unpaired student’s t-test. 
Values of P<0.05 were considered significant. 
 
 
Results 
 
Preliminary flow cytometric analysis of the cell cycle phase distribution of 
oligodendrocyte cultures confirmed after 24 h in CDM that 90% of cells were already 
arrested in G1-phase. Subsequent treatment with IGF-1 failed to stimulate 
proliferation since S- and G2/M-fractions were not enhanced (6). MTT survival 
assays reflect the cell quantity in the system. For oligodendrocytes the MTT assay, 
therefore, measures cell survival and not proliferation. 
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JB3 inhibits IGF-1 stimulation on HepG2 cells yet has no influence on 
oligodendrocytes 
HepG2 cells were chosen in our study as a non-neural cell type, peripheral to the 
CNS, in order to measure the efficacy of type-1 IGF receptor neutralization. Type-1 
IGF receptor expression is well-recognized on HepG2 cells (28) and the effects of 
molecules of the IGF-system have been studied on these cells. Treatment of HepG2 
with the IGF-1 antagonist JB3 (1µg/ml) resulted in a decrease of cell survival of 
18.1% (SD ± 0.7%, p<0.05) as compared to untreated controls (figure 1a). This effect 
is likely to be the result of inhibition of autocrine actions of endogenous ligand, since 
HepG2 not only express the type-1 IGF receptor but also IGFs (29). IGF-1 
supplementation (10ng/ml) to HepG2 cultures enhanced cell proliferation by 34.8% 
(SD ± 12.1%, p<0.05), as compared to controls. Combined treatment with IGF-1 and 
JB3 resulted in reduced cell proliferation by 15.2% (SD ± 2.4%, p<0.05), as compared 
to IGF-1 stimulated cells. This decrease of IGF-1 effects demonstrates the 
neutralizing effect of JB3 on the type-1 IGF receptor in HepG2 cells. However, IGF-1 
stimulation could not be entirely inhibited with JB3 even at high concentrations 
(10µg/ml). In contrast, treatment of oligodendrocytes with JB3 displayed no influence 
of this antagonist on IGF-1 stimulated cell survival (figure 1b). JB3 remained 
ineffective even at the highest concentrations (10µg/ml). 
 
GR11 treatment inhibits HepG2 proliferation and stimulates oligodendrocyte 
survival 
The commercially available anti-type-1 IGF receptor antibody GP11 was tested for 
efficacy to inhibit IGF-1 effects on HepG2 cells and oligodendrocytes. To date, this 
antibody has only been reported to effectively neutralize the type-1 IGF receptor on a 
variety of cell types. Treatment of HepG2 cells with GR11 (1µg/ml) resulted in a 
strong decrease of cell survival of 59.3% (SD ± 6.6%, p<0.05), as compared to 
untreated controls (Figure 2a). Furthermore, in combined treatment with IGF-1, GR11 
inhibited HepG2 proliferation, demonstrating a reduction similar to that of GR11 
treatment alone. These results indicate a more effective neutralization of the type-1 
IGF receptor with GR11 than with JB3 in HepG2 cells. 
In contrast to this inhibiting effect on HepG2 cells, we observed enhanced survival of 
oligodendrocytes in GR11 treated cells (Figure 2b). Compared to controls, GR11 
treatment alone demonstrated a dose dependent increase of cell survival, with an 
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increase to 217.7% (± SD 25%, p<0.05) at the highest concentrations (1µg/ml). 
Treatment with IGF-1 alone increased oligodendrocyte survival to 278.2% (SD ± 
32%, p<0.05). Most interestingly, combined treatment of IGF-1 and GR11 strongly 
enhanced cell survival. At the highest concentration of GR11 (1µg/ml), we observed a 
synergic effect of 600% (SD ± 57%, p<0.05) enhanced cell survival, exceeding 
measurements with IGF-1 application alone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Effects of IGF-1 receptor neutralization with JB3 on cell survival 
The cell line HepG2 and primary rat oligodendrocytes were cultured in serum-free medium 
for 3 days. Survival was determined by MTT assays and measured on day 3. Panel a; HepG2 
cells displayed an 18.1% decreased survival when treated with JB3 (1µg/ml), as compared to 
controls. IGF-1 treatment (10ng/ml) enhanced cell survival by 34.8%, which was significantly 
inhibited by combined administration of IGF-1 and JB3. Panel b displays ineffective 
treatment of JB3 on oligodendrocytes even at the highest concentrations applied (10µg). Data 
represents mean ± SD of five independent experiments. 
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Figure 2: Effects of IGF-1 receptor neutralization with GP11 on cell survival 
The cell line HepG2 and primary rat oligodendrocytes were cultured in serum-free medium 
for 3 days. Survival was determined by MTT assays and measured on day 3. Panel a shows 
inhibiting effect of the anti-type-1 IGF receptor antibody GR11 (1µg/ml) on HepG2 cells 
(decrease of 59.3%, as compared to controls). IGF-1 stimulated survival could be completely 
inhibited by GR11. Panel b displays stimulating effects of GR11 on oligodendrocytes. GR11 
increased survival in a dose dependant manner. Combined treatment of GR11 with IGF-1 had 
a synergic effect on oligodendrocytes. Survival could be enhanced to 600% with the highest 
concentration of GR11 applied (1µg/ml). Data represents mean ± SD of five individual 
experiments. 
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Effect of GR11 on astrocytes 
In order to investigate whether that effect of GR11 is exclusive for this glial cell type 
we studied the effect of this antibody on astrocyte proliferation (Figure 2a). IGF-1 
treatment enhanced cell proliferation by 124% (SD ± 12%, p>0.05), compared to 
untreated controls. Treatment of astrocytes with GR11 (1µg/ml) resulted in a decrease 
of cell proliferation to 81% (SD ± 10.7%, p>0.05), as compared to untreated controls. 
Combined with IGF-1, GR11 inhibited IGF-1 stimulated proliferation on astrocytes. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Effects of GR11 on astrocytes 
Primary rat astrocytes were cultured in serum-free medium for 3 days. Proliferation was 
determined by MTT assays and measured on day 3. Treatment of cells with GR11 (1µg/ml) 
inhibited growth (decrease to 81%, as compared to controls). IGF-1 stimulated proliferation 
(124%, compared to controls), was effectively inhibited by GR11 in combined treatment 
(87%, compared to controls). Data represents mean ± SD of five individual experiments. 
 
 
Sequence analysis of the type-1 IGF receptor 
Unique functional properties of the type-1 IGF receptor on oligodendrocytes raise the 
question, as to what the basis of these diverging effects is. We proceeded to analyze 
the mRNA sequence of the type-1 IGF receptor expressed in oligodendrocytes and 
compared them with sequences from other glia cells (astrocytes and microglia) as well 
as from rat tissues deriving from the periphery (kidney). We were unable to identify 
differences in sequences of any cell types, and these were identical to those available 
in the GenBank DNA databases. 
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Table 1: Primer sequences and PCR-product size for 4 segments of the IGF-1R. 

Primer # Primer sequences (5`-3`)    Product size 
1  TCCAAATAAAAGGAATGAAGTCTG  1266 bp 
5  CCTTCTAGCTGCTCCTCTCC    
2  GGCGAGTGCATGCAGGAGTG   1096 bp 
6  TTGGAGCAGTAGTTGTGCCGG  
3  GCTTCAGTTCCTTCCATTCC   1228 bp 
7  ACTCCTTCATAGACCATCCC 
4  TGCTGTACGCCTCTGTGAACCC   1142 bp 
8  GGATCCAAGGATCAGCAGGTCGA 

 
 
 
Discussion 
 
Initial studies were designed to investigate regulatory mechanisms involved in IGF-1 
signaling in oligodendrocytes. In the course of these experiments it became apparent 
that the type-1 IGF receptor expressed by oligodendrocytes reacts differently than the 
type-1 IGF receptor expressed by other cells. Firstly, JB3, a cyclic D-amino acid 
peptide antagonist of IGF-1, that blocks IGF-1 effects on e.g. kidney cells in vitro and 
in vivo (26, 30) and as depicted in this study on HepG2 cells, did not affect basal or 
IGF-1-stimulated oligodendrocyte cell survival. Secondly, a monoclonal antibody 
against the type-1 IGF receptor strongly enhanced basal and IGF-1-stimulated 
survival of oligodendrocytes, whereas it effectively blocked basal and IGF-1-
stimulated survival of astrocytes and non-neuronal cells such as the cell line HepG2. 
 
A number of lines of evidence suggest that the type-1 IGF receptor may display 
heterogeneity due to potential primary structure variation, differential glycosylation, 
and hybrid formation with insulin receptors. As several of these variations are 

Positions of primer pairs on the Type-1 IGF receptor mRNA 

1        2   3   4 
    5   6   7  8 
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developmentally regulated or exhibit specific localization it seems possible that they 
are involved in tailoring the action of the type-1 IGF receptor. It has long been known 
that the ligand binding type-1 IGF receptor α-subunit expressed in the central nervous 
system differs from peripheral α-subunit expressed by e.g. muscle, placenta, and 
blood cells in size (10 to 20 kDa smaller). Studies have identified a “brain-specific” 
form of the type-1 IGF receptor that is expressed in neuronal cells, whereas astrocytes 
were shown to express the peripheral form (31, 32). Those investigations depicted 
alpha subunits of 115 kDa expressed in neuronal cells compared to the 130 kDa 
peripheral form. In other studies it could be demonstrated that neuronal cells express a 
97 kDa form of the beta subunit which was concentrated in growth cones (33, 34). 
Differences in molecular size of the alpha subunit is possibly due to glycosylation 
patterns (35) whereas dissimilar beta subunit sizes are thought to be based on 
differences in primary protein sequence (34). Such investigations have not yet been 
performed on oligodendrocytes and it is not known whether these cells can express a 
neuronal subtype of the type-1 IGF receptor. 
We have, unexpectedly, found an antibody that activates the IGF-1 receptor and 
stimulates IGF-1 effects on oligodendrocytes in vitro, whereas it inhibits basal and 
IGF-1-stimulated growth of several non-neuronal cells. The mechanism of this 
functional dissimilarity is yet unknown. Modifications such as glycosylation patterns 
may lead to diverging functional properties of a receptor. Since both types of α-
subunits are found in the grey and white matter of the human brain, it is interesting to 
speculate that oligodendrocytes, like neurons, may express the “neuronal” low 
molecular weight subtype, explaining the differential effects of the antibody on 
oligodendrocytes versus liver cells.  
IGF-1 is an important growth factor regulating CNS development and essential for 
oligodendrocyte maturation and myelin production. Transgenic mice, overexpressing 
IGF-1, display a more than proportional increase in brain size and myelin content, 
which is due to an enhanced myelin production per cell (1). Upon serum deprivation 
bipolar O2A precursors differentiate into mature oligodendrocytes that express all 
major myelin proteins. In the absence of other growth factors, oligodendrocyte 
differentiation is stimulated by IGF-1 (36). 
Different components of the IGF-1 system have been investigated in MS patients (in 
vivo and post mortem brain tissue). When comparing the expression of the type-1 and 
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type-2 IGF receptors in normal white matter and MS plaques, levels of the type-1 IGF 
receptor in MS tissue remain unaltered, whereas the type-2 IGF receptor was absent 
(20, 37). These findings suggest that IGF-1 in MS brain tissue acts through type-1 
IGF receptors. As we have demonstrated, the type-1 IGF receptor can be stimulated 
by antibodies specific for this receptor. Conceivably, other antibodies or derivatives 
could be generated that will act in a stimulatory fashion on oligodendrocytes, but in 
contrast to this antibody will not exhibit the unfavorable negative effects on other 
cells expressing the peripheral IGF-1 receptor α-subunit. If this could be achieved, it 
would offer a strategy to specifically target type-1 IGF receptors in oligodendrocytes 
and prove beneficial in treating demyelinating diseases such as MS. 
 
 
Conclusion 
We have demonstrated clear evidence for functional differences of the type-1 IGF 
receptor expressed on oligodendrocytes as compared to other cells. Differences in 
receptor stimulation might provide the molecular basis for developing strategies that 
specifically act on oligodendrocytes and neurons. 
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General discussion and conclusions 
 
As an intrinsic part of the normal operative CNS, glial cells perform a plethora of 
functions. They comprise a large fraction of the brain’s cell population and their 
presence provides structure support, helping to mold physiologically functional 
components, such as the blood-brain barrier and myelin sheaths. Glial expression of 
factors influencing cellular growth, differentiation and survival, together with factors 
regulating immunological processes are of great importance and overwhelmingly 
complex. Elucidating mechanisms involved in governing regulation of such processes 
is important for understanding cellular events and crucial in the case of pathologies, 
where there is often urgency for therapeutic interventions. The pathological situation 
known as multiple sclerosis is a demyelinating disease of the CNS. Therapeutic 
strategies attempt to intervene in a variety of mechanisms associated with MS. One 
possible strategy involves the application of growth factors aimed at repairing damage 
caused by immune invasion and replenishing precursor cell populations. Because 
IGF-1 has the potential to stimulate myelin production and proliferation of 
oligodendrocyte precursor cells this factor provides a promising tool in treating 
demyelinating diseases. However, the complex nature of IGF-1 regulation is not 
completely understood. In order to design a rational approach to obtain the desired 
effects, our knowledge of the IGF-system in the CNS must be extended. This thesis 
describes studies, aimed at elucidating the involvement of IGF and the regulatory 
IGFBPs on glial cell functions, with emphasis on astrocytes. 
 
Knowledge of spatial expression patterns of IGFBPs within a given neuropathological 
condition may help to interpret the contribution of these molecules in regulating the 
actions of IGF-1 in different cells during in the course of disease. Characterization 
and localization should help to predict possible mechanisms of action for IGF-1-based 
therapeutic interventions. Results obtained from studies described in chapter 2 reveal 
an involvement of microglia in IGF-1 regulation. The finding that 
microglia/macrophages under normal conditions as well as in the active plaque in MS 
express the type-1 IGF receptor indicates that IGFs are mitogens for these cells. 
Although receptor levels in MS lesions are not elevated, we can not dismiss that IGFs 
may play a role in the activation of this cell type. Interestingly, we do observed 
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selective expression of IGFBP-2 in activated microglia/macrophages in MS plaques. 
Similarly, increased levels of IGFBP-2, together with IGFBP-4, were detected in 
astrocytes within MS lesions (chapter 3). The predominance of immunoreactivity for 
all IGFBPs in control astrocytes indicates a major role these cells play in regulating 
IGF-1 in the CNS. As described in chapter 3, functional in vitro studies demonstrate 
inhibition of astrocyte proliferation by exogenous supplementation of IGFBP-2 and 
IGFBP-4. Combined treatment of IGFBP-2 with IGF-1, however, resulted in an 
increase of proliferation, as compared to IGF-1 treatment alone. In contrast, this 
binding protein did completely inhibit IGF-2 stimulated proliferation. IGFBP-4, 
conversely, did not demonstrate this effect but rather inhibited IGF-1 stimulated 
proliferation. In contrast to treatment on astrocytes, combined treatment of IGFBP-2 
with IGF-1 on oligodendrocytes resulted in a strong decrease of IGF-1 stimulated cell 
survival. The results obtained from these studies indicate that the upregulation of 
IGFBP-2 in MS lesions may facilitate astroglial activation, rather than providing 
support for oligodendroglial survival. 
 
Results, described in chapters 2 and 3, offer an indication for distinctive roles of 
IGFBP-2 and –4 in glial cells, in the MS diseased brain. Further in vitro investigations 
were conducted on isolated primary rat astrocytes to broaden our understanding of 
regulatory mechanisms of the IGF-system on this individual cell type. Detailed in 
chapter 4 are investigations performed on an in vitro model of astrogliosis. Within 
this model resting cells (differentiated) were compared to cells with a high 
proliferative status (reactive). Alterations occurring in the reactive cell include 
morphological changes, upregulation of GFAP and vimentin and elevated 
proliferative capacity. All of these characteristics simulate the reactive astrocyte in 
vivo. Within this model, we demonstrated the upregulation of IGFBP-2 in the reactive 
cell. Further, we discovered that proliferating astrocytes secrete a protease that 
degrades IGFBP-2. The question arose as to why proliferating astrocytes would 
upregulate IGFBP-2 only to degrade it again. We concluded that IGFBP-2 might be 
upregulated to sequester IGFs, yet degraded in the vicinity of the astrocyte to release 
IGF-1 to act on type-1 IGF receptors of the astrocyte and support proliferation. We 
suggest that the upregulation of IGFBP-2 as documented in several injury and disease 
models, as well as in MS as reported here, indicates it is a crucial entity in IGF 
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modulation. To fully interpret the emerging hypothesis further research will be 
required. 
 
A perplexing issue arises in chapter 5. Immmunocytochemical staining for IGFBP-4 
was performed on astrocytes and revealed a unique intracellular localization site for 
this IGFBP. A series of experiments confirmed an association of IGFBP-4 with the 
centrosomes and micotubules in these cells. Staining was also performed on 
oligodendrocytes and microglia, for which this association could not be observed. The 
data suggests cell specificity and a role of this binding protein in functions of 
microtubules and/or centrosomes. Lack of data indicative of a precise functional role 
for intracellular IGFBP-4 lets us only speculate about the purpose of this association. 
Since its discovery approximately 10 years ago, very little knowledge over this 
molecule has come to light. In reference to other studies, we discuss in chapter 5 
possible roles of this association, such as involvement in microtubule dynamic 
instability and spindle formation. Morphological alteration is one characteristic of 
reactive astrogliosis and involves restructuring of the cytoskeleton, including 
microtubules. If IGFBP-4 is involved in stabilization of the microtubule cytoskeleton 
(as discussed in chapter 5) it may aid in processes molding astrocyte morphology. 
Similarly, microtubule stability is an important factor for cellular proliferation. 
IGFBP-4 may also influence cellular growth by playing a role in dynamic instability 
of microtubule structures. In this respect, functions of IGFBP-4 are possibly 
independent of IGFs. 
 
In chapter 6, we characterize mRNA expression of IGFBP-1-6 in primary rat 
microglia. In vitro activation of microglia was achieved by supplementing cultures 
with lipopolysaccharide. This model simulates inflammatory conditions and provides 
us with a means to compare resting with activated microglia cells. Within this model, 
we demonstrated basal expression of all IGFBPs except IGFBP-1. In the activated 
state we observed a down regulation of IGFBP-4 and IGFBP-6, whereas IGFBP-5 
could no longer be detected. Contrasting findings of microglial expression of IGFBPs 
shown here, as compared to chapter 2, emphasize the difficulty of extrapolation of 
data derived from studies on rodent cells to human cells. Studies will be necessary to 
determine IGFBP expression at protein level in rat microglia cells and provide clarity 
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for these conflicting findings. Further examination will be necessary to evaluate 
precise mechanisms of IGF regulation in microglia. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
IGFBP-2 upregulation in reative astrocytes. 
Upon activation, astrocytes express higher levels of IGFBP-2, which sequesters IGF-1. In the 
vicinity of the astrocyte, proteases cleave IGFBP-2 and release IGF-1 to interact with type-1 
IGF receptors on astrocytes. 
 
In the investigations described in chapter 7, we initially intended to examine the 
effects of IGF-1 on oligodendrocyte survival. In an attempt to neutralize the type-1 
IGF receptor on oligodendrocytes, we unexpectedly found an antibody, which 
enhances receptor activation on these cells, yet effectively neutralizes the receptor on 
other cell types including astrocytes. This finding is the first indication of a functional 
variance of this receptor expressed in oligodendrocytes. This intriguing finding offers 
a possible approach to specifically target IGF effects on oligodendrocytes. Further 
investigations must determine the mechanism of this unique receptor stimulation and 
elucidate whether or not this functionally diverging receptor characteristic is specific 
only for oligodendrocytes. 
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Role of astrogliosis: inhibiting or supporting remyelination 
Astrogliosis occurs following injury and in several diseases of the CNS, such as MS. 
The gliotic scar has, until recently, been considered the major cause of regenerative 
failure in the CNS preventing remyelination by repressing oligodendrocyte 
development. Yet, it has become an increasingly popular idea that astrocytes may be a 
source of growth factors needed to promote oligodendrocyte survival and stimulate 
remyelination in the early lesion. In vitro, it is known that astrocyte monolayers 
support the survival and proliferation of oligodendrocyte progenitors. It has been 
suggested that reactive astrocytes serve to repair damage in MS by creating a milieu 
and providing growth factors for oligodendrocyte survival. In this sense, astrocytes 
boast a supportive role in remyelination processes in vivo. After induction of a lesion 
with ethidium bromide axons are denuding of myelin and oligodendrocytes and 
astrocytes are destroyed. Analysis of repaired lesions has shown that where 
remyelination occurs astrocytes create a fine network of their processes providing an 
environment, in which remyelination can take place. 
The development of strategies to reverse mechanisms that induce reactive gliosis 
should be designed to mild the negative effects of an astrogliostic scar that impairs 
remyelination processes. An attempt to restrict astrocyte proliferation should be 
careful not to restrict proliferation of other cells involved in the repair processes, e.g. 
oligodendrocyte precursor cells. Furthermore, positive repair processes of the 
astrocyte population, such as providing a physical structure for remyelination and 
providing factors for neuronal survival should not be impaired. It seems likely, that 
astrogliosis and the presence of astrocytes in MS lesions may at some crucial point 
provide support for remyelination processes, yet at later stages of lesion development 
the glial scar may indeed impair repair processes. Therapeutic interventions must 
therefore find a balance in the dual effects of astrogliosis by alleviating glial scarring 
whilst not eliminating supportive functions of astrocytes. 
 
Possible implications of IGF-1 axis in therapeutic strategies 
Doubts on the effectiveness of growth factors as a therapy have arisen due to 
conflicting hypothesis of the role of astrogliosis in MS. Whether the induction of 
astrogliosis in MS is a response that facilitates or hinders the repair process remains a 
central question. It is, therefore, difficult to state whether or not therapies with growth 
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factor application may cause further damage by promoting astrogliosis and thereby 
aggravating the situation in a MS lesion. However, investigations with chronic 
relapsing EAE in mice where IGF-1 was applied to animals showed many positive 
effects of this treatment. BBB defects were reduced and the number and sizes of 
inflammatory and demyelinated lesions declined. In these studies, administration of 
IGF-1 was not targeted to any particular site or cell type suggesting that astrogliosis 
was not relevantly enhanced by this growth factor or at least did not impede 
oligodendrocyte development. 
One obstacle preventing treatment with IGF-1 in man remains the BBB that impedes 
passage of this molecule into the CNS. It is known that IGF-1 poorly crosses the BBB 
in man. It has been suggested that this molecule can be transported into the CNS as a 
complex with IGFBPs capable of transcytosis through endothelial cells, such as 
IGFBP-1. It was also speculated that IGFBP-1 may not be synthesised at all within 
the human brain but is capable of crossing the endothelial cell border. This molecule 
may function to transport IGF-1 from the circulation across the BBB in form of an 
IGF-1/IGFBP-1 complex.  
The characterization of the IGF-axis in the CNS of the normal and diseased or injured 
brain is beginning to reveal expression patterns that occur under these circumstances. 
Cell type specificity of the expression of the IGFBPs and their distribution in tissues 
during recovery from injury suggests complex interactions between specific cell 
types, IGFBPs, IGF-1 and the receptors. Strategies for transporting and targeting of 
IGF-1 to particular cell types or damaged regions remain to be established. A clearer 
understanding of the mechanisms of these molecules in the damaged brain must be 
obtained to devise effective therapies which selectively repair demyelinated regions 
and effectively treat diseases such as multiple sclerosis.  
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Samenvatting 
 
Gliale cellen, die de meerderheid uitmaken van de cellen in het centraal zenuwstelsel (CZS), 
zijn essentieel voor de ontwikkeling, de ondersteuning, en de regeneratie. Naast hun 
traditionele rol als cellen die mechanische ondersteuning en afscherming bieden zijn ze 
verantwoordelijk voor verschillende vitale functies zoals het glycogeen en neurotransmitter 
metabolisme, het regelen van de ionen homeostase, vorming van de bloed-hersen-barrière, en 
herstel na beschadiging. Via cel-celinteracties met andere gliale cellen en neuronen maken zij 
integraal deel uit van de functionele elementen van het centraal zenuwstelsel die aan de basis 
liggen van het normaal functioneren van de hersenen. In het zieke CZS, zoals bij multiple 
sclerose, zijn verschillende functies verstoord. In het verloop van de ziekte ontstaan er lesies 
die gekenmerkt zijn door demyelinisatie, waardoor de informatieoverdracht tussen neuronen 
verstoord geraakt. De lesies ontstaan door invasie in het CZS van immuuncellen, waardoor 
oligodendrocyten, myeline en axonen beschadigd raken, en waarbij astrocyten en microglia 
geactiveerd worden. In deze toestand verandert het fenotype van deze cellen met een toename 
in celgroei, beweeglijkheid en morfologische wijzigingen. Naast deze wijzigingen ziet men 
ook veranderingen in het expressie patroon van verschillende factoren, zoals cytokines, 
chemokines, groeifactoren, regulerende moleculen, en receptoren. Al deze kenmerken 
reflecteren een aanpassing aan de beschadigde omgeving. Verschillende factoren kunnen 
neuronen beschermen en kunnen een bijdrage leveren aan de remyelinisatie van de 
gedemyeliniseerde axonen. Echter de reactiviteit van astrocyten en microglia kan ook 
schadelijk zijn en het herstelproces tegenwerken. Microglia secreteren verschillende 
proinflammatoire cytokines en toxische factoren die bijdragen aan weefselbeschadiging. 
Astrocyten zijn betrokken bij immunologische mechanismen en kunnen bijdragen aan het 
ontstaan van de ontsteking en uiteindelijk een astrogliotisch litteken veroorzaken wat een 
fysische barrière genereert, waardoor het herstelproces wordt belemmerd. 
 
Verschillende therapeutische strategieën kunnen worden aangewend om het ziekteproces bij 
multiple sclerose te beïnvloeden Van bijzonder belang zijn strategieen die het remyelinisatie 
proces kunnen op gang brengen. Dit zou kunnen worden bewerkstelligd door bijvoorbeeld 
factoren toe te dienen die de myeline productie in de overlevende oligodendrocyten 
stimuleren of door het aanvullen van de oligodendrocyt precursor celpopulatie. Een 
aantrekkelijke strategie is gebruik te maken van groeifactoren die de letsels kunnen herstellen. 



Samenvatting  137 

 

IGF-1 is een groeifactor welke de myeline produktie kan stimuleren en oligodendrocyt 
precuros cellen kan laten differentiëren Echter de regulatie van het IGF systeem is complex en 
niet volledig begrepen. Om deze strategie in de praktijk te vertalen, moeten we meer weten 
over de functie en de regulatie van het IGF systeem in het CZS. Het doel van deze thesis was 
een bijdrage te leveren in de betrokkenheid van IGF en de regulerende IGFBP’s bij de 
functies van gliale cellen. 
 
De biologische activiteit van de IGF’s verschilt van dat van de meeste polipeptide hormonen, 
omdat ze worden gemoduleerd door interacties met niet receptor bindingsproteïnen naast dat 
ze ook op receptoren binden. De 6 bindings proteïnes voor IGF’s zijn bifunctionele 
adaptatiemoleculen die enerzijds IGF’s binden en aan de andere kant ook onafhankelijk van 
IGFs kunnen interageren met cellulaire en extracellulaire componenten. In vivo wordt IGF-1 
enkel gevonden in associatie met IGFBP’s, wat het belang van deze proteïnen in relatie tot de 
acties van IGF onderlijnt. In de hoofdstukken 2 en 3 van deze thesis wordt de expressie van 
deze moleculen onderzocht in het normaal CZS en vergeleken met hersenweefsel dat is 
aangetast door multiple sclerose. In het normaal CZS konden we geen IGFBP’s detecteren op 
microglia, dit in tegenstelling met de astrocyten die positief waren voor alle bindings 
proteïnen. Bij multiple sclerose vonden we dat in actieve laesies microglia positief werden 
voor IGFBP-2 en dat astrocyten meer positief werden voor IGFBP-2 en IGFBP-4. In 
hoofdstuk 3 werden ook in vitro studies uitgevoerd op astrocyten en oligodendrocyten om de 
invloed van de IGFBP’s op celoverleving en proliferatie na te gaan. IGFBP-2 in het bijzonder 
vertoonde een divergent effect op deze cellen. Enerzijds inhibeerde het de IGF-1 
geinduceerde overleving van oligodendrocyten, en anderzijds verhoogde het de IGF-1 
gestimuleerde proliferatie van astrocyten. Dit is een mooi voorbeeld van hoe IGFBP’s de 
functies van IGF’s reguleren op een celspecifieke manier. 
 
Een belangrijke vraag bij multiple sclerose betreft de rol van de astrogliose. Het is niet 
duidelijk wat de astrocyten aanzetten om reactief te worden. Een andere vraag is hoe 
astrogliose kan geblokkeerd worden en of dit een gunstig effect in het ziekteproces zou 
hebben. Het moleculair profiel van reactieve astrocyten impliceert ook dat ze een 
neuroprotectieve rol hebben. Het uiteindelijk doel zou dus kunnen bestaan uit niet enkel 
astrogliose te voorkomen, maar de reactieve astrocyten te benutten om herstel en 
neuroprotectie te bekomen. Het doel van de onderzoeken beschreven in hoofdstuk 4 was om 
een beter inzicht te krijgen in de mechanismen die de werking van IGF-1 reguleren in 
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reactieve astrocyten. Hierbij werd een in vitro model van astrogliose ontwikkeld. In dit model 
zagen we een opregulering van IGFBP-2 in de reactieve astrocyten, wat overeenkomt met de 
in vivo bekomen resultaten beschreven in hoofdstuk 3. We tonen ook aan dat deze reactieve 
astrocyten een IGFBP-2 protease secreteren. Al deze experimenten zijn een aanwijzing voor 
het feit dat IGFBP-2 in de reactieve astrocyten een belangrijke rol speelt in de regulatie van 
IGF-1. We speculeren dat IGFBP-2 een rol speelt in het aanbieden van IGF-1 op IGF-1 
receptoren op reactieve astrocyten. Gezien de belangrijke functie van astrocyten op het vlak 
van oligodendrocyt regeneratie en remyelinisatie, is het van belang om de mitogene en 
oligodendrogliotrofische signalen van reactieve astrocyten beter te bestuderen. 
 
Sinds zijn ontdekking 10 jaar geleden bleef IGFBP-4 een component van het IGF systeem 
met een onzekere functie. In hoofdstuk 5 tonen we aan dat IGFBP-4 geassocieerd is met 
centrosomen en microtubulen van astrocyten. De functionele rol van deze associatie is nog 
niet bekend. Tot nu toe was IGFBP-4 enkel beschreven als een extracellulair molecuul 
dewelke IGF sequestreert, waardoor de acties van IGFs worden geinhibeerd. Onze studie is de 
eerste die aantoont dat IGFBP-4 een intracellulaire associatie vertoont. Over de rol van deze 
associatie, zoals de betrokkenheid in het microtubulair systeem, kunnen we nu nog enkel 
speculeren. 
 
In tegenstelling tot de goede overeenkomst die we vonden met betrekking tot de expressie van 
IGFBP’s (in het bijzonder IGFBP-2) bij astrocyten zowel in vivo als in vitro, vonden we 
contrasterende expressie patronen van IGFBP’s bij microglia. In hoofdstuk 6 beschrijven we 
dat primaire rat microglia IGFBP’s-2 tot en met –6 expressie brengen. Deze cellen werden 
vervolgens gestimuleerd met lipopolysachariden om een geactiveerde toestand te bekomen. 
Dit leidde tot een afname van IGFBP-4, -5 en -6. Dus deze toestand in vitro is totaal 
verschillend van de in vivo waargenomen toestand bij multiple sclerose lesies. 
 
De resultaten van een op IGF-1 gebaseerde behandeling kunnen gemengde effecten 
veroorzaken, waarvan sommigen niet gunstig zijn. IGF-1 heeft niet alleen een gunstig effect 
op oligodendrocyten (overleving, differentiatie en myelinisatie), maar stimuleert ook de 
proliferatie van astrocyten die leiden tot het astrogliotische litteken in MS lesies. Het litteken 
hindert de migratie en ontwikkeling van oligodendrocyten die cruciaal zijn voor de 
remyelinisatie. Het zou dus voor de toekomst van belang zijn om meer celspecifieke 
behandelingen te vinden voor MS op het vlak van de oligodendrocyten. In hoofdstuk 7 
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beschrijven we onze bevindingen over een uniek mechanisme van IGF-1 receptor werking in 
oligodendrocyten. We ontdekten dat een anti-type IGF-1 receptor antilichaam, dat de 
receptoreffecten neutraliseert in bijna alle celtypes, inclusief astrocyten, een stimulerende 
invloed had op de IGF-1 receptor op oligodendrocyten. De structuur van de IGF-1 receptor op 
oligodendrocyten lijkt niet af te wijken van deze op de andere celtypes, waardoor het 
mechanisme van dit onverwacht effect nog niet is opgehelderd. Indien we de IGF-1 receptor 
op oligodendrocyten specifiek kunnen stimuleren zou dit voor de toekomst natuurlijk 
geweldige mogelijkheden kunnen bieden om letsels bij multiple sclerose te herstellen. 
 
Besluit 
Er is een bijzondere belangstelling voor behandelingen die het ziektebeloop bij multiple 
sclerose kunnen beïnvloeden en die de neuropathologische schade en resulterende handicap 
bij multiple sclerose kunnen beperken. In die zin is het van belang om een goed begrip te 
krijgen van de factoren die het herstelproces in verschillende stadia van de ziekte kunnen 
beïnvloeden. Van verschillende protectieve factoren die de expressie in het CZS, beschikt 
IGF-1 over eigenschappen om remyelinistatie te indiceren en neuronen te beschermen. Bij 
lesies in het CZS zijn het vooral de reactieve astrocyten en microglia die IGF-1 aanbrengen. 
De regulerende expressie van IGF-1 receptoren en IGFBP’s is van belang om de werking van 
IGF-1 op de responsieve cellen te reguleren. Door het beter begrijpen van deze mechanismen 
moet het ooit mogelijk worden om de werking van IGF-1 te focussen op de oligodendrocyten, 
waardoor remyelinisatie hopelijk ooit mogelijk wordt. 
 
 
 
 
 



140 

 

 



 
 
 
 
 
 

Abbreviations 
 
 
 



142  Abbreviations 

Abbreviations 
 
 
ALS   acid labile subunit 
BBB   blood-brain-barrier 
BSA   bovine serum albumin 
CDM   chemically defined medium 
CNP  2’,3’-cyclic nucleotide 3’-phosphohydrolase 
CNS   central nervous system 
CNTF   ciliary neurotrophic factor 
CSF   cerebrospinal fluid 
DMEM  Dulbecco’s modified Eagle’s medium 
DNA   deoxyribonucleic acid 
EAE  experimental allergic encephalomyelitis 
ECM   extracellular matrix 
EDTA  ethylenediamne tetraacetic acid 
FCS   fetal calf serum 
FITC   fluorescein isothiocyanate 
FGF    fibroblast growth factor 
GAPDH  glyceraldehyde-3-phosphate dehydrogenase 
G1   gap 1 phase of the cell cycle 
G2/M  gap 2 and / or mitotic phase of the cell cycle 
GFAP   glial fibrillary acidic protein 
GH   growth hormone 
h   hour 
HLA   human leukocyte antigen 
Ig   immunoglobulin 
IGF-1/-2  insulin-like growth factor-1 / -2 
IGFBP  insulin-like growth factor binding protein 
IGF-1R  type-1 insulin-like growth factor receptor  
IRS-1   insulin-receptor substrate-1 
IL   interleukin 
kDa   kilo Dalton, 1.66*10-24 
LPS  lipopolysaccharide 
M  mitotic phase of the cell cycle 
MAG  myelin-associated glycoprotein 
MBP   myelin basic protein 
Min   minute (s) 
MS   multiple sclerosis 
O2A  oligodendrocyte-type-2-astrocyte 
PAGE  polyacrylamide gel electrophoresis 
PBS   phosphate-buffered saline 
PDGF  platelet-derived growth factor 
PI   propidium iodide 
PKC   protein kinase C 
PLL   poly-L-lysine 
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PLP   proteolipid protein 
S  synthetic phase of the cell cycle 
SD   standard deviation 
SEM   standard error of the mean 
SDS   sodium dodecyl sulphate 
Tris  tris(hydroxymethyl) amino-methane  
TRITC  tetramethylrhodamine isothiocyanate 
T/S   transferrin/selenit 
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