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Chapter 1

General introduction: The insulin-like growth

factor system
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Introduction

Salmon and Daughaday first identified insulin-like growth factors (IGFs) as “sulphation

factor activity” 36. Later the term “somatomedin” was introduced which was replaced by

“insulin-like growth factors” because of their structural homology with insulin 113. The insulin

and IGF-family of peptides is important in the normal control of many metabolic and growth

related processes 127. The components of the IGF system include IGFs (IGF-I and IGF-II),

type I and II receptors, and IGF-binding proteins (IGFBPs).

IGF-ligands

Two different growth factors, IGF-I and IGF-II and variants of each have been identified and

isolated from brain extracts and these growth factors are present in the developing rodent and

human brain as well as in serum and cerebrospinal fluid (CSF) 62, 63, 123, 124. In the central

nervous system (CNS) both growth factors are produced as paracrine or autocrine hormones.

Rinderknecht and Humbel 114, 115 revealed the amino acid sequences of both IGF-I and IGF-II

in 1978. Human IGF-I and IGF-II, are both single-chain polypeptides with a molecular weight

of approximately 7.5-kDa. IGF-I is a basic peptide and contains 70 amino acids, with IGF-II

being slightly an acidic protein containing 67 amino acids. The amino acids of both IGF-I and

-II are grouped into domains A and B (similar to insulin), domain C (analogous to the

connecting peptide of proinsulin) and D (not present in insulin’s). Both IGF factors contain

three disulphide bonds, and display approximately 62 percent sequence homology with each

other and 47 percent with insulin, which explains the name.

In addition to the classical IGF-I molecules a truncated form of IGF-I known as DES(1-

3)IGF-I has been found in foetal and adult human brain 23, 68, 123. DES(1-3)IGF-I is the

product of differential processing of pro-IGF-I lacking the first three residues at the amino

terminus: Gly-Pro-Glu (GPE). The biologic potency of this truncated form is 10 times higher

than that of the full-length form and is explained by reduced binding to IGF-binding proteins
8, 17, 24, 47, 126.
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IGF-receptors

The biological effects of IGF-I and IGF-II on target cells are mediated by cell-surface

receptors. Two types of IGF-receptors have been identified in human and mammalian brain,

the IGF-I receptor and the IGF-II receptor 10, 49, 81 (Figure 1). The insulin receptor (IR) and

IGF-I receptor (IGF-IR) are structurally similar; both are members of the type II tyrosine

kinase receptor family 27, 131. The IGF-I receptor is a membrane glycoprotein of 300-350-kDa,

consisting of two alpha-subunits (135-kDa each) and two beta-subunits (90-kDa each) 82, 108,

137. Disulphide bonds to form a functional heterotetrameric receptor complex connect both

alpha and beta-subunits. In analogy with the insulin receptor, IGF-I receptor subunits are

encoded within a single 180-kDa-receptor precursor that is glycosylated, dimerised and

proteolytically processed to yield the mature alpha-2-beta-2-form of the receptor. The alpha-

subunit is entirely extracellular and contains the ligand-binding site, a cysteine-rich domain.

The beta-subunit contains the hydrophobic transmembrane domain with a short extracellular

region, and a tyrosine kinase domain in its cytoplasmic portion. However, the mature brain

also expresses a structural subtype of the IGF-I receptor, which appears to be unique to

differentiated neurons. This receptor consists of a lower mass alpha-subunit of 115-kDa 20, 64.

The physiological functions of insulin and IGFs are very different, while their receptor

structures are similar. Tissue distribution of the individual receptors, the specificity of the

ligand-receptor interaction, the rate of internalisation and the small structural differences

between the two receptors explain the well-characterised divergent physiological functions of

insulin and IGFs. For example, the liver expresses only the IR and fat cells express mainly

IRs. For this reasons these tissues display metabolic responses such as glucose uptake and

lipid synthesis. Further, the IGF-IR ligands include IGF-I, IGF-II, and insulin. The IGF-IR

binds IGF-I with a high affinity (± 10–10), IGF-II with a 10-fold lower affinity, and insulin

with a 100-1000 fold lower affinity 18, 84. On the other hand, IR demonstrates high-affinity

binding to insulin (± 10–10 M), 10-fold lower affinity binding to IGF-II, and 100-fold lower

affinity binding to IGF-I. The IR is mainly involved in short-term metabolic effects, while the

IGF-IR is predominantly involved in long-term growth/mitogenic effects 82, 108.

The structural differences between both receptors are also involved in different intracellular

signalling. For example, the IR contains two distal tyrosine residues, whereas the IGF-IR

contains three tyrosine residues, and the tyrosine kinases of both receptors show distinct

preferences for the tyrosine phosphorylation domains of insulin-related substrate (IRS)-1 40.
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Figure 1

Schematic presentation of the structures and the functional

domains of IGF-I/Insulin and IGF–II receptors.

The IGF-II receptor is structurally and functionally quite different from the insulin and IGF-I

receptors (Figure 1). The IGF-II receptor consists of a single glycosylated polypeptide of

approximately 260-kDa. Further, the IGF-II receptor is primarily extracellular, having a short

cytoplasmic tail and consists of 15 repeat mannose-6-phosphate (M6P)-binding units 4, 79, 93,

98. In 1987, Morgan and co-workers cloned the IGF-II receptor and revealed that it is identical

to the cation-independent M6P-receptor 98. This finding was confirmed by showing that the

IGF-II receptor binds independently both IGF-II and lysosomal enzymes that contain M6P.

Several studies have shown that the binding sites for IGF-II and M6P on the receptor are

distinct, and that the receptor can bind both ligands simultaneously 90, 103, 118, 129. The IGF-II

receptor binds IGF-II with greater affinity than IGF-I and does not bind to insulin at all. The

major functions of IGF-II receptor binding appear to be lysosomal enzyme trafficking and

IGF-II degradation via receptor-mediated internalisation 79. There is ample consensus today

that mitogenic and biological actions of both IGF-I and IGF-II are mediated by the IGF-I

receptor.
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Signalling via IGF-I receptors

Binding of IGF-I and or IGF-II to the IGF-I receptor induces receptor autophosphorylation of

their beta-subunits and results in activation of the intrinsic tyrosine kinase activity of the IGF-

I receptor and the subsequent tyrosine phosphorylation of several substrates including IRS

and Shc 26, 77, 132, 133, 142. The IRS are known as “docking” proteins and constitutes a family of

four structurally related adapter proteins that can link the IGF-I receptor to downstream signal

transduction mediators regulating cellular growth. IRS-1 is the most extensively studied, and

has multiple tyrosines, which associates with SH2 domain-containing proteins including

growth factor receptor bound-2 protein (grb2) and p85-subunit of phosphoinositol-3 (PI-3)

kinase 40
 (Figure 2).

Signalling via the mitogen-activated protein (MAP) kinase cascade

Stimulation of grb2 by activated IRS-1 leads to the coupling of grb2 with the guanyl

nucleotide exchange factor sos, which in turn activates ras. In the ras pathway,

phosphorylation of c-raf 1 activates the downstream protein kinase, MAP kinase kinase 1

(also known as MEK or MKK1) or MAP kinase kinase 2 (MKK2). MKK1 and MKK2

activate two members of the MAP kinase family; extracellular signal related protein kinase

(ERK)-1 and -2. Activated ERK-1 and (or) ERK-2 are translocated to the nucleus where they

phosphorylate a variety of transcription factors including c-fos, c-jun and c-myc.

This signalling cascade is important for cellular growth and mitogenesis 65. IGF-I receptor

signalling via the MAP kinase cascade induces neurite outgrowth, changes in growth cone

associated protein-43 (GAP-43) and c-myc gene expression 46. The c-myc protooncogene

encodes a nuclear transcription factor that is both necessary and sufficient to trigger entry of

certain cell types into the S-phase of the cell cycle 32. Inhibition of ERK activation with the

MEK inhibitor PD98059 blocks the effects of IGF-I mediated IGF-I receptor activation, and

indicates that MAP kinase activation induces neuronal differentiation 78.

Signalling via the serine-threonine protein kinase Akt pathway

IGF-I activated IRS-1 binds the p85 alpha-subunit PI-3 kinase, and this complex activates the

110-kDa catalytic subunit, which phosphorylates phosphoinositides, generating PI-3

phosphate, PI-3, 4-bisphosphate, and PI-3, 4, 5-triphosphate 52, 100, 135. These phosphatidyl-

inositides in turn activate protein kinases including p70 ribosomal protein S6 kinase (p70s6k)
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and Akt as well as other less characterised downstream molecules 37, 39, 43, 99, 128. This pathway

is important for a) IGF-mediated survival b) enhancement of cellular motility and c)

protection from programmed cell death 19, 39, 76, 94.

Figure 2

Schematic presentation of the intracellular-signalling pathways of the IGF-I receptor. The

initial response of the IGF-I receptor to IGF-I binding is to undergo autophosphorylation

on specific tyrosine residues. The intrinsic tyrosine kinase activity of the IGF-I receptor is

enhanced and phosphorylates multiple substrates, including IRS1 and IRS2 on tyrosine

residues. Proteins containing SH2-domains such as PI-3 kinase, grb2, and syp associate

with specific phosphotyrosine-containing motifs within IRS1 and IRS2. A similar

response occurs with shc. The ras/raf/MAP kinase pathway, for example is activated by

the association of IRS1 and shc with grb2, which in turn is associated with the

mammalian guanine nucleotide exchange factor protein sos.
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Dudeck and co-workers found that insulin and IGF-I efficiently activate PI-3 kinase in

neurons. Effects of PI-3 kinase on cell survival are mediated by the serine-threonine kinase

Akt (protein kinase Β−α). Akt contains at its amino-terminus a domain termed the pleckstrin

homology (PH) domain, which may regulate the activation of Akt by binding D3-

phosphorylated phosphoinositides that are the products of PI-3 kinase. Activation of Akt was

blocked by the PI-3 kinase-inhibitor wortmannin LY2944002, which suggested that this

activation was dependent on PI-3 kinase 44.

Insulin-like growth factor binding proteins

In the circulation

IGFs (IGF-I and IGF-II) are unlike traditional endocrine hormones, such as growth hormone

(GH) and insulin, which are secreted from storage vesicles in an endocrine gland in response

to releasing factors such as GH releasing factor or glucose. In contrast, the IGFs are not stored

in an endocrine gland and are therefore not released acutely into the blood by releasing

factors. However, the IGFs are stored in the blood and in tissues in a different, and somewhat

unique manner for a protein hormone; they are stored bound to specific IGFBPs. The IGFBPs

comprise a family of six proteins with the common property of binding IGF-I and IGF-II 109.

The diverse activities of IGF-I and IGF-II are mediated by IGF-I receptors and modulated by

IGFBPs.

IGFs synthesised in the liver are secreted into the general circulation as endocrine factors. The

proposed functions of IGFBPs which regulates the endocrine actions of IGFs are: 1)

inhibition of insulin-like activity; 2) prolongation of the plasma half-lives of IGFs and 3)

regulation of the rate of transport of IGFs from the vascular compartment to enhance the

growth-potentiating effects of IGFs 58, 74, 144. The major pool of IGFs circulates in human

serum as a 150-200-kDa complex. These large complexes consist of a) IGF-I or IGF-II, b) 38-

42-kDa acid stable protein (IGFBP-3), and c) an 86-kDa acid-labile subunit (ALS-protein) 11,

12. The other 20-25 % of the IGFs is associated with lower mass IGFBPs. Less than 1 % of

IGFs are found in the free form 14, 59, 61. The major form of binding protein present in the

circulation is IGFBP-3. IGFBP-3 is glycosylated and binds IGF-I and IGF-II with similar

affinities. IGFs are stabilised when they are complexed with IGFBP-3 and the ALS-protein 12,

107. The ALS-protein plays an important role in regulating the affinity of IGFBP-3 to IGF-I,
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thus regulating the levels of free IGFs. In addition, ALS-proteins increase the molecular mass

of the IGF-IGFBP-3 complex so that the access of the circulating IGFs to the extracellular

fluid and thus to the various tissues is limited. IGFs are released from the 150-kDa complexes

by limited proteolysis of IGFBP-3 and cross the vascular endothelial barrier alone or

associated with smaller IGFBPs 13, 107. Other binding proteins in human serum and biological

fluids are IGFBPs-1, -2, -4, -5 and –6. IGFBP-2 is the major binding protein in CSF and is a

non-glycosylated protein of 31-36-kDa 116. Characteristics of these IGFBPs are summarised in

Table 1.

Table 1 General characteristics of the human IGFBPs

Molecular IGF modulation of Source in

mass (kDa) affinity IGF-action biological fluids

IGFBP-1 30 I = II inhibition and/ or amniotic fluid, serum,
 potentiation              placenta, endometrium,

milk, urine, synovial fluid,
interstitial fluid, and seminal
fluid.

IGFBP-2 31-36 II>I inhibition CSF, serum, milk,urine,
synovial fluid, interstitial
fluid, lymph, follicular fluid,
seminal fluid, and amniotic
fluid.

IGFBP-3 38-43 I = II inhibition and/or serum, follicular fluid, milk,
potentiation urine, CSF, amniotic fluid,

synovial fluid, interstitial
fluid, and seminal fluid.

IGFBP-4 32-36 I = II inhibition serum, follicular fluid,
seminal fluid, interstitial
fluid, and synovial fluid.

IGFBP-5 29 II > I potentiation serum and CSF

IGFBP-6 34 II > I inhibition CSF, serum and amniotic
fluid.

(Taken from Rajaram et al., 1997).
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Modulation of IGFBPs

Previous studies have identified the expression of all six IGFBPs in the brain, but the cell

types expressing these IGFBPs remain unclear. In many cases the expression pattern of

IGFBPs is spatially and temporally co-ordinated with IGFs. IGFBP-2 mRNA is localised in

astrocytes surrounding neurons which express IGF-I, and IGFBP-5 mRNA is found in

neurons of the sensory relay system together with IGF-I mRNA 7, 89, 105, 106, 122. These

observations suggest that locally synthesised IGFBPs modulate the effects of IGFs in an

autocrine or paracrine manner. IGFBPs have been shown to have both inhibitory and

stimulatory effects on the actions of IGFs and may regulate the role of IGFs in growth,

differentiation and survival in the CNS (Figure 3).

All six IGFBPs inhibit IGF action by sequestering IGFs, thereby preventing the interaction of

IGFs to IGF-receptors and by inhibition of IGF-induced DNA synthesis in various cell types.

Compared to IGF-I receptors, IGFBPs have 10 to 100 fold higher affinities for IGFs, and bind

IGFs to decrease local free IGF availability 15, 29. IGFBP-2 inhibits the ability of IGFs to

stimulate DNA synthesis in various cells 66, 111, and IGFBP-2 prevents binding of IGFs to the

cell surface and limits the accessibility of IGFs to receptors 117. Growth arrest of human

neuroblastoma cells and human keratinocytes is caused by increased expression of IGFBP-6

mRNA and protein 6, 75. The growth inhibitory action of IGFBP-4 on bone cells is involved in

the pathogenesis of osteoporosis. Circulating levels of IGFBP-4 are high in older-age subjects

and correlate with parathyroid hormone levels 67. Parathyroid hormone regulates IGFBP-4 in

bone cells by increasing IGFBP-4 synthesis and inhibiting IGFBP-4 proteolysis. Estradiol

reverses these actions by enhancing IGFBP-4 proteolysis and therefore increasing IGF-I

bioavailability 80.

The phosphorylation-state of IGFBPs influences the affinity to IGF-I, therefore modulating

IGF-I actions. Serine-phosphorylation of IGFBP-1 and IGFBP-3 increases its binding affinity

for IGF-I seven-fold and favours inhibition whereas non-phosphorylated IGFBP-1 and

IGFBP-3 has the opposite effect and potentiates the effect of IGF-I on DNA synthesis in vitro
35, 71.

Other mechanisms involved in IGF regulation are specific IGFBP-proteases. IGFBP-

degrading proteases secreted by cells have been proposed to act as growth stimulators by

increasing local IGF availability. Circulating and tissue specific IGFBPs bind IGFs, thereby

forming biologically inactive complexes. IGFs can be released from these complexes by

proteolysis. Potentiation of IGF activity may occur under specific circumstances, and involves

the slow dissociation of IGFs from IGFBPs. IGFBP fragments generated by the action of
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cellular endoproteases show a marked loss of IGF binding 33. Members of several classes of

proteases have shown the ability to cleave IGFBPs, including kallikreins, cathepsins and

matrix metalloproteinases. For example, prostate-specific antigen (PSA) is a kallikrien-like

serine protease present in seminal plasma that causes proteolysis of IGFBP-3 and IGFBP-5,

and PSA decreases IGFBP-3 induced cell growth inhibition 30, 31, 33. Proteolysis of IGFBP-4 is

regulated by IGF-II, and IGF-II induced IGFBP-4 proteolysis increases the local availability

of IGF-I that leads to stimulation of cell growth 34.

An another way to modulate IGF actions is the binding of IGFBPs to cell surfaces. Binding of

IGFBPs to the extracellular matrix (ECM) or cell membranes facilitates the release of IGF

leading to enhanced delivery of IGF to receptors and increased IGF mitogenic actions.

IGFBP-3 binds to specific cell receptors and favours the slow release of IGF-I, avoiding IGF-

I receptor down regulation 95.

Figure 3

Demonstrated actions of IGF-dependent and IGF-independent

IGFBPs. IGFBPs inhibit IGFs by forming inactive complexes.

IGFs are freed from these complexes when proteases degrade

IGFBPs or when IGFBPs interact with cell surfaces or ECM.

Binding of IGFBPs to integrins and or unknown protein

receptors modulates IGF-independent actions.



Introduction 11

IGFBP-5 potentiates IGF-I-stimulated DNA and protein synthesis in various tissues 72.

Potentiation requires the binding of IGFBP-5 to the ECM, which protects it from proteolytic

cleavage and reduces the affinity to IGFs 10-fold, approximately equal to that of the IGF-I

receptor 72, 146. Furthermore, the formation of IGF-I/IGFBP-5 complexes is inhibited by

heparin that alters the binding affinity of IGFBP-5 for IGF-I. Heparin in turn modulates

IGFBP-5 membrane binding 2. Russo and co-workers showed that IGFBP-2 is associated to

cell surface proteoglycans in the olfactory bulb of the rat brain. The binding of IGFBP-2 to

chondroitin-6-sulphate decreases the binding affinity of IGFBP-2 to IGF-I 3-fold 
121

. They

suggest that cell associated IGFBP-2 may have a role in directing IGFs to specific sites in the

brain. Further, it is also been demonstrated that IGFBP-1 stimulates cell migration and cell

promotion in an IGF-independent way through interaction with the alpha-5-beta-1-integrin 48,

73. In contrast, IGFBP interaction with cell surface structures is not always associated with

IGF-induced receptor activation. The binding of IGFBP-3 to cell-associated proteins has been

described in a variety of cells and is correlated with the ability of IGFBP-3 to cause growth

inhibition 91, 136. IGF-I is able to block the association of IGFBP-3 to cell membranes, and

reverses IGFBP-3-induced growth inhibition in breast cancer. Only IGFBP-3 associates to

cell membranes and IGF-I/IGFBP-3-complexes cannot, suggesting that IGF-I is able to

overcome the growth inhibitory effects of IGFBP-3 by binding IGFBP-3 and not to its

receptor 110.

In conclusion, IGFBPs can exert IGF-dependent and IGF-independent actions in different

ways. The multitude of effects depends on the cell type in which they are expressed, how they

interact with cell surfaces and ECM, the presence of specific proteases and the formation of

high affinity binding proteins complexed with IGFs.

IGF-I in the central nervous system

IGF-I is a neurotrophic growth factor with insulin-like metabolic activities 127, and possesses

potential clinical applications, particularly in neurodegenerative disorders and multiple

sclerosis (MS). IGF-I is widely distributed in the developing and mature CNS, and these

growth factors play an important role in neuromodulation, survival and differentiation of glial

cells and neurons, glial cell growth and neuronal outgrowth (Table 2).
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There are developmental and tissue-specific expression patterns of IGF-I in the CNS and

peripheral nervous system (PNS) 7. During early foetal development IGF-I expression is high

and declines in the adult CNS 16. However IGF-I is still present in the adult CNS and in

neurons and Schwann cells of the PNS 60, 119. In the adult CNS, neurons and glia synthesise

IGF-I mRNA, in contrast only glia produce IGF-II mRNA 3, 89, 119, 122. In adult rat and human

brain, IGF-I mRNA is found in different regions such as hippocampus, olfactory bulbus,

striatum, brainstem and cerebellum 119. Astrocytes express both IGF-I and IGF-II 3, 122.

Premature oligodendrocytes express IGF-I only and this expression is down regulated in

mature oligodendrocytes 125. Especially astrocytes surrounding lesioned parenchyma contain

high levels of IGF-I and this observation suggests that brain injury mechanisms might induce

a specific pattern of IGF-I expression in a subpopulation of astrocytes 50.

MS is an inflammatory demyelinating disease of the CNS 104. The pathological hallmarks of

MS are the degeneration and loss of oligodendrocytes, as well as the destruction of myelin

sheets. Amyotrophic lateral sclerosis (ALS) is a progressive, devastating disease of the CNS

that affects both upper and lower motor neurons 120. The pathological hallmarks of ALS are

the degeneration and loss of motor neurons accompanied by astrocytic gliosis and

intraneuronal inclusions 28, 101. In both diseases, the underlying mechanism that causes the

death of oligodendrocytes and motor neurons remains unknown. Promotion of remyelination

in MS and the rescue of motor neurons in ALS are potential strategies for therapeutic

intervention.

The use of IGF-I in MS has been proposed due to its key role in the maturation and survival

of oligodendrocytes, which are essential for the synthesis of myelin. Several studies

demonstrated that IGF-I induces oligodendrocyte development and myelination 96, 97, and

doubles the number of myelinating oligodendrocytes in the rat anterior medullary velum

(AVM) by promoting survival and differentiation of early oligodendrocytes 9, 21, 53.

During primary myelination, IGF-I inhibits apoptosis of mature oligodendrocytes 92, and

oligodendrocyte-derived IGF-I supports neuronal survival 134. Transgenic mice that

overexpress IGF-I have shown increased brain growth and myelination 25, 140, 141. Carson et

al., (1993) demonstrates that the brains of transgenic mice were 55 % larger and the myelin

content was 130 % greater compared with controls 25. Oligodendrocyte number as a

percentage of total cell number was not increased in the transgenic mouse brains, indicating

that an increase of myelin was primarily the result of an increase of myelin production per

oligodendrocyte. IGF-I has already been used in animal models for the study of MS. Such an

animal model that mimics an inflammatory condition is experimental autoimmune
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encephalomyelitis (EAE) 86. Administration of IGF-I in EAE significantly reduces lesion

severity and demyelination accompanied by clinical improvement 138, 139. Prolonged

administration of IGF-I has indicated a role for IGF-I as an anti-inflammatory factor, which

reduces disease severity. The anti-inflammatory effects of IGF-I were not dependent on

components of the inflammatory process that are associated to myelin breakdown. These

effects were mediated by IGF-I to reduce the blood-brain barrier (BBB) defects and the

permeability of the BBB to immune effector cells, cytokines and serum proteins 88.

IGF-I is not only a growth promoting and survival factor for oligodendrocytes but also plays a

vital role in the CNS for the development, differentiation and survival of neurons. In the adult

nervous system, IGF-I is a neuromodulator and regulates synaptic plasticity130. IGF-I has been

proposed as a therapy for the treatment of motor neuron diseases (MND), including ALS 85.

IGF-I protects motor neurons from axotomy-induced death 41, 70, in contrast to other

neurotrophins and cytokines that are markedly less effective 87. In vitro and in vivo

experiments have shown that IGF-I increases long-term neurite outgrowth, branching and

synapse formation 46, and both IGF-I and -II stimulates motor neuron survival and nerve

sprouting in targeted muscles 22, 38, 51, 69, 102, 143. IGF-I is also involved in the response of

neuronal injury and protects neurons against various neurodegenerative stimuli and

neurotoxic insults. IGF-I protects a) cerebellular granule cells and hippocampal neurons

against kainic acid and iron toxicity b) hippocampal neurons from beta-amyloid c) striatal

neurons from quinolinic acid and d) dopaminergic neurons against 6-hydroxydopamine 1, 5, 42,

57, 83, 145.

It has been reported that administration of IGF-I into CSF and intracerebroventricular reduces

neuronal death following hypoxic-ischemia (HI) brain injury, and HI-brain injury accelerates

the penetration of IGF-I through different parts of the CNS 54, 55, 56. This raises the question

whether IGFs that are present in the circulation can pass through the BBB and enter the brain.

Several studies have demonstrated that IGFBPs and IGF-IR are present in brain parenchyma

and that these proteins could act as specific transporters of the IGFs across the BBB, although

this concept is still unclear and requires further investigation 45, 112.

In conclusion, these observations suggest that IGF-I has a wide spectrum of actions in the

CNS and is may be a good candidate for the treatment of ALS and MS.
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Table 2  Demonstrated actions of IGF-I in the central nervous system

Organ Action of IGF-I

Brain Promotes division, differentiation, maturation and assures survival or reduces
apoptosis of neuronal (olfactory bulb, cortex, hypothalamus, hippocampus,
mesencephalic, brainstem, cerebellum) and glial (Schwann, oligodendrocytes,
astrocytes) cells.

Protects neurons against toxicity induced by: iron, colchine, Ca2+ destabilises,
H2O2, amyloid peptides, human amylin and cytokines.

Modulates release of neurotransmitters: acetylcholine, dopamine, seretonin,
glutamate, neuropeptide Y.

Induces the expression of neurofilament, tubulin, and myelin basic protein.

Directs the sprouting of spared afferents into a deafferented hippocampus.

Actions on glucose metabolism.

Spinal cord Modulates choline acetyltransferase activity and attenuates loss of cholinergic
phenotype.

Enhance motor neuron sprouting.

Increases myelination and inhibits demyelination.

Stimulates interstitial proliferation.

Reduces apoptosis in motor neurons during normal development, spinal
transection, and deafferentiation.

Potential chemotactic properties.

Stimulates motor neuron proliferation and differentiation from precursor cells.

Promotes survival of Schwann cell precursors.

Promotes Schwann cell division, maturation and growth.

Increases the rate of regeneration of sciatic sensory and motor nerves.

Faster recovery after crush or freeze injury of the nerve.

Prevents peripheral neuropathies induced by cancer chemotherapy.

(Taken from Doré et al., 1997)
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Aim and outlines of this thesis

The aim of this thesis is the investigation of the IGF system in the CNS with a primary focus

on MS and ALS. The IGF system comprises more than IGF-I and IGF-II alone. The system

consists of two different IGF-receptors, which mediate IGF-actions and at least six IGFBPs

that modulates IGF-actions. Clinical application of IGF-I as a treatment for ALS and MS

requires a good understanding of the IGF-system. Therefore, we characterised the presence of

the different IGF-components in the circulation and in the normal and affected CNS.

In chapter 2 the distribution of IGF-I receptors in the normal human brain and pituitary gland

were studied by autoradiography. In this study it became apparent that several well-defined

brain structures are enriched with IGF-I receptors suggesting a neurotrophic/survival role of

IGFs on specific neuronal systems, and IGF-I receptors observed in the white matter may be

associated with oligodendrocytes.

In chapter 3 the characteristics of the IGF-I receptor in human brain and the anterior pituitary

gland were studied by using two different IGF-I analogues. DES(1-3)IGF-I and R3-IGF-I show

low affinity binding to IGF-binding proteins. In this study, we revealed that IGF-I in the

anterior pituitary was not bound to IGF-I receptors but to a cell membrane associated IGFBP-

3-acid-labile subunit.

In chapters 4 and 5 the distribution of IGF-I and –II receptors were studied by using iodine-

labelled IGF-I and -II in the MS affected brain. IGF-I receptors were present in the white

matter of MS patients and in MS lesions, suggesting that these receptors play an important

role in myelination and astrogliosis. In contrast, IGF-II receptors were not found in MS

lesions or in the white matter of controls. These results suggested that IGF-II receptors in

human brain were not involved in astrogliosis.

In chapter 6 the major components of the circulating IGF-system were investigated in MS

patients and controls by using radioimmunoassay (RIA) and enzyme immunoassay (EIA). In

this study it became apparent that the different components of the IGF-system in serum and in

CSF were not different between MS patients and controls.
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In chapters 7 and 8 the presence of IGFBPs on different glial cells was studied in the normal

white matter and in MS lesions by using double-labelling experiments. Binding proteins were

upregulated in MS lesions and these results indicated that high levels of IGFBPs inhibit or

stimulate IGF-I actions. In vitro experiments revealed that IGFBPs upregulated in

oligodendrocytes of MS patients inhibited IGF-I induced myelin formation and reduced IGF-I

mediated cell survival. These results indicated that enhanced expression of IGFBPs reduces

the bioavailability of IGF-I, and may play a role in the loss of oligodendrocytes and failure of

remyelination.

In chapter 9 we studied the different components of the IGF-I system in spinal cord sections

of ALS patients. Free IGF-I was drastically reduced in ALS patients, and there was enhanced

immunoreactivity for IGFBPs and IGF-I receptors. These results indicated that IGF-I binding

to IGFBPs reduces the bioavailability of IGF-I in ALS patients and this abnormality may play

an important role in the processes that lead to motor neuron death.

In chapter10 we summarised the results of this thesis, and discussed each chapter followed by

concluding remarks.
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Abstract

Insulin-like growth factor (IGF)-I receptors were studied in adult human post-mortem brain

and pituitary gland using quantitative autoradiography with human recombinant [125I]IGF-I.

The highest densities were found in the choroid plexus, pituitary gland - where IGF-I

receptors were mainly concentrated in the anterior lobe, pineal gland, glomerular layer of the

olfactory bulb, and the molecular layer of the cerebellar cortex. Moderate densities were

present in cerebral cortex, caudate nucleus, putamen, accumbens, the CA1, CA2, CA3 fields

and dentate gyrus of the hippocampus, the dendate nucleus of the cerebellum, amygdala,

thalamus, pontine nuclei, and substantia nigra. All other brain areas, including white matter,

contained low densities of IGF-I receptors. The finding that several well-defined brain

structures are enriched with IGF-I receptors suggests a neurotrophic/survival or

neuromodulatory role of insulin-like growth factors on specific neuronal systems. IGF-I

receptors observed in the white matter may be associated with oligodendrocytes.
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Introduction

Several lines of evidence suggest that insulin-like growth factors (IGFs) I and II, originally

named somatomedins and structurally related to insulin, play an important role in the

development and growth of the nervous system 3. They can increase DNA synthesis in rat

foetal brain cell cultures 13 and astroglial cells 9, enhance the survival of cultured neurons 24

stimulate neurite outgrowth 20, and stimulate the development of oligodendrocytes and myelin

synthesis 2, 17, 18, 19, 21. Transgenic mice that overexpress insulin-like growth factor-I (IGF-I)

develop larger brains that contain more myelin than controls 6. An elevated IGF-II content in

cerebrospinal fluid has been observed in a child with megaencephaly 26. IGFs are also present

in the mature rat and human brains 5, 10, 16. A variant N-terminally truncated form of IGF-I,

IGF-II, and higher molecular mass forms of IGF-II, have been detected in adult human brain 5,

10. However, at present, nothing is known about their functional role(s).

Two types of IGF receptors have been identified: IGF-I and IGF-II receptors 8, 25. Studies on

cell cultures indicate that the proliferative effects of both IGF-I and IGF-II are mainly

mediated via the IGF-I receptors 3. The IGF-I receptor is a tetramer composed of two alpha

and two beta subunits linked by disulphide bounds; the alpha subunit contains the ligand

binding site and the beta subunit consists of a transmembrane domain and a cytoplasmic

tyrosine kinase domain 27. The distribution of IGF-I receptors has been studied in detail in

adult rat brain 4, 14. Only two studies aimed at demonstrating IGF-I receptors in adult human

brain have been reported. The first study was performed on post mortem-obtained brain

tissue homogenates from a single individual, and revealed the presence of IGF-I receptors in

various brain regions 25. The second study utilised autoradiography on large whole-hemisphere

cryosections from two male subjects 1. Because of this technique, the exact localisation of the

IGF-I receptors in several regions of the human brain could not be determined, and many brain

regions were not investigated.

In order to obtain a more detailed regional distribution of IGF-I receptors in adult human brain

we applied quantitative autoradiography with human recombinant [125I]IGF-I on microscope

slide-mounted sections.
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Material and methods

Tissue preparation

The use of human brain tissue was approved by the ethical committee of the Free University

of Brussels. Brains and pituitary glands were obtained from 5 patients, without neurologic or

psychiatric disease (one female of 73 years, and four males of respectively 52, 47, 66, and 77

years). Post mortem delay, defined as the time elapsed between death and freezing of the brain

sections, ranged between 4 and 12 hours. Causes of death were sudden cardiovascular arrest

(1), pulmonary oedema (1), cancer (2), and hematemesis (1).

Blocks of tissue of approximately 0.5 cm thick were dissected from coronal brain cuts at 0-

4°C, frozen rapidly by immersion in isopenthane-dry-ice, and stored at - 80°C until used. The

frozen blocks of tissue were mounted on a cryostat chuck coated with plastic embedding

medium (Bio-Optica, Milan, Italy), and serial sections of 10 µM thickness were cut at -20°C

in a cryostat (Reichert-Jung cryostat Frigocut 2800), thaw-mounted on gelatine-coated glass

slides and dried.

Binding experiments with [125I]IGF-I

Frozen sections of the cerebellar hemisphere were used to determine the optimal conditions

for autoradiographic labelling. The sections were preincubated for 15 min at 25°C in 25 mM

Tris-HCl (pH 7.5), containing 10 mM MgCl2, and 0.1 % bovine serum albumin. Binding

experiments were done in duplicate at 25°C in the same buffer composition. Association

experiments were performed by incubating the sections for increasing periods of time with 0.1

nM human recombinant [125I]IGF-I. For saturation binding studies the sections were

incubated for 60 minutes with [125I]IGF-I using concentrations between 0.01 and 2 nM.

Competition binding experiments were done with 0.1 nM [125I]IGF-I. After incubation, the

sections were washed 3 times for 1 minute each in the same buffer to remove unbound ligand,

and then quickly dipped in distilled water. The sections were then wiped from the slides using

Whatman GF/B glass fiber filters, and radioactivity was determined in a gamma-counter.

Non-specific binding was determined in the presence of 0.5 µM unlabelled IGF-I. Specific

binding to IGF-I receptors was obtained by subtracting the non-specific binding from the total

binding. Binding isotherms were analysed by non-linear least-square curve fitting.
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The KD value of [125I]IGF-I was calculated by linear regression analysis of the Scatchard

plots. The dissociation constants (KI values) of the competitors (IGF-I and IGF-II) were

calculated from the corresponding IC50 (inhibitionconcentration) values by the method of

Cheng and Prusoff 7.

Autoradiography of IGF-I receptors

Consecutive frozen sections from the different brain regions were preincubated for 15 min at

25°C in 25 mM Tris-HCl (pH 7.5), containing 10 mM MgCl2, and 0.1 % bovine serum

albumin. The sections were then incubated for 60 minutes at 25°C in the same buffer with 0.1

nM [125I]IGF-I. Autoradiograms representing non-specific binding were produced by

incubating serial sections under identical conditions with 0.5 µM IGF-I.

After incubation, the sections were washed 3 times for 1 minute each in the same buffer to

remove unbound ligand, and then quickly dipped in distilled water. The sections were dried

under a stream of cold air, placed in X-ray cassettes together with commercially available

[125I]standards (Amersham, Gent, Belgium), and exposed to [3H]Ultrofilm (Amersham) for 4

days. The films were developed with a D19 Kodak developer at 4°C, and after drying they

were placed on a light box where they were scanned by a video camera. The images obtained

were digitised, analysed and quantified by computer-assisted densitometry using the program

Image (National Institutes of Health Research Services Branch, NIMH, Betheseda, MD). A

calibration curve was generated by fitting of optical density and disintegration's per minute

per milligram polymer values of the [125I]standards. The regions of interest were sampled and

mean optical densities determined, and converted into fmol/mg protein, based on the

experimentally determined relation between polymer and brain paste standards. Brain areas

and nuclei were identified using the human brain atlas of Nieuwenhuys et al.,22. Specific

binding values were obtained by the subtraction of non-specific binding images from

corresponding total binding images. 

Materials

[125I]IGF-I was obtained from New England Nuclear (Brussels, Belgium). IGF-I and IGF-II

were purchased from Boehringer Mannheim (Mannheim, Germany). [125I]standards and

[3H]Ultrofilms were obtained from Amersham (Buckinhamshire, UK). All other chemicals

were of the highest grade commercially available.
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Results

Characteristics of the binding of [125I]IGF-I

To determine the optimal incubation conditions for the autoradiographic experiments,

[125I]IGF-I association, saturation and competition binding studies were performed on slices

of cerebellar hemisphere. Binding of 0.1 nM [125I]IGF-I reached equilibrium within 60

minutes (Figure 1), and this incubation time was adopted in subsequent experiments.

Figure 1

Time course of 0.1 nM [125I]IGF-I specific binding to slide-

mounted microtome sections of human cerebellar

hemisphere. After incubation at 25°C for increasing time

intervals the sections were wiped from the slides using

Whatman GF/B glass fiber filters, and radioactivity was

counted in a gamma-counter. Specific binding was calculated

by subtracting non-specific binding, determined in the

presence of 0.5 µM unlabelled IGF-I, from total binding.

Equilibrium was reached within 60 minutes (min).
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The binding of [125I]IGF-I to human cerebellar hemisphere sections was saturable indicating a

finite receptor population. A representative saturation isotherm and Scatchard plot is shown

in Figure 2. Scatchard analysis revealed a KD value (mean ± S.E.M, n=3) of 0.52 nM ± 0.04

nM.

Representative [125I]IGF-I/ IGF-I and IGF-II competition curves are shown in Figure 3. The

curves were best fitted to a one-site binding model, and the calculated KI value (mean ±

S.E.M, n=3) was 1.4 ± 0.4 nM for IGF-I and 18.2 ± 2.5 nM for IGF-II. A concentration of

0.5 µM IGF-I produced maximal displacement of [125]IGF-I binding, and this concentration

was used to determine non-specific binding in the autoradiographic experiments.

Figure 2

A representative saturation isotherm for [125I]IGF-I specific

binding on microtome sections of human cerebellar

hemisphere. The sections were incubated with increasing

concentrations of [125I]IGF-I at 25 ºC for 60 min, and

radioactivity was determined as described in Figure 1. Inset:

Scatchard plot of the specific binding



Chapter 2      34

Figure 3

Representative competition curves for IGF-I (o) and IGF-II

(�) inhibition of 0.1 nM [125I]IGF-I specific binding on

microtome sections of human cerebellar hemisphere. The

incubation conditions are the same as in Figure 2. Computer

analysis of the binding data revealed that the competition

curves were best described by a one-component binding

model. KI values were 1.4 nM for IGF-I and 12 nM for IGF-

II.

Regional distribution of [125I]IGF-I receptors

[125I]IGF-I labelling showed a widespread distribution of IGF-I receptors throughout the

human brain and pituitary gland. The regional distribution is summarised in Table 1.

The highest levels of IGF-I receptors were found in the pituitary gland, predominately in the

anterior lobe but also in the posterior lobe (Figure 4C), choroid plexus (Figure 4D), and pineal

gland. The cerebral cortex contained a moderate density of IGF-I receptors, without a distinct

laminar distribution (Figure 4A). Similar densities were found in the claustrum (Figure 6B).

In the hippocampal formation, high levels of IGF-I receptors were seen in the dentate gyrus

and over the pyramidal layers of the CA1, CA2 and CA3 fields (Figure 4B).



IGF-I receptors in the CNS      35

In the olfactory bulb, IGF-I receptors were especially concentrated in the glomerular layer

(Figure 4E). Slight labelling of more or less uniform density was found throughout the white

matter of the cerebral and cerebellar hemispheres, and brainstem.

Figure 4

Autoradiographs of 0.1 nM [125I]IGF-I binding in the absence = total binding (top

row) and the presence of 0.5 µM unlabelled IGF-I = non-specific binding  (bottom

row) to microscope slide-mounted sections. A: Distribution of IGF-I receptors in

frontal cortex/white matter. In the frontal cortex, and other areas of the cerebral

cortex (not shown) there is no laminar distribution of IGF-I receptors. Note the

diffuse labelling in the meninges (men), and throughout the white matter (wm),

corresponding to low densities of IGF-I receptors. B: Distribution of IGF-I

receptors in the hippocampus. IGF-I receptors are concentrated in the pyramidal

cell layers of the CA1, CA2 and CA3 fields (1, 2, 3) and the dentate gyrus (dg).

Lower levels are present in CA4 (4). Moderate levels of IGF-I receptors are

present in cortex of the parahippocampal gyrus (pg). C: In the pituitary gland

high levels of IGF-I receptors are found in the anterior lobe (al), while lower levels

are observed in the posterior lobe (pl). D: IGF-I receptors in plexus choroideus. E:

Coronal section through the olfactory bulb, showing high levels of IGF-I receptors

in the glomerular or outer layer.



Chapter 2      36

In the cerebellar cortex, high labelling was observed in the molecular layer (Figure 5A), and

intermediate densities were associated with the dendate nucleus. In the midbrain IGF-I

receptors were mainly seen in the substantia nigra, followed by the periaquaductal gray and

red nucleus (Figure 5C). In the pons moderate levels of IGF-I receptors were associated with

the pontine nuclei (Figure 5B). In the remainder of the brainstem there were no nuclei that

contained higher levels of IGF-I receptors than the surrounding white matter.

Figure 5

Autoradiographs of 0.1 nM [125I]IGF-I binding in the absence = total binding (top

row) and the presence of 0.5 µM unlabelled IGF-I = non-specific binding (bottom

row) to microscope slide-mounted sections at the level of the cerebellum (A), pons

(B), and midbrain (C). In cerebellar cortex the highest IGF-I receptor

concentrations are seen in the molecular layer (ml). Intermediate concentrations

are associated with the granular layer (gl). There is also a diffuse labelling

throughout the white matter (wm). In the pons, moderate levels of IGF-I

receptors are associated with the pontine nuclei (pn). In the midbrain, the highest

densities are present in the substantia nigra (sn), and lower levels are seen in the

periaquaductal gray (pg) and red nucleus (nr).
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In the basal ganglia, moderate densities were found in the striatal complex including putamen,

caudate nucleus and accumbens (Figure 6A, B). The thalamus and amygdala showed also

moderate levels of binding, more or less homogeneously distributed over all nuclei (Figure 6C).

In contrast, the globus pallidus showed low levels of binding (Figure 6B).

Figure 6

Autoradiographs of 0.1 nM [125I]IGF-I binding in the absence = total binding (top

row) and the presence of 0.5 µM unlabelled IGF-I = non-specific binding (bottom

row) to microscope slide-mounted sections at the level of the striatum (A and B)

and the amygdala (C). The caudate nucleus (cd), putamen (put) and accumbens

(acc) contain comparable moderate levels of IGF-I receptors, whereas their

concentration is low in the globus pallidus (pal). IGF-I receptors are also present

in the claustrum (clau) and the amygdala (am).
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Table 1 Regional distribution of the IGF-I receptors labelled by [125I]IGF-I i n

human adult brain and pituitary gland

Region Bound (fmol/mg protein)

Cerebral cortex Frontal 26 ± 4
Parietal 22 ± 3
Temporal 23 ± 3
Occipital 25 ± 4
Parahippocampal 24 ± 5
Entorhinal 21 ± 2

Caudate nucleus 28 ± 3
Putamen 26 ± 5
Accumbens 26 ± 2
Globus pallidus Medial part 10 ± 3

Lateral part   6 ± 1
Claustrum 21 ± 4
Thalamus Medial nuclei 16 ± 6

Lateral nuclei 17 ± 3
Substantia innominata  8 ± 4
Amygdala Basal nucleus 25 ± 2

Cortical nucleus 22 ± 3
Lateral nucleus 17 ± 3
Medial nucleus 18 ± 4

 Hippocampus CA1, CA2, CA3 fields 24 ± 5
CA4 13 ± 5
Dentate gyrus 26 ± 4

Pituitary gland Anterior lobe 64 ± 8
Posterior lobe 24 ± 4

Pineal gland 32 ± 6
Choroid plexus 59 ± 5
Olfactory bulb Glomerular layer 38 ± 2

Inner layers  8 ± 1
Cerebral white matter  9 ± 3
Corpus callosum 11 ± 2
Cerebellum Molecular layer 36 ± 6

Granular layer 13 ± 2
White matter 9 ± 2
Dendate nucleus 17 ± 3

Midbrain Substantia nigra 26 ± 2
Red nucleus 8 ± 1
Periaquaductal gray 14 ± 3

Pons Tegmentum 8 ± 1
Pontine nuclei 22 ± 4

Medulla oblongata 8 ± 2

Slide mounted tissue sections were incubated with 0.1 nM [125I]IGF-I. Autoradiograms were

generated by exposing the slide-mounted tissue sections to [3H]Ultrofilm for 4 days, and

subsequently quantitated by computerised densitometry. Data are mean ± S.E.M. values from five

individuals.
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Discussion

Using in vitro receptor autoradiography, we describe the distribution of the IGF-I receptors in

adult human brain and pituitary gland, as labelled by human recombinant [125I]IGF-I. Under

the conditions used in our study, [125I]IGF-I binding occurs to IGF-I receptors and not to

IGF-II receptors, (displaying lower affinity for IGF-I), or to binding proteins 4, 8, 14.

[125I]IGF-I was competed for by unlabelled IGF-I more effectively than by IGF-II, which is

typical for IGF-I receptors. Our study confirms that IGF-I receptors are distributed widely in

the human brain 1, 25. In contrast to these two studies it provides a more detailed mapping of

the neuroanatomical structures that contain IGF-I receptors.

Overall, the distribution pattern correlated in many aspects well with the localisation of IGF-I

receptors reported for adult rat brain 4, 14. As in our study on the human brain, high binding

levels were found in rat pituitary gland and plexus choroideus. In the cerebellar cortex IGF-I

receptors were enriched in the molecular layer, in the hippocampus they were concentrated in

the pyramidal cell layers of the CA1, CA2 and CA3 fields and dentate gyrus, and in the

olfactory bulb they were mainly confined to the glomerular layer. Similarly, moderate

densities of IGF-I receptors were found in the cerebral cortex, amygdala, thalamus, and the

substantia nigra. However, some differences between human and rat brain were also observed.

We found densities of IGF-I receptors in caudate nucleus and putamen that were similar to

those in cerebral cortex, whereas in the rat these structures were reported to contain much

lower densities. In rat cerebral cortex, IGF-I receptors were found to be more concentrated in

layers II and VI, whereas we did not observe such a laminar distribution in human cerebral

cortex.

The choroid plexus, pituitary gland and pineal gland, which are assessable to IGF-I present in

serum, contained the highest concentrations of IGF-I receptors. In the pituitary gland, IGF-I

receptors were predominantly found in the anterior lobe. This is not surprising, since it is well

known that circulating IGF-I feeds back on the anterior lobe of the pituitary to inhibit the

synthesis and release of growth hormone 28. However, the function of IGF-I receptors in the

posterior lobe is less clear. The role of the IGF-I receptors in the pineal gland and plexus

choroideus remains also speculative at the present time. In the latter structure, these receptors

may serve as a transport system for circulating IGFs or they may regulate the formation and

composition of the cerebrospinal fluid.
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Low densities of IGF-I receptors are found throughout the white matter of human and rat

brain. These receptors might be located on oligodendrocytes, since IGFs are potent regulators

of oligodendrocyte development 17, 18, 19. IGF-I promotes survival of oligodendrocyte

progenitors and oligodendrocytes, and stimulates the formation of myelin 2, 6, 21.

The unique distribution of IGF-I receptors in discrete regions of the adult brain suggests a

functional role as trophic/survival factor or perhaps as a neuromodulator for well-defined

neuronal systems, which have yet to be defined. Evidence for a specific neuronal

trophic/survival function is supported by the finding that IGF-II, the predominant form of

IGFs in human brain 10, which may also act through IGF-I receptors, promotes the growth

and neurite formation of dopaminergic but not of serotonergic neurons in culture 15. Evidence

for a neuromodulator function is based on the reports that IGF-I increases choline

acetyltransferase activity in rat neuronal cultures 11 and enhances the release of acetylcholine

from rat cortical slices 23.

A better insight into the neuronal functions of IGF-I receptors may be obtained from lesion

studies and perhaps from microdialysis experiments in animals. Comparative studies of IGF-I

receptors in pathological conditions may also help to clarify their functional role(s) in the

adult human central nervous system. For instance, because IGF-I receptors may be involved

in mechanisms that promote remyelination in pathological states 12, it should be particularly

interesting to examine if alterations in these receptors might play a role in human

demyelinating disorders.
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Abstract

The binding characteristics of [125I]insulin-like growth factor (IGF)-I were studied in human

brain and pituitary gland. Competition binding studies with DES(1-3)IGF-I and R3-IGF-I,

which display high affinity for the IGF-I receptor and low affinity for IGF binding proteins

(IGFBPs), were performed to distinguish [125I]IGF-I binding to IGF-I receptors and

IGFBPs. Specific [125I]IGF-I binding in brain regions and the posterior pituitary was

completely displaced by DES(1-3)IGF-I and R3-IGF-I, indicating binding to IGF-I receptors.

In contrast, [125I]IGF-I binding in the anterior pituitary was not displaced by DES(1-3)IGF-I

and R3-IGF-I, suggesting binding to an IGF-binding site that is different from the IGF-I

receptor. Binding affinity of IGF-I to this site was about 10 fold lower than for the IGF-I

receptor. Using western-immunoblotting we were also unable to detect IGF-I receptors in

human anterior pituitary. Instead, western-immunoblotting and immunoprecipitation

experiments showed a 150-kDa IGFBP-3-acid labile subunit (ALS) complex in the anterior

pituitary and not in the posterior pituitary and other brain regions. RT-PCR experiments

showed the expression of ALS mRNA in human anterior pituitary indicating that the anterior

pituitary synthesis ALS. In the brain regions and posterior pituitary IGFBP-3 was easily

washed away during preincubation procedures as used in the [125I]IGF-I binding

experiments. In contrast, the IGFBP-3 complex in the anterior pituitary could not removed by

these washing procedures. Our results indicate that the human anterior pituitary contains a

not previously described tightly cell membrane-bound 150-kDa IGFBP-3-ALS complex that

is absent in brain and posterior pituitary.
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Introduction

The Insulin-like growth factor (IGF) system comprises two IGFs (IGF-I and IGF-II), IGF-I

and IGF-II receptors, and at least six distinct insulin-like growth factor binding proteins

(IGFBPs) 30. In the central nervous system, IGF-I and IGF-II support the growth and

differentiation of neurons and glial cells 3, 12. The distribution of IGF-I and, IGF-II receptors

have been studied in both rodent and human brains 8, 13, 16, 18, 36. The IGF-I receptor is a

heterotetrameric glycoprotein composed of two alpha and two beta subunits linked by

disulphide bounds 12. The IGF-II receptor is a monomeric receptor with a striking extracellular

domain made up almost exclusively of 15 cysteine-based repeats, and is identical to the

cation-independent mannose-6-phosphate receptor 17, 23.

IGFBPs play a crucial role in transporting IGFs in the circulation, cerebrospinal fluid, and

across the capillary barrier to the target cells 7, 26. IGFBP-3 and IGFBP-5, in addition to

binding IGFs, also can associate with an acid-labile subunit (ALS), thereby further increasing

the half-life of the IGFs 33, 34. IGFBPs are also present at the level of the extracellular matrix or

cell surface, where they can either enhance or inhibit the presentation of IGFs to their

receptors 10, 14, 25, 30.

In addition, some of the IGFBPs, such as IGFBP-3, are also capable to mediate biological

actions that are IGF independent 10, 25, 30. More recently, a family of IGFBP-related proteins

(IGFBP-rPs) has been identified that appear to have a 100-fold lower affinity for IGFs,

compared with the IGFBPs. The functional roles of these IGFBP-rPs remain at present

elusive 14. This study was undertaken to characterise the cell membrane-bound binding sites

for IGF-I in human brain and pituitary gland.

Material and methods

Materials

Human recombinant [125I]IGF-I was obtained from Du Pont de Nemours (Dreieich,

Germany). [125I]standards and [3H]Ultra films were obtained from Amersham Life Science

(Amersham, Buckinghamshire, UK). IGF-I, DES(1-3)IGF-I and R3-IGF-I were purchased

from Gropep (Thebarton, Adelaide, Australia). DES(1-3)IGF-I is truncated IGF-I, missing the

first 3 amino acids in the B domain, and R3-IGF-I is an IGF-I analogue where glutamate at
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position 3 is replaced by arginine. Recombinant human IGFBP-3 and the monoclonal antibody

against the alpha-chain of human IGF-I receptor were purchased from Upstate (Lake Placid,

NY, US). Biotinylated anti-chicken IgG was obtained from Immuno Jackson Chemicals

(Baltimore, MD, USA). The polyclonal antibody against human IGFBP-3 was obtained from

Gropep (Thebarton, Adelaide, Australia). The polyclonal antibody against human ALS was

purchased from DSL (Webster, Texas, USA). Horseradish peroxidase (HRP)-streptavidin and

HRP-conjugated goat-anti-rabbit were obtained from Bio-Rad (San Francisco, CA, USA).

Normal rabbit serum was purchased from Zymed (San Francisco, CA, USA). The human

hepatoma cell line HepG2 was a gift from D. Hoekstra (Rijksuniversiteit Groningen,

Groningen, Netherlands). All cell culture plastic ware was obtained from Costar (Cambridge,

MA, UK). DMEM (Dulbecco’s modified Eagle’s medium), antibiotics, all reagents for reverse

transcription and all primers were from Life Technologies (Paisley, UK). Foetal calf serum

was purchased from Bodinco (Alkmaar, The Netherlands). The High Fidelity PCR Master kit

was obtained from Roche (Indianapolis, IN, USA) and the RNeasy Mini Kit from Qiagen

(Valencia, CA, USA). All other chemicals were of the highest grade commercially available.

Specificity of the antibodies

The antibody against human IGF-I receptor reacts specifically against a 19-residue synthetic

peptide corresponding to amino acid residues (642-659) of the human IGF-I receptor alpha-

subunit 27. The polyclonal IGFBP-3 antibody used in this study was obtained from rabbits

immunised with a synthetic peptide of unique sequence from the central domain of human

IGFBP-3. The specificity of the antibody was confirmed using the antibody preabsorbed

with excess of matched recombinant human IGFBP-3. Specificity of the immunoreactivity

was also controlled by the incubation of tissue sections in 5 % goat serum instead of primary

antibodies; the immunohistochemical reactions were negative. For Western-blotting

experiments, non-specific staining was determined by incubating parallel blots with non-

immune rabbit serum instead of the primary antibody solution (Figure 4B). For

immunoprecipitation experiments, non-specific binding was determined by incubating parallel

blots with 3 % bovine serum albumin (BSA) instead of the primary antibody solution. The

non-specific binding of the anterior pituitary is shown in Figure 5. The non-specific bands for

serum and other brain samples were the same (not shown).
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Tissues

Brains and pituitary glands were obtained from 10 patients without neurological or

psychiatric diseases (five men and five women, ages between 54 and 78 years). Pituitary

glands and 0.5-cm thick blocks of brain tissue were dissected at 0-4°C, frozen rapidly by

immersion in isopenthane-dry-ice, and stored at -80°C until used. Frontal cortex and white

matter was obtained from the frontal gyri and cerebellum from one of the hemispheres. Care

was taken to dissect comparable regions from the different individuals. The choroid plexus

was obtained from the lateral ventricles. Post mortem delay, defined as the time elapsed

between death and freezing of the tissue sections, ranged between 7 and 14 hours. An Ethical

Committee approved the experiments on post-mortem brain.

[125I] IGF-I binding studies

Frozen tissue blocks were mounted on a cryostat chuck, coated with embedding medium

(OCT compound, Lab-Tek Products, Ontario, Canada) and serial sections, 10-µm thick, were

cut at -20°C using a microtome-cryostat. Thereafter, sections were mounted on gelatine-

coated glass slides, and dried overnight under vacuum. Sections were preincubated for 20 min

at 20°C in 25 mM Tris/HCl (pH 7.4), containing 10 mM MgCl2, and 0.1 % BSA. The

optimal conditions for the binding experiments have been described previously 13.

For competition experiments sections were incubated for 90 min with 0.1 nM [125I]IGF-I

and increasing concentrations of competitors IGF-I, DES(1-3)IGF-I, or R3-IGF-I. After

incubation, the sections were washed three times for 1 min in the same buffer, to remove

unbound ligand, and were then wiped from the slides using Whatman GF/B glass fiber filters.

The level of radioactivity was determined in a gamma-counter. Binding isotherms were

estimated by non-linear least-square curve fitting. The inhibition constants (Ki values) of IGF-

I, DES(1-3)IGF-I and R3-IGF-I were calculated by the method of Cheng and Prusoff 9.

Autoradiographs were produced by incubating sections for 90 min at 20°C with 0.1 nM

[125I]IGF-I in the same buffer. Incubating consecutive sections with 0.5 µM IGF-I, or 0.5

µM DES(1-3)IGF-I, or 0.5 µM R3-IGF-I assessed non-specific binding. After incubation the

sections were washed three times for 1 min in the same buffer and quickly dipped in distilled

water. The sections were dried under a stream of cold air, placed in X-ray cassettes together

with commercially available [125I]-standards, and exposed to [3H]Ultra films for 4 days. The

films were developed with a Kodak D19 developer at 4°C, and scanned with an Arcus plus
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scanner. The images were digitised and analysed by computer-assisted densitometry using

NIH image-analysis software. A calibration curve was generated by fitting of optical density

and disintegration's per minute per milligram polymer values of the [125I]standards. The

regions of interest were sampled and mean optical densities determined, and converted into

fmol/mg protein, based on the experimentally determined relation between polymer and brain

paste standards. Specific binding values were obtained by the subtraction of non-specific

binding images from corresponding total binding images. All binding experiments were done in

duplicate and repeated twice.

Preparation of homogenates

Frozen tissue blocks of approximately 1 g were homogenised in 10 ml ice-cold Tris/HCl buffer

(25 mM, pH 7.4) containing serine-, cysteine-, aspartic- and metallo-proteinases inhibitors,

with an Ultraturrax and Potter Elvehjem homogeniser, and centrifuged at 50,000 g for 15 min.

The pellets, containing the cell membranes, were resuspended in 10 ml of the same buffer as

indicated above and centrifuged twice at 50,000 g for 15 min. The final pellet was suspended

in 1 ml of the same buffer containing 10 % glycerol (vol/vol), and stored at -80ºC. Protein

concentrations were determined by the method of Lowry et al 20. To be sure that there is no

blood contamination from the circulation, albumin was measured in homogenates from the

anterior and posterior pituitary gland by using an albumin immune assay (BN2, Behring,

Gmbh, Marburg, Germany). In all the samples we used in this study the albumin fraction was

not detectable.

Western-immunoblotting and immunoprecipitation

For Western-immunoblotting experiments the homogenates were diluted and resolved in

sample buffer, and ran both under native conditions [no sodium dodecyl sulphate (SDS), no

mercaptoethanol and no boiling], and reducing conditions (0.25 % mercaptoethanol, 0.5 %

SDS and boiling during 6 min). Human IGFBP-3 was used as a positive control and diluted in

sample buffer containing 0.1 % (w/v) SDS. Sixty micrograms of sample protein and 10 µl

(0.001 µg/µl) human IGFBP-3 protein were loaded on the gel system and ran on 4-12 % SDS-

polyacrylamide gel electrophoresis (PAGE).

For immunoprecipitation experiments 50 µl of the homogenates was rehomogenised in 200 µl

ice-cold 50 mM Tris-buffer containing 6.25 mM EDTA, 1-% Triton-X-100 (pH 7.4) and the

same protease inhibitors as indicated above. Homogenates were centrifuged at 3000 g for 10
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min. Equal amounts of the supernatant (200 µl) were diluted in 200 µl detergent buffer [50

mM EDTA, 50 mM Tris pH 7.4, 0.2 % sodium deoxycholic acid (NaDOC), 0.05 % nonidet

P-40 (NP-40), 0.5 % SDS]. The suspensions (400 µl), 100 µl human serum (positive control

for ALS) and 10 µl human IGFBP-3 (0.001 µg/µl) were then incubated with 5 µg polyclonal

human IGFBP-3 antibody for 24h at 4ºC. The immunocomplexes were precipitated with

agarose-G-beads at 4ºC for 2h. After washing: three times with low-salt washing buffer (50

mM Tris-HCl, 0.05 % NaDOC, 0.1 % NP40, pH 7.4) and twice with phosphate buffered

saline (PBS); the precipitated samples were resuspended in sample buffer containing 0.1 %

SDS and boiled for 6 min. Fifty microlitres of the samples were loaded on the gel system and

separated under reducing conditions using 4-12 % SDS-PAGE.

Proteins were transferred to nitrocellulose membranes and incubated overnight at 4°C with the

primary antibody solution [chicken-anti-IGF-I receptor (1:500) or rabbit-anti-IGFBP-3

(1/1000) and or rabbit-anti-ALS diluted (1/1000)] in Tris buffered saline (TBS, pH 7.4)

containing 0.5 % milk powder. For the detection of the IGF-I receptor, the membranes were

incubated with biotinylated second antibody solution (rabbit-anti-chicken 1:600) in TBS

containing 0,5 % milk powder, for 2 h at room temperature. Finally, membranes were

incubated with HRP-conjugated streptavidin (1:600) for 2h at room temperature. For the

detection of ALS and IGFBP-3, membranes were incubated with HRP-conjugated goat-anti-

rabbit solution (1/1000) in TBS containing 0.5 % milk powder, for 2 h at room temperature.

The complexes derived from Western-immunoblotting and immunoprecipitation experiments

were visualised using freshly prepared diaminobenzidin (DAB, 30-mg/100 ml Tris buffer, pH

7.4 and 0.015 % H2O2), and the opti-4CN (4-chloro-1-naphtol) staining method of Bio-Rad.

Between all steps the nitrocellulose membrane was rinsed in TBS for 30 min.

Immunohistochemical experiments

Frozen sections, 10-µm thick were preincubated in 25 mM Tris/HCl (pH 7.4) containing 10

mM MgCl2. Sections that were and were not preincubated were fixated in 3 % buffered

formaldehyde for 15 minutes and washed in PBS for 10 minutes. To exhaust endogenous

peroxidase activity, sections were immersed for 10 min in 0.3 % H2O2 in PBS prior to the

first antibody incubation. Before the addition of first and secondary antibody solution,

sections were incubated for 30 min at room temperature in normal goat serum to suppress

non-specific antibody binding. Thereafter, sections were incubated in primary antibody

solution: rabbit-anti-IGFBP-3 (1:200) in PBS for 24 hr at 4°C. Sections were then incubated
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with the secondary biotinylated antibody solution: goat-anti-rabbit (1:200) in PBS for 120

min at room temperature. Finally, sections were incubated in HRP-conjugated streptavidin

solution (1:200) in PBS for 90 min at room temperature and processed by the

diaminobenzidine/H2O2 reaction (30 mg DAB/100 ml Tris buffer, pH 7,4) and 0.01 % H2O2

and they were counterstained with 3% hematoxylin. Between all steps the sections were

rinsed thoroughly with PBS.

RT-PCR experiments

HepG2-cells were cultured in DMEM supplemented with 10% foetal calf serum, 50 U/ml

penicillin, and 50 µg/ml streptomycin in a humidified 5% CO2 atmosphere at 37°C. Total

RNA was isolated from either frozen anterior pituitary tissue (100 mg/sample) or HepG2

cells (107 cells/sample) using the RNeasy Mini Kit and following the manufacturers

instructions. Single stranded cDNA was synthesised 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

(dithiotreitol) and 0.5 mM dNTP in a total volume of 100 µl. The RNA sample 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 subsequently the

samples were heated to 99°C for 5 min to terminate the reaction. PCR was performed with

the High Fidelity PCR Master using 5 µl of the obtained cDNA and 7.5 pmol sense and

antisense primer, according to the manufacturers’ instructions. The final reaction volume was

50 µl. The tubes were incubated in a GeneAmp PCR System 9700 (Perkin-Elmer, Norwalk,

CT, USA) at 94°C for 5 min to denature the cDNA and primers. The cycling program was

94°C for 30 s, 55°C for 30 s, 72°C for 30 s for actin and 94°C for 30 s, 57°C for 30 s, 72°C

for 50 s (7 min in the last cycle) for ALS. For each primer set and sample, an increasing

number of PCR cycles (25 to 40) was performed with otherwise fixed conditions. The

following primers were employed: actin: 5’-AACACCCCAGCCATGTAC-3’ (sense) and 5’-

ATGTCACGCACGATTTCC-3’ (antisense, 254 bp amplified product) and ALS: 5’-

CTCAACCTCGGCTGGAATAG-3’ (sense) and 5’-CACAGGCTCTGCTCCTCAAT-3’

(antisense, 770 bp amplified product). In each experiment, water, RNA, and cDNA alone as

well as cDNA with only sense or antisense primer was used as a negative control to check for

contamination and specificity. Ten microlitres of PCR products were separated on 2.0%

agarose gels, stained with ethidium bromide, and photographed using a Polaroid DS34 Instant

Screen Direct Camera (Hertfordshire, UK).
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Results

[125I] IGF-I binding

We first studied the IGF-I binding sites in human brain and pituitary gland by using

radioligand binding techniques with [125I]IGF-I and autoradiography. Before incubation with

[125I]IGF-I tissue slices were preincubated in buffer to remove endogenous IGFs and other

soluble proteins. On adjacent tissue sections of frontal cortex (Figure 1), cerebellum, choroid

plexus, anterior and posterior pituitary, we performed [125I]IGF-I competition binding

experiments with IGF-I, DES(1-3)IGF-I and R3-IGF-I. Both, DES(1-3)IGF-I and R3-IGF-I

bind to IGF-I receptors but have low affinity for IGFBPs 2, 31, 32. In all brain regions and

choroid plexus, [125I]IGF-I was equally displaced by IGF-I, DES(1-3)IGF-I, and R3-IGF-I

(Figure 1). The curves were best fitted to a single-site-binding model. The mean Ki values ±

SD were 1.0 ± 0.3 nM for IGF-I, 1.1 ± 0.2 nM for DES(1-3)IGF-I, and 1.2 ± 0.2 nM for R3-

IGF-I [p = 0.74 (Mann-Whitney)]. In contrast, in the anterior pituitary, there was no

displacement of [125I]IGF-I binding with DES(1-3)IGF-I and R3-IGF-I, and IGF-I had a 10-

fold lower affinity [Ki = 12.7 ± 1.5 nM, p<0.0001(Mann-Whitney)] for this binding site than

in brain regions and choroid plexus (Figure1).

We compared autoradiographs obtained following incubation with [125I]IGF-I in the absence

and presence of 0.5 µM IGF-I, 0.5 µM DES(1-3)IGF-I, or 0.5 µM R3-IGF-I. As shown in

Figure 2, binding of [125I]IGF-I was equally displaced by all three competitors in cerebellum

(not shown), frontal cortex, cerebral white matter, choroid plexus (not shown), and posterior

pituitary. In the anterior pituitary (Figure 2), [125I]IGF-I binding was displaced by IGF-I,

but not by DES(1-3)IGF-I or R3-IGF-I, indicating that [125I]IGF-I labelled an IGF-binding

site that was different from the IGF-I receptor. Non-specific binding of competition and

autoradiographic experiments in the presence of IGF-I varied between 30 and 40 % of the

total binding. [125I]IGF-I binding characteristics were not different between males and

females. IGF-I receptor concentrations are shown in Table 1.
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Figure 1

Representative competition curves for IGF-I (Ο), DES(1-3)IGF-I (�) and R3-IGF-I (�) inhibition

of 0.1 nM [125I]IGF-I specific binding on microtome sections of human frontal cortex (A) and

anterior pituitary (B). Computer analysis of the binding data revealed that the competition curves

were best described by a one-component binding model. In frontal cortex [125I]IGF-I was equally

displaced by IGF-I, DES(1-3)IGF-I and R3-IGF-I. Ki-values were 0.9 nM for IGF-I and DES(1-

3)IGF-I, and 1.0 nM for R3-IGF-I. In the anterior pituitary [125I]IGF-I was displaced by IGF-I

(Ki-value of 12 nM) but not by DES(1-3)IGF-I and R3-IGF-I.
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Table 1  IGF-I receptor concentrations labelled by [125I]IGF-I in human adult

brain samples and pituitary gland (values are expressed in fmol/mg).

Region males (n=5) females (n=5) *p

Frontal cortex 24.6 ± 2.7 23.6 ± 3.7 0.84

Frontal white matter 8.4 ± 1.8 9.4 ± 2.7 0.69

Cerebellum

Granule cell layer 12.6 ± 2.1 13.8 ± 4.2 0.84

Molecular layer 36.4 ± 5.7 38.2 ± 6.7 0.42

Deep white matter 9.0 ± 1.8 10.7 ± 3.0 0.39

Dendate nucleus 17.6 ± 2.7 20.0 ± 5.3 0.42

Choroid plexus 46.4 ± 8.1 43.4 ± 4.9 0.42

Pituitary gland

Anterior lobe ND ND -

Posterior lobe 23.8 ± 3.6 21.6 ± 2.7 0.42

Slide mounted tissue sections were incubated with 0.1 nM [125I]IGF-I. Autoradiograms were generated by

exposing the slide-mounted tissue sections to [3H]Ultrofilm for 4 days, and subsequently quantified by

computerised densitometry. Non-specific binding was determined in the presence of DES(1-3)IGF-I and or R3-

IGF-I. ND; not detected. Data are the mean ± SD. * = Mann-Whitney U-test.

_________________________________________________________________________________

IGF-I receptor and IGFBP-3-binding in homogenates from human pituitary and brain regions

To further examine the nature of the IGF-I binding site in the anterior pituitary, we performed

western-immunoblot analysis and immunoprecipitation using a monoclonal antibody against

the human IGF-I receptor, and polyclonal antibodies against human IGFBP-3 and ALS. The

antibody against human IGF-I receptor reacts specifically against a 19 residue synthetic

peptide corresponding to amino acid residues (642-659) of the human IGF-I receptor alpha-

subunit 27. In frontal cortex, choroid plexus, cerebellum, white matter, and posterior pituitary a

double band of 118-kDa corresponding to the alpha-chains 19 of the IGF-I receptor were

identified (Figure 3). In the anterior lobe of the pituitary gland no reaction with anti-human

IGF-I receptor was found (Figure 3).
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Figure 2

Autoradiographs of 0.1 nM [125I]IGF-I binding in the absence = total

binding (i) and the presence of 0.5 µM unlabeled IGF-I = non-specific

binding (ii), or 0.5 µM DES(1-3)IGF-I (iii), or 0.5 µM R3-IGF-I (iiii) t o

microscope slide-mounted sections of frontal cortex (A) and pituitary

gland (B). In frontal cortex (co), white matter (wm), and posterior

pituitary (pp), [125I]IGF-I was equally displaced with IGF-I, DES(1-3)IGF-

I and R3-IGF-I. In the anterior pituitary (ap), [125I]IGF-I was displaced

with IGF-I, but not with DES(1-3)IGF-I and R3-IGF-I. Scale bar = 1 cm.
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Figure 3

Western-immunoblots of brain samples and pituitary samples ran on 7.5 % SDS-PAGE

under reducing conditions using an antibody against the alpha-chains of the human IGF-I

receptor. Bands were visualised using DAB. We found two bands of approximately 118-kDa

corresponding to the alpha-subunits of IGF-I receptor into detergent-solubilised total cell

membrane fraction (60 µg) of frontal cortex (A), choroid plexus (B), cerebellum (C),

posterior pituitary gland (D) and cerebral white matter (F). We found no expression of IGF-

I receptor alpha-subunits in pellet fractions of the anterior pituitary (E).

Western blotting was performed under different conditions. In the first approach pellet

fractions of the anterior pituitary ran under denaturing and reducing conditions, and were

stained for IGFBP-3. A single band of 40-kDa (Figure 4A) was detected under these

conditions. When the same samples ran under native conditions, and were stained for IGFBP-

3 they revealed one band of 150-kDa (Figure 4A). Purified IGFBP-3 was used as a positive

control. With anti-IGFBP-3 we found one band of 40-kDa (Figure 4A). Non-immune rabbit

serum was used to determine the non-specific binding (Figure 4B).

We performed immunoprecipitation experiments to visualise the components of the complex.

Immunocomplexes of proteins with anti-IGFBP-3, revealed a band of approximately 40-kDa

in anterior pituitary, posterior pituitary and frontal cortex, just as human IGFBP-3 that was

used as a positive control (Figure 5). Homogenates of the anterior pituitary

immunoprecipitated with anti-IGFBP-3 and stained with anti-ALS revealed an 86-kDa band.

The same band was present in human serum that contains ALS and was used as a positive

control. This was not observed in the frontal cortex and the posterior pituitary (Figure 5).
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Thus these results showed the presence of an IGFBP-3-ALS complex in the anterior

pituitary. This complex was absent in the posterior pituitary and frontal cortex.

Figure 4

Western-immunoblots of anterior pituitary samples ran on 12 % SDS-PAGE both under native

conditions, and under reducing and denatured conditions. Samples were stained for IGFBP-3 (A).

Samples ran under native conditions revealed a 150-kDa-band (i) and samples that ran under

reducing conditions revealed a single band of 40-kDa (ii). Human IGFBP-3 was used as a positive

control and presents one band of 40-kDa (iii). In figure B, non-specific binding was determined by

incubating parallel blots with non-immune rabbit serum instead of anti-IGFBP-3. Samples ran

under native conditions (i), denatured conditions (ii), and pure IGFBP-3 (iii) didn’t reveal non-

specific bands. Protein marker is shown at the left. Bands were visualised using opti-4CN.
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Figure 5

Immunoprecipitation of proteins with anti-IGFBP-3 in anterior pituitary (ap),

posterior pituitary (pp), frontal cortex (co), human IGFBP-3 (bp3) and serum

(ser). Bands were visualised using opti-4-CN. Immunocomplexes stained for

IGFBP-3 (A) showed one band of 40-kDa in anterior pituitary (ap), posterior

pituitary (pp), frontal cortex (co) and for IGFBP-3 used as a positive control

(BP3). Immunocomplexes stained for ALS (B) showed a single band of 86-kDa in

anterior pituitary (ap) and serum (ser), but not in the posterior pituitary (pp) and

frontal cortex (co). Non-specific bands (nsb) of the anterior pituitary are shown

using BSA instead of the primary antibody.

IGFBP-3 binding to cell membranes

To confirm the presence of IGFBP-3 in the anterior pituitary, we performed

immunohistochemistry both with and without preincubation in 25 mM Tris-buffer

supplemented with 10 mM MgCl2, using a polyclonal antibody against IGFBP-3. Without

preincubation, IGFBP-3 was present in the anterior and posterior pituitary, and in the frontal

cortex (Figure 6). IGFBP-3 was located in anterior pituitary cells and in the posterior

pituitary, IGFBP-3 was located in the pituicytes. In the brain regions, IGFBP-3 was located

in neurons. Following preincubation in 25 mM Tris-buffer supplemented with 10 mM

MgCl2; IGFBP-3 was no longer detectable in the posterior pituitary and any of the brain

regions, but was still present in the anterior pituitary.
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Figure 6

Photomicrographs of IGFBP-3 immunohistochemistry in anterior (A, B) and

posterior pituitary gland (C, D) and frontal cortex (E, F). Nuclei are

counterstained with hematoxylin (dark blue). Prior to preincubation in Tris-buffer

containing MgCl2, IGFBP 3 was present on cells in anterior (A) and posterior

pituitary (C), and on neurons in frontal cortex (E). After preincubation,

expression of IGFBP-3 was no longer detectable in posterior pituitary (D) and in

frontal cortex (F). In contrast, IGFBP-3 was still present on cells in anterior

pituitary (B). Scale bars = 100 µm.
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ALS mRNA expression in anterior pituitary

In order to prove whether the ALS protein found in the anterior pituitary derives from the

anterior pituitary itself or from the circulation, we performed RT-PCR on frozen anterior

pituitary tissue of three patients. To date, it has not been shown that blood cells produce

ALS. However, as it is not possible to wash tissue extensively before RNA isolation, we also

tested samples of freshly isolated blood cells to exclude any possibility that mRNA of blood

cells may falsify the results. The human hepatoma cell line HepG2 was used a positive

control as it is known that ALS is highly expressed in liver 28. Furthermore, actin mRNA

levels were used to standardise RNA contents of different samples. These results show that

ALS mRNA is detectable in the positive control HepG2 cells and the anterior pituitary

(Figure 7). When comparing the relative band intensities, the ALS mRNA level in the anterior

pituitary ranged between 20 and 30 % of the level in HepG2 cells. No specific signal for the

ALS mRNA fragment was detected in the blood cell samples. The bands seen in blood cell

samples are of smaller size and therefore, unspecific. This rules out that the ALS mRNA in

the anterior pituitary derives from contamination with blood.

Figure 7

RT-PCR was performed with RNA isolated from anterior pituitary tissue of three patients, blood

cells and HepG2 cells. The PCR products were separated on a 2 % agarose gel. One representative

ethidium bromide-stained gel is shown. The amplified ALS fragment (770 bp) was detected in

HepG2 cells (lane 1 and 2) and anterior pituitary tissue (lane 3 and 4) after 35 and 40 cycles

but not in whole blood (lane 5 and 6). Comparable amounts of the amplified actin fragment (254

bp, internal control) were detected in HepG2 cells (lane 7), anterior pituitary tissue (lane 8), and

whole blood (lane 9) after 35 cycles. Names of the genes are indicated on the left and the

corresponding fragment sizes on the right. H: HepG2 cells, p: anterior pituitary, b: blood cells.
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Discussion

IGF-I binding sites are widely distributed throughout human brain and pituitary gland 13. The

brain contains not only IGF receptors but also the six different IGFBPs that have been

identified 25, 30. These IGFBPs are soluble proteins, and we showed that preincubation in a

buffer solution (Tris/HCl containing 10 mM MgCl2) readily abolished both the auto-

radiographic labelling and immunohistochemical visualisation of IGFBPs in slices of different

brain regions 36. The binding characteristics of [125I]IGF-I in the brain regions and posterior

pituitary were compatible with binding to IGF-I receptors.

In the anterior pituitary, [125I]IGF-I binding occurred to a binding site with a 10 fold lower

affinity than the IGF-I receptor. Using western-immunoblotting experiments with anti-

IGFBP-3 under native conditions, we identified this binding site as a 150 kDa-IGFBP-3-

containing molecule. In this region, preincubation in buffer did not abolish IGFBP-3

immunoreactivity, indicating that this IGFBP-3-containing complex was tightly bound to the

cell membranes. Additionally to these findings IGFBP-3 was completely complexed with ALS

because we found no smaller proteins with anti-IGFBP-3. In contrast, when the same samples

were analysed under high reducing and denaturing conditions, we identified a single 40-kDa

IGFBP-3 band. Under these conditions the 150-kDa complex was dissociated.

Immunoprecipitation experiments confirmed the presence of a 150-kDa complex in the

anterior pituitary. When proteins of the anterior pituitary were complexed with anti-IGFBP-3

and these immunocomplexes were stained for IGFBP-3, they showed one band of

approximately 40-kDa, and when stained for ALS they showed an 86-kDa band.

Immunocomplexes from the posterior pituitary and frontal cortex, which were stained for

ALS, did not reveal an 86-kDa band, indicating the absence of ALS. When these

immunocomplexes were stained for IGFBP-3, they revealed a band of approximately 40-kDa,

indicating the presence of IGFBP-3 in both anterior and posterior pituitary and frontal cortex.

It has been shown previously that IGFBP-3 has cellular effects that are independent of IGF

presence or action, and these effects are mediated by binding of IGFBP-3 to the cell surface,

possibly to specific receptors 22, 25, 38. However, since IGF-I in association with IGFBP-3

prevents binding of IGFBP-3 to the cell membrane 29, the IGFBP-3 binding site in the anterior

pituitary must be of a different composition.
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The molecular weight of IGFBP-3 in its non-glycosylated form is 29-kDa, in its glycosylated

state 40 - 44-kDa, and when it forms a complex with ALS, 140 - 150-kDa 21, 30. IGFBP-3 is

the predominant carrier protein of IGF-I in serum. The IGF-I:IGFBP-3 dimer forms a

complex with ALS, and this ternary complex prolongs the serum half-live of IGF-I by many

hours 15, 25, 30. Once released from the complex, IGF-I leaves the circulation and enters target

tissues with the aid of IGFBPs present on the cell surface or in the extracellular matrix.

By using RT-PCR in anterior pituitary and blood samples, we found the expression of ALS

mRNA in the anterior pituitary and not in blood samples. Thus, our findings suggest that the

human anterior pituitary gland expressed ALS mRNA and ALS protein and these ALS forms

a complex with IGFBP-3 bound to the cell membrane. ALS is mainly synthesised by the liver

and the native ALS molecule appears in serum as an 84 - 86-kDa glycoprotein doublet 4, 5, 6, 28.

Interestingly, it has been shown that follicular fluid ALS originates from the ovary and that

ALS is also synthesised by the kidney 11, 35.

We were unable to detect IGF-I receptors in the anterior pituitary gland in this study.

However, our in situ observations do not entirely exclude their presence in vivo. IGF-I

receptor mRNA has been demonstrated by in situ hybridisation in rodent anterior pituitary

slices and cell cultures 1, 24. It might be possible that the receptors were down regulated by

IGF-I, as has been shown for IGF-I receptors in rat pituitary cells 37.

In conclusion, our findings show that in human anterior pituitary gland IGF-I binds to a not

previously reported tightly membrane-bound IGFBP-3-ALS complex. The functional

implication of the binding of IGF-I to this complex requires further experimentation at the

cellular level.
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Abstract

Preclinical studies suggest that insulin-like growth factor-I (IGF-I) plays an important role in

oligodendrocyte survival and myelination. We used human recombinant [125I]IGF-I to study

IGF-I receptors in post-mortem brain tissue from patients with multiple sclerosis (MS). In

normal appearing white matter, we found that IGF-I receptor densities and binding

characteristics were not different between MS patients and controls. In chronic plaques,

histologically characterised by astrogliosis, we found densities of IGF-I receptors, which were

in the same range as those measured in the normal appearing white matter. In vitro studies

have shown that IGF-I also acts as a mitogenic factor for astrocytes. Since MS lesions are

rapidly invaded by reactive astrocytes, IGF-I may not only protect oligodendrocytes and

stimulate remyelination but also enhance the astrogliosis that limits repair.
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Introduction

Insulin-like growth factor I (IGF-I) promotes the survival and regeneration of

oligodendrocytes in culture systems and stimulates the synthesis of myelin by regulating the

expression of myelin genes in oligodendrocytes 2,11,12. Transgenic mice, which overexpress

IGF-I, have an increased myelin content in their central nervous system 4, whereas

oligodendrocytes and myelin are deficient in mice homozygous for disrupted IGF-I gene 3.

We have previously shown that the central white matter in neonates, undergoing active

myelination, contains a 3-fold higher density of IGF-I receptors than in adults, suggesting that

also in human brain IGF-I and IGF-I receptors play an important role in the myelination

process 6. In the monophasic model of experimental allergic encephalomyelitis (EAE),

treatment with IGF-I reduces clinical deficits and lesion severity 9,16. Therefore, it has been

suggested that IGF-I may be useful as a treatment for multiple sclerosis  (MS). However,

information concerning IGF-I receptors in the central nervous system in MS is lacking. We

compared IGF-I receptors in post-mortem obtained brain specimens from patients with MS

and controls.

Material and Methods

Brain tissues

The experiments on post-mortem brains were approved by an Ethical Committee. Slices (±

0.5 cm thick) of frontal lobe were obtained from 4 patients with neuropathologically

confirmed MS (3 females and 1 male; mean age 69 ± 7 years; mean post-mortem delay 8 ±

1h) and 5 neurologically intact controls (3 females and 2 males; mean age 68 ± 9 years; mean

post-mortem delay 10 ± 2 h). The slices were quickly frozen in liquid nitrogen or with dry ice

and stored at –80°C. 

Radioligand bindingassays

Cryostat sections of 20-µm thickness were thaw-mounted on gelatine-coated microscopic

glass slides and dried overnight. The optimal incubation conditions were determined in

previous experiments 7. In brief, the slide-mounted sections were pre-incubated for 15 min at
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25°C in 25 mM Tris-HCl pH 7.5 containing 10 mM MgCl2 and 0.1% bovine serum albumin.

Consecutive sections were incubated in duplicate for 60 min at 25°C in the same buffer with

0.1 nM human recombinant [1 2 5I]IGF-I (Amersham, Buckinhhamshire, UK). After

incubation, the sections were washed 3 times for 1 min each in the same buffer to remove

unbound ligand and then quickly dipped in distilled water.

For competition binding experiments, the cerebral cortex was removed from the white matter.

The washed sections were wiped from the slides using glass fiber filters and radioactivity was

determined in a gamma-counter. Binding isotherms were analysed by non-linear least-square

curve fitting. The dissociation constants (Ki values) of the competitors IGF-I, DES(1–3 )IGF-I

and R3IGF-I (Gropep, Adelaide, Australia) were calculated from the corresponding IC50

values by the method of Cheng and Prusoff 
5
. DES(1–3)IGF-I and R3IGF-I are analogues of

IGF-I which display high affinity for IGF-I receptors but not for IGF-binding proteins 10. In

these experiments, non-specific binding of [125I]IGF-I was determined in the presence of 0.5

µM IGF-I.

For quantitative autoradiography, the sections were dried, placed in X-ray cassettes together

with commercially available [125I]standards (Amersham) and apposed to [3H] Ultrofilm

(Amersham) for 4 days. Non-specific binding of [125I]IGF-I was determined in consecutive

sections in the presence of 0.5 µM DES(1–3)IGF-I. The autoradiographic images obtained on

the films were scanned and analysed by computer-assisted densitometry using NIH Image

Analysis software Macintosh. Mean optical densities were determined and converted into

disintegration/min/mg protein and fmol/mg protein, based on the experimentally determined

relation between polymer and brain paste standards. Specific binding values were obtained by

the subtraction of non-specific binding from total binding.

Consecutive sections were also stained with luxol fast blue (myelin staining) and examined by

light microscopy to identify normal appearing white matter and demyelinated plaques. Glial

fibrillary acidic protein (GFAP) immunoperoxidase staining was used to identify astrocytes.
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Results

Binding studies and receptor concentrations

Representative competition binding experiments in central white matter are shown in Figure

1. Both DES(1–3)IGF-I and R3IGF-I displaced the same amount of [125I]IGF-I, indicating

that in the conditions used in our assays, [125I]IGF-I binds to IGF-I receptors and not to IGF-

binding proteins. Computer analysis of the binding data revealed that the competition curves

were best described by a one-component binding model.

The calculated Ki values for IGF-I, DES(1–3)IGF-I and R3IGF-I were similar between MS

patients and controls (Table 1). IGF-I receptor densities in normal appearing white matter and

cerebral cortex from MS patients were not different from those in controls (Table 2).

Seven demyelinated plaques were identified by luxol fast blue staining of the frozen sections.

Histologically all demyelinated lesions were identified as inactive chronic plaques, devoid of

an inflammatory response (absence of monocytic infiltrations) and characterised by extensive

astrogliosis. The astrocytes were identified by their morphology and GFAP immunoreactivity

(Figure 2). In all these plaques, we measured only slightly reduced densities of IGF-I

receptors (Table 2); the difference in receptor densities between normal appearing white

matter and plaques was not detectable on visual inspection of the autoradiopgraphs (Figure 3).

Table 1 [125I]IGF-I competition binding experiments in central white matter

Compound MS patients (n = 3) Controls (n = 3)

IGF-I 1.04 ± 0.18 0.90 ± 0.20

DES(1-3)IGF-I 0.95 ± 0.23 0,75 ± 0.07

R3IGF-I 0.77 ± 0.12 0.95 ± 0.22

Ki values (nM) of IGF-I, DES(1-3)IGF-I, and R3IGF-I for competition with [125I]IGF-I binding in

microtome sections of central white matter (from the frontal lobe) are given as the mean ± S.E.M.
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Table 2 IGF-I receptor densities in human frontal cortex and central white matter from

patients with MS and controls.

Cerebral cortex normal appearing plaques

 white matter               (n = 7)

Controls  (n = 5) 23.83 ± 1.54 11.81 ± 2.05 -

MS patients (n = 4)            23.07 ± 2.52 11.43 ± 2.03 8.66 ± 1.31

Receptor densities were obtained from [125I]IGF-I receptor autoradiographs and are expressed in

fmol/mg protein. Non-specific binding of [125I]IGF-I was determined in consecutive sections in the

presence of 0.5 µM DES(1-3)IGF-I. Values are means ± S.D.

Figure 1

Representative competition binding curves for IGF-I (�), DES(1-

3)IGF-I (�) and R3IGF-I (�) inhibition of 0.1 nM [125I]IGF-I binding

on microtome sections of central white matter from a patient with MS.

Ki values are given in Table 1.
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Figure 2

Immunoperoxidase staining for glial fibrillary acidic protein (X250)

demonstrating the dense astrogliosis in one of the chronic plaques.

Figure 3

Consecutive microtome sections (20-µm thickness) from the frontal lobe of a patient with

MS. The left section shows the myelin staining with luxol fast blue discriminating a

plaque (the pale area) from normal appearing white matter (surrounding the pale area).

The right section shows an autoradiograph of the specific binding (= total minus non-

specific binding) of [125I]IGF-I receptors in white matter and cerebral cortex. Both the

normal appearing white matter and plaque contain a substantial amount of IGF-I

receptors. The dark rim on the right side of the section is the cerebral cortex, which

contains a much higher IGF-I receptor density.
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Discussion

MS is a chronic demyelinating disorder and is the most common cause of disability in the

young adult. The aetiology remains unknown. One hypothesis suggests that MS patients may

be relatively deficient in intrinsic mechanisms for limiting CNS tissue injury following

common insults, especially in the capacity for myelin repair 14. IGF-I and IGF-I receptors

appear to play a key role in the myelination process.

Our findings indicate that there is no deficiency in IGF-I receptors in MS brain and that

interventions for the promotion of remyelination in MS through IGF-I receptor activation

might be feasible. IGF-I can cross the blood–brain barrier in normal adult rats 13. In active

inflammatory demyelinating lesions, higher levels of IGF-I may be expected because there is

a disruption of the blood–brain barrier. Studies in the EAE model also suggest that the

systemic administration of IGF-I may have potential utility in the treatment of MS 9,16.

However, we found that IGF-I receptor densities in chronic MS plaques were only slightly

reduced and, on visual inspection of the autoradiographs, we were unable to distinguish

plaques from normal appearing white matter. Chronic plaques are devoid of oligodendrocytes

and contain a dense network of astrocytes responsible for the characteristic astrogliosis 14. In

vitro studies have shown that IGF-I is also a mitogenic compound for astrocytes 1,15. This may

have implications for the clinical use of IGF-I in MS. Acute MS lesions are rapidly invaded

by reactive astrocytes 14. Therefore, the administration of IGF-I to MS patients might not only

protect oligodendrocytes and stimulate remyelination but also enhance the astrogliosis that

limits repair. This may suggest that there exists a narrow therapeutic time window for IGF-I

to be beneficial in MS when administered in patients with a relapse, or it should be given

prophylactically in the early stages of the disease.

Additional research is needed before administering IGF-I to patients with MS. Valuable

information can be obtained by studying the effects of IGF-I in the chronic relapsing form of

EAE where substantial astrogliosis also occurs, just as it does in MS 8.
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Abstract

Insulin-like growth factor (IGF) II receptors were studied in human adult brain by using

autoradiography with [125I]IGF-II. Receptors were found to be widely distributed

throughout all neuronal regions. The highest densities were found in plexus choroideus,

granular layer of the cerebellar cortex, gyrus dendatus and pyramidal layer of the

hippocampus, striatum, and cerebral cortex. White matter was devoid of IGF-II receptors. We

also examined [125I]IGF-II binding in six plaques of multiple sclerosis, which were

characterised by a dense network of astrocytes. We were unable to detect IGF-II receptors in

any of the astrogliotic plaques, suggesting that IGF-II receptors in human brain are not

involved in astrogliosis. The regional variations in neuronal distribution of IGF-II receptors

suggest involvement of IGF-II in functions associated with specific neuronal pathways.



IGF-II receptors in MS 77

Introduction

The insulin-like growth factors (IGFs), IGF-I and IGF-II, are mitogenic polypeptides with

structural homology to insulin. Two major types of receptors recognise the IGFs and mediate

their physiological effects: IGF-I and IGF-II receptors 6, 8, 9. The IGF-I receptor is a

heterotetrameric glycoprotein composed of two alpha and two beta subunits linked by

disulphide bounds. Signals are transmitted by means of receptor autophosphorylation and

tyrosine kinase activation 6. The IGF-II receptor has a completely different structure. It is a

monomeric receptor with a striking extracellular domain made up almost exclusively of 15

cysteine-based repeats, and is identical to the cation-independent mannose-6-phosphate

receptor 14, 18. In fact, these receptors display two distinctive binding sites: one for IGF-II and

another for mannose-6-phosphate containing glycoproteins, which are mainly lysosomal

enzymes that are endocytosed into endosomes.

IGF-I receptors have been studied extensively in the central nervous system in both rodents 3,

11, 16 and humans 1, 7. The distribution of IGF-II receptors has been investigated in rodent brain
11, 16, 20. However, there is only one report dealing with the presence of IGF-II binding sites in

brain homogenates from a single individual 19. Here we present the first autoradiographic

study in human brain.

Materials and methods

Brain tissues

Brain tissue was obtained at autopsy from six patients (three females and three males), aged

65 to 78 years, who had died without evidence of neurologic or psychiatric disease. Slices of

hemispheric white matter containing chronic plaques with dense astrogliosis, identified by glial

fibrillary acidic protein (GFAP) immunoperoxidase staining, were obtained from four patients

with multiple sclerosis (three females and one male; aged 59 to 78 years). Post mortem delay,

defined as the time elapsed between death and freezing of the brain sections, ranged between 4

and 12 hours. Tissue blocks of approximately 0.5 cm thick were frozen rapidly by immersion

in isopenthane-dry-ice or liquid nitrogen, and stored at -80°C until further processing.
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Materials

Human recombinant [125I]IGF-II (specific activity 2000 Ci/mmol), [125I]standards, and

[3H]Ultrofilms were obtained from Amersham (Buckinghamshire, UK). Human recombinant

IGF-I and IGF-II were purchased from Gropep (Adelaide, Australia). Goat-anti-human IGF

binding proteins (IGFBP)-1, -2, -3, -5 and -6 antibodies were purchaced from Gropep. All

other chemicals were of the highest grade commercially available.

Radioligand binding studies

Frozen tissue blocks were mounted on a cryostat chuck coated with embedding medium (OCT

compound, Lab-Tek Products), and serial sections of 15 µM thickness were cut at -20°C

using a microtome-cryostat (Reichert-Jung cryostat Frigocut 2800), mounted on gelatine-

coated glass slides, and dried overnight under vacuum. Sections were preincubated for 15 min

at 20°C in 25 mM Tris-HCl (pH 7.4), containing 10 mM MgCl2, and 0.1 % bovine serum

albumin (BSA). Incubation experiments with [125I]IGF-II were done in duplicate at 20°C in

the same buffer composition.

For saturation and competition binding studies the sections were incubated for 120 min with

[125I]IGF-II. For saturation binding experiments nine concentrations of [125I]IGF-II between

0.01 and 2 nM were used. Competition binding experiments with IGF-I and IGF-II were done

with a concentration of 0.1 nM [125I]IGF-II. After incubation, the sections were washed

three times for one minute in ice-cold buffer to remove unbound ligand, wiped from the slides

with Whatman GF/B glass fiber filters, and radioactivity was determined in a gamma-counter.

Binding isotherms were analysed by non-linear least-square curve fitting. KD values were

calculated from analysis of the Scatchard plots. The dissociation constants (Ki values) of IGI-I

and IGF-II were calculated from the corresponding IC50 values according to the equation of

Cheng and Prusoff 4. Non-specific binding was obtained in the presence of 0.5 µM IGF-II.

Specific binding was obtained by subtracting non-specific binding from the total binding.

For autoradiography, the sections were dried under a stream of cold air, placed in X-ray

cassettes together with [125I]standards, and apposed to [3H]Ultrofilm for four days and

analysed as described previously 7. The regions of interest were sampled and mean optical

densities determined, and converted into fmol/mg protein, based on the experimentally

determined relation between polymer and brain paste standards.
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Immunohistochemistry

Frozen sections were fixed in 3% paraformaldehyde in 0.01 M phosphate buffered saline

(PBS) for 15 min at room temperature and three times washed with PBS for 5 minutes. After

blocking of non-specific background staining with 5% normal rabbit serum, the avidin-biotin-

peroxidase complex was used. Sections were incubated in primary antibody solution (1/200)

goat-anti-human IGFBPs-1, -2, -3, -5 and -6 (1/200) in PBS, overnight at 4 °C. The secondary

antibody was biotinylated, sections were incubated for 90 min at room temperature in rabbit-

anti-goat (1/200) in PBS. Finally the sections were incubated in horseradish peroxidase-

(HRP)-conjugated streptavidin (1/200) in PBS for 90 min at room temperature and processed

by the diaminobenzidin (DAB)/H2O2 reaction (30 mg DAB and 0.01 % H2O2/100 ml Tris

buffer). Between all steps the sections were rinsed thoroughly with PBS.

Results

Characteristics of the binding of [125I]IGF-II and regional distribution of [125I]IGF-II

receptors

The binding of [125I]IGF-II to human cerebellum was saturable. Scatchard analysis of the

saturation binding data revealed a KD value (mean ± S.E.M., n=3 for each regions) of 0.79 nM

± 0.06 nM (not shown). Competition curves with IGF-I and IGF-II were best fitted to a one-

site binding model (Figure 1). The calculated Ki value (mean ± S.E.M., n=3) was 2.4 ± 0.3 nM

for IGF-II and 25.6 ± 2.1 nM for IGF-I.

By using immunohistochemistry on unwashed slices of frontal cortex we were able to identify

IGFBPs-1, -2, -3, -5 and –6 on neuronal cell bodies. However, after preincubating the slices for

15 min at 20°C in the same buffer used by autoradiographic experiments, IGFBPs were no

longer detectable in the slices (Figure 2).

The regional distribution of the IGF-II receptors is shown in Table 1. Representative

autoradiographs are shown in Figures 3 and 4. The highest density was observed in choroid

plexus. Relatively high levels of IGF-II receptors were found in the different layers of the

cerebral cortex and in the neostriatum (caudate nucleus, putamen, and accumbens nucleus). In

the hippocampal formation, IGF-II receptors were concentrated in the granular layer of the

dentate gyrus and the pyramidal layers of the CA1-CA3 subfields. In the cerebellar cortex,

highest labelling was observed in the granular layer and low levels were seen in the molecular
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layer. In the midbrain, IGF-II receptors were mainly detected in substantia nigra and

periaquaductal gray. Low binding was also observed in the red nucleus. In the pons moderate

levels of IGF-II receptors were associated with the pontine nuclei. Moderate levels of IGF-II

receptors were also observed in the pallidium, amygdala, and thalamus. We found no IGF-II

receptors in the white matter.

Chronic plaques of multiple sclerosis were identified by myelin staining (Figure 4). The

plaques contained a dense astrogliosis as visualised by GFAP immunohistochemistry (not

shown). Similar to normal appearing white matter, we could not detect specific binding of

[125I]IGF-II to IGF-II receptors in any of these plaques. IGF-II receptor concentrations in

cerebral cortex of MS patients (31 ± 3 fmol/mg protein) were not significantly different from

those in controls (29 ± 7 fmol/mg protein; Mann-Whitney test).

Figure 1

Representative competition curves for IGF-II (�) and IGF-I (�)

inhibition of 0.1 nM [125I]IGF-II specific binding on microtome

sections of cerebellum. Computer analysis of the binding data

revealed that the competition curves were best described by a one-

component binding model. Ki values are given in Table I.



IGF-II receptors in MS 81

Figure 2

Photomicrographs of IGFBP-3 in frontal cortex Immunocytochemistry with anti-

IGFBP-3 in non-preincubated (A) and preincubated (B) slices of frontal cortex. IGF-

BP-3 is located on neuronal cell bodies (arrows). After preincubation in Tris-HCl,

MgCl2, and 0.1 % bovine serum albumin buffer, IGFBP-3 is no longer detectable. 

Βar = 50 µm.

Table 1 Regional distribution of IGF-II receptors in human brain

Region IGF-II receptor concentration
(fmol/mg protein, mean ± S.E.M)

Frontal, parietal, occipital,
and temporal cortex 29 ± 7
Cerebral white matter ND
Corpus callosum ND
Caudate nucleus, putamen, accumbens 27 ± 5
Pallidium 13 ± 3
Thalamus 10 ± 3
Amygdala 22 ± 3
Claustrum 15 ± 4
Hippocampus

pyramidal cell layer 28 ± 2
dentate gyrus 16 ± 3

Choroid plexus 58 ± 9
Cerebellum

molecular layer 13 ± 1
granular layer 33 ± 6
white matter ND

Midbrain
substantia nigra 21 ± 4
red nucleus   7 ± 1
periaquaductal gray 15 ± 4

Pons
pontine nuclei 26 ± 3

Data were generated in brain samples from six individuals. ND, not detectable.
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Figure 3

Autoradiographs of 0.1 nM [125I]IGF-II binding in the absence = total binding (T) and

the presence of 0.5 µM unlabelled IGF-II = non-specific binding (N) to microscope

slide-mounted sections at the level of (A) frontal cortex (co) and white matter (wm),

(B) caudate nucleus (cd)/putamen (put) = neostriatum and nucleus accumbens (acc),

(C) claustrum (clau), pallidium (pal) and putamen (put), (D) amygdala (am), (E)

hippocampus: dentate gyrus (dg)/pyramydal cell layer (pc), and parahypocampal

gyrus (pg), and (F) midbrain : substantia nigra (sn)/colliculus superior (cs)/ red nucleus

(rn) and periaquaductal gray (pg). Bar = 1cm.
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Figure 4

Autoradiographs of 0.1 nM [125I]IGF-II binding in the absence = total binding (T) and

the presence of 0.5 µM unlabelled IGF-II = non-specific binding (N) to microscope

slide-mounted sections at the level of (A) pons: pontine nuclei (pn), (B) cerebellum :

molecular layer (ml)/ granular layer (gl), white matter (wm), and (C) normal

appearing white matter (wm), demyelinated astrogliotic plaque (p) and cerebral

cortex (co) from a patient with multiple sclerosis. Section (M) shows the myelin

staining with luxol fast blue revealing a plaque (p). Bar = 1cm.
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Discussion

Our study demonstrates that similar to rodent brain 11, 16, 17, 20 , IGF-II receptors were found to

be widely expressed throughout the neuronal regions of the human brain. In many brain areas,

such as the striatum, cerebral cortex, and hippocampus, the distribution pattern of IGF-II

receptors was comparable to that of IGF-I receptors 7. The most striking difference was that

in the cerebellar cortex highest labelling was observed in the granular cell layer, whereas IGF-I

receptors predominated in the molecular cell layer 7.

The finding that discrete neuronal regions contain higher levels of IGF-II receptors may

suggest a more specialised role of IGF-II as trophic/survival factor or perhaps as

neuromodulator for well-defined neuronal systems. The role of the IGF-II receptors in the

different neuronal regions is not well understood. In vitro, IGF-II mimics the mitogenic actions

of IGF-I, through stimulation of IGF-I receptors 6, 15. In human brain IGF-I has a ten times

higher affinity than IGF-II for the IGF-I receptor 7. On the other hand, we found in this study

that IGF-II was ten times more potent than IGF-I in displacing [125I]IGF-II. These findings

indicate that in human brain, under physiological conditions, IGF-I preferentially interacts

with IGF-I receptors, and IGF-II with IGF-II receptors. In vitro observations suggest that

IGF-II receptors may function in diverse biologic processes. IGF-II may act as a modulator

for the trafficking of mannose 6-phosphate bearing lysosomal enzymes into the cell 11, 14, 18.

Binding of IGF-II to its receptor may also activate a signalling mechanism through interaction

with a GTP-binding protein 5, 14, the physiological role of which is not yet understood.

Konishi and co-workers found that IGF-II enhanced choline acetyltransferase activity in a

dose-dependent manner in cultures of embryonic mouse septal neurons 13. Part of this effect

was related to a specific interaction with IGF-II receptors, and suggested a role of IGF-II

receptors in the differentiation of cholinergic neurons. Further evidence for a role of IGF-II in

the cholinergic neurotransmitter system was the observation that IGF-II potentiated the K+-

evoked release of acetylcholine from hippocampal slices 12. Recently, Kang et al., found that

retinoic acid also binds to the IGF-II receptor and suggested that the biological consequence of

this interaction appears to be the suppression of cell proliferation and/or the induction of

apoptosis 10. Studies in different neurodegenerative disorders may help to clarify the

functional roles of IGF-II receptors in human brain.

It has been previously reported that IGF-I receptors are present in white matter and

astrogliotic plaques from patients with multiple sclerosis, which is consistent with a well



IGF-II receptors in MS 85

recognised role of IGF-I in oligodendrocyte survival, myelination, and stimulation of

astrocytes 21. The absence of IGF-II receptors in the astrogliotic plaques indicates that IGF-II

receptors are not involved in the mechanism of astrogliosis.

The brain also contains IGFBPs, of which at least six types have been identified. These

proteins can bind both IGF-I and IGF-II, and regulate their access to the IGF receptors 2, 5, 6, 9.

We found that IGFBPs were removed from the tissue slices during the preincubation

procedure, indicating that in the experimental conditions that we used [125I]IGF-II binding

occurred to IGF-II receptors.
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Abstract

The insulin-like growth factor (IGF) system influences oligodendrocyte survival, myelination,

and immune functions. We examined whether alterations in the circulating IGF system occur

in multiple sclerosis (MS), a chronic inflammatory demyelinating disease of the central

nervous system. We measured concentrations of IGF-I, IGF-II, and insulin-like growth factor

binding proteins -1, -2, and -3 in both serum and cerebrospinal fluid from MS patients and

age- and sex-matched controls. IGFBP-1 was not detectable in cerebrospinal fluid. We found

no significant differences in any of the other components between patients with MS and

controls.
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central

nervous system of unknown cause that affects about 1 per 1000 in high prevalence areas. The

pattern of inflammation in MS brains is in agreement with a T-cell mediated inflammatory

process and epidemiological studies support both genetic and environmental components of

susceptibility 5. The insulin-like growth factor (IGF) system may be of interest in MS because

it has trophic effects on oligodendrocytes, stimulates myelination, and regulates immune

mechanisms.

The system consists of two insulin-like growth factor peptides (IGF-I and IGF-II), two IGF

receptors, at least seven IGF-binding proteins (IGFBPs), IGFBP cell surface receptor proteins,

and IGFBP proteases 17. IGF-I and IGF-II circulate in blood and cerebrospinal fluid, where

they are complexed to IGFBPs. These circulating IGFBPs are responsible for transport of the

IGFs to their target tissues. In blood IGFBP-3 is the prominent binding protein, whereas

IGFBP-2 is the major form in cerebrospinal fluid 17.

IGF-I promotes the survival and regeneration of oligodendrocytes in culture systems, and it

stimulates the synthesis of myelin by regulating the expression of myelin genes, including

myelin basic protein and proteolipid protein 12, 13, 24. Transgenic mice, which overexpress IGF-

I, have an increased myelin content in their central nervous system 2. IGF-deficient mice that

survive show a strong reduction in myelination and the numbers of oligodendrocytes, together

with decreased thickness of white matter structures, such as the corpus callosum, anterior

commissure, and the fibre bundles in the internal capsule 21.

Both IGF-I and IGF-II also affect the immune system in several ways. IGF-I increases both

the number of T- and B-lymphocytes and stimulates their function 3, whereas IGF-II has

preferential effects on T cell development 8. Furthermore, it has been shown that the

administration of subcutaneous or intravenous IGF-I reduces clinical deficits and lesion

severity in experimental allergic encephalomyelitis (EAE) 10, 23, an animal model of MS.

Torres-Aleman et al., 19 reported that serum concentrations of IGF-I and IGFBPs-1 to -4 were

not significantly different between patients with MS and controls. In the present study we

compared both serum and cerebrospinal fluid concentrations of IGF I, IGF-II, and IGBPs -1, -

2, and -3 between patients with MS and controls.
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Material and Methods

Patients and controls

Fifteen patients (nine women and six men; 39 ± 3 years) with MS and 15 sex and age-

matched (41 ± 2 years) controls were included in the study. All MS patients received a lumbar

puncture as part of their diagnostic work-up. They were classified as clinically or laboratory-

supported definite MS according to the criteria of Poser et al. 15. Controls were patients

without MS who underwent a lumbar puncture as part of a diagnostic work-up. Final

diagnosis in controls was strabismus (1), idiopathic dystonia (2), intervertebral disc protrusion

(2), multiple cerebrovascular lesions (1), cerebral venous thrombosis (1), and no neurologic

disease (8). None of the patients had received corticosteroids within the last month. Blood

samples and cerebrospinal fluid was obtained between 0900 and 1200 h. Samples were

immediately centrifuged and used for routine examination, and 2–3 ml of serum and

cerebrospinal fluid was stored at -80°C and used for this analysis.

Binding assays

IGF-I was determined by a hydrochloric acid-ethanol extraction radioimmunoassay (Nichols

Institute Diagnostics, California, USA) 9. IGF-II was measured by a non-extractive

radioimmunoassay to which an excess of IGF-I was added to avoid interaction with IGFBPs

(Mediagnost, Tubingen, Germany) 1. IGFBP-1 was determined by a sandwich enzyme

immunoassay (Mediagnost; Tubingen, Germany). A two-step system was used by coupling a

monoclonal antibody against IGFBP-1 to the microtiter plate, and a second anti-IGFBP-1

monoclonal antibody linked to horseradish peroxidase. IGFBP-2 was measured by a

radioimmunoassay (Mediagnost; Tubingen, Germany) based on the method described by

Elmlinger et al. 4, and IGFBP-3 by a radioimmunoassay (Nichols Institute Diagnostics;

California, USA) as described by Strasburger 18.

Results and discussion

Statistical analysis was performed by the Mann-Whitney U-test. A value of P < 0.05 was

taken as significantly different. The results are summarised in Table 1. Our results corroborate

the findings by Torres-Aleman et al. 19 that IGF-I, IGFBPs -1, -2, and -3 concentrations in
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sera of MS patients were not different from that in controls. In addition, we found no

significant difference in serum IGF-II levels between the two groups.

Table 1 IGF-I system in serum and cerebrospinal fluid in MS patients and controls

Multiple sclerosis Controls *P

(mean ± SEM, n = 15) (mean ± SEM, n =15)

IGF-I serum 264 ± 18 227 ± 30 0.079

IGF-I csf 0.95 ± 0.21 0.90 ± 0.13 0.789

IGF-II serum 875 ± 60 808 ± 44 0.462

IGF-II csf 19 ± 2 20 ± 2 0.618

IGFBP-1 serum 1.81 ± 0.40 0.83 ± 0.21 0.095

IGFBP-1 csf n.d. n.d. -

IGFBP-2 serum 463 ± 62 444 ± 57 0.962

IGFBP-2 csf 241 ± 18 201 ± 14 0.172

IGFBP-3 serum 4460 ± 470 4000 ± 240 0.431

IGFBP-3 csf 10.6 ± 3.2 11.3 ± 3.3 0.930

All data are expressed in ng/ml. IGF, insulin-like growth factor; IGFBP, insulin-like growth factor

binding protein; csf, cerebrospinal fluid; n.d., not detectable. *Data were analysed using Mann-

Whitney U-test.

In adult rats IGF-I and -II appear to cross the blood–brain barrier in only a few restricted

brain areas, including the paraventricular nucleus, supraoptic nucleus, and anterior nucleus of

the thalamus 16. Thus, it seems unlikely that under physiological conditions IGFs circulating

in blood have a trophic effect on oligodendrocytes, as these large proteins do not sufficiently

cross the blood–brain barrier to supply the whole white matter.

The findings of a protective effect of systemically administered IGF-I in EAE may be

explained by a disruption of the blood–brain barrier in this animal model, allowing IGFs to

concentrate in the inflammatory lesions. Another important mechanism is the ability of IGFs
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to affect immune responses, including an inhibition of the migration of lymphocytes into the

central nervous system 10.

As far as its trophic effects on oligodencrocytes are concerned, the IGF system in

cerebrospinal fluid may be more relevant than that in serum. In cerebrospinal fluid IGF-II and

IGFBP-2 represented the major components of the IGF system; both proteins are produced

and secreted in large amounts by meningeal cells and choroid plexus 6, 7. IGFBP-3 and IGF-I

were present in lower concentrations, and IGFBP-1 was not detectable. We found no

significant differences in cerebrospinal fluid levels of IGF-I, IGF-II, IGFBPs-2 and –3

between MS patients and controls (Table 1).

We have previously shown in post-mortem obtained brains that IGF-I receptor densities and

binding characteristics in white matter were not different between MS patients and controls 22.

The results of the present study demonstrate that the IGF systems in serum and cerebrospinal

fluid are also unaltered in-patients with MS, at least for the components that we investigated.

The important question arises whether the systemic administration of IGF-I, which is

available for clinical use, may be useful for the treatment of MS patients. Besides from its

putative immunomodulatory activity, we do not expect that systemically administered IGF-I

can protect oligodendrocytes and activate myelin formation, unless the blood–brain barrier is

disrupted. Although a breakdown of the blood–brain barrier is an early event in MS lesions,

the pleiotrophic activity of IGF-I may pose another problem. IGF-I receptors are also present

on astrocytes in MS plaques 22, and IGF-I has mitogenic effects on cultured astrocytes 20.

Transgenic mice that overexpress IGFBP-1, which may inhibit the action of IGF-I through

IGF-I receptors, showed reduced glial cell proliferation in response to injury 14. Therefore,

IGF-I may not only protect oligodendrocytes and stimulate remyelination but also enhance the

astrogliosis that limits myelin repair. Further research is necessary before administering IGF-I

to patients with MS. An interesting approach may consist of using substances that increase the

endogenous free levels of IGFs in the central nervous system by displacing them from their

binding proteins 11, perhaps in combination with substances that inhibit astrocyte

proliferation.

Supported by the ‘Stichting Vrienden MS Research’, The Netherlands.
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Abstract

Multiple sclerosis (MS) is a disease of the central nervous system in which myelin;

oligodendrocytes and axons are destroyed. As the disease progresses most lesions fail to

remyelinate. Insulin-like growth factor-I (IGF-I) plays a pivotal role in oligodendrocyte

development, survival, and myelin synthesis. We investigated IGF-I receptors and IGF

binding proteins (IGFBPs) in oligodendrocytes at the edges of chronic lesions of MS.

Sections of cerebral white matter containing chronic plaques from 11 MS cases and cerebral

white matter from 12 controls without neurologic disease were studied by

immunohistochemistry and confocal microscopy. Oligodendrocytes in cerebral white matter

from controls and normal appearing white matter in MS stained for IGFBPs-1, -2, -3, -4 and -

5. Oligodendrocytes at the margins of the MS plaques displayed enhanced IGFBP-1

immunoreactivity and were also IGFBP-6 positive, while immunoreactivity for IGFBPs-2, -3,

-4 and –5 was similar to that detected in oligodendrocytes of control white matter and normal

appearing white matter in MS. Experiments in cultures of rat oligodendrocyte progenitor cells

showed that both IGFBP-1 and IGFBP–6 reduced IGF-I mediated cell survival and formation

of the myelin protein CNPase. Consistent with the observation that these IGFBPs reduce the

activity of IGF-I, we found that IGF-I receptors on oligodendrocytes at the margins of MS

plaques were upregulated.  Our results suggest that an up-regulation of IGFBPs-1 and -6 in

oligodendrocytes may contribute to the loss of oligodendrocytes and failure of remyelination

in MS lesions.
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Introduction

The underlying cause of myelin destruction in multiple sclerosis (MS) is not completely

understood. Recent studies suggest that different processes may be involved 21, 22. In most

lesions a T cell and macrophage dominant inflammatory attack could explain the myelin

damage, while in others a primary disturbance of oligodendrocytes might be responsible.

Remyelination of MS lesions, although often limited in its extent, can be observed during the

early stages of the disease 27, 28, but largely fails as the disease progresses. Most chronic

lesions of MS are not remyelinated, although oligodendrocyte precursors and premyelinating

oligodendrocytes are present in many demyelinated plaques 7, 8, 21, 26, 32, 36, 37. This suggests

that the microenvironment in chronic MS lesions does not provide or blocks the appropriate

signals for remyelination. A recent study suggested that astrocytic expression of Jagged1

might be involved in the limited remyelination observed in MS 15.

Another hypothesis is that a reduced trophic support to oligodendrocytes might also be

implicated in oligodendrocyte apoptosis and the failure of remyelination of lesions in MS.

IGF-I is an important survival factor for oligodendrocytes and their precursors 1, 23. 25, 40, and it

stimulate the synthesis of myelin by regulating myelin gene expression in oligodendrocytes 30.

Transgenic mice overexpressing IGF-I have increased myelin content in their CNS 6, 38, and

IGF-deficient mice show a strong reduction in myelination and the numbers of

oligodendrocytes 3. Cerebral white matter in human neonates, undergoing active myelination,

contains a 3-fold higher density of IGF-I receptors than in adults, indicating that IGF-I also

plays an important role in the myelination of the human CNS 11.

The IGF system is complex and includes IGF binding proteins (IGFBPs), of which at least 6

have been identified 2, 10. Circulating IGFBPs are responsible for transport of IGF-I to the

target tissues. At the level of the extracellular matrix or cell surface of the target cells,

IGFBPs can either inhibit or enhance the presentation of IGF-I to their receptors 2, 10. The

concentrations of IGF-I, and IGFBPs-1 to -3 in both serum and cerebrospinal fluid were

found not to be different between patients with MS and controls 34, 35. Little is known about

IGF-I receptors and IGFBPs in oligodendrocytes in MS. Gveric and co-workers reported that

oligodendrocytes in normal appearing white matter in MS expressed IGFBP-1, but they could

not detect IGF-I receptors 14. We investigated IGF-I receptors and IGFBPs in

oligodendrocytes in MS periplaque white matter.
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Materials and methods

Post-mortem brain tissue

Brain samples were obtained at autopsy from 11 patients with pathologically confirmed MS,

and from 12 controls without evidence of neurological disease. Clinical data of the patients

are summarised in the Table 1. Post-mortem intervals for the two groups were not

significantly different and ranged between 4-11 hours. Tissue blocks of approximately 0.5 cm

thick were frozen rapidly by immersion in liquid nitrogen, and stored at -80°C until further

processing.

Antibodies for immunohistochemistry

Polyclonal antibodies against IGFBPs -1, -2, -3, -4, -5 and -6 were obtained from Gropep

(Thebarton, Australia). Monoclonal antibody against human IGF-I receptor was purchased

from Upstate (Lake Placid, NY). Monoclonal anti-2’, 3’-cyclic nucleotide 3’-

phosphohydrolase (CNPase, a marker for oligodendrocytes) and ExtrAvidin-TRITC

conjugate were purchased from Sigma (Saint Louis, Missouri). Biotine conjugated rabbit-anti-

chicken (IgG) was obtained from Jackson Immunoresearch Laboratories (West Baltimore,

PA). Alexa-fluor 488 goat-anti-mouse-IgG and Alexa-fluor 568-goat-anti-rabbit-IgG were

purchased from Molecular probes (Leiden, the Netherlands). The specificity of the antibodies

was confirmed using the antibody pre-absorbed with excess of matched recombinant human

IGFBPs-1, -2, -3, -4, -5, and –6. 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 (not shown).

Immunohistochemistry

The frozen brain samples were sectioned (10-µm thick) on a freezing–sliding microtome,

fixed for 10 minutes in 2 % buffered formaldehyde (pH 7.4) and washed in phosphate

buffered saline (PBS) for 15 minutes. Before the addition of first and secondary antibody

solution, sections were incubated for 30 min at room temperature in normal goat serum or

sheep serum to suppress non-specific antibody binding. Sections were incubated with the

primary antibody solution: rabbit-anti-IGFBPs-1, -2, -3, -4, -5, and -6 (1:100) and mouse-anti-

CNPase (1:100) in PBS overnight at 4 °C. Thereafter, sections were incubated with the
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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. For the double staining of IGF-I receptors and oligodendrocytes, sections were

incubated with chicken-anti-human IGF-I receptor (1:100) and mouse-anti-CNPase (1:100) in

PBS overnight at 4 °C. Next, sections were incubated with the secondary antibody solution:

biotin-conjugated-anti-chicken (1:100) in PBS for 90 min at room temperature. The last step

was the incubation in a mixture of Alexa-fluor 488 (FITC) goat-anti-mouse-IgG (1:100) and

extrAvidin-TRITC (1:100) in PBS for 90 min at room temperature. Between all steps the

sections were rinsed thoroughly with PBS. Sections were embedded in fluorescent mounting

medium and analysed using confocal scanning laser microscopy. The images were digitised,

analysed and quantified by computer-assisted densitometry using the program Image

(National Institutes of Health Research Services Branch, NIMH, Betheseda, MD).

Isolation of oligodendrocyte progenitor cells

Rat oligodendrocyte progenitor (O2A) cell-enriched cultures (purity about 95%) were

prepared from cerebral hemispheres of 1 day-old Wistar rats according to a modified shake-

off protocol described previously 24.

Oligodendrocyte progenitor cell survival and myelin formation

Cells were washed with Hank’s balanced salt solution and fed with a chemically defined

insulin-free medium, with or without the addition of IGF-I (10 ng/ml) or a combination of

IGF-I with either IGFBP-1 (200 ng/ml) or IGFBP-6 (200 ng/ml). After 24 h and 48 h,

supplementation of IGF-I without or with the respective IGFBPs was repeated. Cell survival

was tested after 72 h by using a commercial MTT (3-[4, 5-Dimethylthiazol-2-yl]-2, 5-

diphenyl-tetrazolium bromide) assay (Sigma, Deisenhofen, Germany). MTT is cleaved to a

dark blue product by mitochondrial dehydrogenases in living but not in dead cells. The effect

on the expression of CNPase, a myelin protein, was measured by Western blot. For cell

lysates, SDS-PAGE was performed running 5- to 15-µg protein/lane on 12,5 % gels. Proteins

were blotted onto PVDF membranes for 1h at 350 mA. Immediately afterwards 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 50 g/l dry milk powder. Incubation with the primary antibody

anti-CNPase (1:1,000) was performed overnight at 4°C in TBS-T. The secondary peroxidase-

or alkaline phosphatase-conjugated antibodies (1:10,000) were applied for 1 h at room

temperature. Signals were detected with the enhanced chemoluminescence method



Chapter 7 102

(Amersham Pharmacia Biotech, Roosendaal, The Netherlands) or by NBT/X-phosphate

staining. Bands were scanned and pixel densities were measured using the National Institute

of Health Image software.

Table 1 Characteristics of patients with multiple sclerosis and controls without

neurological disease

No Age/sex Condition
Postmortem

time
Cause of death

1 68/F Relapsing secondary progressive 9 h Pneumonia

2 79/M Relapsing secondary progressive 7 h Sepsis

3 47/F Relapsing secondary progressive 6 h Euthanasia

4 45/F Relapsing secondary progressive 11 h Euthanasia

5 72/F Secondary progressive 8 h Respiratory failure

6 57/F Secondary progressive 6 h Sepsis

7 58/F Secondary progressive 8 h Euthanasia

8 78/F Secondary progressive 6 h Euthanasia

9 48/M Secondary progressive 7 h Hepatic failure

10 81/F Secondary progressive 4 h Cachexia

11 56/M Secondary progressive 6 h Respiratory failure

12 45/M Control 9 h Hypovolemic shock

13 49/M Control 7 h Sepsis

14 51/M Control 6 h 30 min Liposarcoma and ileus

15 54/M Control 7 h Cardiac arrest

16 62/M Control 6 h 30 min Adenocarcinoma

17 78/M Control 7 h Cardiac arrhythmia

18 54 /F Control 8 h Acute renal failure

19 63/F Control 6 h Euthanasia

20 68/F Control 10 h 30 min Breast cancer

21 72/F Control 9 h Cardiac failure

22 81/F Control 7 h Abdominal bleeding

23 65/F Control 5 h Pneumonia
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Results

Statistical analysis

We used the unpaired t-test to test for significant differences between MS patients and

controls. We judged a p value of 0.05 or less to be significant. Statistical analyses were

performed using GraphPad Instat® 3 for Macintosh. (Table 2 and 3).

Lesions of multiple sclerosis

Eighteen chronic plaques from 11 MS cases (Table 1) were examined for oligodendrocytes.

Lesions were identified by the presence of demyelination demonstrated with myelin staining

(luxol fast blue). Reactive astrocytes at the edges of MS plaques were identified by glial

fibrillary acidic protein (GFAP) staining (Figure 1). All lesions displayed central astrogliosis,

and the presence of inflammatory cells (either lymphocytes or microglia/macrophages, or

both) and hypertrophic astrocytes at the edges. Oligodendrocytes were identified by

immunostaining with anti-CPNase (Figure 1).

Oligodendrocytes in cerebral white matter from controls and normal appearing white matter

in MS expressed IGFBPs-1, -2, -3, -4 and –5 (Figure 2 and 3), and pixel densities between the

two groups were not significantly by different (Table 2). Oligodendrocytes in cerebral white

matter from controls and normal appearing white matter in MS were negative for IGFBP-6

(Figure 3). Oligodendrocytes at the edges of all the MS lesions that we investigated showed

enhanced expression of IGFBP-1 (relative increase of 83 % compared to control patients), and

were also IGFBP-6 positive (Figure 2 and 3, Table 3).

IGF-I receptors are present in oligodendrocytes, in control white matter and in normal

appearing white matter from MS patients, and pixel densities between these two groups were

not significantly by different (Figure 4, Table 2). Compared to control and normal appearing

white matter in MS, oligodendrocytes at the edges of all MS lesions that were investigated

clearly displayed increased immunoreactivity for IGF-I receptors (relative increase of 23 %

compared to control patients) (Figure 4, Table 3).
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Figure 1

A: Luxol-fast blue staining (myelin staining) of MS white matter. The pale area is a demyelinated

plaque (p) and the surrounding non-affected area in gray is myelinated white matter (wm). B: GFAP-

staining of hypertrophic astrocytes in MS plaques (p); at the edges of chronic plaques (e), and in the

normal appearing white matter (wm). C: CNPase staining of oligodendrocytes at the edges of chronic

MS plaques. Pictures are expressed at gray-level.

Table 2 pixel densities of IGFBPs and IGF-I receptors measured in oligodendrocytes in

control white matter and in normal appearing white matter in MS (n = 23).

control white matter normal appearing white matter    *P

pixel density pixel density

(mean, SEM) (mean, SEM)

IGFBP-1 130.81± 1.01 129,57 ± 0,81 0.1701

IGFBP-2 157.69 ± 2.60 157,01 ± 1.95 0.8349

IGFBP-3 141.98 ± 4.54 142,76 ± 4.28 0.9016

IGFBP-4 124.90 ± 0.79 125,51 ± 1.07 0.6470

IGFBP-5 134.07 ± 0.55 133.87 ± 0.45 0.3852

IGFBP-6 ND ND /

IGF-IR 190.73 ± 1,84 189.11 ± 1.91 0.5440

IGF = Insulin like growth factor; IGFBP = Insulin like growth factor binding protein, IGF-IR = IGF-I

receptor. *unpaired t-test. ND = not detectable.
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Table 3 pixel densities of IGFBPs and IGF-I receptors measured in oligodendrocytes in

control cerebral white matter and at the edges of MS plaques (n =23).

control white matter edges of MS lesions *P

pixel density pixel density

(mean, SEM) (mean, SEM)

IGFBP-1 130.81± 1.01 239.59 ± 1.20 <0.0001

IGFBP-2 157.69 ± 2.60 158.58 ± 2.62 0.8114

IGFBP-3 141.98 ± 4.54 139.82 ± 4.59 0.7403

IGFBP-4 124.90 ± 0.79 124.23 ± 0.72 0.5312

IGFBP-5 134.07 ± 0.55 134.69 ± 0.49 0.2028

IGFBP-6 ND 193.14 ± 2.96 /

IGF-IR 190.73 ± 1,84 235.82 ± 1.46 <0.0001

IGF = Insulin like growth factor; IGFBP = Insulin like growth factor binding protein, IGF-IR = IGF-I

receptor. *unpaired t-test. ND = not detectable

O2A cell survival and myelin synthesis

Whether enhanced levels of IGFBP-1 or IGFBP-6 inhibit or stimulate the action of IGF-I was

investigated in rat O2A cell cultures. Addition of 10 ng/ml IGF-I drastically enhanced O2A

cell survival (Figure 5b). This effect of IGF-I was reduced in the presence of 200 ng/ml of

either IGFBP-1 (relative reduction of 25 %, p < 0.001) or IGFBP-6 (relative reduction of 24

%, p < 0.001; Figure 5b). IGF-I (10 ng/ml) stimulated the expression of CNPase (Figure 5a).

This effect of IGF-I was also reduced in the presence of 200 ng/ml of either IGFBP-1 (relative

reduction of 30 %, p < 0.001) or IGFBP-6 (relative reduction of 26 %, p < 0.001; Figure 5a).
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Figure 2

Double-staining for oligodendrocytes (anti-CNPase; green) and IGFBPs-1, -

2 and -3 (red) in control white matter (A, C, E) and at the edges of a chronic

MS plaque (periplaque) (B, D, F). IGFBP-1 immunoreactivity is increased in

oligodendrocytes at the edges of chronic MS plaques (B) compared to

oligodendrocytes in control white matter (A). IGFBP-2 (C, D) and IGFBP–3

(E, F) showed no differences in immunoreactivity between oligodendrocytes

in control white matter (C, E) and at the edges of MS plaques (D, F). The

scale bar represents 15 µm.



IGFBPs in oligodendrocytes 107 

Figure 3

Double-staining for oligodendrocytes (anti-CNPase; green) and IGFBPs-4, -

5 and -6 (red) in control white matter (A, C, E) and at the edges of a chronic

MS plaque (periplaque) (B, D, F). IGFBP-6 immunoreactivity is absent in

oligodendrocytes in control white matter (E) and present at the edges of

chronic MS plaques (F). IGFBP-4 (A, B) and IGFBP–5 (C, D) showed no

differences in immunoreactivity between oligodendrocytes in control white

matter (A, C) and at the edges of MS plaques (B, D). The scale bar

represents 15 µm.
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Figure 4

Double-staining for oligodendrocytes (anti-CNPase; green) and IGF-I receptors (red)

in control white matter (A) and at the edges of a chronic MS plaque (periplaque) (B).

IGF-I receptor immunoreactivity was enhanced on oligodendrocytes at the edges of

chronic MS plaques (B) compared to oligodendrocytes in control white matter (A).

Co-localisation is showed in yellow. The scale bar represents 15 µm.

Figure 5

The effects of IGFBP-1 and IGFBP-6 on IGF-I mediated (a) myelin formation assessed by

quantitative evaluation of CNPase western blots and (b) cell survival measured by MTT assays, in

cultured rat O2A cells. Data are expressed as percentages of control and represent means ± SEM. *P

<0.001.
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Discussion

Our results show a difference in the expression pattern of IGFBPs between oligodendrocytes

at the edges of chronic MS plaques and oligodendrocytes in normal cerebral white matter.

Oligodendrocytes in control cerebral white matter and normal appearing white matter from

MS patients were immunoreactive for IGFBPs-1 to -5. Oligodendrocytes at the margins of

periplaque white matter displayed a similar degree of immunoreactivity for IGFBPs-2, -3, -4 

and -5 as oligodendrocytes in control cerebral white matter and normal appearing white

matter in MS, but they were also IGFBP-6 positive and IGFBP-1 immunoreactivity was

enhanced. Gveric and co-workers, who investigated IGFBPs-1, -2, and -3 in MS lesions, also

found that oligodendrocytes surrounding plaques expressed high amounts of IGFBP-1 14.

IGFBPs that are present at the level of target cells regulate the presentation of IGF-I to IGF-I

receptors 2, 10. IGFBP-1 has an inhibitory effect on IGF-I induced oligodendrocyte survival

and myelination as evidenced by a study in transgenic mice that overexpress IGFBP-1 39, and

experiments on rat oligodendrocyte progenitor cells 16. We confirmed that IGFBP-1 inhibits

IGF-I mediated oligodendrocyte survival and the formation of CNPase 16, which is a myelin

protein that plays a role in the synthesis and maintenance of the myelin sheath 12. Little is

known about the role of IGFBP-6. We found that IGFBP-6 had the same inhibitory effect on

cell survival and formation of CNPase as IGFBP-1. Taken together, our data suggest that an

enhanced expression of IGFBPs-1and -6 in oligodendrocytes in periplaque white matter in

MS reduce binding of IGF-I to the IGF-I receptors. This may explain why IGF-I receptors in

periplaque oligodendrocytes were upregulated.

A reduction in the bioactivity of IGF-I may contribute to the loss of oligodendrocytes. IGF-I

is an important survival factor for oligodendrocytes 1, 23, 25, 40, and it also protects

oligodendrocytes and their precursors from the deleterious effects of tumor necrosis factor-α

(TNF-α), a cytokine released in MS lesions 40. In mouse glial cultures, TNF-α decreased

oligodendrocyte number by approximately 40% and doubled the number of apoptotic

oligodendrocytes and their precursors, and this effect was greatly reduced by IGF-I 40.

In many experimental models of demyelinating disease in the CNS, remyelination of denuded

axons is a relatively rapid and efficient process 18. Current concepts suggest that

remyelination requires generation of new oligodendrocytes from precursor cells.

Oligodendrocyte progenitor cells are present in the adult CNS, and they can differentiate into

premyelinating oligodendrocytes 18. Both oligodendrocyte precursors and premyelinating
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oligodendrocytes have been demonstrated in chronic MS lesions, but they do not induce

remyelination 7, 8, 21, 26, 32, 36, 37.

It appears that oligodendrocytes in MS lesions do not receive the necessary signal(s) to

myelinate axons. A reduced bioactivity of IGF-I, due to an increased expression of IGFBPs-1

and  -6, may play an important role in the failure of remyelination of MS lesions.

We can only speculate about the mechanism(s) underlying the increased expression of

IGFBPs-1 and -6 on oligodendrocytes, but cytokines and reactive oxygen species, which are

formed in MS lesions, may play a role.  It has been demonstrated that the proinflammatory

cytokines interleukin (IL)-1, IL-6, and TNF-α, and reactive oxygen species, which are present

in lesions of MS 5, 33, produce dose-dependent increases in IGFBP-1 expression in Hep G2

human hepatoma cell lines 4, 17, 31
. IL-1β and TNF-α also enhance the production of IGFBP-6 in

fibroblasts 19.

It is likely that a number of interrelated factors are involved in the loss of oligodendrocytes

and the failure of remyelination in MS. The present study suggests that an up-regulation of

IGFBPs-1 and -6 in oligodendrocytes in MS lesions may play a role. Our findings may have

implications for therapeutic strategies aimed at protecting oligodendrocytes and promoting

myelin repair in MS. It may explain why a pilot study with recombinant IGF-I in patients with

MS had no effect on new lesion formation and remyelination 13. Several options are

worthwhile to explore. One could develop pharmacological approaches to reduce the

expression of IGFBP-1 and IGFBP-6 in oligodendrocytes in MS. Nonpeptide small molecules

have been developed that act as IGFBP ligand inhibitors and prevent binding of IGF-I to

IGFBPs, resulting in an elevation of free biological available IGF-I at the level of the

oligodendrocytes 9, 20, 29. Another approach could be to use IGF-I analogues with high affinity

for IGF-I receptors and little or no affinity for IGFBPs.
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Abstract

Insulin like growth factor (IGF)-I is a mitogen for astrocytes and microglia/macrophages. The

actions of IGF-I are modulated by IGF binding proteins (IGFBPs) present in the extracellular

matrix or at the cell membrane. The aim of this study was to investigate the presence of

IGFBPs in human astrocytes and microglia in normal conditions and in lesions of multiple

sclerosis (MS), a disease in which both activation of microglia and proliferation of astrocytes

are prominent features. IGF-I receptors and IGFBPs were investigated by using

immunohistochemistry and confocal laser microscopy. IGF-I receptors were demonstrated in

both astrocytes and microglia. In normal conditions, astrocytes showed the presence of all six

IGFBPs, whereas no immunoreactivity for IGFBPs was detected in microglia. Compared to

controls, hypertrophic astrocytes at the borders of chronic active MS lesions displayed

increased immunoreactivity of IGFBP-2 and IGFBP-4, and activated microglia/macrophages

showed the presence of IGFBP-2. Our data suggest that the actions of IGF-I at the level of

microglia/macrophages are less dependent on IGFBPs than at the level of astrocytes. The

functional significance of the presence of IGFBP-2 on microglia and enhanced

immunoreactivity of IGFBPs-2 and -4 on astrocytes in active MS lesions needs further

research.
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Introduction

Insulin-like growth factors (IGF) have trophic effects on different cell types in the central

nervous system (CNS). They promote the survival of oligodendrocytes 21, increases brain

growth and myelination 4, stimulate the differentiation and proliferation of astrocytes 1, 35, and

the production of cytokines by reactive microglia and astrocytes 7. These IGF actions are

mediated by IGF-I receptors and are modulated by at least six IGF binding proteins (IGFBPs)
5. At the level of the extracellular matrix or cell surface, IGFBPs can either inhibit or enhance

the presentation of IGF-I to their receptor 2.

Multiple sclerosis (MS) is an inflammatory demyelinating disorder of the central nervous

system (CNS) 22, 26. The target of the immune-mediated attack is CNS myelin and

oligodendrocytes 22, 26. Astrocytes and microglia from the CNS, and lymphocytes and

monocytes from the systemic circulation, contribute to the formation of MS lesions 19, 24, 25, 33.

IGFs and IGFBPs were already intensively studied during experimental allergic encephalitis

(EAE) a widely used model for MS 3, 13, 15. Little is known about the IGF system in MS. In

this study we compared the presence of IGF-I receptors and six IGFBPs on two glial

populations in the brain, microglia and astrocytes.

Materials and methods

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 (Table 1). 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 (Table 2). Post-mortem interval for

the two groups did not differ significantly (range 6-12 hours).
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Table 1 Characteristics of patients with multiple sclerosis

MS Type age sex Post-mortem

time

Cause of death

Relapsing progressive 68 female 9 h Pneumonia

Relapsing progressive 79 male 7 h Infected decubitus ulcers

Relapsing progressive 32 male 10 h Cachexia

Relapsing progressive 47 male 6 h Euthanasia

Relapsing progressive 45 female 11 h Euthanasia

Secondary progressive 71 female 8 h Pneumonia

Secondary progressive 69 male 17 h Ileus

Secondary progressive 72 male 8 h Respiratory insufficiency

Secondary progressive 57 female 6 h Sepsis

Secondary progressive 58 female 8 h Euthanasia

Secondary progressive 78 female 6 h Euthanasia

Secondary progressive 48 male 7 h Terminal insufficiency of  liver

Secondary progressive 54 female 7 h Pneumonia/urinary tract

infection

Table 2 Characteristics of controls without neurological disease

age sex Post-mortem

time

Cause of death

45 male 9 h Hypovolemic shock

49 male 7 h Urosepsis

51 male 6 h 30 min Liposarcoma/ileus

54 male 7 h Carotid artery bleeding

62 male 6 h 30 min Adenocarcinoma

78 male 7 h Cardiac arrhythmia

54 female 8 h Acute renal failure

63 female 6 h Mammacarcinoma/euthanasia

68 female 10 h 30 min Metastasised mammacarcinoma

72 female 9 h Cardiac failure

81 female 7 h Abdominal bleeding

85 female 5 h pneumonia



IGFBPs in astrocytes and microglia 119

Materials

Polyclonal antibodies against IGFBPs-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 were

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). All other chemicals were of the

highest grade commercially available.

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 (not shown).

Frozen sections, 10 µm thick were fixated for 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, except for receptor

staining no triton was used.

Double staining of IGFBPs/astrocytes and or IGFBPs/microglia: 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) and or mouse-anti-CD68 (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.

For the double staining of the IGF-I receptor and astrocytes and/or microglia, sections were

incubated with chicken-anti-human IGF-I receptor (1/100) and mouse-anti-GFAP and/or

mouse-anti-CD68 (1/100). Thereafter, sections were incubated with the secondary antibody

solution: biotin-conjugated-anti-chicken (1/100) in PBS for 90 min at room temperature.

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) in PBS for 90 min at room temperature.
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The incubation of the primary antibody solution was done in PBS for 24h at 4 °C. Between all

steps the sections were rinsed thoroughly with PBS. Micro-sections were embedded in

fluorescent mounting medium and evaluated using confocal microscopy. The images were

digitised, analysed and quantified by computer-assisted densitometry using the program

Image (National Institutes of Health Research Services Branch, NIH, Betheseda, MD).

Results

Statistical analysis

We used the unpaired t-test to test for significant differences between MS patients and

controls. We judged a p value of 0.05 or less to be significant. Statistical analyses were

performed using GraphPad Instat® 3 for Macintosh. (Table 3, 4, and 5).

Immunostaining of IGF-I receptors and IGFBPs in MS tissue

We investigated unaffected cerebral white mater from 12 controls and 13 chronic active

plaques of MS. Demyelination (identified by myelin staining), astrogliosis and a rim of

hypertrophic astrocytes and or microglia/macrophage cells histologically characterised the

plaques (Figure 1).

Figure 1

Luxol-fast blue staining (myelin staining) of MS white matter (A). The pale area is a demyelinated

plaque (p) and the surrounding non-affected area in gray is myelinated white matter (wm). GFAP-

staining of reactive astrocytes of an MS patient (B) and normal astrocytes of a control patient (C).
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For double labelling experiments, the different cell types, including astrocytes and microglia

were visualised using specific markers. For astrocytes we used an antibody against GFAP.

This antibody reacts with the intermediate filament protein GFAP expressed in astrocytes of

the brain and spinal cord, and not with oligodendrocytes or neurons. The staining of microglia

was done using an antibody against human CD68. CD68 is an intracellular glycoprotein

primarily associated with cytoplasmic granules of macrophages and large lymphocytes.

Sections were analysed by using confocal laser microscopy of the marker protein (green) and

IGFBPs or IGF-I receptors (red). Co-localisation of IGFBPs and or IGF-I receptors in glial

cells resulted in yellow staining.

IGF-I receptor immunoreactivity was found in astrocytes and microglia in cerebral white

matter from controls, normal appearing white matter in MS, and at the edges of MS plaques

(Figure 2). Pixel densities of IGF-I receptors in astrocytes and microglia were not

significantly different between control patients and MS patients (Table 3, 4, and 5).

Astrocytes in control cerebral white matter and in normal appearing white matter in MS

showed positive immunoreactivity of all six IGFBPs (Figure 3 and 4). Pixel densities of all

six IGFBPs between the two groups were not significantly by different (Table 2).

Hypertrophic (reactive) astrocytes at the edges of the MS lesions showed enhanced

immunostaining for IGFBP-2 and IGFBP-4 (Figure 3 and 4). Compared to control cerebral

white matter and normal appearing white matter in MS, pixel densities of IGFBPs -2 and -4

were enhanced in reactive astrocytes (Table 3 and 4). The relative increase of IGFBP-2 was

65 % and the relative increase of IGFBP-4 was 195 % compared to controls.

Resting microglia in control white matter showed no staining for any of the six IGFBPs

(Figure 5). Activated microglia/or macrophages (foamy cells) showed positive

immunostaining for IGFBP-2 only (Figure 5).
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Table 3 Pixel densities of IGFBPs and IGF-I receptors measured in astrocytes in cerebral

white matter from controls and in normal appearing white matter in MS (n=25).

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

IGF-IR 189.50 ± 2.63 186.20 ± 2.75 0.3970

IGF = Insulin like growth factor; IGFBP = Insulin like growth factor binding protein, IGF-IR = IGF-I

receptor. * Unpaired t-test.

Table 4 Pixel densities of IGFBPs and IGF-I receptors measured in astrocytes in cerebral

white matter from controls and at the edges of MS plaques (n=25).

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

IGF-IR 189.50 ± 2.63 183.30 ± 3.01 0.1389

IGF = Insulin like growth factor; IGFBP = Insulin like growth factor binding protein, IGF-IR = IGF-I

receptor. *Unpaired t-test.
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Table 5 Pixel densities of IGF-I receptors measured in microglia in cerebral white matter

from controls, in normal appearing white matter in MS and at the edges of MS

plaques (n=25).

Location of IGF-I receptors pixel density *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 MS lesions 188.90 ± 4.54 0.9714

* Unpaired t-test.

Figure 2

Immunostaining of IGF-I receptors in astrocytes (A) and microglia

(C) in control white matter (A, C) and in reactive astrocytes (B)

and microglia (D ) at the edges of chronic MS plaques (B, D).

Micrographs showing a co-localisation (yellow) of IGF-I receptors

(red) in different glial cells (green). Astrocytes (A, B) and

microglia (C, D) in control brain and MS lesions are positive for

IGF-I receptors (A, B, C, and D). Bar =50 µm.
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Figure 3

Immunostaining of IGFBPs in control white matter (control) and at the edges of

subchronic MS plaques (MS). Micrographs showing a co-localisation (yellow) of

IGFBPs-1, -2, and -3 (red) in astrocytes (green), in control white matter and MS

brain. Astrocytes in the control brain (A, C, E), and in MS brain (B, D, F) showed

co-localisation of all three IGFBPs. Reactive astrocytes (MS brain) showed

increased co-localisation of IGFBP-2  (D). Bar = 50 µm.
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Figure 4

Immunostaining of IGFBPs in astrocytes in control white matter (control) and at the

edges in subchronic MS plaques (MS). Micrographs showing a co-localisation

(yellow) of IGFBPs-4, -5, and -6 (red) in astrocytes (green), in control white matter

and MS brain. Astrocytes in the control brain (A, C, E), and in MS brain (B, D, F)

showed co-localization of all three IGFBPs. Reactive astrocytes (MS brain) showed

increased co-localization of IGFBP-4 (D). Bar = 50 µm.
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Figure 5

Immunostaining of IGFBPs in microglia in control white matter and at the edges in subchronic MS

plaques. Microglia in the control brain (A, C, E, G, I, K) were negative for all six IGFBPs. Activated

miocroglia/macrophages in MS (B, D, F, H, J, L) were only positive for IGFBP-2 (D). Bar = 50 µm.
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Discussion

In agreement with findings from experimental models indicating a role for IGF-I, we

identified IGF-I receptors on both astrocytes and microglia. There was a remarkable

difference in expression pattern of IGFBPs between astrocytes and microglia. Whereas all six

IGFBPs were present in astrocytes, no IGFBPs were visualised on microglia. Hypertrophic

astrocytes, most abundant at lesion edges of MS plaques, showed enhanced expression of

IGFBP-2 and-4, and activated microglia in MS plaques expressed IGFBP-2.

IGFBP-2 is highly expressed in the CNS 30, and is the major IGFBP in cerebrospinal fluid 36.

In EAE, astrocytes expresses IGF-I and IGFBP-2 during demyelination 15, and in cryogenic

spinal cord injury astrocytes induces gene expression of IGF-I and IGFBP-2 during myelin

regeneration 14. It has been suggested that IGF-I and IGFBP-2 may be involved in the myelin

regeneration by targeting IGF-I to IGF-I receptor expressing oligodendrocytes 14, 15. In vivo

studies have also shown that during experimental demyelination astrocytes showed enhanced

IGF-I gene expression, suggesting a role for astrocytes in the regulation of oligodendrocytes

myelin metabolism 13. IGF-I stimulates not only the growth and survival of oligodendrocytes

but also the differentiation and proliferation of astrocytes 1. These effects are mediated by

binding of IGF-I to the IGF-I receptor, and by activating intracellular signalling pathways 1, 40.

A major effect of IGF-I appears to be the stimulation of astrocytic mitogenesis leading to the

formation of the gliotic scar 34. We found also that reactive astrocytes showed increased

immunostaining for IGFBP-4. One of the functions of IGFBP-4 is to bind IGF-I with high

affinity and decrease its local availability to protect cells from overstimulation by IGFs 6, 20, 31.

However, depending on the cell type IGFBPs may either inhibit or stimulate the actions of

IGF-I, and further in vitro work is required to investigate the role of IGFBP-4 on astrocytes.

We found that reactive microglia/macrophages showed immunoreactivity for IGFBP-2. It is

suggested that the response of increased levels of IGFs and IGFBP-2 in injured brain is

presumable protective 12, 17, 28. Reactive microglia expresses IGF-II and IGFBP-2 indicating a

role for IGF-II in microglia differentiation that may be mediated by the IGF-I receptor 38. A

possible role for IGFBPs is to regulate IGF-I 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  7, 9, 32. TNF-α has been implicated in the mechanism of several demyelinating disorders,

including MS 29. In rat spinal cord culture, TNF-α electively damages oligodendrocytes and
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myelin, resulting in swelling of myelin sheets and oligodendrocyte death 29. Macrophages

respond to IGF-I with an increased production of the inflammatory cytokine TNF-α 27.

Cytokines released in brain injury can influence IGF-I actions by regulating IGF-I receptor

signalling. TNF-α inhibits IGF-I receptor signalling, by suppressing IGF-I induced tyrosine

phosphorylation of insulin-related substrate (IRS)-2 in neurons 37. Cytokines are also capable

to regulate IGFBPs expression, thereby suggesting another mechanism to control IGF-I

actions 16, 23. In the CNS, IGFBP-2 mRNA is increased following either ciliaric neurotrophic

factor (CNTF) or interleukin (IL)-1β injection 39, and IL-6 stimulates hepatic IGFBP-4 gene

expression and production 8. The combination of TNF-α and interferon (IFN)-γ inhibits the

proliferation of human salivary cells by causing increased accumulation of IGFBPs -3, -4 and

-5 11.

High levels of IGFBPs are not necessarily an indicator of the protective effects caused by

growth factors. IGFBP-2 is one of the six binding proteins that binds IGF-I and IGF-II with

high affinity and thus inhibits IGF actions by lowering the free level of these growth factors
10. It has also been suggested that both cytokines and the lack of growth factors influence

survival of neurons in the injured brain 18 ,37. TNF-α  and IL-1 clearly contribute to

neurodegeneration but still fail to cause cell death, indicating that these molecules are not

neurotoxic per se but influence survival by inhibiting the protective effects of endogenous

growth factors in the injured brain 18.

In conclusion, we have shown that in physiological conditions there is a marked difference in

IGFBP expression between astroglia and microglia. Whereas all six IGFBPs are present on

astrocytes, microglia lacks of all them. Upon activation, such as in MS lesions, IGFBPs -2 and

-4 are upregulated on reactive astrocytes, and microglia express IGFBP-2. The functional

significance of these findings requires further research, including cell culture experiments.

The difference in IGFBP pattern between astrocytes and microglia may be a target for

directing endogenous IGF-I activity towards a specific cell type.
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Abstract

Insulin-like growth factor-I (IGF-I) is a potent survival factor for motor neurons and is being

studied as possible therapeutic agent for amyotrophic lateral sclerosis (ALS). However, very

little information is available on the IGF-I system components in ALS. Insulin-like binding

proteins (IGFBPs) play an important role in regulating the bioavailability of IGF-I. We

investigated the components of the IGF-I system in spinal cord sections of 10 patients with

ALS and 10 control subjects without neurologic disease. IGF-I was studied by western

immunoblotting. IGFBPs and IGF-I receptors were studied by both immunohistochemistry

and western immunoblotting. Total IGF-I in ventral horn homogenates was not different

between ALS patients and controls. However, free IGF-I was drastically reduced in ALS

patients  (53 % relative decrease compared to controls). In spinal motor neurons of patients

with ALS there was enhanced immunoreactivity for IGFBPs-2 (64% relative increase

compared to controls), -5 (46% increase) and -6 (33% increase), together with an up-

regulation of IGF-I receptors. Immunoreactivity for IGFBPs -1, -3, and -4 was not different

between ALS and controls. In the ventral horns of ALS patients free IGF-I is reduced, which

may be due to specific increases in IGFBPs-2, -5, and -6 in spinal motor neurons. This

abnormality may play an important role in the processes that lead to motor neuron death, and

should be taken into account when developing therapies aimed to stimulate motor neuron

IGF-I receptors.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive, devastating disease that affects both

central and peripheral motor neurons.1 Familial ALS accounts for less than 10 % of diagnosed

cases, of which 1/4 is associated with missence mutations in the antioxidant enzyme

copper/zinc superoxide dismutase 1, 2. There are many hypotheses on the cause of sporadic

ALS. These include autoimmune reactions to calcium channels on motor neurons, glutamate-

induced excitotoxic injury, exposure to toxins or latent infections, disorganisation of

intermediate filaments, and loss of neurotrophic support to motor neurons.1

Evidence that insulin-like growth factor I (IGF-I) rescues motor neurons in vitro and in

animal models, 3, 4 has led to therapeutic trials of human recombinant IGF-I in ALS. Two

double-blind placebo-controlled trials with subcutaneous IGF-I in ALS have been performed.

In a US study of high (0.1 mg/kg per day) and low (0.5 mg/kg per day) doses of human

recombinant IGF-I the average Appel amyotrophic lateral sclerosis rating scale in 9 months

was 9 points lower for the high-dose (0.1 mg/kg/day) group than for the placebo group.

However, death rates did not differ 5. The results of an European trial (IGF-I: 0.1 mg/kg/day

versus placebo) showed no therapeutic benefit 6. The FDA did not approve the use of IGF-I

on the basis of these trials. New trials with IGF-I are being considered.

The IGF-I signalling system is complex and regulated by multiple influences. Besides the

IGF-I receptor there are at least six distinct insulin-like growth factor binding proteins

(IGFBPs) 7, 8. At the level of the extracellular matrix or cell surface of target cells, these

IGFBPs can either inhibit or enhance the presentation of IGF-I to their receptors. In addition,

some IGFBPs are capable of mediating biological actions that are IGF-I independent 7, 8.

Surprisingly little information is available on the different components of the IGF-I system in

ALS. In patients with ALS, serum levels of IGF-I were found to be either normal or slightly

decreased 9, 10, 11. The expression of IGF-I in ALS spinal cords was found to be normal 12.

Previous studies have reported an increased number of [125I]IGF-I binding sites in ALS spinal

cord 13, 14. However, it remained unclear whether these binding sites represented IGF-I

receptors or IGFBPs, or both. The present work was undertaken to further characterise the

components of the IGF-I system in spinal motor neurons in ALS.
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Material and methods

Neuropathological Material

Cervical (level C4 – C8) spinal cord was obtained at autopsy from ten patients (7 woman,

aged 51 to 82 years; 3 man, aged 71 to 76 years) with clinical definite and pathologically

confirmed sporadic ALS 15. Causes of death were respiratory failure or bronchopneumonia.

Disease duration ranged between 16 to 36 months (median 27.5). Control spinal cord was

collected from ten patients without evidence of neurological or psychiatric disease (7 woman,

aged 61 to 82; 3 man, aged 72 to 88 years), who died of respiratory failure/

bronchopneumonia (5), cardiac arrest (4), and heart failure (1). Post-mortem intervals for the

2 groups were not significantly different (median 8, range 6 and 12 h).

Immunohistochemistry

Paraffin sections were deparaffinated in xylol and dehydrated in ethanol, followed by

microwaving in 25 mM Tris buffer (pH 7.4) containing 10 mM MgCl2, for 15 min at 95ºC.

Sections were rinsed in phosphate buffered saline (PBS) 3 times for 5 min, and immersed for

10 min in 0.3% H2O2 in PBS. Before the addition of the first and secondary antibody, sections

were incubated for 60 min at room temperature in 5 % normal goat or sheep serum to

suppress non-specific antibody binding.

Sections were incubated with the primary antibody: rabbit-anti-human IGFBPs -1, -2, -3, -4,

-5, or -6 (1:100: polyclonal antibodies obtained from Gropep, Adelaide, Australia; or Upstate,

Lake Placid, New York, USA), or mouse-anti-human IGF-I receptor (1:100: monoclonal

antibodies against the alpha-chains were obtained from Gropep) in PBS, for 2 h at room

temperature and 24 h at 4 °C. Next, the sections were incubated with the proper secondary

antibody: biotinylated goat-anti-rabbit (1:200: Zymed, San Francisco, California, USA) or

sheep-anti-mouse (1:200: Amersham, Arlington Heights, Illinois, USA) in PBS, for 2 h at

room temperature. Finally, sections were incubated in HRP-conjugated streptavidin (1:200) in

PBS for 2 h at room temperature. The complexes were visualised using freshly prepared

diaminobenzidine (30 mg/100 ml Tris buffer, pH 7.4) and 0.01% H2O2, and examined by

light microscopy.
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Western immunoblotting

Ventral horns containing the motor neurons were carefully dissected at 4 °C from frozen

spinal cord blocks, and homogenised in ice cold Tris/HCl buffer (10 mM, pH 7.4) containing

serine-, cysteine-, aspartic- and metalloproteinase-inhibitors.

For the study of IGFBPs and IGF-I receptors, suspensions were centrifuged at 300 rpm for 3

min at 4 ºC, and supernatants were centrifuged at 15000 rpm for 30 min at 4ºC. The pellets

were resuspended in the same buffer containing 10 % glycerol (vol/vol), and stored at –80ºC.

For the study of total and free IGF-I, homogenates were centrifuged at 15000 rpm for 2 min.

One part of the supernatant was filtered through 50-kDa filters and contained total IGF-I (free

IGF-I and IGF-I bound to IGFBPs). The other part of the supernatant used for the detection of

free IGF-I was filtered through 10-kDa filters. These filters allow the passage of free IGF-I

(7.5-kDa) but not of IGFBPs (20 and 45-kDa).

Protein concentrations were measured with the method of Neuhoff et al.,16. Based on the

protein concentrations samples were diluted in buffer to equal amounts. Blood contamination

was excluded by demonstrating the absence of albumin, which was measured with an albumin

immunoassay (BN2, Behring, Marburg, Germany).

The separation of IGFBPs and the IGF-I receptor were done in a Tris-HCl gel system. Equal

amounts of membrane suspensions (60 µg) were subjected to SDS-PAGE in a 10 % gel for

the separation of small proteins (ranging between 20 and 70-kDa) and in a 7.5 % gel (Tris-

HCl) for proteins with molecular sizes ranging between 60 and 300-kDa. The separation of

IGF-I was done in a Tris-Tricine gel system (for the separation of small molecules between 1

and 15-kDa).

Equal amounts of protein (10 µg for total IGF-I and 60 µg for free IGF-I) of each sample

were subjected to SDS-PAGE in a 15 % gel. Positive controls used to determine the

specificity of the bands were human recombinant IGFBPs-1, -2, -3, -4, -5 and -6 (Gropep and

Upstate), human recombinant IGF-I (Santa Cruz, California, USA), and human cerebellar

membrane fractions for the IGF-I receptor. After electrophoresis, the separated proteins were

electroblotted on nitrocellulose membranes. All samples were transferred under the same

conditions. The membranes were dried and incubated overnight at 4ºC with the primary

antibody solution: rabbit-anti-human IGFBPs-1, -2, -3, -4, -5 or -6 (1:1000) or mouse-anti-

human IGF-I receptor (1:1000), and or mouse-anti-human IGF-I (monoclonal antibody from

GroPep) in Tris buffered saline (TBS, pH 7.4). This was followed by incubation with the

secondary antibody solution: horse peroxidase (HRP)-conjugated goat-anti-rabbit (1:2000) or

biotinylated sheep-anti-mouse (1:2000) in TBS. Finally, membranes were incubated with
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HRP-conjugated streptavidin (1:1000) or alkaline-conjugated streptavidin in TBS, for 1 h at

room temperature. IGFBPs and IGF-I receptors were visualised using the opti-4CN staining

kit from Bio-Rad (San Francisco, California, USA). Total and free IGF-I was visualised using

the alkaline phosphatase staining method. Specific bands were scanned and pixel densities

were measured using National Institute of Health Image Analysis software.

Results

Statistical analysis

We used the Mann-Whitney U-test to test for significant differences between ALS patients

and controls. We judged a P-value of 0.05 or less to be significant. Results were also log-

transformed for analysis with an unpaired t-test. The resulting between group differences and

95 % CI were back transformed to give a ratio (95 % CI), from which relative changes

between ALS patients and controls were calculated. Statistical analyses were performed using

GraphPad Instat® 3 for Macintosh. (Table 1).

Immunohistochemistry

Spinal motor neurons in controls and ALS patients stained for IGF-I receptors and all six

IGFBPs. Immunoreactivity for IGF-I receptor and IGFBPs-2, -5 and -6, was higher in ALS

patients than in controls, but immunoreactivity for IGFBPs-1, -3, and -4 did not differ

between the two groups (Figure 1). The specificity of the antibodies against IFGBPs was

confirmed using the antibodies pre-absorbed with excess of matched recombinant human

IGFBP. Specificity of the immunoreactivity was also controlled by the incubation of tissue

sections in 5 % goat or sheep serum instead of primary antibodies; the immunohistochemical

reactions were negative (Figure 1).

Western immunoblotting

Immunoblotting of membrane fractions from the ventral horns, using polyclonal antibodies

against the six IGFBPs and a monoclonal antibody against the IGF-I receptor alpha-chain

confirmed the immunohistochemical results. We found one specific band of about 32-kDa

corresponding IGFBP-2, a band of 40-kDa and two fragments corresponding to IGFBP-3, one

band of 29-kDa corresponding to IGFBP-5, and another band of about 36-kDa corresponding

to IGFBP-6 (Figure 2).
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Figure 1

Immunostaining for IGF-I receptors and six IGFBPs in spinal motor neurons in ALS and controls

(CON) without neurologic disease. Motor neurons (arrows) were studied in cervical ventral horns (red

circle). Nsb = non-specific binding obtained by incubation of tissue sections in 5 % goat or sheep

serum instead of primary antibodies. Scale bar = 30 µm.
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We found a band of 230-kDa, which correspond to the dimer of the IGF-I receptor, and a

band of 115-kDa corresponding to the alpha-monomer of the IGF-I receptor (Figure 2). We

found one band of about 7.5-kDa corresponding to IGF-I. The concentration of IGFBP-2 was

64 % higher, of IGFBP-5 was 46 % higher, of IGFBP-6 was 33 % higher, and of IGF-I

receptors was 50 % higher in the ventral horn membranes of ALS patients than in those of

controls (Table 1). The presence of IGFBPs-1, -3, and -4 did not differ between ALS patients

and controls (Table 1). In ventral horn homogenates, total concentrations of IGF-I did not

differ between ALS patients and controls. By contrast, patients with ALS had 53 % lower

concentrations of free IGF-I in ventral horn homogenates than did controls (Table 1, Figure

2). Free IGF-I represented respectively 12 % of total IGF-I in controls and 6% of total IGF-I

in ALS patients. The specificity of the bands was confirmed using purified IGFBPs, IGF-I,

and cerebellar membrane fractions for the IGF-I receptor (Figure 2).

Figure 2

Representative western immunoblots in ALS and control (CON) ventral horn membrane fractions.

Protein concentration per sample was calculated and 60 µg (for IGFBPs, IGF-I-R = IGF-I receptor,

and free IGF-I) or 10 µg (total IGF-I) were loaded onto gels. We found one specific band of

approximately 32-kDa corresponding to IGFBP-2 (A ), one band of 40-kDa and 2 fragments

corresponding to IGFBP-3 (B), one specific band of 29-kDa corresponding to IGFBP-5 (C), and

another band of approximately 36-kDa corresponding to IGFBP-6 (D). We found a specific band of

230-kDa corresponding to the alpha-dimer of the IGF-I receptor, and one band of 115-kDa

corresponding to the alpha-monomer of the IGF-I receptor (E). We found one band of approximately

7.5-kDa corresponding to IGF-I (F). kd = kDa.



IGF-system in ALS 141

Table 1 Western immunoblots: analyses of the different components of the IGF-I system

in ventral horn homogenates.

Component Patients Controls *P Mean (95% CI) ‡

IGFBP-1 117.3 114.4 0.528 1.02 

(95.8-126.8) (93.3-138.0) (0.93-1.12)

IGFBP-2 247.3 150.6 <0.0001 1.64

            (221.5-261.2) (129.1-160.9) (1.55-1.74)

IGFBP-3 87.5 85.9 0.879 1.01

           (67.8-102.4) (63.7-102.0) (0.86-1.17)

IGFBP-4 37.0 35.8 0.529 1.02

           (31.0-40.9) (29.8-39.9) (0.94-1.11)

IGFBP-5 175.6 119.5 <0.0001 1.46

           (139.7-190.8) (101.9-129.4) (1.35-1.58)

IGFBP-6 125.1 96.4 <0.0001 1.33

           (116.1-150.8) (85.0-110.1) (1.24-1.44)

IGF-I receptor 162.5 107.3 <0.0001 1.50

           (115.0-215.6)  (76.2-140.0) (1.77-1.27)

Total IGF-I 246.0 244.3 0.217 1.02

           (230.5-250.4) (236.8-249.7) (0.93-1.12)

Free IGF-I 90.1 183.8 <0.0001 0.47

           (52.8-107.0) (150.8-202.7) (0.39-0.55)

Values are median (range) pixel density. IGF = Insulin like growth factor; IGFBP = Insulin like growth factor

binding protein. *Mann-Whitney U-test. ‡ Geometric mean (95%CI) of the ratio of patients to controls; unpaired

t-test on log-transformed data.
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Discussion

Our results showed that concentrations of free IGF-I were lower in ventral horn homogenates

from patients with ALS than in those from controls. Furthermore, spinal motor neurons in

ALS showed enhanced immunoreactivity for IGFBPs-2, -5 and -6, which are known to bind

IGF-I with high affinity. It has been shown that IGFBP-2 behaves as an inhibitor of IGF-I,

both in vitro and in vivo 7, 8, 17, 18. Depending on the cell type, IGFBP-5 has been reported to

either inhibit or stimulate the actions of IGF-I 7, 8. However, it has been shown that treatment

of avian embryos with IGFBP-5 reduces motor neuron survival 19. IGFBP-6 also acts

inhibitory 20, 21, 22. Thus, the reduction in free biologically available IGF-I in the ventral horns

of patients with ALS could be because high concentrations of IGFBP-2, -5 and -6 in spinal

motor neurons prevent binding of IGF-I to IGF-I receptors, which become upregulated due to

reduced free IGF-I (Figure 3). Receptors undergo upregulation in response to a depletion of

their naturally occurring activator. Our finding that IGF-I receptors in spinal motor neurons in

ALS are upregulated is also in agreement with a reduced neurotrophic support by IGF-I.

Interestingly, different types of lesions affecting lumbar motor neurons in rats produced a

similar pattern of increased levels of IGFBPs-2, -5 and -6, and not of the other IGFBPs, in

these motor neurons. Lesions included ventral root avulsion, cut lesions in the ventral

funiculus of the spinal cord, or sciatic nerve transection 23. In these models, local application

of IGF-I failed to prevent motor neuron death, 24 which might be explained by the enhanced

levels of IGFBPs-2, -5 and -6 on the affected motor neurons, preventing binding of IGF-I to

its receptors.

The striking resemblance between these experimental data in rats and our findings suggests

that increases in IGFBPs-2, -5 and -6 in spinal motor neurons could represent a secondary

reaction to different triggers that perturb cellular/axonal functions of motor neurons. The

primary molecular pathways that cause dysfunction of motor neurons in ALS are uncertain.

Several mechanisms may be involved, including a disorganisation of intermediate filaments,

glutamate mediated toxicity, abnormalities of intracellular calcium homeostasis, and

mutations in the gene for superoxide dismuthase 1.

We can only speculate about the possible mechanism(s) underlying the increase in IGFBPs-2,

-5 and -6 levels in spinal motor neurons in ALS. Proteolysis by IGFBP proteases is a

physiological posttranslational processing mechanism that cleaves IGFBPs into smaller

molecular weight forms, which have a markedly reduced affinity for IGF-I 7, 8. It is considered
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an important mechanism by which bioactive IGF-I is made available to the IGF-I receptors on

target cells. The increases in IGFBPs-2, -5, and-6 in ALS spinal cord might be caused by a

decreased activity of proteases or an increase in protease inhibitors. Both IGFBPs-2 and-5 are

proteolytically cleaved by serine proteases; the identity of proteases cleaving IGFBP-6

remains to be determined 7, 8. The role of serpins (serine protease inhibitors), which form

stable complexes with serine proteases, thereby preventing their proteolytic activity, may be

of special interest. Once formed serpin-protease complexes are rapidly incorporated into the

cells. Serine protease-like complexes have been identified in ALS motor neurons, and an

imbalance of serine proteases and serpins has been hypothesised to play a role in the

pathogenesis of ALS 25. Transgenic mice overexpressing protease nexin-1 (PN-1), a secreted

serine protease inhibitor, develop disturbances in motor behaviour and histopathological

changes described in early stages of human motor neuron disease 26. A possible role of serine

protease inhibitors on the expression/proteolysis of IGFBPs in motor neurons in ALS should

be further investigated.

Figure 3

Components of the IGF-I system in spinal motor neurons. (A) IGF-I, acting

through stimulation of IGF-I receptors, is an important survival factor for

motor neurons. (B) In ALS, enhanced levels of IGFBPs-2, -5 and -6 prevent

binding of IGF-I to IGF-I receptors, which become upregulated due to

reduced free IGF-I. The reduced neurotrophic support of IGF-I could play an

important role in the pathogenesis of motor neuron cell death.
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In conclusion, the enhanced levels of IGFBPs-2, -5, and -6 in motor neurons in ALS is

probably a common secondary phenomenon resulting from motor neuron dysfunction, which

may have different causes. This abnormality may play an important role in the processes of

motor neuron degeneration by reducing neurotrophic support of IGF-I. Our findings might

explain the disappointing results of the clinical trials with exogenously administered IGF-I in

ALS. IGF-I analogues with high affinity for IGF-I receptors and little or no affinity for IGFBPs,

such as DES(1-3)IGF-I, which is a truncated IGF-I missing the first three amino acids, may be

better candidates for stimulating motor neuron IGF-I receptors. IGF-I analogues that display

very high affinity for IGFBPs, displacing endogenous IGF-I from the IGFBPs, could also be

considered. The latter approach has been studied in rats with focal cerebral ischemia 27. In this

model, the intracerebroventricular administration of the IGF-I analogue [(Leu24, 59, 60,

Ala31)hIGF-I] with high affinity to IGFBPs and no biological activity at the IGF-I receptors,

increased the levels of free biological available IGF-I and provided potent neuroprotection.
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Summary and discussion

IGF-I favours growth and survival of a variety of cells in the human body including the CNS.

ALS and MS are both devastating diseases of the CNS in which IGF-I may be helpful. In MS,

there is a loss of myelin and oligodendrocytes, and in ALS motor neurons are progressively

destroyed. For both conditions, IGF-I has been used in clinical trials, without success. The

IGF system is very complex, and before embarking on clinical trials, it is necessary to get a

better insight into the different components of that system. The aim of this thesis was to

characterise some of the components of the IGF system in the CNS, in normal conditions, MS

and ALS.

In chapter 2, we studied IGF-I receptors in the normal human CNS by using receptor

autoradiography. We showed that the binding of iodine-labelled IGF-I to the IGF-I receptor a)

was saturable indicating a finite receptor population and b) that the efficiency of IGF-I to

displace iodine-labelled IGF-I binding was 10 times higher than that for IGF-II. These results

suggested that IGF-I binding correlated to the IGF-I receptor 9, 31. IGF-I receptors were

present throughout the different components of the CNS, including white matter.

In chapter 3, we used two IGF-I analogues: truncated IGF-I or DES(1-3)IGF-I and modified

IGF-I or R3-IGF-I, to distinguish IGF-I binding to receptors from binding to IGFBPs. These

two peptides bind only receptors and they have no affinity for IGFBPs 3, 43. In different parts

of the human brain and in the normal appearing white matter of MS patients, we demonstrated

that the efficiency of DES(1-3)IGF-I, R3-IGF-I and IGF-I to displace iodine-labelled IGF-I

binding was equal, and that the three competitors displaced iodine-labelled IGF-I from the

IGF-I receptor and not from IGFBPs .

However these binding studies revealed a new IGF-I-binding protein-3-complex that was

tightly bound to the cell membrane in the anterior pituitary gland. It was absent in the CNS.

We demonstrated that the components of this complex were IGF-I, IGFBP-3 and the acid-

labile subunit (ALS-protein) 6. These results suggest an alternative mechanism of IGFBP-3

binding to cell membranes that might be involved in IGFs transport. In the circulation IGFBP-

3 associates with the ALS-protein to form a 150-kDa complex to increase half-life of IGFs

and to regulate the transport of IGFs from the vascular compartment to the target cells 6, 7.

IGFBP-3-cell membrane-complexes have cellular effects that are IGF-I independent, and
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these effects are mediated by binding of IGFBP-3 to an unknown receptor 39. However the

complex that we found was IGF-I dependent which was demonstrated by the binding of

iodine-labelled IGF-I that was efficiently displaced by IGF-I. The functional implication of

this IGFBP-3-acid-labile subunit complex requires further research at the cellular level.

Despite a variety of studies that demonstrated the presence of IGF-I receptors in the pituitary

gland we were unable to detect IGF-I receptors in the pituitary gland 2, 38.

The finding that IGF-I receptors were widely distributed in gray and white matter of the

human brain and spinal cord suggests an important role of IGF-I on both neuronal and glial

cells. Both IGF-I and -II act through the IGF-I receptor to a) promote neuronal and glial

differentiation, b) enhance neuronal and glial survival, c) prevent neuronal damage and d) act

as a neuromodulator. Experiments have demonstrated that IGF-I promotes the survival of a

variety of neuronal cells including motor neurons, cerebellar neurons, hypothalamic cells,

cholinergic-, pontine cholinergic- and dopaminergic neurons 8, 14, 21, 26, 28, 35. IGF-I protects

cerebellar, hippocampal, striatal and dopaminergic neuronal cells against neurotoxicity caused

by kainic and quinolic acid, iron toxicity and 6-hydroxydopamine 1, 18, 30, 48. In vitro

experiments have shown that IGF-I may function as a direct neuromodulator of cholinergic

transmission 36. IGF-I enhances the release of acetylcholine (Ach) from cortical slices, and

reduces potassium-evoked Ach release in rat hippocampus by a calcium-sensitive mechanism.

We were primarily interested in the components of the IGF-system in MS. In chapter 4, we

demonstrated that the concentrations of IGF-I receptors in the control white matter and in

normal appearing white matter of MS patients were not different. This suggests that glial cells

(including oligodendrocytes) in MS patients contain IGF-I receptors, and that promotion of

(re) myelination in MS through activation of IGF-I receptors might be feasible. IGF-I

promotes the survival of oligodendrocyte progenitors and mature oligodendrocytes and

stimulates myelin formation 5, 33, 40. However, in chronic plaques of MS patients that

contained a dense network of astrocytes 15 and were devoid of oligodendrocytes, we also

measured substantial amounts of the IGF-I receptors. This led to the suggestion that IGF-I and

IGF-I receptors are not only involved in oligodendrocyte survival and myelination but may

also stimulate astrocyte proliferation leading to astrogliosis, which creates the scar that

impedes repair processes of MS lesions. In vitro studies have shown that IGF-I induces

mitogenic actions and stimulates the growth, proliferation and maturation of astrocytes 4, 20, 44,

45.
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In chapter 5, we demonstrated that IGF-II receptors were also widely distributed in the human

brain. The highest level of IGF-II receptors was found in the choroid plexus, the major source

for IGF-II 23. The efficiency of IGF-II to displace iodine-labelled-IGF-II binding in

cerebellum was 10 times higher than that for IGF-I suggesting that in human brain IGF-II

preferentially interacts with IGF-II receptors. In many brain areas the distribution pattern of

IGF-II receptors were comparable to that of IGF-I receptors 13. The most striking difference is

that in the cerebellar cortex highest labelling was observed in the granular cell layer, whereas

IGF-I receptors predominate in the molecular layer. This suggests that IGF-I and IGF-II have

distinct functions in the CNS. For example it has been shown that IGF-I inhibits K+-evoked

release of Ach, whereas IGF-II potentiates K+-evoked Ach release from hippocampal slices 24.

Interestingly, IGF-II receptors were absent in the white matter of control brain and in chronic

plaques of MS patients that contains a dense network of astrocytes 15. These results suggest

that IGF-II receptors are less involved in glial cell functions and are not involved in the

mechanism of astrogliosis. Therefore, in further work in MS lesions, we concentrated on IGF-

I receptors.

A number of studies have shown that the administration of subcutaneous or intravenous IGF-I

reduces clinical deficits and lesion severity in EAE 46, 47, which is used as an animal model for

MS 32. We were interested to know whether IGF-I levels could be deficient in-patients with

MS. In chapter 6, we studied components of the IGF-I system in serum and cerebrospinal

fluid of MS patients. We demonstrated that circulating levels IGF-I, IGF-II, IGFBPs-1, 2 and

-3 in serum and in cerebrospinal fluid from MS patients were not different from that in

controls.

In chapters 7 and 8, we used immunohistochemical techniques to study the different

components of the IGF-I system in oligodendrocytes, astrocytes and microglia in brain tissue

from MS patients. We found that IGF-I receptors were enhanced on oligodendrocytes in

periplaque white matter of MS patients. Up-regulation of IGF-I receptors could be explained

by a loss of bioavailable IGF-I 16. In mammals, IGF-I receptor numbers are correlated with

the local and circulating levels of IGF-I in vivo 16, 29, 34. For example, fasting is accompanied

by a decrease in local levels of IGF-I and increase of IGF-I receptors in a variety of rat tissues
16, 29, 34. Similarly, decreased levels of circulating and local IGF-I in human growth disorders

are associated with a several-fold increase in both IGF-I receptor mRNA and his protein 16, 29,

34. In periplaque white matter of MS patients we also found increased immunoreactivity for
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IGFBPs-1 and -6 on oligodendrocytes. By using in vitro experiments we demonstrated that

these two IGF-binding proteins inhibit IGF-I mediated oligodendrocyte survival and myelin

formation. Our results suggest that the up-regulation of IGFBPs-1 and -6 on oligodendrocytes

in periplaque white matter in MS lower free IGF-I levels and reduced IGF-I receptor-

mediated survival of oligodendrocytes and myelination. High expression of inhibiting

IGFBPs in MS white matter might explain why the administration of recombinant IGF-I to

MS patients did not reveal remyelination and new lesion formation 17.

IGF-I may also be involved in the activation of astrocytes and microglia/macrophages 20, 37, 44,

45. Both cells contribute to the formation of MS lesions, and astrocytes form the gliotic scars
15, 42. By using immunohistochemistry we confirmed our autoradiographic results that the

IGF-I receptor is present on astrocytes. We also detected IGF-I receptors on microglia. To our

surprise, there was marked difference in IGFBP expression between the two cell types. All six

IGFBPs were present on resting astrocytes, whereas none were present on resting microglia.

Thus, it appears that the actions of IGF-I, on microglia occurs independently of IGFBPs,

whereas different IGFBPs may play a complex modulating role in astrocytes. Activated

astrocytes showed enhanced immunoreactivity for IGFBPs-2 and -4, and activated microglia

displayed IGFBP-2. The specific functions of IGFBPs-2 and -4 on astrocytes, and IGFBP-2

on microglia requires further research.

In chapter 9, we studied the components of the IGF-I system in ALS. We showed that IGF-I

receptor up-regulation was related to a loss of neurotrophic support by IGF-I in anterior horns

of spinal cord in ALS patients. We found that in the ventral horns in ALS free levels of IGF-I

were reduced. We also found enhanced immunoreactivity for IGFBPs-2, -5 and -6 on the

spinal motor neurons. Especially IGFBP-2 and -6 are strong inhibitors for the IGF-I system,

and IGFBP-5 has been reported to reduce motor neuron survival in avian embryos 11, 12, 22, 25.

Thus, the up-regulation of these IGFBPs is the likely cause of the reduced free IGF-I.

Interestingly, there was a previous publication showing that different types of lesions

affecting lumbar motor neurons in rats produced the same pattern of specific increases of

IGFBPs-2, -5, and-6 and not of the other IGFBPs, in the affected motor neurons 19.

We concluded that the up-regulation of IGFBPs-2, -5 and -6 could represent a secondary

reaction to different triggers that perturb cellular/axonal functions in motor neurons in ALS.

Several mechanisms may be involved, including a disorganisation of intermediate filaments,

glutamate mediated toxicity, abnormalities of intracellular calcium homeostasis, and
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mutations in the gene for superoxide dismuthase 41. Treatment of ALS patients with IGF-I is

unlikely to be beneficial, and this has been the case in two-phase III trials 10, 27. IGF-I analogues

that display IGF-I from IGFBPs or that do not bind to IGFBPs may be better candidates for

the treatment of ALS 21.

Concluding remarks

The literature on the IGF-system is enormous, but very little work has been performed on the

IGF system in the human nervous system. This was the main topic of this thesis. We found a

widespread distribution of IGF-I and IGF-II receptors throughout the human CNS. IGF-I

receptors were present on neurons, oligodendrocytes, astrocytes and microglia. A main

finding of this thesis is that IGFBPs play an important role in modulating the effects of IGF-I

in these CNS cells, especially in diseases. In contrast to the IGF-I receptor, the presence of

IGFBPs differs greatly between the different cell types. This opens perspectives for a more

cell-specific modulation of the activity of the endogenous IGF-I. We found that specific

IGFBPs may reduce the bioavailability of IGF-I at the level of oligodendrocytes in the

periplaque white matter of MS patients and on motor neurons in spinal cords of ALS patients

(Figure 1).

Approaches to stimulate these IGF-I receptors might consist of, a: compounds that dissociate

IGF-I from its binding proteins; thus raising free endogenous IGF-I, b: IGF-I analogues with

high affinity for IGF-I receptors and low affinity for IGFBPs, c: IGFBP-ligand inhibitors that

prevent binding of IGF-I to IGFBPs and d: specific proteases that dissociate IGF-I from local

IGFBPs resulting in an elevation of free IGF-I. Another therapeutic target is to find ways of

regulating the cellular expression of IGFBPs at the transcriptional level.
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Figure 1

In pathofysiological conditions, like MS and ALS the IGF-I system is altered. High expression

of IGFBPs prevents IGF-I induced effects such as survival and myelination, by binding IGF-I

and forming inactive IGF/IGFBP complexes. Consequences of high IGFBP expression are a

decrease of local IGF-I levels and the upregulation of IGF-I receptors.
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Het centraal zenuwstelsel (CZS) bestaat uit de hersenen en het ruggenmerg. In deze structuren

onderscheidt men de grijze en witte stof. De grijze stof bevat voornamelijk zenuwcellen of

neuronen. Zenuwcellen zijn verantwoordelijk voor de signaaloverdracht van en naar de

hersenen. De witte stof bevat gliacellen en zenuwbanen die omgeven zijn door myeline.

Gliacellen spelen een belangrijke rol bij de ondersteuning van zenuwcellen en kunnen

onderverdeeld worden in astrocyten, oligodendrocyten, microglia en ependymcellen.

Astrocyten spelen een rol in de homeostase en in de uitwisseling van substanties tussen

bloedbaan en neuronen, hebben een nutritionele en trofische werking op neuronen, en

reguleren de werking van sommige neurotransmitters. Oligodendrocyten vormen de

myelineschede rond de zenuwuitlopers (axonen). Myeline speelt een belangrijke rol in de

signaalgeleiding van zenuwcellen in het CZS. Microglia zijn de immuuncellen van het CZS

die een belangrijke rol spelen in het afweermechanisme.

Zenuwcellen hebben groeifactoren nodig om te overleven, om hun specifieke signaalfuncties

te vervullen, om zich te beschermen tegen geprogrammeerde celdood (apoptose) en toxische

invloeden van buitenaf. Een grote groep groeifactoren zijn momenteel gekend die deze

eigenschappen hebben. Tot deze groep behoren de “Insulin-like growth factors (IGFs)”. Zij

zijn een onderdeel van een complex systeem, namelijk het IGF-systeem. Dit systeem bestaat

uit twee verschillende groeifactoren: IGF-I en IGF-II, twee typen receptoren en zes IGF-

bindingsproteïnen (IGFBPs). De effecten die IGFs veroorzaken worden gemedieerd via IGF-

receptoren op de celmembraan en gemoduleerd via membraangebonden of vrije IGFBPs.

Bindingsproteïnen kunnen de groeifactor effecten verminderen en zelfs remmen (inhiberen)

of versterken (stimuleren).

Er is gesuggereerd om groeifactoren te gebruiken voor de behandeling van CZS

aandoeningen, omwille van hun trofische eigenschappen. Twee aandoeningen van het CZS

waar ze mogelijk een rol kunnen spelen zijn multiple sclerose (MS) en amyotrofische lateraal

sclerose (ALS). MS is een chronische “autoimmuun” aandoening van het CZS, waarbij

oligodendrocyten afsterven en de myelineschede rond zenuwbanen wordt vernietigd. Dit

proces vindt plaats in verschillende (multiple) gebieden van het CZS. De openingen die

ontstaan omdat oligodendrocyten en myeline verdwijnen (demyelinisatie) worden opgevuld

door reactieve astrocyten (astrogliose) en er ontstaat littekenweefsel (sclerotische plaque).

Demyelinisatie leidt tot stoornissen in de signaalgeleiding van en naar de hersenen.

Neurologische kenmerken van patiënten die aan MS lijden kunnen zijn: tijdelijke blindheid,

verlammingsverschijnselen, stuurloosheid, dubbelzien en gevoelsstoornissen.
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Een andere aandoening van het CZS waarbij specifieke zenuwcellen afsterven is ALS. Bij

deze aandoening sterven motoneuronen af die zich bevinden in de motorische cortex van de

hersenen en in de voorhoornen van het ruggenmerg. Motoneuronen zijn belangrijk voor de

aansturing van spierbewegingen. Neurologische kenmerken van patiënten met ALS zijn onder

andere multifocale atrofie en verzwakking van de spieren.

In beide aandoeningen is de precieze oorzaak onbekend. Eén hypothese is dat in MS en ALS

een tekort aan groeifactoren een rol kunnen spelen in de pathogenese. Verschillende typen

dierexperimenten hebben aangetoond dat IGF-I de differentiatie (transformatie van een

voorlopercel tot een volwassen cel) en de synthese (aanmaak) van myeline stimuleert in

oligodendrocyten, en oligodendrocyten en motoneuronen beschermt tegen apoptose.

Vooraleer groeifactoren in MS en of ALS kunnen worden gebruikt is er een goede kennis van

het IGF-systeem nodig, dit wil zeggen zijn de specifieke componenten van het IGF-systeem

aanwezig in het normale CZS en zijn er verschillen in neurologische aandoeningen zoals in

MS en ALS.

In hoofdstuk 2 is er onderzocht waar IGF-I receptoren zich bevinden in de normale hersenen

van de mens. Door gebruik te maken van autoradiografie, een methode waarbij radioactief

gemerkt IGF-I gebonden wordt aan IGF-I receptoren, kan de regionale verdeling van IGF-I

receptoren worden bestudeerd. Autoradiografische experimenten hebben aangetoond dat IGF-

I receptoren homogeen verdeeld zijn in de grijze en witte stof van normale hersenen. De

specificiteit van de IGF-I binding werd onderzocht door middel van kinetische

bindingsexperimenten. Deze hebben aangetoond dat IGF-I receptoren verzadigbaar en

gelimiteerd zijn en dat de affiniteit van IGF-I tienmaal hoger was dan voor IGF-II, om de

IGF-I receptor te binden. De aanwezigheid van IGF-I receptoren in de hersenen suggereert

een belangrijke rol voor IGF-I in zenuw- en gliacellen. In de grijze stof zijn IGF-I receptoren

mogelijk aanwezig op zenuwcellen en suggereert een mogelijke rol voor IGF-I als

neuromodulator. Proefondervindelijk is aangetoond dat IGF-I de overlevingskans van

zenuwcellen uit het cerebrum, cerebellum, hypothalamus, striatum en pons verhoogt en deze

cellen beschermt tegen toxische invloeden. IGF-I kan ook een belangrijke signaalfunctie

hebben, omdat IGF-I de vrijmaking reguleert van acetylcholine (neurotransmitter) in

zenuwcellen van de hippocampus.

Door gebruik te maken van twee groeifactoranalogen, namelijk DES(1-3)IGF-I en R3IGF-I,

die uitsluitend affiniteit hebben voor IGF-I receptoren hebben we aangetoond dat het
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radioactief gemerkt IGF-I in normaal hersenweefsel daadwerkelijk gebonden is aan IGF-I

receptoren (hoofdstuk 3). Verder hebben wij aangetoond dat IGF-I receptoren aanwezig zijn

in de normale witte stof van MS hersenmateriaal en in MS plaques (hoofdstuk 4). Deze

bindingsexperimenten bevestigen de experimenten in hoofdstuk 2 en bewijzen dat de binding

van IGF-I niet wordt veroorzaakt door de mogelijke aanwezigheid van IGFBPs. De

adenohypofyse vormde een uitzondering. Hier werd de binding van IGF-I niet veroorzaakt

door IGF-I receptoren maar door een tot nu toe onbekend membraan gebonden complex. Wij

hebben aangetoond dat dit complex IGF-I afhankelijk is en dat het bestaat uit IGFBP-3 en uit

een zuur labiel proteïne of “acid-labile-subunit” (ALS-proteïne). In het serum bestaat een

gelijksoortig complex, met dit verschil dat het niet membraan gebonden is zoals in de

adenohypofyse. Het complex in het serum verzorgt het transport van endocriene (in de lever

aangemaakt) groeifactoren naar de verschillende doelgebieden. De aanwezigheid van een

membraan gebonden IGF-I/IGFBP-3/ALS-complex in de adenohypofyse suggereert een

gelijksoortige transportfunctie. Wat de precieze functie is van dit complex wordt op cellulair

niveau onderzocht.

In hoofdstuk 4 hebben wij IGF-I receptorconcentraties gemeten in twee groepen, namelijk in

de witte stof van normale hersenen en in de witte stof van MS hersenmateriaal inclusief MS

plaques. Het bleek dat IGF-I receptoren aanwezig zijn in beide groepen, namelijk in de witte

stof van normale hersenen en in de witte stof van MS hersenen. IGF-I receptorconcentraties

zijn tussen beide groepen niet verschillend. Deze resultaten suggereren dat IGF-I receptoren

aanwezig zijn op gliacellen (oligodendrocyten, astrocyten, micoglia) van normale hersenen en

MS hersenen. De aanwezigheid van IGF-I receptoren op oligodendrocyten suggereert dat

IGF-I kan gebruikt worden om het myelinisatieproces door oligodendrocyten te stimuleren

via deze receptoren. In MS plaques zijn IGF-I receptoren aanwezig op astrocyten en

microglia. In MS plaques zou IGF-I via IGF-I receptoren astrocyten kunnen stimuleren tot

astrogliose (vorming van littekenweefsel), met als resultaat dat voorlopers van

oligodendrocyten niet kunnen migreren naar gebieden waar remyelinisatie nodig is.

Experimenten op cellulair niveau hebben aangetoond dat IGF-I een sterk mitogeen

(celdelend) effect heeft en de groei, proliferatie en maturatie van astrocyten verhoogt.

Het IGF-systeem bevat ook een tweede type receptor, de IGF-II receptor. In hoofdstuk 5

hebben we de regionale distributie en de eigenschappen van IGF-II receptoren onderzocht in

normale hersenen en in MS plaques. De eigenschappen van IGF-II receptoren werden
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onderzocht door middel van kinetische bindingsexperimenten en de regionale distributie door

middel van autoradiografie. Bindingsexperimenten wezen uit dat IGF-II op de IGF-II receptor

bindt met hoge bindingsaffiniteit. De bindingsaffiniteit van IGF-II voor de IGF-II receptor is

tienmaal hoger dan die voor de IGF-I receptor. Autoradiografische experimenten hebben

aangetoond dat IGF-II receptoren homogeen verdeeld zijn in de grijze stof van normale

hersenen. Deze receptoren zijn sterk vertegenwoordigd in de granulaire cellaag van het

cerebellum, dit in tegenstelling tot IGF-I receptoren die zich voornamelijk in de moleculaire

cellaag van het cerebellum bevinden. Deze resultaten suggereren dat de regionale verdeling

van IGF-I en IGF-II receptoren verschillend zijn en dat de effecten van IGF-I en IGF-II

worden veroorzaakt door binding van hun afzonderlijke receptoren. Proefdierexperimenten

hebben aangetoond dat IGF-I en IGF-II afzonderlijke functies hebben. Zo heeft men

aangetoond dat IGF-I via de IGF-I receptor de vrijmaking van acetylcholine vermindert, dit in

tegenstelling tot IGF-II die via de IGF-II receptor de vrijmaking van acetylcholine verhoogt.

Een ander groot verschil tussen de verdeling van IGF-I en IGF-II receptoren is de afwezigheid

van IGF-II receptoren in de witte stof van normale hersenen en in de witte stof van MS. Deze

resultaten suggereren dat IGF-II receptoren niet voorkomen op de celmembraan van

gliacellen. Gezien IGF-I receptoren wel voorkomen in de witte stof van normale hersenen en

MS hersenen kunnen wij concluderen dat in beide processen (astrogliose en myelinisatie),

groeifactoren hun effecten niet veroorzaken via IGF-II receptoren, maar mogelijk wel via

IGF-I receptoren.

Voordat IGF-I kan worden toegediend in MS patiënten moet aangetoond worden of IGF-I het

doel kan bereiken, de IGF-I receptoren op de oligodendrocyten. In een proefdiermodel voor

MS, ratten met experimentele autoimmuun encefalomyelitis (EAE), heeft men de effecten van

IGF-I bestudeerd. Toediening van IGF-I (via het vatenstelsel) vermindert gevoelig de

vorming van letsels als gevolg van demyelinisatie. In hoofdstuk 6 hebben we de verschillende

componenten van het humaan IGF-systeem in de circulatie (serum en ruggenmergvocht)

onderzocht. We hebben aangetoond dat de fysiologische waarden van IGF-I, IGF-II en drie

belangrijke transport bindingsproteïnen, namelijk IGFBP-1, -2 en -3, niet zijn veranderd in

MS patiënten ten opzichte van controle patiënten.

Niet alleen IGF-I receptoren beïnvloeden IGF-I effecten, ook IGFBPs kunnen IGF-I en IGF-II

effecten op een negatieve of op een positieve manier beïnvloeden. In hoofdstukken 7 en 8

hebben we de aanwezigheid van IGF-I receptoren en zes verschillende IGFBPs onderzocht in
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gliacellen door middel van immunohistochemie. In MS hersenmateriaal hebben wij de

aanwezigheid van IGFBPs onderzocht in de witte stof rondom MS-plaques (periplaque witte

stof), omdat deze regio’s nog voldoende oligodendrocyten bevat.

De experimenten in hoofdstuk 7 hebben aangetoond dat de densiteit van IGF-I receptoren en

van twee bindingsproteïnen, namelijk IGFBP-1 en -6, is verhoogd in oligodendrocyten in MS

hersenmateriaal. De verhoogde densiteit van IGF-I receptoren op de celmembraan van

oligodendrocyten kan een gevolg zijn van een upregulatie van IGF-I receptoren bij een tekort

aan lokaal IGF-I. In verschillende dierexperimenten en ook bij groeistoornissen bij mensen is

aangetoond dat de expressie van IGF-I receptoren en de IGF-I receptorconcentraties verhoogd

zijn als gevolg van een lokaal en of circulerend tekort aan IGF-I. Of er daadwerkelijk een

tekort is aan IGF-I in de witte stof van MS hersenen hebben we niet onderzocht. Wel hebben

we gekeken of de verhoogde aanwezigheid van IGFBP-1 en -6 een invloed heeft op IGF-I

gemedieerde effecten. Door gebruik te maken van oligodendrocyten in kweek (in vitro)

hebben we twee belangrijke IGF-I afhankelijke effecten onderzocht, namelijk de overleving

van oligodendrocyten en de myelinesynthese door oligodendrocyten. Deze experimenten

hebben aangetoond dat deze twee bindingsproteïnen IGF-I gemedieerde effecten met 30%

verminderen. Deze resultaten suggereren dat de verhoogde aanwezigheid van IGFBP-1 en -6,

IGF-I gemedieerde effecten negatief beïnvloeden. De verhoogde aanwezigheid van deze twee

bindingsproteïnen zou ook kunnen verklaren waarom toediening van IGF-I aan MS patiënten

geen gunstig klinisch effect heeft. Beide bindingsproteïnen zouden IGF-I met hoge affiniteit

kunnen binden, waardoor de beschikbaarheid van IGF-I voor oligodendrocyten verlaagd.

Astrocyten en microglia spelen een belangrijke rol in de pathogenese van MS. Astrocyten

vormen het littekenweefsel, en beide gliacellen produceren cytokines. Cytokines op hun beurt

breken de myelineschede rondom zenuwbanen af. Activatie van astrocyten en microglia door

IGF-I kan leiden tot een verhoogde myeline afbraak en littekenvorming. In hoofdstuk 8

hebben wij aangetoond dat IGF-I receptoren aanwezig zijn op de celmembraan van astrocyten

en microglia in de witte stof van normale hersenen en in de witte stof van MS hersenen. Deze

resultaten suggereren dat IGF-I receptoren betrokken kunnen zijn bij de mediatie van IGF-I

effecten in astrocyten en microglia en bevestigen de resultaten van hoofdstuk 4.

Immunohistochemische experimenten hebben aangetoond dat alle zes IGFBPs aanwezig zijn

in astrocyten en dat microglia negatief zijn voor deze IGFBPs in de witte stof van normale

hersenen en in de normaal uitziende witte stof van MS hersenen. In de “periplaque” witte stof

hebben wij een verhoogde densiteit gemeten van IGFBP-2 en -4 in reactieve astrocyten, en
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geactiveerde microglia worden positief voor IGFBP-2. De specifieke functies van deze

bindingsproteïnen worden verder onderzocht op cellulair niveau (in vitro).

In hoofdstuk 9 hebben we het IGF-systeem onderzocht in ALS, een aandoening waar

motoneuronen afsterven. Door middel van immunohistochemische experimenten en

electroforese hebben wij de aanwezigheid onderzocht en de densiteit gemeten van IGF-I

receptoren en zes IGFBPs in motoneuronen in het ruggenmerg van normale, gezonde mensen

en ALS patiënten. Deze experimenten hebben aangetoond dat IGF-I receptoren aanwezig zijn

op motoneuronen van normaal ruggenmergweefsel. De densiteit van IGF-I receptoren was

aanzienlijk verhoogd op motoneuronen van ALS ruggenmergweefsel. Zoals eerder vermeld

kan een tekort aan vrij IGF-I (niet gebonden aan IGFBPs) leiden tot verhoogde expressie van

IGF-I receptoren. Door middel van electroforese experimenten hebben we onderzocht of er

daadwerkelijk een verschil was van vrij IGF-I in motoneuronen van normale, gezonde

mensen en ALS patienten. We hebben aangetoond dat het vrije IGF-I significant verminderd

was in motoneuronen van de voorhoornen in ALS ruggenmergweefsel ten opzichte van

normaal ruggenmergweefsel. Verder hebben wij aangetoond dat motoneuronen in ALS een

verhoogde immunoreactiviteit hebben voor drie bindingsproteïnen, namelijk IGFBP-2, -5 en -

6. Deze resultaten suggereren dat de verhoogde aanwezigheid van deze drie bindingsproteïnen

het gevolg was van de verlaagde beschikbaarheid van IGF-I die aanleiding is tot receptor

upregulatie in ALS. In de literatuur is beschreven dat IGFBP-2, -5 en -6 sterke remmers zijn

voor IGF-I gemedieerde effecten. Verder is er beschreven dat beschadigde motoneuronen

van ratten een verhoogde expressie van IGFBP-2, -5 en -6 tot uiting brengen. Onze resultaten

verklaren ook waarom behandelingen met IGF-I geen gunstige klinische effecten hebben bij

ALS patiënten, omdat het toegediende IGF-I mogelijk gebonden wordt aan IGFBPs en haar

doel de IGF-I receptor op de celmembraan van motoneuronen niet bereikt.
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Samenvattend kunnen wij concluderen dat het IGF-systeem een rol speelt bij MS en ALS.

Ons onderzoek heeft aangetoond dat er bij ALS een tekort is aan vrij IGF-I op cellulair

niveau. Vermoedelijk is dit ook bij MS het geval op het niveau van oligodendrocyten. Voor

de behandeling zou men stoffen kunnen gebruiken, die vrij IGF-I verhogen in

oligodendrocyten bij MS en in motoneuronen bij ALS. Mogelijke benaderingen zijn het

gebruik van proteasen die IGF-I dissociëren van IGFBPs en daardoor de beschikbaarheid van

het vrije IGF-I verhogen, het gebruik van IGF-I analogen die geen affiniteit hebben voor

IGFBPs of het gebruik van IGFBP-ligand inhibitoren die de binding tussen het vrije IGF-I en

IGFBPs verhinderen
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Ach = acetylcholine

ALS-protein = acid-labile subunit

ALS = amyotrophic lateral sclerosis

AVM = anterior medullary velum

BBB = blood-brain-barrier

BSA = bovine serum albumin

CNPase = 2’3’-cyclic nucleotid 3’-phospho-hydrolase

4-CN = 4-chloro-1-naphtol

CNS = central nervous system

CNTF = ciliary neurotrophic factor

CSF = cerebrospinal fluid

DAB = diaminobenzidine

DMEM = Dulbecco’s modified Eagle’s medium

DNA = deoxyribonucleic acid

EAE = experimental autoimmune encephalomyelitis

ECM = extracellular matrix

EDTA = ethylene-diamine-tetraacetic acid

ERK = extracellular signal related protein kinase

FITC = fluorescein isothiocyanate

GAP = growth cone associated protein

GFAP = glial fibrillary acidic protein

GH = growth hormone

GPE = glycine-proline-glutamate (gly-pro-glu) tripeptide

Grb2 = growth factor receptor bound-2 protein

GTP = guanine-tri-phosphate

HI = hypoxic-ischemia

HRP = horseradish peroxidase

IL = interleukin

IGF = insulin-like growth factor

IGFBP = insulin-like growth factor binding protein

IR = insulin receptor

IGF-IR = insulin-like growth factor-I receptor

IGF-IIR = insulin-like growth factor-II receptor

IGFBP-rPs = insulin-like growth factor binding protein-related proteins
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IRS = insulin-related substrate

kDa = kilo Dalton

M6P = mannose-6-phosphate

MAP = mitogen activated protein

MKK = mitogen activated protein kinase kinase

MND = motor neuron disease

MS = multiple sclerosis

NaDOC = sodiumdeoxycholic acid

NBT = p-nitrobluetetrazolium

NP-40 = nonidet P-40

PAGE = polyacrylamide gel-electrophoresis

PBS = phosphate buffered saline

PH = plextrin homology

PI = phosphoinositol

PN = protease nexin

PNS = peripheral nervous system

PSA = prostate specific-antigen

RNA = ribonucleic acid

rpm = rotation per minutes

SDS = sodium dodecyl sulphate

SH2 = src homology 2

Tris = tris(hydroxymethyl)aminomethane

TBS = tris buffered saline

TGF = transforming growth factor

TNF = tumor necrosis factor

TRITC = tetramethylrhodamine isothiocyanate



170



171

List of publications



172

Full articles

1. Wilczak N, Kühl N, Chesik D, Hoekstra D, De Keyser J. Upregulation of insulin like

growth factor binding proteins -1 and -6 in oligodendrocytes in chronic multiple sclerosis

plaques. Submitted

2.  Chesik D, Kühl N, Wilczak N, De Keyser J. Enhanced expression and proteolytic

degradation of insulin-like growth factor binding protein-2 in an in vitro model of reactive

astrogliosis. Submitted

3. Wilczak N, de Vos R, De Keyser J. Free insulin-like growth factor (IGF)-I binding

proteins 2, 5, and 6 in spinal motor neurons in amyotrophic lateral sclerosis. The Lancet

2003, 361: 1007-1011

4. Zeinstra E, Wilczak N, De Keyser J. Reactive astrocytes in chronic active plaques of

multiple sclerosis express co-stimulatory molecules B7-1 and B7-2. J Neuroimmunology

2003, 135: 166-171.

5.  Zeinstra E, te Riele P, Langlois X, Wilczak N, Leysen J, De Keyser J. Aminergic

receptors in astrogliotic plaques from patients with multiple sclerosis. Neurosci Lett 2002,

331: 87-90.

6. Wilczak N, Kühl, Chesik D, Geerts A, Luiten P, De Keyser J. Insulin-like growth factor

(IGF)-I binding to a cell membrane associated IGF binding protein-3 acid-labile subunit

complex in human anterior pituitary gland. J Neurochem 2002, 82: 430-438.

7. De Keyser J, Wilczak N, Walter JH, Zurbriggen A. Disappearance of beta2-adrenergic

receptors on astrocytes in canine distemper encephalitis: possible implications for the

pathogenesis of multiple sclerosis. Neuroreport 2001, 12: 191-194.

8. Zeinstra E, Wilczak N, De Keyser J. [3H]dihydroalprenolol binding to beta2-adrenergic

receptors in multiple sclerosis brain. Neurosci Lett 2000, 289: 75-77.



173

9. Wilczak N, De Bleser P, Luiten P, Geerts A, Teelken A, De Keyser J. Insulin-like growth

factor II receptors in human brain and their absence in astrogliotic plaques in multiple

sclerosis. Brain Res 2000, 28: 282-288.

10. Zeinstra E, Wilczak N, Streefland C, De Keyser J. Astrocytes in chronic active sclerosis

plaques express MHC class II molecules. Neuroreport 2000, 11: 89-91.

11. De Keyser J, Wilczak N, Leta R, Streefland C. Astrocytes in multiple sclerosis lack beta-

2 adrenergic receptors. Neurology 1999, 53: 1628-1633.

12. Wilczak N, Schaaf M, Bredewold R, Streefland C, Teelken A, De Keyser J. Insulin-like

growth factor system in serum and cerebrospinal fluid in patients with multiple sclerosis.

Neurosci Lett 1998, 257: 168-170.

13. Wilczak N, De Keyser J. Insulin-like growth factor-I receptors in normal appearing white

matter and chronic plaques in multiple sclerosis. Brain Res 1997, 772: 243-246.

14. De Keyser J, Wilczak N. Platelet derived growth factor receptors in the human central

nervous system: autoradiographic distribution and receptor densities in multiple sclerosis.

Neurosci Res Comm 1997, 179-186.

15. De Keyser J, De Backer JP, Wilczak N, Herroelen L. Dopamine agonists used in the

treatment of Parkinson’s disease and the selectivity for the D1, D2, and D3 dopamine

receptors in human striatum. Prog Neuropsychopharmacol Biol Psychiatry 1995, 19:

1147-54.

16. Flamez A, De Backer JP, Wilczak N, Vauquelin G, De Keyser J. [3H]clozapine is not a

suitable radioligand for the labelling of D4 dopamine receptors in postmortem human

brain. Neurosci Lett 1994, 175: 17-20.

17. De Keyser J, Wilczak N, De Backer JP, Herroelen L, Vauquelin G. Insulin-like growth-I

receptors in human brain and pituitary gland: an autoradiographic study. Synapse 1994,

17: 196-202.



174

18.  Herroelen L, De Backer JP, Wilczak N, Flamez A, Vauquelin D, De Keyser J.

Autoradiographic distribution of D3-type dopamine receptors in human brain using [3H]-

7-hydroxy-N,N-di-n-propyl-2-aminotetralin. Brain Res 1994, 648: 222-228.

19. De Keyser J, Wilczak N, Goossens A. Insulin-like growth factor-I receptor densities in

human frontal cortex and white matter during aging, in Alzheimer’s disease, and in

Huntington’s disease. Neurosci Lett 1994, 172: 93-96.

20. De Keyser J, Vauquelin G, De Backer JP, De Vos H, Wilczak N. What intracranial

tissues in humans contain sumatriptan-sensitive serotonin-5-HT1-type receptors. Neurosci

Lett 1993, 164: 63-66.



175

Nawoord



176

Een proefschrift schrijf je niet alleen. Dit proefschrift is tot stand gekomen dankzij de inzet en

hulp van velen. Daarom wil ik allen danken die hierin een bijdrage hebben geleverd.

Mijn grootste dank gaat uit naar mijn promotor Jacques de Keyser. Jacques wij kennen

mekaar al een lange tijd. Jij bent diegene geweest die in mij geloofde en mij de kans hebt

gegeven om als werkstudent aan de ‘Vrije Universiteit Brussel’ kennis te maken met het

wetenschappelijk onderzoek. Ook heb ik dankzij jou de mogelijkheid gekregen werken en

studeren te combineren, om mijn studies ‘Biomedische Wetenschappen’ af te ronden.

Vervolgens ben ik via jou in Groningen begonnen als onderzoeker in het groeifactor-systeem.

Ik had nooit gedacht ooit te promoveren. Ik weet dat onderzoek doen niet gemakkelijk is,

zeker wat betreft het nemen van conclusies om de zaken goed af te ronden. Gelukkig heb jij

mij hierin altijd bijgestaan en ik hoop dat dit werk voor jou een grote voldoening moge zijn.

In ieder geval hebben wij op korte tijd heel wat gepresteerd wat betreft het MS-onderzoek en

ik hoop dat dit ook zo kan blijven.

Bert Geerts, jij hebt mij de mogelijkheid gegeven om gebruik te maken van het

“celbiologisch” lab te Brussel, waar ik mijn eindverhandeling heb geschreven om af te

studeren in de Biomedische Wetenschappen. Jouw kennis over de moleculaire biologie,

kritische kijk en je hartelijkheid hebben mijn zin naar wetenschappelijk onderzoek zeker goed

gedaan. Alhoewel ik dagelijks 250 km aflegde, van Maasmechelen naar Brussel, kon ik het

niet laten dagelijks tot zeker na 21h te werken, inclusief de weekends. Het hypofyse verhaal

heeft in ieder geval een mooi einde gekregen. Dank je wel Bert voor je steun.

Paul Luiten, je weet het wel in Groningen moest nog alles opgestart worden en gelukkig

kwam ik jou tegen, want jij hebt mij de mogelijkheid gegeven om in het laboratorium

‘Dierfysiologie’ de eerste groeifactor-experimenten op te starten. Dankzij de gemoedelijke

sfeer en de hulp van meerdere personen, hebben de groeifactor-experimenten geleid tot enkele

publicaties. Ook als mijn tweede promotor, wil ik jou danken voor de positieve kritiek die je

hebt gegeven over mijn proefschrift.

De leescommissie bestaande uit Prof dr D. Hoekstra, Prof dr G. Holstege en Prof dr A. Geerts

wil ik danken voor hun snelle en kritische beoordeling van dit proefschrift.
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De Raad van Bestuur van het Academisch Ziekenhuis Groningen, het Faculteitsbestuur en de

“Stichting Vrienden MS Research” wil ik bedanken voor hun financiële steun. Zonder deze

was het niet mogelijk geweest dit onderzoek te realiseren en dit proefschrift te schrijven.

Cerien Streefland, wat heb ik genoten om met jou achter de confocal-microscoop te zitten en

vervolgens op zoek te gaan naar beta2-receptoren. Wij hebben een korte tijd samengewerkt,

maar in die tijd heb jij mij heel wat geleerd om kleuringen kritisch te bekijken. Ik hoop dat je

een leuke baan hebt waar je een mooie toekomst kunt opbouwen. Wij hebben nooit het

contact verloren en zeker nu verheugt het mij dat jij één van mijn paranimfen bent.

Nicole Kühl, je eigen bloed heb je afgestaan om maar te bewijzen dat het ALS-protein geen

contaminatie was uit de circulatie, een prachtmeid ben je. Ook je grote kennis over het IGF-

systeem zijn voor mij een uitkomst geweest om resultaten goed te interpreteren en heb ik

dank zij jou efficiënter gebruik kunnen maken van de beschikbare apparatuur. Daarbij heb je

mij tijdens het “Groeifactor Congres” in Australië bijgestaan om het praatje “hypofyse” een

succesvol einde te geven. Nicole ik mis je nog steeds.

Gerry Hoogenberg, als beheerder van ons lab, heb ik veel aan jou te danken. Jij bent voor mij

een welkome steun geweest om de verhuizing van ons lab goed te doen laten verlopen.

Wetende dat ik altijd bij jou terecht kan voor administratieve- en beheerszaken geeft mij een

goed gevoel. Ik hoop dat wij nog lang mogen samenwerken.

Margreet Schaaf en Albert Teelken, medewerkers van het Neurobiochemisch lab, wil ik

hartelijk danken voor het verzamelen van patiëntenmateriaal, voor het realiseren van ELISA-

en RIA-bindingsexperimenten, en de hieruit vloeiende resultaten. Reint, jij was er altijd die

voor mij speciale PBS-buffers en of andere hulpgrondstoffen bestelde. Bedankt daarvoor.

Danny Chesik, Felix Geeraedts, Esther Zeinstra en Koen Glazenburg, onderzoeksgroep

Neurologie, jullie kritische kijk en positieve suggesties hebben zeker bijgedragen tot het

vormen van goede discussies in dit proefschrift. Ook Anet Ponte wil ik danken. Je hulp was

onmisbaar. Jij hebt mij heel wat werk uit handen genomen, werk dat zeker moest gedaan

worden om een “research-lab” goed te laten draaien.
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Tinneke Bijzitter (secretaresse Neurologie), gelukkig was jij er als ik een fax, kopieerapparaat

en of printer nodig had. Regelmatig heb ik menig printer geblokkeerd (ik weet niet waarom)

om “adobe-foto’s” uit te printen. Jij was er altijd om alles weer aan de praat te brengen.

Mijn paranimfen, Claire Keizer, Patricia Braumuller en Cerien Streefland, ben ik zeer

erkentelijk omdat zij een groot en “super-de-luxe” feest voor mij organiseren. Het is heerlijk

het gevoel te hebben dat deze drie dames alles tot in de puntjes regelen, wetende dat er niets

fout kan gaan.

Als laatste wil ik mijn ouders danken, want zonder hun stond ik hier niet. Moeder, dank je wel

voor het leven. Jouw bijdrage om mij te laten studeren, optimisme en gezonde kijk over het

leven hebben mij laten groeien en worden tot datgene wat ik nu ben. Ik weet dat papa er niet

meer is, maar ik voel toch zijn aanwezigheid. Ik hoop dat hij in ieder geval geestelijk

aanwezig zal zijn tijdens mijn verdediging.

Dank je wel, papa en mama, voor het leven.

Dank je wel allen.




