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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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