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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
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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.



IGFBPs in astrocytes and microglia 125

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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