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Abstract 
 
In this study, we examined the presence of IGFBP-1-6 in astrocytes under normal 

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

immunohistochemistry and confocal laser microscopy. Under normal conditions all 6 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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