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Abstract 
 
Insulin-like growth factors (IGFs) protect neurons, are important for oligodendrocyte 

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

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

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

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

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

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

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

immunocytochemical images. Semi-quantitative PCR analysis demonstrated equal 

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

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

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

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

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

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

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

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

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

proteases may play a role in enhancing the availability of IGFs. 
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Introduction 
In contrast to neurons and oligodendrocytes that are highly differentiated and have 
limited proliferative capacity, astrocytes are highly plastic and possess the potential to 
proliferate and migrate (Fawcett and Asher, 1999; Lee and Brosnan, 1997). Damage to 
the central nervous system (CNS) caused by injury or in the course of disease results in 
a rapid response from resident astrocytes, a process referred to as reactive astrogliosis. 
This phenomenon is characterised by hypertrophy, cell migration, cell proliferation and 
increased expression of glial fibrillary acidic protein (GFAP) (Eddleston and Mucke, 
1993; Fawcett and Asher, 1999; Norton et al., 1992; Wu and Schwartz, 1998; Wu et al., 
1998). Following cell division and migration to a damaged site, a glial scar, comprised 
predominantly of astrocytes, is eventually formed creating a structure that impedes 
repair processes (Fawcett and Asher, 1999; Fok-Seang et al., 1995). Reactive 
astrogliosis is not only observed following physical assaults to the brain, but also in a 
wide variety of pathological situations of the CNS, such as in multiple sclerosis (MS) 
(Fawcett and Asher, 1999; Norton et al., 1992). Although the function of this 
mechanism has not been elucidated, glial scarring ultimately forms an obstacle 
preventing axonal growth and remyelination of demyelinated axons. There is 
considerable interest in finding ways to prevent glial scarring. A better understanding of 
the functional biology of astrogliosis may lead to the development of therapeutic 
interventions that can be used in treating patients. 
Insulin-like growth factor-1 and -2 (IGF-1 and -2) are trophic factors that are present in 
the CNS and expressed in astrocytes (Chernausek, 1993). IGF-1 stimulates migration 
and differentiation of oligodendrocyte precursor (O2A) cells, promotes remyelination of 
axons by stimulating myelin protein synthesis in oligodendrocytes (Kuhl et al., 2002; Li 
et al., 1998; Yao et al., 1996), and possesses neuroprotective properties (Loddick, 
1998). However, this trophic factor also stimulates astrocytic growth and migration and 
can contribute to the formation of the inhibitory glial scar environment (Eng and 
Ghirnikar, 1994; Han et al., 1992). Effective therapeutic application of IGF-1 in MS or 
other conditions of CNS injury should, therefore, include measures to avoid its 
stimulating effect on astrocytes in order to prevent increasing severity of the lesion. 
Modes of IGF action are regulated by 6 structurally distinct IGF-binding proteins 
(IGFBPs) that may have either stimulating or inhibitory effects on cell growth or 
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survival (Baxter, 2000; Jones and Clemmons, 1995; Kelley et al., 1996). Depending on 
IGFBP or IGFBP protease bioavailability in the extracellular milieu the actions of IGFs 
can be influenced as to promote or prevent IGF-induced cell growth or survival. 
IGFBPs that are secreted in the extracellular space can sequester IGFs and prevent 
interaction with the IGF-1 receptor. Alternatively, IGFBPs can target IGFs to specific 
cell types by interacting with cell surface structures (Baxter, 2000; Jones and 
Clemmons, 1995). Proteolysis of IGFBPs can release IGFs from complexes and target it 
to specific cell types. 
When considering the potential of IGF-1 as a therapeutic agent, regulatory factors such 
as IGFBPs and proteases must be taken into consideration. The major IGFBP expressed 
by resting and reactive astrocytes is IGFBP-2 suggesting important functional roles of 
this binding protein in IGF regulation in the CNS (Beiharz et al., 1998; Chernausek et 
al., 1993; Gehrmann et al., 1994; Liu et al., 1994; Loret et al., 1991; Mewar and 
McMorris, 1997; Ocrant et al., 1990; Yao et al., 1995). In this study, we have performed 
a quantitative characterisation of IGFBP-2 expression patterns in reactive (proliferating) 
as compared to resting (differentiated) astrocytes in an in vitro situation that models 
reactive astrogliosis. 
 
 
MATERIALS AND METHODS 
 
Materials 
Tissue culture plasticware was obtained from Nalge Nunc International (Roskilde, 
Denmark). All other cell culture materials were purchased from Gibco BRL (UK). MTT 
(3-[4, 5-Dimethylthiazol-2-yl]-2, 5-diphenyl-tetrazolium bromide) was purchased from 
Sigma (Saint Louis, USA). Chemicals for SDS-PAGE and Western blot were obtained 
from BioRad (Veenendaal, The Netherlands). Propidium iodide (PI) and RNAse for 
FACS measurements were obtained from Sigma (Saint Louis, USA). Primary 
antibodies used were anti-GFAP (Boehringer Mannheim Biochemica, Germany), anti-
Vimentin (Sigma, Saint Louis, USA), anti-ED-1 (Chemicon International, Temecula, 
CA), anti-rat IGFBP-2 (Gropep, Australia) and anti-human IGFBP-2 (Gropep, 
Australia). Recombinant human IGFBP-2 (rhIGFBP-2) peptide for protease 
experiments was obtained from Gropep, Australia. Broad spectrum protease inhibitor 
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cocktail was purchased from Sigma. For RNA isolation we utilised the RNeasy Mini 
Kit from Qiagen (Valencia, CA). All reagents for reverse transcription and all primers 
were obtained from Life Technologies (Paisley, UK). The High Fidelity PCR Master kit 
was obtained from Roche (Indianapolis, IN). For PCR product purification we 
employed the kit sephadex G-50 (Amersham Biosciences, 27-5340-10) and for 
sequencing the sequencing kit Dyenamic ET-Terminator kit (Amersham Biosciences, 
US81090). 
 
Cell cultures 
Primary rat astrocyte cultures were prepared according to a shake-off protocol described 
previously (McCarthy and de Vellis, 1980). Briefly, cerebral hemispheres of 1 day-old 
Wistar rats were freed from the meninges and mechanically disrupted using a Pasteur 
pipette. After centrifugation (10 min, 300*g) single cell suspensions were transferred to 
culture flasks (1 brain/flask) and cultivated for 5 to 6 days in growth medium (DMEM 
containing; 10% FCS, 5 µg/ml pyruvate, 2 mmol/l glutamine, 50 U/ml penicillin, and 
50 µg/ml streptomycin). Growth medium was supplemented twice a week. 7 to 12 days 
after plating, O2A precursor cells and microglia were removed by shaking-off overnight 
at 250 rpm and 37°C. Suspended cells were counted and plated on bacterial dishes for 
30 minutes for adhesion of microglia. Oligodendrocytes in suspension were removed 
and remaining microglia were supplemented with culture medium. Two shake-off 
procedures were performed followed by trypsination of the astrocytic monolayer. The 
suspended cells were filtrated through 100 µm mesh nylon membranes, centrifuged 
(300*g, 15 min), counted and plated into poly-L-lysine- (PLL)-coated culture dishes or 
multiwells. 2 h after plating, growth medium was removed and cells rinsed with 
phosphate buffered saline (PBS) followed by addition of a chemically-defined, insulin-
free medium (CDM: DMEM containing 5 µg/ml pyruvate, 2 mmol/l glutamine, 50 U/ml 
penicillin, 50 µg/ml streptomycin, 5 µg/ml transferrin, and 5 ng/ml selenite) for 
cultivation of differentiated astrocytes. Proliferating astrocytes were cultivated in 
growth medium as described above supplemented with 10% FCS. Purity of cultures 
were examined by staining with the astrocytic marker GFAP and found to be 95% pure. 
Major contaminating cells in astrocyte cultures were microglia and identified by the 
microglia-specific marker ED-1. 
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Cell proliferation assay 
Primary rat astrocytes were plated (50,000 cells/well) into PLL-coated 12-well plates. 
Two hours after plating growth medium was removed, cells rinsed once with PBS, and 
culture medium was added. Cells were cultivated in CDM with and without 
supplementation of recombinant human IGF-1, des-IGF-1 or in medium containing 10% 
FCS. Des-IGF-1 (des-(N1-3)-IGF-1) is an IGF-1 analog that binds to the IGFBPs with 
negligible affinity. After 72 h a MTT assay was performed using a protocol according to 
the manufacturer’s instructions (Sigma, Saint Louis, USA). Recombinant IGF-1 and 
Des-IGF-1 were dissolved according to the manufacturers instructions (Gropep, 
Australia) and supplemented into the medium every 24h at a concentration of 10ng/ml. 
 
Flow cytometry 
Cells were plated on to 10cm2 dishes in equal numbers (1,000,000 cells/plate). Cells 
cultivated in serum free CDM were harvested by trypsinization on day 3 and 5. 
Proliferating cells cultured in 10% FCS were trypsinated on day 3. Day 5 differentiated 
cells were restimulated with serum to obtain proliferating cultures that were harvested 
on day 7. Following harvest cells were fixated in 70% ethanol and stored overnight at -
20°C. For DNA measurements, cells were centrifuged for 10 min at 300*g, and the 
pellet was resuspended in PBS. Cell aggregates and doublets were excluded by filtering 
the solution through a 30 µm mesh nylon net. After centrifugation, cells were 
resuspended in PBS containing 50 µg/ml propidium iodide and 10 mg/ml RNase and 
stained for 45 min. DNA analysis was performed with a FACS Caliber flow cytometer 
(Becton Dickinson, San Jose, California) using the WinList 32 software. Cell cycle 
phase distribution of 10.000 single cells was analyzed by software gating tools while 
remaining cell doublets were excluded from evaluation. 
 
Western blot 
Astrocytes were plated on to 10cm2 dishes in equal numbers (1,000,000 cells/plate) and 
cultivated for 3 days. Samples were made from cell lysates by rinsing cells twice with 
PBS and once with distillated water. Cells were than scraped together with a rubber cell 
scraper and lysated with 3X sample buffer containing; 30% glycerol, 15% β-
mercaptoethanol, 9% SDS, 100mM Tris*Cl and 0.2% bromophenol blue. Samples were 
boiled for 5 minutes and centrifuged at 10,000g for 5 minutes. Pellet was discarded and 
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protein concentration of the supernatant was measured according to the Neuhoff 
procedure. For cell lysates, SDS-PAGE was performed running 50 µg protein/lane on 
12.5 % gels. For medium samples, equal volumes of medium were centrifuged through 
Centricon-10 tubes (10 kDa cut-off), concentrated 100-fold and dissolved in 3x sample 
buffer. Equal volumes (45 µl) were run on 12.5 % gels. Proteins were blotted onto 
PVDF membranes for 1h at 350 mA. Membranes were blocked for 30 minutes in TBS-
T (6 g/l Tris-Base, 8 g/l NaCl, 0.2 g/l KCl, 0.2% (vol/vol) Tween 20, pH 7.6), 
containing 1% BSA. Incubations with the primary antibodies (1:200 for IGFBP-2 and 
1:1000 for vimentin and GFAP) were performed overnight at 4°C in TBS-T. The 
secondary alkaline phosphatase-conjugated antibody was diluted 1:20.000 and applied 
for 1 h at RT. NBT/X-phosphate was applied as a substrate for band detection. Bands 
were scanned and pixel densities calculated using the NIH Scion Image software. 
 
Immunofluorescence staining 
Astrocytes were plated in 12-well plates (50,000 cells / well) containing glass cover 
slips coated with poly-L-lysine (incubation 30 minutes at RT) and cultured under 
experimental conditions as described above in CDM or medium containing 10% FCS. 
Following 3 days cultivation, cells were rinsed 3 times in PBS and fixated in 
paraformaldehyde for 20 minutes at RT. After rinsing with PBS cells were treated with 
triton-X-100. Blocking was performed with 5% dried milk powder and 1% BSA for 30 
minutes. Primary anti-bodies used were mouse-anti-GFAP, mouse anti-vimentin and 
rabbit anti-rat IGFBP-2. Secondary antibodies were FITC labelled anti-mouse (Zymed, 
San Francisco, Ca., USA) or TRITC labelled anti-rabbit antibodies (Sigma, St Louis 
Mo., USA). Glass cover slips were mounted with fluorescent mounting medium 
(DAKO, Carpinteria, Ca. USA) and photographs were taken with an Axiophat 
fluorescent microscope (Zeiss, Germany). 
 
Semi-quantitative RT-PCR 
Total RNA was isolated from primary astrocytes using the RNeasy Mini Kit and 
following the manufacturers’ instructions. Purified RNA was analysed by ethidium-
bromide stained gel, in order to verify that there was no degradation. Single stranded 
cDNA was synthesized from 5 µg total RNA using 2.5 µg Oligo (dT) 12-18 primer, 
1000 units Superscript RT II, 20 µl first strand buffer, 10 mM DTT and 0.5 mM 
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dNTP in a total volume of 100 µl. Isolated RNA and the Oligo (dT) primer were 
denatured at 65°C for 15 min and placed on ice for 5 min before addition to the reaction 
tube. Reverse transcription was performed for 1 h at 37°C, and samples were 
subsequently heated at 99°C for 5 min to terminate the reaction. PCR was performed 
with the High Fidelity PCR Master using 250ng cDNA and 7.5 pmol sense and 
antisense primer. The final reaction volume was 50 µl. The tubes were incubated in a 
GeneAmp PCR System 9700 (Perkin-Elmer, Norwalk, CT) at 94°C for 5 min to 
denaturate the cDNA and primers. The cycling program was 94°C for 30 s, 62°C for 40 
s, and 72°C for 40 s for GAPDH and 94°C for 30 s, 65°C for 40 s, and 72°C for 40 s (7 
min in the last cycle) for IGFBP-2. For each primer set and sample, an increasing 
number of PCR cycles (20 to 32) were performed with otherwise fixed PCR conditions 
for semi-quantitative evaluation. The following primer pair was employed for IGFBP-2: 
5’-GCAGGTTGCAGACAGTGAGG-3’ (upstream) and 5’-
GAAGGCGCATGGTGGAGATG-3’ (downstream), yielding a 293 bp amplified 
product. In each experiment, water, RNA, cDNA without primers as well as cDNA with 
only sense or antisense primers was used as a negative control to check for 
contamination and specificity. 10 µl of each PCR product was separated on 2.0% 
agarose gels, stained with ethidium bromide, and photographed using a Polaroid DS34 
Instant Screen Direct Camera (Hertfordshire, UK). To insure specificity PCR products 
were sequenced. Prior to analysis on MegaBACE 1000 sequencing system (Amersham 
biosciences, Molecular Dynamics, 63-0034-24), PCR products were purified with 
AutoSeq96 filter plate containing DNA Grade Sephadex G-50 (sephadex G-50, 
Amersham Biosciences, 27-5340-10). We utilized the sequencing kit (Dyenamic ET-
Terminator kit Amersham Biosciences, US81090). MegaBACE long-read matrix 
(Amersham biosciences, US79676) generated sequence data was analyzed with 
basecaller Cimarron 2.19. This cDNA sequence was compared with the sequence 
available in the GenBank DNA databases and was identical to the known rat IGFBP-2 
sequence. (GenBank accession number M31672; rattus norvegicus cDNA position 
(474-766). 
 
Protease detection 
Detection of IGFBP-2 protease presence in the culture medium of astrocytes and 
microglia was performed by collecting 1 ml of culture medium from 3 day old cultures 
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of serum free and serum supplemented cells. 200ng of recombinant human IGFBP-2 
(rhIGFBP-2) was added to each sample and incubated 2h at 37°C. Positive controls 
consisted of rhIGFBP-2 incubated in culture medium without serum addition and 
without prior cell contact. Negative controls consisted of rhIGFBP-2 incubated in 
culture medium with serum addition and without prior cell contact to exclude protease 
presence in FCS added to proliferating cultures. For protease inhibition, samples were 
treated with a protease inhibitor cocktail (Sigma, Saint Louis, USA) in order to inhibit 
degradation induced by a broad spectrum of proteases. Following incubation samples 
were subjected to TCA (trichloric acetic acid) precipitation. 60 µl/ ml TCA (100%) and 
0.5% Na-desoxycholate was added and samples were incubated on ice for 30 min 
followed by centrifugation at 14000 rpm for 30 min. Pellets were resuspended in 100µl 
sample buffer and boiled. Presence of IGFBP-2 protease was determined by Western 
blot analysis of rhIGFBP-2 degradation indicated by decrease of band size as compared 
to positive controls. 
 
Statistical analysis 
All experiments were performed 5 times each. For any given experiment, each data bar 
represents the mean +/- SEM of values obtained in separate experiments. The data were 
analysed by analysis of variance using the program Instat for Macintosh, and statistical 
significance was determined with the unpaired student’s t-test. Values of P<0.05 were 
considered significant. 
 
 
RESULTS 
Changes in morphology and the expression of GFAP and vimentin 
Contrasting properties of differentiated and proliferating astrocytes were observed when 
the cell morphology was examined by light microscopy (Fig. 1A). Astrocytes that were 
cultivated in medium with 10% FCS (proliferating astrocytes) committed themselves to 
a wide and spacious form. Processes were not extended and cell bodies retained a broad 
appearance. Cells cultivated in serum deprived CDM revealed extreme changes that 
occurred after 72 h in culture. Compared to proliferating astrocytes these cells 
(differentiated astrocytes) displayed an overall decrease in cell body size and an 
extension of their processes. 
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Astrocytes in vivo are known to express low levels of GFAP. With onset of growth and 
migration following injury or during inflammation GFAP expression in reactive 
astrocytes is drastically increased (Eddleston and Mucke, 1995; Eng and Ghirnikar, 
1994; Fawcett and Asher, 1999). Similarly, vimentin expression is increased in reactive 
astrocytes (Wu et al., 1998; Yamada et al., 1992). Fig.1B shows immunocytochemical 
images of differentiated and proliferating cells stained with GFAP and vimentin, 
displaying the contrasting morphological alterations. In order to investigate whether this 
attribute was accompanied by differential expression patterns, Western blot detection of 
GFAP and vimentin was performed. Respective bands of the 52 and 58 kDa proteins 
were identified and found to differ in intensity (Fig. 1C; data only shown for GFAP). 
Quantitative evaluation of protein levels revealed increased expression in proliferating 
cells of 28% and 35% for GFAP and vimentin (P<0.05), respectively. 
 
Flow cytometric measurements 
In order to elucidate whether changes in the proliferative status occurred following 
serum withdrawal, flow cytometric DNA measurements were performed (Fig. 2). 
Differences between the cell dispositions are depicted as histograms in Fig. 2A, which 
provide the empirical data for the graph in Fig 2B. Cells with a G1 DNA content 
(G0/G1 fraction) were compared with the cycling fraction (S- and G2/M-phase cells). 
As serum withdrawal generally arrests cells in the G0/G1-phase, cells within other 
phases continue to proceeding through the cell cycle and are termed cycling cells. 
Astrocytes cultivated 3 days in 10% FCS displayed a distribution of cells throughout the 
cell cycle. Following serum withdrawal astrocytes showed an increased G0/G1-phase 
fraction and decreased S- and G2/M-phase fractions. Serum withdrawal influenced the 
distribution by decreasing the fraction of cycling cells from 34.6% to 14.3% (p<0.05 
compared with control), demonstrating reduced proliferative capacity. After 
restimulation of cells by FCS supplementation to culture medium at day 5, astrocytes 
displayed similar cell cycle-phase fraction distributions as day 3 proliferating cells. 
After one week in culture, proliferating astrocytes formed a monolayer and only ceased 
to proliferate after contact inhibition prevented further growth, whereas differentiated 
cells displayed limited cell division causing cell numbers to remain low. Despite slow 
growth rates, survival of astrocytes cultivated in CDM was confirmed after 3 weeks 
(data not shown). 
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Figure 1: Differentiated and proliferating astrocytes 
 
A. Light microscopy. Astrocytes were plated in equal amounts, cultivated in medium with 10% 
serum for 2h and subsequently exposed to a chemically defined medium or culture medium 
containing 10% FCS. After 3 days of cultivation microphotographs were taken. 
Microphotographs depict (a) differentiated astrocytes cultivated in serum deprived medium and 
(b) proliferating astrocytes cultivated in 10% FCS. Scale bars = 50µm. 
 
B. Immunocytochemical staining of GFAP and vimentin. In differentiated astrocytes (a and 
b; 0% FCS) cell bodies are small and processes elongated. In proliferating astrocytes (c and d; 
10 % FCS), cell bodies are broad with processes remaining limited in size and number. Scale 
bars = 10µm. 
 
C. Western blot analysis of GFAP. Cell lysate samples were made under denaturating 
conditions and proteins were subjected to SDS page and western blotting. Staining was 
performed with alkaline phosphatase. Densitometric measurements of band intensities are 
displayed in the graph below the blot. Quantitative evaluations derived from densitometric 
measurements are given in % of control. Data are expressed as the mean ± SEM of 5 separate 
experiments. *, p<0.05 compared to control. 
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Figure 2: Flow cytometric measurements 
Astrocytes were plated in equal amounts, cultivated in medium with 10% serum for 2h and 
subsequently exposed to a chemically defined medium or culture medium containing 10% FCS. 
Cells were then cultivated 3 days in 10% FCS, 3 and 5 days in 0% FCS and 5 day differentiated 
cells were restimulated with medium containing 10% serum and harvested on day 7. After 
harvesting, cells were fixated, PI stained and DNA content was measured by flow cytometery. 
 
A. Representative DNA-histograms of a 7 day kinetic. (a) depicts the cell cycle distribution 
of proliferating cells. (b) and (c) are histograms of differentiated cells on day 3 and 5, 
respectively. Histogram (d) represents restimulated cells on day 7 after serum supplementation 
of differentiated cells on day 5. 
 
B. Empirical data from the histograms. Cell number is given in % of total cells. Graph shows 
a comparison between cycling cells (cells in S- and G2/ M-phases) and cells in G0/G1 phase. 
Data represents mean ± SEM of 5 experiments. *, p<0.05 compared to control.  
 
 
Proliferation assays 
MTT conversion in cultures reflects the number of cells in the system. Duration of this 
experimental setting was 3 days, limiting the number of cell divisions and, therefore, the 
capacity of MTT conversion. Supplementation of IGF-1 or Des-IGF-1 to CDM induced 
an increase of proliferation of 33% and 58%, respectively (p<0.05 compared with 
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control) (Fig. 3). These data confirm the importance of IGF-1 as a growth factor for 
astrocytes. Since Des-IGF-1 does not bind to IGFBPs the influence of endogenous 
IGFBPs can be circumvented. Endogenous IGFBPs apparently sequestered 
supplemented IGF-1 and, compared to Des-IGF-1, reduced the proliferation by 25% as 
measured in this assay. 
After 3 days cultivation in 10% FCS, proliferating astrocytes displayed a 2-fold higher 
capacity for MTT conversion (108%; p<0.005) than in differentiated cells cultivated in 
CDM (Fig. 3). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: MTT Proliferation assay 
Astrocytes were plated in equal amounts, cultivated in medium with 10% serum for 24 h and 
subsequently exposed to CDM with or without IGF-1 and Des-IGF-1 or culture medium 
containing 10% FCS. MTT conversion was measured on day 3. Data represents mean ± SEM of 
5 experiments performed in triplicate. *, p<0.05; ***, p<0.005 compared to control. 
 
 
 
Immunocytochemical detection of IGFBP-2 
By means of immunofluorescent staining we detected the expression of IGFBP-2 in 
both differentiated and proliferating astrocytes (Fig. 4A). Differentiated cells cultivated 
in CDM displayed a strong signal and revealed structures of the golgi apparatus. (Fig. 
4a). Staining of proliferating cells revealed a more intense signal throughout the 
intercellular milieu (Fig. 4b). 
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Figure 4: Detection of IGFBP-2 in astrocytes 
A. Immunocytochemical staining. Images depict divergent signal intensities with higher levels 
of IGFBP-2 in proliferating cells cultivated in 10% FCS (b) as compared to differentiated cells 
cultivated in 0% FCS (a). Scale bars = 10µm. 
B. IGFBP-2 levels in primary rat astrocytes. IGFBP-2 was detected using an anti-IGFBP-2 
antibody and an alkaline phosphatase conjugated secondary antibody. Samples were subjected 
to SDS-PAGE and western blotting, showing bands in cell lysates of differentiated and 
proliferating rat astrocytes with a recombinant human IGFBP-2 (rhBP-2) as a positive control. 
C. IGFBP-2 levels in conditioned medium. Western blots show bands of IGFBP-2 in 
concentrated medium samples of differentiated and proliferating cells. 
Densitometric measurements of band intensities are depicted in the graphs below each blot. 
Data represents mean ± SEM of 5 experiments. *, p<0.05; ***, p<0.005 compared to control. 
 
 
Western blot detection of IGFBP-2 
Using an anti-IGFBP-2 antibody a single band of approximately 32 kDa was detected in 
cell lysates and medium samples harvested from astrocytes of both dispositions. Figure 
4B depicts IGFBP-2 bands from cell lysates using rhIGFBP-2 as a positive control. 
Western blot analysis of cell lysate samples showed an increase in band intensity in 
proliferating astrocytes. Densitometric measurements of band intensity revealed an 
increase of expression in proliferating cells of 35% (p<0.05 compared with control). 
This finding supports data from the immunofluorescent staining and indicates higher 
intracellular IGFBP-2 expression levels in proliferating as compared to differentiated 
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astrocytes. However, when examining the culture medium we detected lower levels of 
IGFBP-2 secreted in the medium of proliferating astrocytes, compared to medium of 
differentiated cells (Fig. 4C). IGFBP-2 levels were 61% lower in the medium of 
proliferating cells (p<0.005 compared to control). 
 
Semi-quantitative PCR 
In order to determine whether the expression patterns of IGFBP-2 are regulated at the 
transcriptional or translational level we performed a semi-quantitative RT-PCR. The 
cDNA content of each sample was controlled by comparing GAPDH levels (data not 
shown). Figure 5 demonstrates that IGFBP-2 mRNA is detectable in both cell 
dispositions. When comparing relative band intensities, IGFBP-2 mRNA levels in 
proliferating and differentiated cells displayed no significant differences. PCR products 
were analysed for specificity by sequencing. The 293 nucleotide PCR product sequence 
was compared with other sequences available in the GenBank and was verified to be 
identical to the published sequence for rat IGFBP-2. Equal levels of IGFBP-2 mRNA in 
both cell dispositions suggests that differences in intracellular protein levels of IGFBP-2 
were either the consequence of an increased translational expression or decreased 
protein secretion. To elucidate whether the decreased extracellular levels of IGFBP-2 
found in proliferating cells was due to decreased secretion or the presence of a 
degrading protease in the medium of these cells, we performed an assay to detect 
IGFBP-2 proteolytic activity. 
 
Protease detection 
In order to determine whether astrocytes in this model secrete a protease that degrades 
IGFBP-2, we performed an assay to examine the degradation of rhIGFBP-2 incubated 
in culture medium gathered from these cells (fig.6A). Since equal concentrations of 
rhIGFBP-2 were applied in each sample, results were based on signal reduction as 
compared to the positive control. Densitometric measurements of Western blots showed 
that differentiated astrocytes (0%) did not display weaker band intensities than the 
positive control, indicating that degradation of rhIGFBP-2 was not occurring in the 
medium of these cells. In contrast, a reduction in band intensity of 48% was observed in 
samples from proliferating astrocytes (p<0.005). This degradation could be inhibited 
with protease inhibitors (wide spectrum), verifying protease involvement. Negative 
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controls provided evidence that rhIGFBP-2 degradation was not due to proteases 
present in the FCS from the culture medium. Degradation products (fragments) of 
rhIGFBP-2 could not be seen on the blots. Controls showed that the anti-human IGFBP-
2 antibody (Gropep) did not react with rat IGFBP-2 already present in the conditioned 
media (data not shown). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: RT-PCR analysis of IGFBP-2 expression in primary rat astrocytes. 
RT-PCR was performed with total RNA extracted from primary neonatal rat astrocytes 
cultivated in medium with and without FCS supplementation for 3 days. Amplification of 
cDNA was performed with 20, 24, 28 and 32 cycles for semi-quantitative analysis. PCR 
products were separated on a 2 % agarose gel and stained with ethidium bromide. Bands 
intensities of the amplified IGFBP-2 fragment (293 bp product) were measured 
densitometrically. Data represents mean ± SEM of 5 experiments. 
 
 
The major contaminating cell type in astrocyte cultures were microglia, which are 
known to be involved in events regulating astroglia activation. We, therefore, examined 
possible protease production in these cells. When rhIGFBP-2 was incubated in serum-
free as well as 10% serum supplemented medium from microglia cultures degradation 
was not observed (fig 6B). 
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Figure 6: Protease detection in proliferating astrocytes in vitro 
Astrocytes and microglia were plated in equal amounts, cultivated in medium with 10% serum 
for 2h and subsequently exposed to a chemically defined medium or culture medium containing 
10% FCS. After 3 days in culture 1 ml culture medium was gathered and incubated with 
rhIGFBP-2. Samples were made for SDS-gel electrophorese and detection of IGFBP-2 
degradation was based on reduction of band intensity as compared to controls. Positive controls 
(ctrl) consisted of rhIGFBP-2 incubated in culture medium without serum addition and without 
prior cell contact. Negative controls were performed to exclude protease presence in FCS added 
to proliferating cultures (FCS-ctrl). Densitometric measurement of pixel intensities are 
displayed in the graph below. Data represents mean ± SEM of 5 experiments. *, p<0.05. 
A. IGFBP-2 degradation in proliferating astrocytes. Medium from astrocytes cultivated in 
FCS deprived medium display no degradation (0%). Medium from astrocytes supplemented 
with 10% FCS display IGFBP-2 degradation (10%). Inhibition with protease inhibitor cocktail 
(PI) inhibited degradation. 
B. Absence of protease production in microglia. Incubation of IGFBP-2 in medium of 
microglia displayed no degradation neither in CDM (0%) nor serum-supplemented medium 
(10%). 
 
 
DISCUSSION 
Astrocytes have been shown to express IGFBPs and are involved in mechanisms that 
regulate the IGF-system. Expression of IGFBP-2, -3 and -4 have been demonstrated in 
astrocytes in vitro (Aberg DN et al., 2003; Bradshaw et al., 1993; Chernausek et al., 
1993). IGFBP-2 is the major IGFBP found to be expressed by astrocytes in vitro and in 
vivo (Beiharz et al., 1998; Chernausek et al., 1993; Gehrmann et al., 1994; Liu et al., 
1994; Loret et al., 1991; Mewar and McMorris, 1997; Ocrant, 1990; Yao, 1995). In this 
investigation, we compared two dispositions of astrocytes and examined the expression 
of IGFBP-2. Serum withdrawal from astroglial cultures is known to provide cells of a 
more differentiated status (Morris and de Vellis, 1983). By comparing serum deprived 
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astrocytes with serum supplemented astrocytes, we depicted parallels between 
characteristics of these two cell dispositions in vitro and those of resting as compared to 
reactive astrocytes in vivo. Correlations included hypertrophy, cell proliferation and 
increased expression of GFAP and vimentin that occurs during the shift of status from 
resting to reactive astrocytes. Cell division properties of the two dispositions were 
examined by means of flow cytometry and MTT assays. Alterations in this in vitro 
system were evident enough that the status could easily be distinguished based on 
morphological observation. 
 
There have been a number of reports showing an increase of IGFBP-2 expression in 
reactive astrocytes in vivo (Beiharz et al., 1998; Gehrmann et al., 1994; Liu et al., 1994; 
Yao et al., 1995). By means of immunocytochemistry and Western blotting we 
demonstrated that proliferating astrocytes in vitro expressed higher levels of IGFBP-2 
than differentiated astrocytes. A corresponding increase in mRNA was not observed, 
suggesting that this enhanced expression was regulated at the translational level. 
Interestingly, culture medium of proliferating cells contained substantially lower levels 
of IGFBP-2 than that of differentiated cells. Although we cannot entirely exclude a 
reduction of secretion of IGFBP-2 by proliferating cells, we found clear evidence for 
proteolytic activity. When culture medium of proliferating astrocytes was harvested and 
incubated with rhIGFBP-2 we observed degradation of this peptide, which could be 
inhibited with a protease inhibitor cocktail. It became evident that lower levels of 
IGFBP-2 in the culture medium of proliferating astrocytes were due to the presence of 
protease(s). There was no degradation of rhIGFBP-2 incubated in the culture medium 
obtained from differentiated cells. This absence of protease activity in differentiated 
astrocytes is, therefore, likely to be responsible for the high levels of extracellular 
IGFBP-2 secreted into the culture medium. Since this binding protein has inhibiting 
effects on the actions of IGF-1 and -2, elevated levels of IGFBP-2 may contribute to the 
reduced proliferative capacity of these cells. We also tested whether microglia, as a 
major contaminant in isolated astrocyte cultures, produce IGFBP-2 proteases that could 
influence this experimental setting. Although a direct involvement in IGFBP-2 
degradation could not be established, we can not exclude that microglia may produce 
factors influencing astrocyte activation and mechanisms that regulate IGFs. 
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The role of IGFBP-2 in proliferating astrocytes warrants further research. Most data on 
IGFBP-2 suggest inhibitory actions of this molecule on regulating IGFs effects. Based 
on our results, it is tempting to speculate that an enhanced secretion of IGFBP-2 by 
proliferating astrocytes targets IGFs from the CNS microenvironment to astrocytes. One 
way to counteract the upregulation of inhibitory IGFBPs is to trigger IGFBP 
degradation. If proliferating astrocytes in vivo also secrete a protease that degrades 
IGFBP-2, the affinity for IGFs would decrease, allowing more free-IGF to interact with 
IGF-1 receptors on astrocytes. A previous study has shown that the addition of 
proteases to differentiated astrocytes enhanced their mitogenic activity (Perraud et al., 
1987). Whether or not IGFBP-2 was involved in these processes is not known. 
 
Strategies for manipulating the IGF-system in order to increase neuroprotective effects 
of this molecule include releasing IGF-1 from complexes with IGFBPs. Displacement 
such as this has shown to be neuroprotective after ischemic insults to rat (Loddick et al., 
1998). IGF-1 possesses therapeutic potential for treating pathological situations in the 
CNS. Therefore, a comprehensive characterisation of molecules regulating its actions is 
crucial. This includes not only how IGFBPs may influence IGFs but also what cell types 
are involved in the expression of these molecules and upon which cell types the ultimate 
effects are relayed. Comparing the expression of IGFBP-2 and its protease(s) in 
astrocytes may provide better insights toward possible mechanisms of IGF-1 regulation 
during the process of astrogliosis. 
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