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Abstract 
 

Insulin-like growth factor-1 and -2 (IGFs) are important for central nervous system 

development and have implications in pathological situations of the brain. Insulin-like 

growth factor binding protein-4 (IGFBP-4) regulates the biological effects of IGFs. 

We examined the expression of IGFBP-4 in primary rat and human astrocytes. 

IGFBP-4 mRNA was detectable by RT-PCR and protein expression was verified by 

Western blotting of cell lysates as well as conditioned culture medium. When 

astrocytes were immunostained for IGFBP-4 we detected an intracellular structure 

that did not derive from organelles involved in cellular trafficking. Ingestion of FITC-

labeled transferrin excluded detection of IGFBP-4 within vesicles of endosomal 

nature, in which the protein might have been incorporated. Double staining with 

gamma-tubulin demonstrated co-localization of IGFBP-4 with centrosomes of these 

cells. Treatment with nocodazole resulted in absence of IGFBP-4 signal on 

centrosomes, indicating a dependency on intact microtubules. Immunoelectron 

microscopy revealed IGFBP-4 localization not only at the centrioles but also a direct 

interaction with microtubules. There was no binding of IGFBP-4 to centrioles in 

primary rat oligodendrocytes, microglia or meningeal cells. 

The association of IGFBP-4 with centrioles and microtubules in astrocytes suggests 

an involvement of this molecule in microtubule functions of these cells. 
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Introduction 
 
The insulin-like growth factors (IGFs) are hormones that regulate growth, survival 
and differentiation of a variety of tissues and are known to play an important role in 
early development of the central nervous system (CNS) (Sara and Carlsson-Skwirut, 
1988; Anlar et al., 1999). Tightly regulating the actions of IGFs are 6 structurally 
distinct IGF-binding proteins (IGFBPs) that can inhibit or promote IGF effects by 
preventing receptor interaction or by transporting IGF to target cells (for review see 
Jones and Clemmons, 1995). More recent studies are providing additional evidence 
for IGF-independent effects of several binding proteins. Many IGF-1-independent 
activities have primarily inhibiting effects on cellular growth (for review see Mohan 
and Baylink, 2002). Such independent effects include binding of IGFBP-1 to α5β1-
intergrins that is mediated by Arg-Gly-Asp (RGD) recognition sequences. This 
binding has been shown to increase migration of Chinese hamster ovary cells and 
apoptosis in breast cancer cells (Jones et al., 1993; Perks et al., 1999). Putative 
receptors for IGFBP-3 have been investigated. This IGFBP appears have growth 
inhibiting effects on human breast cancer cells that are independent of IGF-1 (Oh et 
al., 1993). It is thought that these putative receptors may exhibit serine/threonine 
kinase activity and stimulate signaling pathways independent of IGF-receptor-
mediated signaling pathways. Recently, independent intracellular actions for IGFBP-3 
and IGFBP-5 have been reported. Both molecules contain sequences with the 
potential for nuclear localization and transportation from the cytoplasm into the 
nucleus has been demonstrated in some cell types. Although the intracellular function 
of these molecules is unknown, it has been proposed that they inhibit cell growth 
through transcriptional activation of genes that induce the expression of transforming 
growth factor-beta, retinoic acid and p53 (Schedlich et al., 1998). Thus, the IGFBP 
class of proteins is very pleiotropic and the diversity of IGF-independent actions of 
IGFBPs is substantially larger than first anticipated. 
It has been suggested that the biological actions of IGFs on the developing brain are 
regulated by locally synthesized IGFBPs. Astrocytes are known to express several 
IGFBPs. In astrocyte cultures, all 6 IGFBPs have been identified at mRNA level 
(Mever and McMorris, 1997). By means of ligand blot analysis IGFBP-2, -3 and –4 
have been verified at protein level (Chernausek et al., 1993; Bradshaw et al., 1993). 
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IGFBP-4 is one of the major IGFBPs expressed in the central nervous system (CNS) 
(Chernausek et al., 1993; Stenvers et al., 1994). Most data indicates an inhibitory role 
of IGFBP-4 on IGF-1 effects both in vivo and in vitro. Outside the CNS, IGFBP-4 has 
been implicated in many processes including reproduction, pregnancy, bone 
formation, and wound healing. These effects are presumably IGF-dependent. 
The function of IGFBP-4 in the CNS remains largely unknown. Regulatory molecules 
of the IGF-system, as well as the IGFs, are known to be differentially expressed 
during injury or in the course of disease. We analysed the expression of IGFBP-4 in 
primary cultures of neonatal rat astrocytes. Examination of IGFBP-4 expression by 
means of immunocytochemistry revealed an association of this molecule with 
centrosomes and microtubules in these cells. We also compared this intriguing finding 
with primary astrocytes of human origin. 
 
 
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 (Breda, 
Netherlands). Chemicals for SDS-PAGE and Western blotting were obtained from 
BioRad (Veenendaal, The Netherlands). Commercially available primary antibodies 
used were anti-beta tubulin (Sigma, Saint Louis, USA), anti-gamma tubulin (Sigma, 
Saint Louis, USA), anti-GFAP (Sigma, Saint Louis, USA) and anti-rat IGFBP-4 
(Santa Cruz Biotechnology, Ca. USA). An additional polyclonal primary antibody 
directed against rat IGFBP-4 was a generous gift of S. Shimasaki, (Department of 
Reproductive Medicine, School of Medicine, University of California, San Diego 
California, USA). This antibody was generated in rabbits using synthetic peptide 
fragments (amino acids: 110-121) of IGFBP-4. This fragment derives from the mid-
portion of IGFBP-4, away from the 18 homologous cysteines (Liu et al., 1993). An 
anti-rat IGFBP-4 blocking peptide was purchased from Santa Cruz Biotechnology and 
neutralizes the anti-rat antibody purchased from this company. Secondary antibodies 
were anti-goat IgG TRITC conjugate (Zymax, San Fransico, Ca USA), anti-rabbit IgG 
TRITC conjugate (Sigma, Saint Louis, USA), anti-mouse IgG FITC conjugate 
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(Zymed, San Francisco, CA, USA) and alkaline phosphatase conjugated anti-goat 
(Sigma, Saint Louis, USA). FITC labelled transferrin was obtained from Molecular 
Probes (Eugene Origan, USA) and Nocodazole was obtained by Sigma (Saint Louis, 
USA). 
 
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. 
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. O2A cells and microglia were separated by adhesion 
of microglia to bacterial dishes and removal of O2A cells in suspension. 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. These cultures contained 95% astrocytes (GFAP positive cells). For 
immunocytochemical staining, glass cover slips were PLL coated and placed in 12 
well culture plates prior to cell passaging. 
Human astrocyte cell cultures were established as described previously (De Groot et 
al., 1997). In brief, tissue samples from post mortem adult cortex were collected and 
meninges and visible blood vessels were removed after which the tissue was minced 
into cubes of 2 mm. The tissue fragments were then incubated at 37°C for 20 minutes 
in Hanks balanced salt solution containing 0.25 % w/v porcine trypsin (Sigma, St. 
Louis, USA), 0.2 mg/ml EDTA, 1 mg/ml glucose and 0.1 mg/ml bovine pancreatic 
DNase I. After digestion, cell suspensions were gently triturated, washed and taken 
into culture in DMEM mixed 1 : 1 with L-glutamine containing HAM F10 (Life 
Technologies, Breda, The Netherlands) and supplemented with 10 % FCS and 0,01 % 
penicillin / 0.01 streptomycin in a humidified atmosphere (5 % CO2) at 37°C. To 
remove possible contamination of astrocyte cultures with meningeal and blood 
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monocyte derived macrophages, cell suspensions were grown overnight in uncoated 
tissue flasks allowing monocytes/macrophages to adhere. The supernatant was then 
transferred to poly-L-lysine (50µg / ml, Sigma)-coated 80 cm2 flasks and after 48 h 
the medium was changed to remove unattached cells and myelin debris. These 
cultures contained 100% astrocytes (GFAP positive cells). Culture medium was 
refreshed every six days. Cells were passaged by rinsing the cells with PBS, 
incubation for 5-10 minutes with 0.2% trypsin at 37°C, washing with culture medium 
and replating the cells in 25 cm2 flasks. Cells were used at early passage and not after 
passage 8. 
 
Western blot 
Prior to cell lysate harvesting, primary rat astrocytes were treated with brefeldin-A 
(Sigma) for 2 hrs at 37° C. This treatment interrupts the secretory pathway and 
provides an accumulation of secreted proteins within the cell. Samples were made 
from cell lysates by rinsing cells twice with PBS and once with double distillated 
H2O. Cells were scraped off with a rubber cell scraper and lysed 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 
10,000 * g for 5 minutes. Pellet was discarded and protein concentration of the 
supernatant was measured according to the Neuhoff procedure. Medium samples were 
centrifuged through Centricon-10 tubes (10 kDa cut-off), concentrated exactly 100-
fold, dissolved in sample buffer and boiled for 5 min. SDS-PAGE was performed by 
running 50 µg protein for cell lysates and 45 µl for medium samples per lane on 12,5 
% gels. Proteins were blotted onto nitrocellulose membranes for 1h at 350 mA. 
Membranes were blocked for 30 min in TBS-T (6 g/l Tris-Base, 8 g/l NaCl, 0,2 g/l 
KCl, 0,2 % (vol/vol) Tween 20, pH 7,6), containing 1% BSA and 5% blotting grade 
blocker non-fat dry milk (Bio-Rad, CA. USA). Incubation with the IGFBP-4 primary 
antibody (Santa Cruz Biotechnology, CA.) was performed overnight at 4°C in TBS-T 
at a dilution of 1:200. The secondary alkaline phosphatase-conjugated antibodies 
(diluted 1:10.000) were applied for 1 h at RT. NBT/X-phosphate substrate solutions 
were applied for signal detection. 
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RT-PCR for IGFBP-4 
Total RNA was isolated from primary rat astrocytes using the RNeasy Mini Kit and 
following the manufacturers’ instructions. 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 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 250 ng cDNA and 7.5 pmol sense and antisense primer. The final reaction 
volume was 50 µl. PCR 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, 65°C for 40 s, 72°C for 40 s (7 min for the 
final elongation) for IGFBP-4. The following primer pairs were employed for IGFBP-
4: 5’-CACGGAGCTGTCGGAAATCG-3’ (sense) and 5’-
GCAGGTCTCACTCTTGGAGG -3’ (antisense), yielding an amplified product of 
473 bp. To exclude contamination with genomic DNA, isolated RNA was checked by 
running PCR reactions (35 cycles) using GAPDH primers (Sense and Anti-sense) 
after RNA degradation (24 h at room temperature). Only RNA samples that displayed 
no bands were used for further investigation. 10 µl of each PCR product was 
separated on 2% 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-4 sequence. (GenBank accession number: 
BC019836; Mus musculus cDNA position (537-990). 
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Immunofluorescent staining 
For immunostaining, astrocyte cultures were plated on poly-L lysine coated glass 
cover slips. Cells were fixated with 100 % Methanol for 10 min at RT. Fixed cells 
were rinsed 3 times with PBS and blocked with 1% BSA and 5% blotting grade 
blocker non-fat dry milk (Bio-Rad, CA. USA) in PBS. Primary antibodies were 
diluted in PBS and incubated overnight at RT. Antibody dilution for both IGFBP-4 
antibodies and anti-gamma-tubulin was 1:50 and for anti-beta tubulin 1:150. 
Following incubation, cells were rinsed and secondary anti-bodies were applied at 
concentrations of: anti-mouse IgG-FITC conjugate at 1:100, anti-goat IgG-TRITC 
conjugate at 1:150, and anti-rabbit IgG TRITC conjugate at 1:150. For double 
staining, incubations were performed in parallel. For nucleus visualization, cells were 
treated with DAPI (4,6-dianidino-2-phenylindole) at a concentration of 500 ng/ml for 
15 min at RT. Glass coverslips were mounted on glass slides with mounting medium 
(DAKO, Carpinteria, CA, USA.). For images we used an Olympus Provis fluorescent 
microscope. Photographs were taken with a Soft imaging systems video camera and 
AnalySIS, a PC-based software program that enables image gathering and analysis. 
 
Nocodazole treatment 
100 ng/ml nocodazole was supplemented into the culture medium of astrocytes and 
incubated for 1h in a humidified incubator at 37°C with 5% CO2. This incubation time 
was chosen to insure disruption of the microtubule cytoskeleton. Following 
incubation, cells were stained for beta-tubulin and IGFBP-4. 
 
Transferrin treatment 
50 ng/ml FITC-labeled transferrin was added to cultured astrocytes and incubated for 
20 min in a humidified incubator (5% CO2) at 37°C. This incubation time was chosen 
to insure ingestion of transferrin into the cell and visualization of endocytotic vesicles 
and the recycling endosome. Following incubation, cells were stained for IGFBP-4 as 
described above. 
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Transmission Electron Microscopy 
Astrocytes were cultured for 3 days on thermanox cover slips (Nunc, inc. Naperville, 
Il) and treated for TEM. Briefly, culture medium was rinsed with PBS and cells fixed 
with cold methanol for 10 minutes. Methanol was rinsed with PBS followed by 
preincubation with PBS containing; 1% BSA, 0.1% cold-water fish gelatine, 50mM 
glycine, 50mM lysine, 0.025% Triton X-100 and 5% normal goat serum. Incubation 
with the primary polyclonal rabbit anti-IGFBP-4 IgG (antibody provided by S 
Shimasaki) (1:100 in PBS containing 0.025% Triton X-100) was performed overnight 
at 4°C. For immunogold labeling 10nm gold particle conjugated secondary antibody 
(goat anti-rabbit) was obtained by British Biocell International (Cardiff, England). 
This was applied at a concentration of 1:50 in 1% BSA and incubated for 2h. Cells 
were rinsed in PBS and fixed in 2% glutardialdehyde for 15 minutes in phosphate 
buffer (PB), followed by rinsing with PB. Postfixation was performed with 1% OsO4 
and 1.5% K4[Fe(Cn)6] (potassium hexacyanoferrate) in PB for 15 minutes. After 
rinsing in PB cells were dehydration via a graded ethanol series, followed by 
embedding in Epon. Ultrathin sections were cut on an LKB Ultratome (60nm) and 
counterstained with uranylacetate and Reynolds lead citrate. The material was 
examined for immunoreactivity in a Philips CM100 transmission electron microscope. 
 
 
Results 
 
Western blotting 
Figure 1A displays protein detection of IGFBP-4 in rat astrocytes by means of 
Western blotting. The antibody applied in this experiment cross-reacts with both 
human and rat IGFBP-4 (Santa Cruz Biotechnology). Lane 1 shows a positive control 
consisting of recombinant human IGFBP-4 (GroPep, Australia). Corresponding to the 
positive control, lanes 2 and 3 reveal bands of 28kDa from the cell lysate and 
concentrated medium sample, respectively. This experiment verifies IGFBP-4 
expression at protein level and displays specificity of the antibody in recognising this 
molecule. In a similar experiment, we verified IGFBP-4 detection through application 
of an additional primary antibody (antibody provided by S. Shimasaki) directed 
against IGFBP-4 (data not shown). 
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RT-PCR 
In order to determine IGFBP-4 expression at transcriptional level, we performed RT-
PCR. Figure 1B shows IGFBP-4 PCR product detectable in rat astrocytes. Controls of 
extracted RNA alone were used to evaluate contaminating genomic DNA (lane 1). 
PCR product (lane 2) was analysed for specificity by sequencing. Sequence of the 
474bp PCR product was compared with other sequences available in the GenBank 
and verified to be identical to the published sequence for rat IGFBP-4 (Figure 1C). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Detection of IGFBP-4 expression in primary rat astrocytes 
Primary rat astrocytes were plated in 75cm2 flasks and cultivated in culture medium 
supplemented with 10% fetal calf serum. Proliferating cells were cultivated for 3 days 
followed by harvesting of cells lysate, conditioned medium or total RNA extraction. Protein 
samples were prepared under denaturating conditions and subjected to SDS-PAGE and 
Western blotting (figure 1A). Polyclonal antibody against IGFBP-4 was applied followed by 
incubation with an alkaline phosphatase conjugated secondary antibody. As a positive control, 
human recombinant IGFBP-4 was employed (lane 1). Lane 2 and 3 depict astrocyte cell lysate 
and conditioned medium, respectively. Bands of 28 kDa were detectable in both samples. RT-
PCR amplification of cDNA was performed with 35 cycles. PCR product was separated on a 
2% agarose gel and stained with ethidium bromide. In figure 1B, lane 1 depicts negative 
control comprised of extracted RNA used for PCR analysis. Lane 2 displays the amplified 
PCR product from cDNA of astrocytes. The 474 nucleotide PCR product was sequenced and 
is depicted in figure 1C. Upstream and downstream primers (underlined) are complementary 
to the 5- and 3- end of clone, respectively. This cDNA sequence was compared with other 
sequences available in the GenBank DNA databases and was verified to be identical to the 
published sequence for rat IGFBP-4. MM, molecular weight marker. 
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Figure 2: Immunofluorescent staining of IGFBP-4 in primary rat astrocytes 
Primary rat astrocytes were plated on PLL coated glass cover slips and cultivated in culture 
medium supplemented with 10% serum. Proliferating cells were cultivated for 3 days 
followed by immunocytochemical staining. Images a and b depict immunostaining against 
IGFBP-4 (antibody provided by S. Shimasaki). Images c and d display double staining with 
an alternative primary antibody against IGFBP-4 (antibody purchased from Santa Cruz 
Biotechnology) and DAPI, respectively. Preincubation of anti-IGFBP-4 antibody (Santa Cruz 
Biotechnology) with a neutralising peptide resulted in blocking of the signal as shown in 
image e. This staining is accompanied by nuclear staining with DAPI in image f. Arrows 
indicate site of IGFBP-4 signal near the nucleus. Arrowheads depict nuclear membrane. Scale 
bar = 20µm. 
 
Immunocytochemistry 
The initial step in the secretory pathway of proteins is translocation that insures 
expression of a molecule into the endoplasmatic reticulum. When performing 
immunostaining, we detected a signal deriving from the nuclear membrane, as well as 
a strong signal deriving from structures in the proximity of the nucleus. Fig. 2a and b 
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depict staining with anti-IGFBP-4 (antibody provided by S. Shimasaki). In addition to 
staining of the nuclear membrane, astrocytes display small dots near the nucleus. A 
second staining was performed with application of an additional primary antibody 
against IGFBP-4 (polyclonal antibody purchased from Santa Cruz Biotechnology) and 
revealed a similar signal. This staining is shown in figure 2c and d and depicts a 
double staining with anti-IGFBP-4 and DAPI, respectively. In order to verify 
specificity, this antibody was neutralized with a blocking peptide. Following 
neutralization the signal could no longer be detected. Fig. 2e and f display a double 
staining with the neutralized anti-IGFBP-4 and DAPI, respectively. 

 
Figure 3: Transferrin treatment of primary rat astrocytes 
Primary rat astrocytes were plated on PLL coated glass cover slips and cultivated in culture 
medium supplemented with 10% serum. Proliferating cells were cultivated for 3 days 
followed by treatment with FITC-labelled transferrin for 30 minutes. Cells were than fixed 
and immunostained for IGFBP-4. Images a and c show IGFBP-4 stained cells which 
correspond to image b and d displaying endocytotic vesicles containing FITC-labelled 
transferrin. Signals deriving from IGFBP-4 staining do not correspond to the vesicles 
containing transferrin. Arrows indicate site of IGFBP-4 signal. Scale bar = 20µm. 
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Treatment with FITC-labeled transferrin 
Secretory proteins are transported through the exocytotic pathway and eventually 
released into the extracellular space. Endocytosis leads to ingestion of proteins that 
are eventually transported to the recycling endosome. In order to exclude the presence 
of IGFBP-4 within trafficking vesicles we incubated astrocytes with FITC-labeled 
transferrin to visualize vesicles of endosomal origin. Following ingestion of 
transferrin cells were fixated and stained for IGFBP-4. Double staining as shown in 
figure 3 displayed IGFBP-4 (a and c) as a distinct site (arrows) that did not coincide 
with labeling of trafficking vesicles (b and d). 
 
Double-staining with gamma-tubulin 
Double immunostaining with antibodies specific to centrosomal components such as 
gamma-tubulin provided evidence that the immunoreactive dots stained by the anti-
IGFBP-4 antibodies were associated with centrosomes. Images a, c, and e in figure 4 
show primary rat astrocytes stained for IGFBP-4 and correspond to the gamma-
tubulin stained cells in images b, d, and f, respectively. As displayed in images a and 
b, IGFBP-4 was co-localized with gamma-tubulin at the centrosomes of astrocytes 
(arrows). IGFBP-4 immunoreactivity was also present at the nuclear membrane 
(arrowheads). The cell depicted in images c and d appears to be in G2-phase of the 
cell cycle since two centrosomes are recognizable. Images e and f depict a cell in M-
phase when the mitotic spindle is beginning to form. These pictures display that in 
addition to centrosome association tubule structures of the mitotic spindle are also 
immunoreactive for IGFBP-4. These images indicate that IGFBP-4 presence is not 
restricted to one phase of the cell cycle. Furthermore, IGFBP-4 appears to interact 
with tubulin structures of the mitotic spindle. When human astrocytes were 
investigated we observed a similar signal as detected in rat cells. Figure 4g and h 
shows human astrocytes stained for IGFBP-4 and gamma tubulin, respectively. Other 
cells of the rat CNS, including oligodendrocytes, microglia and meningeal cells were 
examined by immunocytochemistry and found to be negative for intracellular IGFBP-
4 (data not shown). 
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Figure 4: Double staining of astrocytes against gamma-tubulin and IGFBP-4 
Primary astrocytes were plated on PLL coated glass cover slips and cultivated in culture 
medium supplemented with 10% serum. Proliferating cells were cultivated for 3 days 
followed by immunocytochemical staining for IGFBP-4 and gamma-tubulin. Images a, c, e, 
and g depict IGFBP-4 stained cells and correspond with the gamma-tubulin stained cells in 
images b, d, f, and h, respectively. Double staining with gamma tubulin localises IGFBP-4 to 
the site of the centrosome. In image a and b a single centrosome is indicated by the arrow 
(G1-phase cell) whereas image c and d shows a cell with 2 centrosomes (possibly S- or G2-
phase cell). M-phase cell in image e and f displays IGFBP-4 association with the mitotic 
spindle. In addition, human astrocytes obtained from post mortem adult cortex display a 
similar signal when stained against IGFBP-4 and gamma-tubulin (images g and h, 
respectively). These images depict two centrosomes in the proximity of the nucleus. Arrows 
indicate centrosomes. Arrowheads depict nuclear membrane. Scale bar = 20µm. 
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Treatment with nocodazole 
We investigated whether the signal deriving from IGFBP-4 staining was dependent on 
intact microtubules. Centrosomes, also termed microtubule organizing centers 
(MtOC), are the locations where tubulin is nucleated and polymerization of the 
microtubule cytoskeleton initiates. Treatment of cells with nocodazole causes 
inhibition of microtubule dynamics and disruption of mitotic spindles. The 
microtubule cytoskeleton is, therefore, completely disrupted, as are its functions. 
Figure 5 shows rat astrocytes stained for beta-tubulin before and after nocodazole 
treatment (images a and b, respectively). Intact microtubules of untreated cells display 
the highly branched cytoskeleton, whereas following treatment structures disperse 
into fragments of tubules. In order to elucidate the necessity of intact microtubule 
structures for IGFBP-4 presence at centrosomes, we treated cells with nocodazole and 
performed a double staining for IGFBP-4 and beta-tubulin. Following nocodazole 
treatment IGFBP-4 could no longer be detected at centrosomes (images d and f). 
IGFBP-4, however, was still detected at the nuclear membrane in nocodazole treated 
cells (image d and f). This finding indicates that intact microtubule structures are 
required for IGFBP-4 interaction with centrosomes. This dependency on intact 
microtubules raises the question whether IGFBP-4 in addition to an association with 
centrosomes also interacts with microtubules. 
 
Immunoelectron microscopy 
To further characterize the localization of IGFBP-4 within primary rat astrocytes, we 
performed immunoelectron microscopy. Fixed astrocytes were permeabilized with 
methanol and incubated with the polyclonal anti-IGFBP-4 antibody and visualized by 
gold-conjugated secondary antibodies. Figure 6a shows the IGFBP-4 antigen around a 
centiole. Antigen distribution was also investigated in regions were microtubules were 
visible. We detected frequent interactions of IGFBP-4 with individual microtubules. 
In some areas where bundles of tubules could be seen antigen was present at 
substantial levels, often higher than seen around the centrioles (figure 6b). Also, in 
regions where microtubules were less dense and spanned through the cell, direct 
association of the antigen with individual tubules was observed. In the nucleus, where 
microtubules are absent, labeling could not be seen (data not shown). 
 
 



88   Chapter 5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5: IGFBP-4 in nocodazole treated primary rat astrocytes 
Primary rat astrocytes were plated on PLL coated glass cover slips and cultivated in culture 
medium supplemented with 10% serum. Proliferating cells were cultivated for 3 days 
followed by treatment with nocodazole for 1h. Following treatment cells were immunostained 
for beta-tubulin and IGFBP-4. Untreated cell is displayed in image a where tubulin structures 
are intact and astrocytic processes are apparent. Following treatment tubulin structures are 
disrupted, as displayed in image b. Image c and d as well as e and f, depict double staining of 
nocodazole treated astrocytes against beta-tubulin and IGFBP-4, respectively. Double staining 
reveals an absence of IGFBP-4 reactivity at the centrosome following microtubule disruption. 
IGFBP-4 expression is still recognised in images d and f that reveal staining of the nuclear 
membrane (arrowheads). Scale bar = 20µm. 
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Figure 6: Immunoelectron microscopy of IGFBP-4 in primary rat astrocytes 
Primary rat astrocytes were plated on PLL coated glass cover slips and cultivated in culture 
medium supplemented with 10% serum. Proliferating cells were cultivated for 3 days 
followed by fixation and staining for IGFBP-4. 10-nm gold conjugated secondary antibodies 
were applied. Antigen is present around the centrioles of astrocytes as displayed in image a. 
Direct interaction of IGFBP-4 with microtubules is seen in images b, c and d. Bundles of 
tubules are shown in b where a strong association of IGFBP-4 is observed. Distribution of 
microtubules throughout the cell display IGFBP-4 antigen presence (images c and d). Arrows 
depict IGFBP-4 labelling, N = nucleus, scale bars: (a and b) 1 µm, blow up = 0.2 µm; (c and 
d) 0.5 µm 
 
 
Discussion 
 
Astrocytes fulfill a multitude of functions in the CNS such as, providing integrity of 
CNS structures, channeling nutrients from vascular to neuronal elements, maintaining 
ionic balance, supporting blood-brain barrier functions and providing growth factors 
and cytokines in the CNS environment. These cells are very plastic and become 
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reactive upon damage to the CNS or in the course of disease, in which inflammation 
occurs. Reactive astrocytes display strong morphological changes. They begin to 
divide rapidly and migrate to sites where damage occurs. These cells are also a major 
source of IGFs and IGFBPs including IGFBP-4 that is found throughout the CNS 
(Chernausek et al., 1993; Stenvers et al., 1994; Brar and Chernausek, 1993). Secretory 
pathways release IGFBP-4 into the extracellular space where it sequesters IGFs and 
prevents interaction with the IGF-1 receptor (Mohan et al., 1995; Qin et al., 1998). 
Specific degradation of IGFBP-4 is known to occur through proteases that degrade 
IGFBPs into fragments that have reduced affinity for IGFs (Lawrence et al., 1999; 
Byun et al., 2001). Interestingly, IGFBP-4 is the only IGFBP that has not been 
described to bind to cell surfaces (Jones and Clemmons, 1995). For this reason it has 
been suggested that IGFBP-4 does not facilitate IGF-1 interaction with the IGF-1 
receptor, but rather functions only to inhibit IGF actions. To date, only one study has 
reported an IGF-independent action for IGFBP-4 (Wright et al., 2002). In this study, 
IGFBP-4 demonstrated an inhibitory effect on steroidogenesis in granulosa cells. 
The initial intention of our study was to investigate the involvement of IGFBP-4 in 
the processes of proliferation and differentiation of astrocytes. Unexpectedly, we 
discovered that IGFBP-4 interacts with centrosomes and microtubules of these cells in 
both rat and human. Further, examination of primary rat oligodendrocytes, microglia 
and meningeal cells did not result in detection IGFBP-4 at the centrioles in these cells, 
indicating cell specificity. This finding rises two major questions; what mechanism 
does IGFBP-4 utilise to enter the cell and what function does intracellular IGFBP-4 
perform in astrocytes. 
It is not certain how IGFBP-4 might enter the cytoplasm. In order to interact with 
intracellular structures such as centrosomes and microtubules access into the 
cytoplasma is required. During classical endocytosis extracellular material is 
internalized for degradation and recycling processes. It has been shown that during 
this process some of the internalized material may escape into the cytoplasm (Turek et 
al., 1993). Specialized structures for internalization, such as caveolae, that mediate 
potocytosis (Anderson, 1993), offer another possibility for internalization. Prior to 
transportation to the nucleus through nuclear localization sequences, IGFBP-3 and 
IGFBP-5 have been shown to enter the cytoplasm (Schedlich et al., 1998). This 
mechanism requires an interaction with cell surfaces in order to allow passage across 
the cell membrane. IGFBP-4, however, has not been described to interact with cell 
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membrane surface structures. Although modes of internalization remain speculative, 
cellular uptake of IGFBP-4 may possibly occur through classical endocytosis. 
The centrosome of animal cells is composed of a pair of centrioles and a surrounding 
amorphous cloud of pericentriolar material. The molecular composition of this 
structure is not completely understood. It is responsible for the assembly of 
microtubules that are required for many vital cellular functions. The pericentriolar 
material of the centrosome attracts a number of noncentrosomal molecules into and 
around it, making it difficult to distinguish components directly involved in 
centrosomal activities and those that are associated with the centrosomal structure in a 
nonspecific manner. Because the centrosome attracts several noncentrosomal 
molecules it is impossible to determine if IGFBP-4 is associated with the centrosomal 
structure in a nonspecific manner or if it has a functional role in these cells. 
We have shown that IGFBP-4 is associated with centrosomes and interacts with 
microtubules in astrocytes. The functional role of such an interaction is unclear. Our 
experiments with nocodazole indicate a dependency of IGFBP-4 on intact 
microtubule structures. Following treatment the signal deriving from centrosomes 
could no longer be detected by immunocytochemistry. Other reports indicate the 
presence of intercellular IGFBP-4. In a previous study, IGFBP-4 has been found in an 
intracellular macromolecular complex containing 4 other proteins, including; Miz-1, 
leptin, lipocalin-type prostaglandin D synthase, and granulin precusor that interacted 
with the N-terminal half of type III hexokinase in PC12 neuroendocrine cells (Sui and 
Wilson, 2000). Interestingly, the transcription factor Miz-1 is regulated via 
microtubule association (Ziegelbauer et al., 2001). Furthermore, it has recently been 
shown that microtubules are potential targets for brain hexokinase binding (Wagner et 
al., 2001). Hexokinase plays a key role in the control of glycolysis; especially in the 
brain where glucose is the major energy source. It was suggested that the microtubular 
system might be involved in regulating the catalytic properties of this enzyme and in 
turn regulating the energy state of the brain. Whether or not IGFBP-4 is involved in 
these mechanisms can only be speculated. 
In another interesting study, C6 rat astroglioma cells were transfected with the gap 
junction protein connexin-43 cDNA (Bradshaw et al., 1993). Cells expressing high 
levels of this protein displayed an increase in gap junctions, reduced cellular 
proliferation and a strong increase in IGFBP-4 expression. Connexin-43 is known to 
interact directly with microtubules (Giepmans et al., 2001) and IGF-1 has been shown 
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to upregulate connexin43 in astrocytes (Aberg et al., 2003). There is increasing 
evidence that microtubule dynamics are suppressed in contacted cells, when compared 
to the highly dynamic behavior of microtubules in migrating cells that lack cell-cell 
contact (Pepperkok et al., 1990). An increase in gap junctions together with the 
stabilization of the microtubules limits the motility of cells. In this respect, it is 
tempting to speculate about IGF-independent effects of IGFBP-4 and a possible 
involvement in the regulation of cell proliferation. One plausible explanation is an 
influence of IGFBP-4 on microtubule dynamic instability. Conceivably, IGFBP-4 
could play a role in microtubule stability, which would influence cell motility and 
proliferation. In this sense, IGFBP-4 might serve as an accessory protein that assists in 
stabilizing or destabilizing microtubule polymers. 
We also observed IGFBP-4 on tubules of the mitotic spindle. It is unclear whether 
IGFBP-4 may be a component involved in the assembly of the spindle. If IGFBP-4 is 
involved in mechanisms of dynamic instability it may play a role in the critical 
balance between stabilizers and destabilizers that is necessary for the assembly of the 
mitotic spindle. 
In conclusion, our findings suggest that, IGFBP-4, in astrocytes, may be involved in 
mechanisms of the microtubules or microtubule organizing center, such as tubulin 
nucleation, spindle formation, or cell cycle regulation. Further research will be 
required to elucidate the precise function of this association. 
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