
0014-4754/95/030235-1051.50 + 0.20 �9 Birkh/iuser Verlag Basel, 1995 235 

Thrombospondin co-localises with TGF~ and IGF-I in the extracellular matrix of human 
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Abstract. Thrombospondin (TSP) is a multifunctional glycoprotein which is synthesised by several cell types 
including osteoblasts, and incorporated into the extracellular matrix (ECM) of these cells. The function and 
regulation of TSP in bone is not clear. In this study, using a long term culture model of human osteoblast-like cells, 
we examined the distribution of TSP in the ECM and its modulation by added estradiol. In this model the 
osteoblast-like cells form a regular multilayer which continues to increase in depth up to 50 days post confluence. 
In the ECM of these cultures and in 19-week fetal bone, the bone markers osteocalcin and alkaline phosphatase 
were diffusely distributed in the matrix. In contrast, labelling for TSP was concentrated, confined to the banded 
collagen and its immediately adjacent ECM. This pattern of labelling resembled that of the growth factors 
transforming growth factor fl-I (TGF/~), and insulin-like growth factor-I (IGF-I), with which TSP label co-localised. 
Labelling intensities were comparable between fetal bone and the in vitro material for TSP, TGFfl and IGF-I. TSP 
label was present by 10 days post confluence, reached a maximum by 20 days, and declined slowly thereafter, a time 
course which was similar to that of IGF-I. Incubation of osteoblast-like cell cultures with 17fl estradiol resulted in 
an increase in multilayer depth and a maximal 3-fold increase in TSP labeling at 30 days as well as approximately 
2-fold increases for TGFfl and IGF-I. The dose-response relationship for these responses to estradiol treatment was 
biphasic with maximal increases at 10-1~ M-10-1JM of added estradiol. Treatment with 17cz estradiol produced 
labelling intensities that were not significantly different from controls. Studies with other cell types have suggested 
that TSP may be involved in modulation of growth factor activity. The similarities between TSP, TGF/J and IGF-I, 
in terms of their distribution and regulation by 17/~ estradiol treatment, may indicate a role for TSP in modulating 
bone cell proliferation and function through interaction with local growth factors. 
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Thrombospondin (TSP) is a multidomain multifunc- 
tional glycoprotein. In its native state it has a molecular 
weight of 450 kilodaltons (kD) and consists of three 
chains with globular regions at each terminus ~ 3 At 
least four genes encoding for thrombospondin have 
been described 4 7. TSP has a large number of binding 
sites for heparan sulfate and other sulfated gly- 
cosaminoglycans, sulfated glycolipids, collagen types I 
to V, von Willebrand factor, thrombin, fibrinogen, 
fibronectin, laminin, plasminogen, plasminogen activa- 
tor, osteonectin, histidine-rich glycoproteins and 
platelets 1 . 3.8-~3. The carboxy globular domain contains 
a calcium binding site and also an RGD sequence, 
implicated in cell attachment 3. 
TSP is produced by a variety of cells including human 
osteoblasts, osteosarcoma cells, fibroblasts, monocytes 
and macrophages, vascular endothelial cells, granular 
type II pneumocytes, keratinocytes, glial cells, and aor- 
tic smooth muscle cells ~,3,'~,14-w. TSP is also the most 
abundant protein in platelet c~ granules and is released 
during plate[et activation in response to thrombin TM. 
TSP binds to osteonectin, fibrinogen, transforming 
growth factor beta (TGF-/~), platelet-derived growth 
factor (PDGF), and insulin-like growth factor I (IGF-I) 

and 2 (IGF-II)  in the e granules of platelets. These 
substances are released together during degranula- 
tion3.t3.1s 23. In wounds, TSP binds platelets to fibrino- 
gen ~~ causes rapid binding and spreading of platelets 
on the endothelial substratum 24 and promotes the at- 
tachment of osteoblasts ~4. 
The role of thrombospondin (TSP) in bone is not 
clear 3, ~2. It may influence both proliferation and differ- 
entiation in osteoblasts. Several studies have shown that 
TSP promotes osteoblast proliferation and cell attach- 
ment to the E C M  12'16'25'26 probably via its carboxy 
globular domain 2'3. In MC3T3 osteoblast-like cells, 
TSP mRNA levels increase during osteoblastic differen- 
tiation 4 whereas in other cell types, TSP expression 
appears to be increased during proliferative phases 27. 
Bone cell ECM components may play a significant role 
in the shutdown of osteoblast proliferation and subse- 
quent differentiation into the mature osteoblast pheno- 
type. TSP may influence this process by modulating cell 
shape and cell-matrix interactions 4. 
Osteoblast-like cell responses to estradiol may depend 
on the state of differentiation of the celF 8. The anabotic 
actions of estrogen on bone may be mediated by alter- 
ations in the levels of growth factors produced by the 



236 Experientia 51 (1995), Birkh/iuser Verlag, CH-4010 Basel/Switzerland Research Articles 

osteoblast in response to estrogens. Cultured bone cells 
have both estrogen and androgen receptors. Estrogen 
increases the secretion of IGF-I  in UMR106 osteosar- 
coma cells 29,3~ and bone cells in vitro 31,32 while both 
estrogen and androgen increase transforming growth 
factor beta (TGF/3) mRNA 33,34. Growth hormone and 
17/3 estradiol increase IGF-I  and collagen type I pro- 
duction in cultures of human bone cells 31'35. Gray et 
al. 29,3~ reported increases in the production of both 
IGF-I  and II in response to estradiol by the osteosar- 
coma-derived clonal cell line UMR106. 
Studies on other clonal osteosarcoma cell lines and 
primary cultures of osteoblast-like cells, both rodent 
and human, have shown that basal levels of mRNA for 
both IGF-P 5 and TGF/3 33 are stimulated by estradiol. 
In addition t o  their mitogenic actions on cells of the 
osteoblast lineage 23,32,35 37 growth factors may mediate 
the actions of estrogen on collagen synthesis as indi- 
cated by an increase in pro c~ l(I) collagen mRNA levels 
in response to TGFfl and IGF-P 8. As well as the 
estrogenic effect on local growth factor production, the 
responses of bone cells to growth factors may also be 
modulated by estrogenic effects on growth factor bind- 
ing sites as reported for androgens 34, or through altered 
bioavailability via changes in carrier protein concentra- 
tion, as reported for IGF-I  in rat calvarial osteoblast- 
like cells 32,39. PDGF and TGF/3 have been shown to 
significantly increase TSP mRNA in both rat vascular 
smooth muscle and human mesangial cells 4~ The modu- 
lation of TSP by growth factors, or vice versa, have not 
been demonstrated in human osteoblast-like cells how- 
ever. Since TSP has also been shown to modulate TGF/3 
activity 13, we sought to examine the distribution and 
labelling intensity of TSP in bone and in a long term 
human osteoblast-like formation model 41 under basal 
conditions and after estrogen treatment. 

Materials and methods 

All chemicals including culture media were obtained 
from Sigma Chemical Co. (St. Louis, MO, USA) unless 
otherwise stated. Salt solutions and fetal calf serum 
(FCS) were obtained from Cytosystems Pty Ltd (Syd- 
ney, Australia). Cell culture medium, BGJb Fitton 
Jackson Modification, was obtained from Gibco (Syd- 
ney, Australia). Ethanol, acetone, sodium dihydrogen 
ortho-phosphate dihydrate and disodium hydrogen or- 
thophosphate dodecahydrate were obtained from Ajax 
Chemicals (Sydney, Australia). Sodium hydrogen car- 
bonate was obtained from BDH Chemicals (Kilsythe, 
Australia). Cacodylate buffer, osmium tetroxide, 
Spurr's resin, LR White resin, glutaraldehyde and 
BEEM capsules were all obtained from Alltech (Syd- 
ney, Australia). i,25 dihydroxyvitamin D3 was kindly 
provided by Roche (Sydney, Australia). 17/3 and 
estradiol were purchased from Sigma (St. Louis, 

MO, USA), Human parathyroid hormone (PTH) 
was purchased from Peninsula Labs (Belmont, CA, 
USA). 
Tissue culture materials. Plastic culture flasks and mul- 
tiwell plates were obtained from Nunc Inter Med 
(Roskilde, Denmark) and Becton Dickinson Labware 
(NJ, USA). Thermanox | coverslips were obtained from 
Nunc Inc. (IL, USA). 
Cell culture. The trabecular ends of long bones were 
dissected from 5 donors of human fetal tissue* esti- 
mated to be of 17-20 weeks gestation. Some bone 
material was kept and processed for electron mi- 
croscopy intact, as a control. After removal o f  the 
periosteum, the whole bone end was minced and the 
resulting fragments were washed extensively before plat- 
ing onto 25 cm 2 flasks (Nunc Inter Med, Roskilde, 
Denmark) in BGJ medium 42 containing 10% (v/v) FCS 
and supplemented with penicillin 30 mg/ml and strepto- 
mycin 40 mg/ml (Commonwealth Serum Laboratories, 
Parkville, Australia). After 2 - 4  weeks incubation the 
cells growing out from the explanted bone chips reached 
confluence and were subcultured into 24-well plates 
(Becton Dickinson Labware, NJ, USA) on Ther- 
manox | coverslips (Nunc Inc., IL, USA). Cells were 
plated at a concentration of 50,000 cells/cm 2 and main- 
tained in BGJ without antibiotics and supplemented 
with 1.97mM phosphate, 10% FCS, and 30 ~tg/ml 
ascorbic acid, which was added every other day. Fol- 
lowing overnight incubation, media was aspirated and 
experimental media was added. The cells were main- 
tained for the duration of the study with media changes 
every other day. Long term cell culture media contain- 
ing additives or vehicle were supplemented with ascor- 
bic acid 30 mg/ml at each media change. 
The 17/3 estradiol stock solution was added in spectro- 
scopic grade ethanol so that final concentration of vehi- 
cle did not exceed 0.1%. In previous studies this 
concentration of ethanol had been shown not to affect 
normal osteoblast-like cell function or proliferation. 
Dilutions of 10-9M, 10-1~ and 10 -11 M 17/3 or 
c~ estradiol were prepared and added to separate cul- 
tures. 
Biochemical analyses. Cultures were analysed for their 
response to PTH as previously described 43. Osteocalcin 
measurements were made by radioimmunoassay of 
serum-free conditioned medium using a commercially 
available kit as described previously 44. Alkaline phos- 
phatase was measured in the culture wells using a mod- 
ification of the method of Lowry et a l .  45 with 
p-nitrophenol phosphate as a substrate. Enzyme activity 
was expressed as units/well where 1 unit represented the 

* The experimental protocol conformed to the guidelines of the 
National Health and Medical Research Council of Australia for 
the use of human fetal tissue and was approved by the Sydney 
University Medical Ethics Review Committee. 
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amount of  enzyme activity that liberated 1 gM of p-ni- 
trophenyl at 37 ~ in 1 rain. 
Preparation of multilayers for ultrastructural examina- 
tion and immuno electronmicroscopy. Three sets of  long 
term cultures were processed for ultrastructural exami- 
nation and immuno electronmicroscopy as previously 
described 41 . 
Measurement of multilayer depth. To standardise the 
measurements, only one brand of  300 mesh copper grids 
was used (Alltech, Australia). The interior aspect of  
each single grid square bar was 63 ~m _+ 2.0 (informa- 
tion supplied by manufacturer). By dividing this length 
visually into 10 subdivisions, multilayer depth measure- 
ments were made along the length of  each multilayer. 
Cell to ECM ratio. The ratio of  cell area to extracellu- 
lar matrix area was measured by image analysis using a 
Noran TN-8502. 
Antibodies. The monoclonal anti-thrombospondin anti- 
body from Sigma did not differentiate between TSP 1 
and TSP 2. Monoclonal anti-thrombospondin (Sigma) 
does not cross-react immunologically with human 
thrombin, fibrinogen, fibronectin, laminin or serum al- 
bumin 51-54. The TGF/~ (monoclonal) antibody was 
from British Biotechnology (Oxford, UK);  the IGF-I  
(polyclonal) antibody was from Chemicon (Temecula, 
USA); the IGF-I I  (polyclonal) antibody was from Re- 
search and Diagnostic Antibodies (Berkley, USA); and 

the b F G F  (polyclonal) antibody was from Biomedical 
Technologies (Stoughton, USA). The TGF/~ antibody 
has no cross-reactivity with acidic or basic FGF,  human 
PDGF,  human IL-lc~, IL-1/~, IL-2, IL-3, IL-4, IL-6, 
IL-7, TNFc~, TNFfl, GM-CSF or G-CSF as determined 
by ELISA. The IGF-I  antibody shows only 8% cross- 
reactivity with IGF-II .  The IGF-I1 antibody exhibits 
1% cross-reactivity with IGF-I,  <1% cross-reactivity 
with human insulin, and no cross-reactivity with atrial 
natriuretic polypeptide, ACTH, calcitonin, somato- 
statin 28 or vasoactive polypeptide. 
Controls. Tissue that was previously known to stain 
positively for each respective growth factor was used as 
a positive control, Negative controls for each labelling 
parameter were established by the substitution of  the 
specific antibody with normal rabbit serum (1:2 dilu- 
tion), drops of  BSA/PBS and omission of  the primary 
antibody. This resulted in the presence of  only occa- 
sional particles of  gold across the entire ultrathin sec- 
tion. Any such background labelling was deducted from 
the gold probe count data (per square micron). 
As an additional control, micrographs of  the resin adja- 
cent to the cell multilayers were also produced for each 
labelling parameter. Any labelling of  the resin per se 
recorded in these micrographs was quantified and also 
deducted from the data prior to statistical analysis. 
The sections were also incubated with a mouse mono- 

Figure 1. Transmission electron micrograph (TEM) of human fetal osteoblast-like cell multilayer at 20 days post confluence. Letters 
indicate Thermanox covers/ip (T), collagen fibres transverse to plane of section (TC arrow), collagen fibres perpendicular to plane of 
section (PC arrow), extracellular matrix (ECM), cell nucleus (N), rough endoplasmic reticulum (RER). Fixation in 2.5% glutaraldehyde 
in 0.1 M cacodylate buffer at pH 7.3, uranyl acetate and lead stain. Original magnification 8,000 x. Bar I0 ~tm. 
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clonal antibody of  the IgM isotype, which does not 
react with any known human protein (Silenus). IgM 
aggregates may sometimes cause non-specific labelling. 
This procedure resulted in no apparent labelling in this 
case, however. 
Immunoabsorption studies. A solution of  human os- 
teocalcin containing 20 gg of  osteocalcin in 200 pl of 
distilled water was prepared. 20 lal of this solution was 
thoroughly mixed with 20 lal of  a 1 in 50 dilution of  
osteocalcin antibody, and incubated with the os- 
teoblast-like cell multilayers as previously described. No  
immunogold labelling resulted. As a positive control, a 
dilution of  1 in 50 osteocalcin antibody was mixed with 
20 pl of  distilled water and simultaneously incubated. 
This resulted in positive labelling of an intensity similar 
to that previously described. 
Similarly, 1 gg of  human transforming growth factor 
beta (TGFf l )was  mixed with 30 pl of  distilled water. 
This was thoroughly mixed with 30 ~tl of  a 1 in 50 
dilution of  TGFfl antibody, and incubated with the 
osteoblast-like cell multilayers as previously described. 

No  immunogold labelling resulted. A positive control 
comprising 30 gl of  a 1 in 50 dilution of the TGF/3 
antibody was mixed with 30 gl of  distilled water and 
also simultaneously incubated. This resulted in positive 
labelling of  an intensity similar to that previously de- 
scribed. Similarly, immunoabsorption of  both the 
b F G F  antibody with b F G F  and IGF-I  with the IGF-I  
antibody resulted in no labelling. 
Quantitation. The electron microscope was calibrated 
using a grating replica of  known dimensions. The cor- 
rect magnification value for each print was determined 
from these data. Each block from the 5 donors was 
sectioned and each section fully scanned. Representative 
micrographs were taken from all parts of  the multilayer. 
The quantitation protocol chosen was the direct particle 
counting method 46. For  each print magnification value, 
a square corresponding to one square micron was cut in 
a piece of white card. Immunogold labelling probe 
counts per square micron were made using these cards. 
At least 5 labelling probe counts were made for each 
print. For  each labelling parameter at least 10 different 
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Figure 2. Labelling intensity in mean gold probes per square micron of thrombospondin, transforming growth factor beta and 
insulin-like growth factor 1, with the addition of 10 -1~ M, 10 to M and 10 -9 M exogenous 17/3 estradiol. Also, increases in multilayer 
thickness after addition of 10-~1 M, 10-10 M and 10 9 M exogenous 17/3 estradiol. Cultures maintained on Thermanox coverslips were 
examined by immuno electronmicroscopy at 30 days post confluence. Points indicated by asterisks were significantly different from 
controls, **p < 0.0001 and *p < 0.05. 
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prints per donor  were examined. Use of  this number of  
prints per donor  had previously allowed statistically 
significant variations in culture labelling to be detected 
under different conditions 41. Results were expressed as 
the mean + SD. The statistical results were calculated 
using either Student 's  t test for unpaired samples, or 
a one way analysis of  variance coupled with a Ryan 's  
Q test. 
Electron dispersive spectroscopy. The multilayers were 
fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer 
for one hour. No osmium or heavy metal block stains 
were used. After TEM processing and embedding in LR 
White resin, in the manner previously described, one 
micron sections were cut but not grid stained with 
heavy metals. These multilayers were examined at 
120 kv using a Phillips EM 12 equipped with an EDAX 
9900 system. 

Results 

The explanted bone chips were seen to produce cells 
within 24 hours of  seeding. Bone cultures were estab- 
lished from several donors with similar results seen in 
each case. The cells displayed several osteoblast-like 
features. 
Radioimmunoassay of  the supernatants of  10 8M 
1,25(OH)2D3-treated cells cultured in serum-free BGJ 
media 42 demonstrated a dose-dependent increase in os- 

teocalcin secretion to a maximum of  15.4 fold. The 
osteocalcin response was specific for 1,25(OH)2D 3 since 
treatment with 17fl estradiol and insulin-like growth 
factor- l ,  and a variety of  other agents, caused no in- 
crease in osteocalcin secretion. Similarly, the cells re- 
sponded to 10 -8 M 1,25(OH)2D 3 with a 1.9-fold increase 
in alkaline phosphatase activity. When cultures were 
incubated in the presence of hPTH 1-34 at 50 ng/ml, 
there was a 2.5-fold increase in intracellular cAMP 41. 
Cells cultured for periods of  up to 50 days on Ther- 
manox coverslips formed a relatively ordered structure. 
This consisted of  layers of cells with a well developed 
rough endoplasmic reticulum separated by extracellular 
matrix. This matrix was collagen-based with fibres ar- 
ranged in layers which tended to run alternatively paral-  
lel to and perpendicular to the plane of  the section (fig. 
1). The cell multi layer continued to increase in depth up 
to 50 days post  confluence, the latest time point  exam- 
ined. The cells did not  form nodules when multilayering 
occurred, rather the multilayer was fairly uniform over 
the whole well. 17fl estradiol treatment resulted in sig- 
nificant increases in the depth of the multi layered cul- 
ture. The dose response was biphasic. The mean 
multi layer depth at 20 days, expressed as a percentage 
of  vehicle treatment controls which measured 29 -  
301am, in cultures with 3 donors was 178%_+ 10% 
(SEM) for cultures treated with 10 -~ M 17fl estradiol, 
144% + 8% with 10 --~~ M 17fl estradiol and 148% _+ 8% 

Figure 3. Transmission electron micrograph of banded collagen and its associated extracellular matrix in a 30-day post-confluence 
culture of osteoblast-like cells. Thrombospondin is labelled with a monoclonal anti-thrombospondin antibody coupled to a 10 nm goat 
anti-mouse IgG + IgM gold probe (GP, arrows). The label is focally restricted to electron dense areas of the extracellular matrix and 
its associated banded collagen. The tissue was sub-optimally fixed using 1% glutaraldehyde in 0.1 M cacodylate buffer pH 7.3, in order 
to preserve antigenicity. Uranyl acetate and lead stain. Original magnification 70,000 • Bar 0.3 ~m. 
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Figure 4. Transmission electron micrograph of the ECM of a 30-day post-confluence culture of osteoblast-like cells showing 
immunogold labelling for osteocalcin (GP). This marker was not focally incorporated in discrete areas but was distributed diffusely 
throughout the extracellular matrix (ECM) and its associated banded collagen (BC). Anti-osteocalcin polyclonal antibody conjugated 
to Protein A, conjugated to 10 nm colloidal gold. The tissue was sub-optimally fixed using 1% glutaraldehyde in 0.1 M cacodylate buffer 
pH 7.3, in order to preserve antigenicity. Uranyl acetate and lead stain. Original magnification 50,000 x. Bar 0.5 gin. 

Figure 5. Light micrograph of 19-week calcified fetal bone showing silver enhanced immunogold labelling for thrombospondin. Letters 
indicate fetal bone (FB), silver enhanced gold probe (SEGP arrow) and marrow cell remnant (M). Fixation in 1.0% glutaraldehyde in 
0.1 M cacodylate buffer at pH 7.3, uranyl acetate and lead stain. Original magnification 1,000 x. Bar 20 gin. 

with 10 -9 M 17/3 estradiol (fig. 2). No significant in- 
crease in multilayer depth was seen in the presence of 
10-gM 17c~ estradiol. Image analysis showed these 
changes to be proportional with similar increases in 
both cell and matrix areas. 

At 30 days post confluence, electron dense areas were 
noted in the extracellular matrix. Energy dispersive 
spectroscopy (EDS) studies showed this material to be a 
poorly crystallised form of hydroxyapatite, similar to 
the material present in fetal bone. The calcium to phos- 
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Figure 6. Labelling intensity, in mean gold probes per square micron, of thrombospondin over 50 days post confluence. Cultures 
maintained on Thermanox coverslips are examined by immuno electronmicroscopy between 10 and 50 days post confluence. Points 
indicated by asterisks were significantly different from controls, **p < 0.000I and *p < 0.05. 

phate ratios for these electron dense areas, as measured 
by EDS were: synthetic hydroxyapatite 1:I.74 (con- 
trol); fully calcified fetal bone 1:1.62; and multilayer 
electron dense areas 1 : 1.41. 
Immunoelectron microscopy. Labelling for thrombo- 
spondin was concentrated and confined to banded col- 
lagen and its immediately adjacent extracellular matrix 
(ECM) between the osteoblast-like cells. Note, how- 
ever, that only some areas of  collagen were labelled. 
This concentrated distribution of  thrombospondin (fig. 
3) contrasted with the diffuse distribution of  osteocalcin 
and alkaline phosphatase in all areas of  the multilayers 
(fig. 4). In 19-week fetal bone, light microscopic silver 
enhanced immunogold labelling indicated that throm- 
bospondin in the mineralized matrix was distributed in 
clusters 0.5 ~tm 20 gm apart (fig. 5). Ultrastructurally, 
as seen in the ECM of the multilayers (fig. 1), these 
clusters appeared to have a fairly regular size indicating 
that the variation in apparent cluster size seen at light 
microscopic level was likely to be the result of  overlap- 
ping silver enhanced clusters. By immunoelectron mi- 
croscopy TSP had a labelling intensity of  19 + 3 gold 

probes per square micron (gpm) in 19-week fetal bone, 
similar to its labelling intensity in the multilayers (fig. 
5). 
In the ECM of the osteoblast-like cell multilayers, av- 
erage labelling for thrombospondin increased signifi- 
cantly from 10 to 29 days post confluence and 
thereafter slowly decreased (fig. 6). Labelling for 
thrombospondin was significantly increased by treat- 
ment with 17/~ estradiol in a biphasic manner with 
10 ~ M resulting in the largest increase compared to 
controls (figs 2, 7). Labelling for TGF/~ and IGF-I  was 
similarly increased (fig. 2). In double labelling studies, 
thrombospondin co-localised with both TGF/? (fig. 8) 
and IGF-I  (fig. 9) in both the multilayer ECM and 
19-week fetal bone. In 19-week fetal bone TGFjq la- 
belled with an intensity of  22_+ 5 gpm while that for 
IGF-I  was 16 _+ 4 gpm, again similar to their labelling 
intensities in the multilayers. The bone cell marker 
osteocalcin was not significantly affected by 17/~ estra- 
diol treatment. No  significant differences in labelling 
intensities for any parameters were noted between con- 
trols and cultures treated with 17~ estradiol. 
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Figure 7. Transmission electron micrograph of banded collagen (C) and its associated extracellular matrix (ECM) in a non-mineralised 
section of a 30-day post-confluence culture of osteoblast-like cells in the presence of 10 11 M 17/~ estradiol. The addition of 17/~ estradiol 
to the culture medium resulted in an increase in labelling for thrombospondin by a factor of 3.4 (p < 0.0001) in comparison to controls 
(fig. 2). Thrombospondin is labelled with a monoclonal anti-thrombospondin antibody coupled to a 10 nm goat anti-mouse IgG + IgM 
gold probe (GP, arrows). The tissue was sub-optimally fixed using 1% glutaraldehyde in 0.1 M cacodylate buffer pH 7.3, in order to 
preserve antigenicity. Uranyl acetate and lead stain. Original magnification 70,000 x. Bars 0.3 ~tm. 

Figure 8. Transmission electron micrograph of the extracellular matrix (ECM) in a 30-day post-confluence culture of osteoblast-like 
cells. Thrombospondin is labelled with a monoclonal anti-thrombospondin antibody coupled to a 10 nm goat anti-mouse IgG + IgM 
gold probe (LP = large probe: arrow). Transforming growth factor beta (TGF/~) was labelled with 5 nm goat anti-mouse IgG + IgM 
conjugated to colloidal gold (SP = small probe: arrow). Collagen fibres (C). Indirect two-sided double labelling procedure. The tissue 
was sub-optimally fixed using 1% glutaraldehyde in 0.1 M cacodylate buffer pH 7.3, in order to preserve antigenicity. Uranyl acetate 
and lead stain. Original magnification 300,000 x. Bar 0.1 pm. 

Discussion 

It  has previously been repor ted  that  t h r o m b o s p o n d i n  

(TSP)  is synthesized by osteoblasts  and secreted into the 

extracel lular  mat r ix  ( E C M )  3,15 The concent ra ted  incor- 

po ra t ion  of  T S P  in h u m a n  osteoblast- l ike cells matr ix  

or  the co- local isat ion o f  TSP  with TGF/~ and I G F - I  has 
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Figure 9. Transmission electron micrograph of the extracellular matrix (ECM) in a 30-day post-confluence culture of osteoblast-like 
cells. Thrombospondin is labelled with a monoclonal anti-thrombospondin antibody coupled to a 5 nm goat anti-mouse IgG + lgM 
gold probe (LP = large probe: arrow). Insulin-like growth factor-1 growth factor (IGF-1) was labelled with I0 nm protein A gold 
conjugated to colloidal gold (SP-  small probe: arrow). Collagen fibre (C). Indirect two-sided double labelling procedure. This tissue 
was sub-optimally fixed using 1% glutaraldehyde in 0.1 M cacodylate buffer pH 7.3, in order to preserve antigenicity. Uranyl acetate 
and lead stain. Original magnification 250,000 x. Bar 0.1 him. 

not, however, been previously described. Furthermore, 
we have extended these static observations to show that 
the incorporation of TSP into the ECM is coordinately 
increased with the growth factors TGF/~ and IGF-I  
after treatment with 17fl estradiol. 
TSP binds to a variety of  ECM factors and may play a 
role in the organisation and formation of  the 
ECM I'll'Iv'aT. Although TSP label was present in the 
vicinity of the collagen, not all the collagen was labelled. 
TSP may be binding directly to the collagen and/or 
extracellular matrix (ECM) or to TGFfl or IGF-I  that 
is itself bound to the banded collagen and/or ECM of 
the osteoblast-like cells. The reason for the non-univer- 
sal labelling of  TSP in these areas is not understood. 
Part of  the problem may relate to the relative accessibil- 
ity of the protein epitopes embedded in the resin. In the 
ECM, the long term mean labelling intensities for TSP 
and the growth factors rose to 30 days and thereafter 
slowly declined. One explanation for these findings may 
be that prolonged exposure of  cells or tissues to a 
hormone or growth factor can lead to de-sensitisation 48. 
Another explanation may be the onset of  the mineral- 
isation process in the multilayer which may alter the 
composition of  the extracellular matrix and thus the 
immunoreactivity of  its constituent proteins. Leaching 
of  growth factors and other materials into the culture 
medium may also account for decreasing labelling den- 
sities. This may occur via openings seen in the multi- 
layer surface in contact with the culture medium 41. 

There have been relatively few reports of  modulation of  
TSP expression by hormones, although one report, us- 
ing cultures of  rat granulosa cells, found that produc- 
tion of  TSP was markedly decreased by insulin, and 
suggested that TSP production was inversely correlated 
with differentiation in these cells 49. There is a body of  
evidence that suggests TSP is markedly affected by 
growth factors, however. At least one growth factor 
(TGFfl) has been shown to increase the retention of  
TSP in the cell layer/matrix of  human adult and fetal 
bone cultures 3. TSP production is also regulated by 
growth factors in rat aortic smooth muscle cells 5~ and 
3T3 cells 5Z and has an autocrine role in the growth 
regulation of  these cells 3'52. TGFfl, PDGF,  and epider- 
mal growth factor (EGF) stimulate the synthesis of  
thrombospondin into rat aortic smooth muscle cell 
ECM 53 and human mesangial cells 39, whereas heparan 
sulphate glycosaminoglycans inhibit the incorporation 
of  newly synthesised thrombospondin into the ECM of 
smooth muscle 5~ 
Secretion of  growth factors, in turn, may be affected by 
hormones. It has been suggested that estradiol exerts its 
anabolic effect, seen here as an increase in multilayer 
depth, through the increased production of  bone 
growth factors such as TGFfl and I G F - P  2'33'35, 37. Estra- 
diol increased TGFfi, IGF-I  and TSP incorporation 
into the matrix in the current study. The coordinate 
behaviour of  thrombospondin in the presence of  the 
growth factors TGFfl and IGF-I  may identify it as a 
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growth factor inducible protein in bone  as it is in aortic 
smooth  muscle and  possibly also other  tissues 2,3,5~ It is 

therefore possible that  the observed increase in TSP in 
the current  study resulted f rom estradiol- induced in.  
creases in T G F f l  and  I G F - I  ra ther  than  the direct effect 
o f  estradiol  t rea tment  on TSP itself. The similar mod-  
u la t ion  of  TSP, T G F p  and  I G F - I  when  st imulated 
by 17/? estradiol suggests a coordina te  role for these 
proteins  in modu la t ing  bone cell prol iferat ion and  
funct ion.  
In  conclusion,  there is evidence that  m a n y  of  the effects 
o f  agents which modify  bone format ion ,  including sex 
steroids, are mediated through changes ir/ the local 
synthesis of  growth factors such as TGF/?  and  I G F - I  s4. 
The similarities between TSP, TGF/?  and  I G F - I ,  in 
terms of  their d is t r ibut ion and  m o d u l a t i o n  by 17/? estra- 
diol t reatments,  may  indicate a role for TSP in modula t -  
ing bone  cell prol iferat ion and  funct ion through 
in terac t ion  with local growth factors. 
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