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Summary: The present study was undertaken to investigate the effect of IGF-1 on
proteoglycan (PG) synthesis and the autocrine/paracrine mechanisms involving insulin-
like growth factor-1 (IGF-1) in the bovine coccygeal intervertebral disc. IGF-1
stimulated PG synthesis in cultured cells of nucleus pulposus of bovine intervertebral
discs in a dose-dependent manner, and the effect was inhibited by an anti-IGF-1
monoclonal antibody. In situ hybridization histochemistry revealed the expression of
IGF-1 mRNA in the cultured cells, and IGF-1 production in these cells was
demonstrated by radioimmunoassay. IGF-1 receptor in the cultured cells was also
immunohistochemically demonstrated. The Scatchard analysis using an 1251 IGF-1
binding assay showed that the cells cultured in monolayer had a single type of IGF-1
receptor, whose affinity and number were estimated to be 7.38 x 108/M and 9.27 x
10%/cell, respectively. These results suggest that IGF-1 stimulates PG synthesis in cells
of the nucleus pulposus, and that these cells in culture have an IGF-1
autocrine/paracrine mechanism. The expressions of IGF-1 mRNA and IGF-1 receptor
in disc tissue were greater in cells of the nucleus pulposus of fetal bovine intervertebral
discs than in those of the adult discs. These findings suggest that the
autocrine/paracrine IGF-1 action is more active in cells of young nucleus pulposus than

in cells of matured subjects.

INTRODUCTION

The function of the intervertebral disc depends on the composition and
integration of its extracellular matrices mainly composed of collagens and proteoglycans
(PG), that are synthesized by the cells of the disc. But, little is known about factors to
regulate matrix synthesis.

In 1991, Thompson et al. first attempted to stimulate PG synthesis in the
intervertebral disc using growth factors and reported that insulin-like growth factor-1

(IGF-1), platelet-derived growth factor, epidermal growth factor and transforming
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growth factor-f3 stimulated PG synthesis in the nucleus pulposus (42). IGF-1, which
is produced mainly in the liver in response to the action of growth hormone and is
transferred into the serum (37), is known to stimulate the growth of bone and cartilage
(36).

Kato et al. extracted a somatomedin-like peptide (cartilage-derived factor) from
bovine articular cartilage (20), and D'Ercole et al. detected IGF-1 production in fetal
mouse limb bud mesenchymal mass (6,7). The autocrine/paracrine mechanism of IGF-
1 action in the bone and cartilage has also been reported in recent years
(8,23,25,27,34,38).

However, there has been no report on the local production and receptor of IGF-
1 in the intervertebral disc. The possible role of autocrine/paracrine mechanism of IGF-
1 for intervertebral disc degeneration also remains unclear. The present study was
undertaken to investigate the effect of IGF-1 on PG synthesis and the presence of

autocrine/paracrine mechanism of IGF-1 in the bovine intervertebral disc.

METHODS

The nucleus pulposus from 9 intervertebral discs obtained by an aseptic
procedure from 3 coccygeal vertebrae of 4-year-old adult bovine were used for cell
culture. For in situ hybridization histochemistry and immunohistochemical study,
intervertebral discs were taken from 4 other four-year-old adult bovine spine and from 4
seven-month fetal bovine spine. Each tissue sample was immersed in 4%
paraformaldehyde in 0.1M POy buffer and subjected to two sessions of 10-second

microwave irradiation (26), embedded in paraffin and cut into 3 pm slices. A total of

17 intervertebral discs were used for the experiments.
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Cell culture of adult bovine nucleus pulposus

Ham's F12 medium and Dulbecco's modified Eagle's medium (DMEM; Flow
Laboratories, Inc., McLean, VA, U.S.A.) were used for cell culture. In both culture
systems, the medium was adjusted to pH 7.2 with 20 mmol/l N-2-
hydroxyethylpiperazine-N'-2-2-ethane sulfonic acid (HEPES; Dojin Pharmacochemical
Institute, Kumamoto, Japan) and sodium bicarbonate. Each medium was supplemented
with streptomycin (100 pg/ml), penicillin (100 U/ml) (Meiji Seika, Tokyo, Japan) and
0.5% bovine serum albumin (BSA; Sigma Chemical, St. Louis, MO, U.S.A.). About
0.5g of the central part of the nucleus pulposus was carefully dissected from each adult
bovine coccygeal intervertebral disc under magnification, and minced. After treatment
with 0.1% collagenase (Wako Pure Chemicals, Tokyo, Japan) at 37°C for 3 hours, the
cells were isolated by centrifugation at 1,000 rpm for 10 minutes. The primary culture
was continued for 4 weeks using Ham's F12 medium (9,15,39) containing 10% fetal
bovine serum (FBS; Bocknek Ltd., Toronto, Canada). The cells were then subcultured
in 4-well chamber slides (LabTec, Nunk, Naperville, IL, U.S.A.) and 24-well plates
(Comning Inc., Comning, NY, U.S.A.). Each culture was kept in a 5% CO; atmosphere

at 37°C, and the medium was renewed every 7 days.

Effect of IGF-1 on PG synthesis in cultured nucleus cells

The effect of IGF-1 on PG synthesis was determined by analysis of the
incorporation of 358-sulfate of cultured nucleus cells which had become virtually
confluent in 24-well plates (2.2-2.4 x 10° cells/well). Before the different
concentrations of IGF-1 were added, serum components were excluded from the 24-
well plates, and the cell layer of each well was washed with phosphate-buffered saline
(PBS). The culture medium was changed to DMEM containing graded concentrations
of human recombinant IGF-1 (0, 0.1, 1, 10, 100 or 1,000 ng/ml) (Becton-Dickinson
Labware, Bedford, MA, U.S.A.) (n=4 each). Cells were labeled for 24 hours at 37°C
with 74 kBq/ml 355 _sulfate (1.59 TBg/mg S, ICN Biomedicals, Inc., Costa Mesa, CA,

U.S.A.). The incorporation of 35S-sulfate was also determined in cells cultured with
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IGF-1 at a concentration of 100 ng/ml in the presence of 10 mg/ml mouse anti-human
IGF-1 monoclonal antibody (Cymbus Bioscience Ltd., Southampton, U.K.) (n=4)
(24). After labeling, the cells were solubilized with 1 ml of 1 N NaOH. The cell
fraction thus obtained was mixed with the medium and neutralized with 1 N HCI. One
ml of 50 mM Tris buffer (pH 7.8) with 5 mM CaCl; and 4,000 U of pronasc E (Kaken
Pharmaceutical, Tokyo, Japan) were added to each sample and allowed to react at 55°C
for 12 hours. Using a PD-10 column (Pharmacia, Uppsala, Sweden), unbound 98=
sulfate was removed from the solution. Thereafter, 2 mg of chondroitin sulfate (Wako
Pure Chemicals) and 5% cetylpyridinium chloride (Tokyo Kasei Kogyo, Tokyo, Japan)
were added to the solution and allowed to react at 37°C for 2 hours. After
centrifugation at 3,000 rpm for 30 minutes, the precipitates were dissolved in 1.2 M
NaCl, and the radioactivity (cpm) was measured with a liquid scintillation counter

(LSC-903, Aloka, Tokyo, Japan) (15,20,40). One-way analysis of variance (ANOVA)

was used for statistical analysis, with p<0.05 considered as significant.

Detection of IGF-1 mRNA in bovine intervertebral disc

IGF-1 synthesis was confirmed by detecting IGF-1 mRNA on in situ
hybridization histochemistry. After 3 days of culture on 4-well chamber slides, cells
were air-dried and fixed in acetone at 4°C for 10 minutes. Tissue sections of adult and
fetal bovine intervertebral discs (n=4 each) were dewaxed and rehydrated.

The hybridization procedure was essentially similar to the method reported by
Bloch et al. (1). Cultured nucleus cells and tissue sections were treated with proteinase
K (Boehringer, Mannheim, Germany) at 37°C for 15 minutes in 50 mM EDTA, 0.1 M
Tris-HCI (pH 7.4), 2 mM CaCly, 10 pg/ml proteinase K). Each section was allowed to
react with the 3°S-dATP-labeled synthetic oligonucleotide probe, complementary to the
441-476 base sequence of human IGF-1 mRNA (NEN Research Products, Boston,
MA, U.S.A)) (6.0-9.0 x 108 dpm/ml) in a buffer solution [4-fold sodium chloride-
sodium citrate buffer (SSC), 50% deionized formamide, 0.12 M phosphate buffer (pH

7.4), Denhardt's solution (Sigma Chemical), 2.5% yeast tRNA (Boehringer), 10%
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dextran sulfate, 50 mM dethiothreitol] at 41°C for 24 hours. Then, the sections were
rinsed in 1-fold SSC for 1 hour at 60°C to remove unbound 3°S-dATP-labeled
oligonucleotide molecules. After dehydrating with alcohol, each section was exposed
to Ilford K-5 emulsion (diluted at 1:1 with water) for 2 weeks and subjected to
development with D-19 (Eastman Kodak, Rochester, NY, U.S.A.) followed by
hematoxylin-eosin staining. Negative controls pretreated with 1 mg/ml ribonuclease A

(Cosmo, Tokyo, Japan) were used for judging the binding specificity.

Measurement of IGF-1 secretion

Subcultured cells which had virtually reached a confluent state in 24-well plates
were used. The cell layer was washed twice with PBS and incubated in 1 ml of DMEM
containing 3% FBS for 24, 48, 72 and 96 hours. Medium samples for IGF-1
determination were obtained from 3 wells each and stored at -20°C until measurement.
Each cell layer was treated with trypsin, and the cell number was counted. The
concentration of secreted IGF-1 was measured by radioimmunoassay using a
Somatomedin-C Eiken II Kit (Eiken Kagaku, Tokyo, Japan) and the concentration of
secreted IGF-1 per 1 x 10° cultured cells was calculated. The lower detectable limit

was 4.1 ng/ml, and cross-reactivity with IGF-2 is less than 0.5%.

Demonstration of IGF-1 receptor

Cultured cells of the nucleus pulposus and tissue sections of intervertebral discs
obtained from fetal and adult bovine (n=4 each) were stained by the avidin-biotin-
peroxidase complex method (Vectastain Elite ABC kit; Vector Laboratories,
Burlingame, CA, U.S.A)) to detect IGF-1 receptor. Cultured nucleus cells and tissue
sections were reacted with normal goat serum for 24 hours at room temperature to
suppress non-specific staining. A 1:30,000 dilution of rabbit anti-human IGF-1
receptor polyclonal antibody (Promega Co., Madison, WI, U.S.A.) as the primary
antibody was added to the sections and then stored at room temperature for 24 hours.

After washing, the sections were treated with biotinylated goat anti-rabbit IgG for 15
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minutes and with avidin-biotin-peroxidase complex for 30 minutes. For color
development, each section was immersed in PBS containing 0.02% diaminobenzidine
and 0.005% hydrogen peroxide (Wako Pure Chemicals) for 5 minutes, followed by
hematoxylin staining. Negative controls were treated with normal goat serum in place
of the primary antibody. The distribution of IGF-1 receptors was determined in relation
to the site within the tissue preparation. In the nucleus pulposus and the annulus
fibrosus of fetal bovine intervertebral disc, and in the nucleus pulposus and the three
equally divided parts of the annulus fibrosus (inner, intermediate and outer layers) of
adult bovine intervertebral disc, positive cells were counted at 400x magnification in 5

visual fields each.

Analysis of IGF-1 receptor in cultured nucleus cells

Cultured cells which virtually reached a confluent state in 24-well plates were
used. !29I-IGF-1 (0.2 ng/ml, 74 TBg/mmol, Amersham International plc.,
Buckinghamshire, U.K.) and IGF-1 (0.1, 1, 5, 10, 25, 50, 100, 500 and 1,000 ng/ml)
were added to each well and allowed to react at 4°C for 16 hours. After removal of the
supernatant, the cell layer was washed 6 times with PBS and dissolved in 1 ml of 1 N
NaOH. The radioactivity (cpm) of the solution was measured using a gamma counter
(ARC-2000, Aloka). The binding rate was calculated for each well using the ratio of
the measured radioactivity to the total amount of 1251.1GF-1 added (30,000 cpm). The
binding rate in the presence of IGF-1 at a concentration of 1,000 ng/ml was taken as the
non-specific binding rate, and the difference between the overall binding rate and the

non-specific binding rate was regarded as the specific binding rate. The number of

receptors per cell and their affinity were calculated by the Scatchard analysis.
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RESULTS

Effect of IGF-1 on matrix synthesis

PG synthesis in cultured nucleus cells of adult bovine intervertebral disc was
stimulated in proportion to the concentration of IGF-1. A significant stimulating effect
was found at the concentrations of IGF-1 of 1 ng/ml, reaching the maximum (4.8-fold
increase over the basal) at the concentration of 100 ng/ml IGF-1. When anti-IGF-1
monoclonal antibody was added in the presence of IGF-1 (100 ng/ml), PG synthesis

was not stimulated (Fig. 1).

Expression of IGF-1 mRNA

IGF-1 mRNA, an index of IGF-1 synthesis, was expressed in the cytoplasm of
cultured nucleus cells (Fig. 2). The pattern of expression of IGF-1 mRNA in disc
tissue varied according to the degree of maturity of the animal and the site in the disc;
the cells of fetal bovine intervertebral disc distinctly expressed IGF-1 mRNA (Figs. 3A
and B). However, expression of mRNA was unclear in cells of both the nucleus
pulposus and annulus fibrosus of adult bovine intervertebral disc (Figs. 3C and D).

There were no specific signals in negative controls.

Secretion of IGF-1 in adult bovine nucleus cells

IGF-1 was first detected in the supernatant of the cultured nucleus cells of adult
bovine disc at 48 hours after incubation. Thereafter, the detected IGF-1 concentration
increased with time, reaching a level of 92.1 ng/ml/lO5 cells at 96 hours incubation

(Fig. 4).

IGF-1 receptor in the intervertebral disc
Cultured nucleus cells of adult bovine intervertebral disc were stained brown,
demonstrating the presence of IGF-1 receptor (Fig. 5). The pattern of staining of IGF-

1 receptor in the disc tissue varied according to the maturity and the area of the disc.
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The staining of the nucleus cells of fetal bovine intervertebral disc tissue were most
strongly positive and the mean percentage of positive cells was 76.7% (Fig. 6A and
Table 1). However, IGF-1 receptor staining was weaker in the annulus fibrosus, and
the positive cells was 39.1% of all the cells (Fig. 6B and Table 1). In the adult bovine
intervertebral disc, the positive cells for IGF-1 receptor were sporadic (Fig. 6C), and
staining of annulus fibrosus cells was weak (Fig. 6D). In the adult intervertebral disc,
the mean percentage of the receptor positive cells in relation to the area of the disc was
40.2% for the nucleus pulposus, 33.7% for the inner layer, and approximately 10% for
the intermediate and outer layers of the annulus fibrosus (Table 1). In the negative

control discs, no immunoreactivity was present.

Binding of 12°I-IGF-1 to nucleus cells

Unlabeled IGF-1 inhibited the binding of '2°I-IGF-1 to cultured nucleus cells.
The specific binding rate decreased as the concentration of unlabeled IGF-1 increased,
and was inhibited to 50% at a total IGF-1 concentration of approximately 5 ng/ml (Fig.
7A). The Scatchard plots showed that adult bovine nucleus cells possessed only a
single type of IGF-1 receptor with an affinity of 7.38 x 108/M and the number of 9.27
x 10%/cell (Fig. 7B).

DISCUSSION

IGF-1 is a peptide which is known to activate matrix metabolism, particularly
PG synthesis, and to proliferate various cells including chondrocytes
(10,13,17,21,24,28,41,42,44,47). Thompson et al. reported that PG synthesis in
cultured nucleus pulposus tissue of adult canine intervertebral disc is increased in the

presence of IGF-1 (42). The present result shows that PG synthesis in cultured cells

of the nucleus pulposus of adult bovine intervertebral disc is increased in proportion to
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the concentration of IGF-1 and this suggests that IGF-1 is a possible regulating factor
for PG synthesis in nucleus cells.

IGF-1 in the serum exists as an inactive complex with IGF-binding protein
(IGFBP) (37). Although it has been implied that positively charged IGF-1 can
penetrate into the cartilage matrix, which is abundant in negatively charged PG (22),
recent evidence suggests that the amount of IGF-1-IGFBP complexes which can
penetrate through the cartilage matrix and reach the cells is very small (35), and it is
unclear whether or not IGF-1 in the serum can reach the avascular nucleus pulposus of
the intervertebral disc via the vertebral end-plate. It is also known that IGF-1, which is
essential for the growth of long bones, is not derived from serum but is produced in the
growth plate (16,23,27,32).

In 1987, Han et al. succeeded for the first time in detecting IGF-1 mRNA in
human fetal tissue through in situ hybridization histochemistry, demonstrating its
presence in many tissues such as heart, thymus, skeletal muscle, skin, pancreas,
spleen, kidney, rib, stomach and small intestine (11). IGF-1 mRNA expressed in
chondrocytes was demonstrated in the epiphyseal plate of rat tibia by Nilsson et al. in
1990 (27). It has been confirmed that IGF-1 secretion by cultured cells such as human
fibroblasts, porcine aortic smooth muscle cells and rabbit articular chondrocytes
(2,3,4,8). The present study demonstrated that cultured nucleus cells of adult bovine
intervertebral disc express IGF-1 mRNA and secrete IGF-1. This finding suggests that
adult nucleus cells in vivo have the potential to produce IGF-1.

The presence of IGF-1 receptor has been found in cultures of chondrocytes of
fetal chickens (14), rat adipocytes, liver-cells (14) and chondrocytes (33), rabbit
articular chondrocytes (29), bovine articular chondrocytes (45,48), and human
circulating mononuclear cells (31), and fibroblasts (5,30). The present study showed
that cultured bovine nucleus cells had only one type of IGF-1 receptor, and that its
affinity was close to the level calculated for cultured chondrocytes (33,45,48). The
number of IGF-1 receptors per nucleus cell, however, was judged to be higher than that

of the cultured articular chondrocytes (45,48). It remains to be clarified whether this
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difference is attributable to the type of cell or culture condition. Thus, nucleus cells of
the intervertebral disc proved to have the autocrine/paracrine mechanism of IGF-1 in
culture, suggesting the involvement of IGF-1 in the regulation of PG synthesis. The
autocrine/paracrine mechanism of IGF-1 is considered to be significant especially for
the cells in the intervertebral discs which is the largest avascular tissue. It should be
determined whether IGFBPs that modulate the biological effects of IGF-1 are also
produced by the cells in intervertebral disc.

From the evidence of IGF-1 mRNA and IGF-1 receptor obtained in histological
sections of the intervertebral disc, it is obvious that the autocrine/paracrine mechanism
of IGF-1 is also present in the intervertebral disc tissue; IGF-1 mRNA is obviously
present in cells of the nucleus pulposus and annulus fibrosus of fetal bovine
intervertebral discs. However, IGF-1 mRNA was scarcely detected in adult bovine
intervertebral discs. IGF-1 receptors were present in both fetal and adult bovine
intervertebral discs, and the pattern of IGF-1 receptor distribution virtually
corresponded to the degree of mRNA expression, and was most active in young
nucleus pulposus cells. Namely, it appears that the autocrine/paracrine mechanism of
IGF-1 is stronger in young cells, and declines with age, and that it is also more active in
the nucleus pulposus compared to the annulus fibrosus.

The differences between fetal and adult discs are supposed to come from the cell
heterogeity. The fact is of importance that notochordal cells appear in a process of
differentiation and growth of nucleus pulposus. It has been reported that the
autocrine/paracrine mechanism of IGF-1 is involved in the differentiation and growth of
tissues. Using a culture system of mouse myoblasts, Tollefsen et al. found that the
expression of mMRNA of creatine kinase, characteristic of myocytes, occurs after the
IGF-1 mRNA reached the maximum amount. They concluded that autocrine secretion
of IGF-1 is necessary for differentiation of myocytes (43). Trippel et al. also reported
that the IGF-1 binding rate is higher in the proliferative layer of the growth plate of long
bones than in the hypertrophic layer (46). These findings are consistent with the

manifestation of IGF-1 autocrine/paracrine mechanism in the process of differentiation

Fall
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and growth of the nucleus pulposus of the intervertebral disc. In the present study,
although the expression of IGF-1 receptors was demonstrated in about 40% of cells of
the nucleus pulposus of adult bovine intervertebral disc, the expression of IGF-1
mRNA in these cells remains unclear. The IGF-1 autocrine/paracrine mechanism may
be practically suspended in the intervertebral disc in healthy adult bovine. However,
considering the fact that cells of adult nucleus pulposus in culture system were abundant
in IGF-1 mRNA and IGF-1 receptor, it is possible that the cells which had potential to
express the autocrine/paracrine action of IGF-1 might predominate other static cells in
culture condition. The evidence that local production of IGF-1 occurs in the tissue
repair process (12,18,19,49), and that IGF-1 mRNA signal intensity in osteoarthritic
cartilage is significantry higher than in anatomically normal cartilage (25), the IGF-1
autocrine/paracrine mechanism in the adult nucleus pulposus might represent in an
attempt to repair the matrices. Further investigation is required to determine the
relationship between the modulation of the IGF-1 autocrine/paracrine mechanism and

the effect for degeneration or repair of the intervertebral disc.

ACKNOWLEDGMENT
This work was supported by a Grant-in-Aid for Scientific Research A (1994-1995,
# 06771120) from the Japanese Ministry of Education, Science and Culture.
REFERENCES
1. Bloch B, Popovici T, Le Guellec D, Normand E, Chouham S, Guitteny AF, Bohlen
P: In situ hybridization histochemistry for the analysis of gene expression in the
endocrine and central nervous system tissues: A 3-year experience. J Neurosci Res 16:

183-200, 1986

12

A



IGF-1 in the intervertebral disc

2. Clemmons DR, Shaw DS: Variables controlling somatomedin production by cultured
human fibroblasts. J Cell Physiol 115: 137-142, 1983

3. Clemmons DR, Underwood LE, Van Wyk JJ: Hormonal control of immunoreactive
somatomedin production by cultured human fibroblasts. J Clin Invest 67: 10-19, 1981
4. Clemmons DR: Variables controlling the secretion of a somatomedin-like peptide by
cultured porcine smooth muscle cells. Circ Res 56: 418-426, 1985

5. Conover CA, Misra P, Hintz RL, Rosenfeld RG: Differential binding of 1L IGF-1
preparations to human fibroblast monolayers. Eur J Endocrinol 118: 513-520, 1988

6. D'Ercole AJ, Applewhite GT, Underwood LE: Evidence that somatomedin is
synthesized by multiple tissues in the fetus. Dev Biol 75: 315-328, 1980

7. D'Ercole AJ, Stiles AD, Underwood LE: Tissue concentrations of somatomedin C:
Further evidence for multiple sites of synthesis and paracrine or autocrine mechanisms
of action. Proc Natl Acad Sci U S A 81: 935-939, 1984

8. Froger-Gaillard B, Hossenlopp P, Adolphe M, Binoux M: Production of insulin-like
growth factors and their binding proteins by rabbit articular chondrocytes: Relationships
with cell multiplication. Endocrinology 124: 2365-2372, 1989

9. Green WTIr: Behavior of articular chondrocytes in cell culture. Clin Orthop 75:
248-260, 1971

10. Guenther HL, Guenther HE, Froesch ER, Fleisch H: Effect of insulin-like growth
factor on collagen and glycosaminoglycan synthesis by rabbit articular chondrocytes in
culture. Experientia 38: 979-981, 1982

11. Han VKM, D'Ercole AJ, Lund PK: Cellular localization of somatomedin (insulin-
like growth factor) messenger RNA in the human fetus. Science 236: 193-197, 1987
12. Hansson HA, Dahlin LB, Lundborg G, Lowenadler B, Paleus S, Scottner A:
Transiently increased insulin-like growth factor I immuno-reactivity in tendons after
vibration trauma. An immunohistochemical study on rats. Scand J Plast Reconstr Surg

Hand Surg 22:1-6, 1988

13




IGF-1 in the intervertebral disc

13. Hascall VC, Handley CJ, McQuillan DJ, Hascall GK, Robinson HC, Lowther DA:
The effect on serum biosynthesis of proteoglycans by bovine articular cartilage in
culture. Arch Biochem Biophys 224: 206-223, 1983

14. Hintz RL, Clemmons DR, Underwood LE, Van Wyk JJ: Competitive binding of
somatomedin to the insulin receptor of adipocytes, chondrocytes, and liver membranes.
Proc Natl Acad Sci U S A 69: 2351-2353, 1972

15. Ichimura K, Tsuji H, Matsui H, Makiyama N: Cell culture of intervertebral disc of
rats: Factors influencing culture, proteoglycan, collagen, and deoxyribonucleic acid
synthesis. J Spinal Disord 4: 428-436, 1991

16. Isgaard J, Nilsson A, Lindahl A, Jansson J-O, Isaksson OGP: Effects of local
administration of GH and IGF-1 on longitudinal bone growth in rats. Am J Physiol
250: E367-E372, 1986

17. Jennings J, Buchanan F, Freeman D, Garland JT: Stimulation of chick embryo
cartilage sulfate and thymidine uptake: comparison of human serum, purified
somatomedins, and other growth factors. J Clin Endocrinol Metab 51: 1166-1170,
1980

18. Jennische E, Hansson H-A: Regenerating skeletal muscle cells express insulin-like
growth factor I. Acta Physiol Scand 130: 327-332, 1987

19. Jennishe E, Scottner A, Hansson H-A: Dynamic changes in insulin-like growth
factor I immunoreactivity correlate to repair events in rat ear after freeze-thaw injury.
Exp Mol Pathol 47:193-201, 1987

20. Kato Y, Nomura Y, Tsuji M, Kinoshita M, Ohmae H, Suzuki F: Somatomedin-like
peptide(s) isolated from fetal bovine cartilage (cartilage-derived factor): Isolation and
some properties. Proc Natl Acad Sci U S A 78: 6831-6835, 1981

21. Kemp SF, Hintz RL: The action of somatomedin on glycosaminoglycan synthesis
in cultured chick chondrocytes. Endocrinology 106: 744-749, 1980

22. Luyten FP, Hascall VC, Nissley SP, Morales TI, Reddi AH: Insulin- like growth
factors maintain steady-state metabolism of proteoglycans in bovine articular cartilage

explants. Arch Biochem Biophys 267: 416-425, 1988

14

N s e



IGF-1 in the intervertebral disc

23. Maor G, Laron Z, Eshet R, Silbermann M: The early postnatal development of the
murine mandibular condyle is regulated by endogenous insulin-like growth factor-1. J
Endocrinol 137: 21-26, 1993

24. McQuillan DJ, Handley CJ, Campbell MA, Bolis S, Milway VE, Herington AC:
Stimulation of proteoglycan biosynthesis by serum and insulin-like growth factor-I in
cultured bovine articular cartilage. BiochemJ 240: 423-430, 1986

25. Middleton JFS, Tyler JA: Upregulation of insulin-like growth factor I gene
expression in the lesions of osteoarthritic human articular cartilage. Ann Rheum Dis 51:
440-447, 1992

26. Mizuhira V, Notoya M, Hasegawa H: New tissue fixation method for
cytochemistry using microwave irradiation I. General remarks. Acta Histochem
Cytochem 23: 501-523, 1990

27. Nilsson A, Carlsson B, Isgaard J, Isaksson OGP, Rymo L: Regulation by GH of
insulin-like growth factor-1 mRNA expression in rat epiphyseal growth plate as studied
with in-situ hybridization. J Endocrinol 125: 67-74, 1990

28. Osbom KD, Trippel SB, Mankin HJ: Growth factor stimulation of adult articular
cartilage. J Orthop Res 7: 35-42, 1989

29. Postel-Vinay MC, Corvol MT, Lang F, Fraud F, Guyda H, Posner B: Receptors
for insulin-like growth factors in rabbit articular and growth plate chondrocytes in
culture. Exp Cell Res 148: 105-116, 1983

30. Rosenfeld RG, Dollar LA: Characterization of somatomedin-C/insulin-like growth
factor I (SM-C/IGF-1) receptor on cultured human fibroblast monolayers: Regulation of
receptor concentrations by SM-C/IGF-1 and insulin. J Clin Endocrinol Metab 55: 434-
440, 1982

31. Rosenfeld RG, Thorsson AV, Hintz RL: Increased somatomedin receptor sites in
newborn circulating mononuclear cells. J Clin Endocrinol Metab 48: 456-461, 1979
32. Russell SM, Spencer EM: Local injections of human or rat growth hormone or of
purified human somatomedin-C stimulate unilateral tibial epiphyseal growth in

hypophysectomized rats. Endocrinology 116: 2563-2567, 1985

15

A



IGF-1 in the intervertebral disc

33. Schalch DS, Sessions CM, Farley AC, Masakawa A, Emler CA, Dills DG:
Interaction of insulin-like growth factor I/Somatomedin-C with cultured rat
chondrocytes: Receptor binding and internalization. Endocrinology 118: 1590-1597,
1986

34. Schlechter NL, Russell SM, Spencer EM, Nicoll CS: Evidence suggesting that the
direct growth-promoting effect of growth hormone on cartilage in vivo is mediated by
local production of somatomedin. Proc Natl Acad Sci U S A 83: 7932-7934, 1986

35. Schneiderman R, Snir E, Popper O, Hiss J, Stein H, Maroudas A: IGF-1 and its
complexes in normal human articular cartilage: Studies of partition and diffusion. Arch
Biochem Biophys in press

36. Schoenle E, Zaph J, Humbel RE, Froesch ER: Insulin-like growth factor-1
stimulates growth in hypophysectomized rats. Nature 296: 252-253, 1982

37. Schwander JC, Hauri C, Zaph J, Froesch ER: Synthesis and secretion of insulin-
like growth factor and its binding protein by the perfused rat liver: Dependence on
growth hormone status. Endocrinology 113: 297-305, 1983

38. Shinar DM, Endo N, Halperin D, Rodan GA, Weinreb M: Differential expression
of insulin-like growth factor-I (IGF-1) and IGF-II messenger ribonucleic acid in
growing rat bone. Endocrinology 132:1158-1167, 1993

39. Sokoloff L, Malemud CJ, Green WTIJr: Sulfate incorporation by articular
chondrocytes in monolayer culture. Arthritis Rheum 13:118-124, 1970

40. Solursh M, Vaerewyck SA, Reiter RS: Depression by hyaluronic acid of
glycosaminoglycan synthesis by cultured chick embryo chondrocytes. Dev Biol 41:
233-244, 1974

41. Tesch GH, Handley CJ, Cornell HJ, Herington AC: Effects of free and bound
insulin-like growth factors on proteoglycan metabolism in articular cartilage explants. J
Orthop Res 10: 14-22, 1992

42. Thompson JP, Oegema TR, Bradford DS: Stimulation of mature canine

intervertebral disc by growth factors. Spine 16: 253-260, 1991

16



IGF-1 in the intervertebral disc

43. Tollefsen SE, Lajala R, McCusker RH, Clemmons DR, Rotwein P: Insulin-like
growth factors (IGF) in muscle development. J Biol Chem 264: 13810-13817, 1989
44. Trippel SB, Corvol MT, Dumontier MF, Rappaport R, Hung HH, Mankin HJ:
Effect of somatomedin-C/insulin-like growth factor I and growth hormone on cultured
growth plate and articular chondrocytes. Pediatr Res 25: 76-82, 1989

45. Trippel SB, Van Wyk JJ, Foster MB, Svoboda ME: Characterization of a specific
somatomedin-C receptor on isolated bovine growth plate chondrocytes. Endocrinology
112: 2128-2136, 1983

46. Trippel SB, Van Wyk JJ, Mankin HJ: Localization of somatomedin-C binding to
bovine growth-plates in situ. J Bone Joint Surg [Am] 68: 897-903, 1986

47. Trippel SB, Wroblewski BJ, Makower AM, Whelan MC, Shoenfeld D: Regulation
of growth-plate chondrocytes by insulin-like growth factor I and basic fibroblast
growth factor. J Bone Joint Surg Am 75: 177-189, 1993

48. Watanabe N, Rosenfeld RG, Hintz RL, Dollar LA, Smith RL: Characterization of a
specific insulin-like growth factor-I/somatomedin-C receptor on high density, primary
monolayer cultures of bovine articular chondrocytes: Regulation of receptor
concentration by somatomedin, insulin and growth hormone. J Endocrinol 107: 275-
2834 1085

49. Yan Z, Biggs RB, Booth FW: Insulin-like growth factor immunoreactivity

increases in muscle after eccentric contractions. J Appl Physiol 74:410-414, 1993

17




IGF-1 in the intervertebral disc

FIGURE LEGENDS

Fig. 1. Effect of IGF-1 on PG synthesis in cultured cells of the nucleus
pulposus of adult bovine intervertebral disc
The PG synthesis was stimulated by IGF-1, and this enhancement was inhibited

by anti-IGF-1 monoclonal antibody. The bars denote standard deviations.

Fig. & IGF-1 mRNA in cultured nucleus cells of adult bovine intervertebral
disc
In situ hybridization histochemistry in cultured cells indicating the expression of

IGF-1 mRNA in the cytoplasm (bar=10pm, x1,000).

Fig. 3. IGF-1 mRNA in fetal (A and B) and adult bovine intervertebral disc (C
and D) tissues
A: Significant signals of IGF-1 mRNA were seen in the fetal nucleus pulposus

(bar=10um, x 1,000). B: Expression of IGF-1 mRNA in annulus fibrosus is weaker
than that in the fetal nucleus pulposus (bar=10um, x 1,000). C and D: IGF-1 mRNA

signals are very slight or negative in the nucleus pulposus (C) and in the intermediate

layer of the annulus fibrosus (D) of adult bovine intervertebral disc (bar=10um, x

1,000).

Fig. 4. Chronological changes in IGF-1 secretion from cultured nucleus cells of
adult bovine disc
IGF-1 secretion into the culture supernatant increased with time of incubation

after the exchange of medium. The bars denote standard deviations.
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Fig. 5. IGF-1 receptors in cultured adult bovine nucleus cells shown by
immunohistochemical study
IGF-1 receptors were stained brown in a mesh-like pattern on the protoplasm of

the cultured cells (bar=10um, x 1,000).

Fig. 6. IGF-1 receptors in fetal and adult bovine intervertebral disc tissues

A: Fetal bovine nucleus pulposus. Nucleus cells present in an insular pattern
are stained strongly (bar=10um, x 1,000). B: Fetal bovine annulus fibrosus. The
sporadically distributed cells are stained more weakly than the fetal nucleus cells
(bar=10um, x 1,000). C: Adult bovine nucleus pulposus. Receptors are scattered in
cells forming a cluster (bar=10um, x 1,000). D: Intermediate layer of the adult bovine

annulus fibrosus. Few receptors are present (bar=10um, x 1,000).

Fig. 7. The specific binding of 1251.IGF-1 to cultured adult bovine nucleus cells
and the Scatchard analysis of the binding

A: 12LIGF-1 specific binding rate decreased as the concentration of unlabeled
IGF-1 increased. B: Scatchard plot showing that cultured nucleus cells of adult bovine
intervertebral disc have only a single type of IGF-1 receptor. The affinity (Ka) was

738 x 108/M, and the number of receptor sites was 9.27 x 10%/cell.
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Table 1. Immunohistochemical evidence of IGF-1
receptor on bovine intervertebral discs

location % positive cells immunoreactivity
(mean =* SD)

nucleus pulposus (n=20) 76.7+14.9 +++
fetal bovine

annulus fibrosus (n=20) 30.11+29.2 ++

nucleus pulposus (n=20) 40.2+14.9 ++

inner

annulus fibrosus (n=20) 33.719.0 +
adult bovine . :

intermediate

annulus fibrosus (n=20) 0.41+9.6 -

outer

annulus fibrosus (1=20) 10.2+10.1 +

+++ strong, ++ moderate, + faint




R
N

100

B B

:p< 0.01

0.05 s=x

7///////////////

-7/////
| -°

1 IGF-l)

0000000
AT S (S (SR () (=)
666666

Fig.2




Fig.3

S

B LR v el (s, .




Fig.3




Fig.4
120 —
2 100 —
i
mg 80 —
E 60—
=T}
£
- 40 -
€3
<
= 20—
0
[ | |
24 48 72 96

hours after medium exchange

Fig.5

-ﬁa-‘fﬁ;“ =

A










Specifically bound ' I-IGF-1

T T T
1 10 100 1000

IGF-1 (ng/ml) A

o

et 0.02 -

&

[l

S

Fomy

€3

~ (.01

=

=

= ¥

i

0 T T
50 100

IGF-1 bound (pg/ml) 3










