Table 1. Hybrid-arrested translation of trypano-
some RNA.

. Con- Trans- .
Oligo- centra- latlczln Inhib-
nugleo- tion prod- ition
tide ucts* (%)
M) (103 cpm)
(I 0 295
4 46 84
8 6 98
20 8 97
(IIT) 4 292 0
8 313 -6
20 259 12

*Samples (5 pl) of the translation mixtures in Figs. 2A
and 3 were precipitated with 10% trichloroacetic acid,
washed, andp counted after being redissolved in 0.1N
NaOH. The values reported are the average of two
separate determinations.

message since it has been shown that oligo-
nucleotides or ¢cDNA fragments comple-
mentary to the coding regions do not effec-
tively inhibit translation in rabbit reticulo-
cyte lysates (21-23).

Oligonucleotide =~ methylphosphonates,
which have an uncharged internucleotide
link, have been shown to enter cells and
inhibit translation of their corresponding
mRNA’s (24). Capping the 5'- and 3'-
hydroxyl groups with apolar substituents
may also be sufficient to facilitate transport
of the oligonucleotide into the cell and to
inhibit degradation by exonucleases (25,
26). The high degree of specificity of the
oligonucleotide for its target sequence sug-
gests that this approach may be therapeu-
tically useful. An oligonucleotide comple-
mentary to a portion of the spliced leader
sequence should be lethal to the trypano-
some, but would be without effect on host
protein synthesis. Recent advances in DNA
synthesis make it possible to test this ap-
proach.
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Regulation by Growth Hormone of Number of
Chondrocytes Containing IGF-I in Rat Growth Plate

ANDERS NILSSON, JORGEN ISGAARD, ANDERS LINDAHL,
ANNICA DAHLSTROM, ANNA SKOTTNER, OLLE G. P. IsAKSSON*

Whether growth hormone stimulates longitudinal bone growth by a direct effect at the
site of the growth plate or indirectly by increasing the concentration of circulating
somatomedins (insulin-like growth factors) has been the subject of controversy.
Immunohistochemical methods were used to explore the localization and distribution
of insulin-like growth factor I (IGF-I) immunoreactivity in the epiphyseal growth
plate of the proximal tibia of male rats. Cells in the proliferative zone of the growth
plate of normal rats exhibited a bright immunofluorescence, whereas cells in the
germinal and hypertrophic zones stained only weakly. In rats subjected to hypophysec-
tomy, the number of fluorescent cells was markedly reduced. When the hypophysecto-
mized rats were treated with growth hormone, either systemically or at the site of the
growth plate, the number of IGF-I-immunoreactive cells in the proliferative zone was
increased. The results show that IGF-I is produced in proliferative chondrocytes in the
growth plate and that the number of IGF-I—containing cells is directly regulated by
growth hormone. These findings suggest that IGF-I has a specific role in the clonal
expansion of differentiated chondrocytes and exerts its function locally through

autocrine or paracrine mechanisms.

CCORDING TO THE SOMATOMEDIN
hypothesis, growth hormone (GH)
does not have a direct effect on
cartilage, but instead stimulates chondro-
genesis and subsequent growth indirectly
through circulating peptide growth factors
termed somatomedins (I). The insulin-like
growth factor I (IGF-I), which is identical
with somatomedin C (2), is growth hor-
mone—dependent and generally considered
to be the main mediator of the stimulatory
effect of GH on somatic growth (3-5).
Investigators from our laboratory report-
ed earlier that local injection of GH into the
cpiphyseal growth plate of the proximal
tibia of hypophysectomized rats stimulates
unilateral longitudinal bone growth (6-8).
This observation has been confirmed by
other investigators (9). We have also shown
that chondrocytes isolated from rabbit ear
and epiphyseal growth plate have specific
binding sites for GH (10) and that GH
stimulates DNA and proteoglycan synthesis

in cultured chondrocytes from cartilage of
rabbit ear and rat rib growth plate (11, 12).
These results are inconsistent with an effect
of GH mediated through circulating IGF-1.

Although IGF-I was traditionally consid-
ered to be produced in the liver, there is now
evidence that IGF-I is synthesized in many
different organs (13-15). We used immuno-
histochemical techniques to examine the
possibility that IGF-I is produced in epiphy-
seal growth cartilage under the influence of
GH. We studied the localization and distri-
bution of IGF-I-like immunoreactivity in
sagittal sections of the epiphyseal growth
plate of the proximal tibia of normal and
hypophysectomized male rats and observed
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Fig. 1. Immunohistochemical localization of IGF-I in the epiphyseal growth plate. Sagittal sections of
the epiphyseal growth plate of the proximal tibia of 33-day-old, normal male rats were prepared for
immunohistochemical analysis as described. Three different rabbit antisera (diluted 1:200 in PBS),
were used: (A) K624, (B) K1792, and (C) KG96. Scale bar, 100 pm. Distance between vertical arrows
indicates the width of the epiphyseal growth plate.

the effect of GH treatment on the hypophy-
sectomized rats.

tomized rats were given systemic or local
treatment with human growth hormone

Male prepubertal rats of the Sprague-
Dawley strain were used. They were given
free access to tap water and pellet food.
Hypophysectomy was performed in 28-day-
old rats by the standard parapharyngeal
approach. At autopsy the hypophyseal cap-
sule and adjacent tissues were dissected out
and the GH content was determined by
radioimmunoassay (16). None of the ani-
mals had detectable amounts of GH after

(approximately 2 IU/mg) produced in Esche-
richia coli (h\GH®*) (Somatonorm; KabiVi-
trum, Stockholm). Rats were anesthetized
with a lethal dose of Mebumal and fixed by
transcardial perfusion with 4 percent
(weight to volume) formaldehyde in phos-
phate-buffered saline (PBS), pH 7.35, for 5
minutes. The tibiae were then excised, im-
mersion-fixed for 4 hours in the same fixa-
tive at 4°C, decalcified for 10 days in 10

hypophysectomy, as determined by this pro-
cedure. In some experiments, hypophysec-

percent EDTA at 4°C, and washed several
times in cold PBS containing 5 percent

A B

L ] Iy
L)
-
- -—
AR« —
1 2 3 - 2 3 4 5 6 v 8

Fig. 2. Evidence for specificity of antiserum K1792 to IGF-I. Biosynthetically produced human IGF-I
(Met-IGF-I; KabiVitrum, Stockholm, Sweden), human IGF-II (preparation 9, kindly provided by R.
E. Humbel, Zurich, Switzerland), porcine relaxin (NIH, Bethesda, MD), and porcine insulin (Novo,
Copenhagen, Denmark) were subjected to electrophoresis on a 10% polyacrylamide gel in the presence
of sodium dodecyl sulfate according to the method of Laemmli (26). The proteins were electrophoreti-
cally transferred to nitrocellulose sheets, as described by Towbin et al. (27). After being blocked and
washed, the sheets were incubated with antiserum at a dilution of 1:200. The antibodies were
subsequently visualized and quantitated with '2*I-labeled protein A and autoradiography. (A) (Lanes 1
and 4) 200 ng of IGF-I, (lanes 2 and 5) 50 ng of IGF-I, and (lane 3) 25 ng of IGF-I. In lanes 4 and 5
the diluted antibodies were incubated (overnight in a refrigerator) with PBS containing biosynthetically
produced human IGF-I (KabiGen, Stockholm, Sweden) (20 ug/ml). (B) (Lane 1) 50 ng of IGF-I, (lane
2) 500 ng of insulin, (lane 3) 50 ng of insulin, (lane 4) 50 ng of IGF-I, (lane 5) 500 ng of relaxin, (lane
6) 50 ng of relaxin, (lane 7) 500 ng of IGF-II, and (lane 8) 50 ng of IGF-II.
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sucrose. Specimens of the proximal tibiae
were rapidly frozen, and thin (10-um) sagit-
tal sections from the proximal tibia were cut
in a cryostat at —20°C.

The sections were thawed onto gelatin-
coated glass slides, incubated with 3 percent
swine serum to reduce nonspecific protein
absorption, then incubated for 18 hours at
4°C with specific antisera. Three different
rabbit antisera (all at a dilution of 1:200 in
PBS) were used; K624 (KabiVitrum, Stock-
holm), which is prepared against IGF-I
isolated from human plasma, and K1792
(KabiVitrum, Stockholm) and KG96 (Ka-
biGen, Stockholm), both prepared against
the synthetic fragment 57-70 of human
IGF-I conjugated to bovine serum albu-
min.

After the specimens were rinsed in PBS,
fluorescein-isothiocyanate  (FITC)-labeled
swine antibody to rabbit immunoglobulin G
(Dakopatts A/S, Copenhagen) was applied
at a dilution of 1:30, and the specimens
were incubated for 1 hour at 37°C. The
sections were thoroughly rinsed, mounted
in glycerol-containing paraphenylenedia-
mine to reduce fading (17), and observed in
a Zeiss fluorescence microscope equipped
with epi-illumination and appropriate filters
for microscopy of FITC fluorescence. The
following procedures were used to study the
specificity of the immunohistochemical reac-
tions: omission of the primary antibody,
absorption of antibodies with human IGF-I
before incubation, and use of serum from
unimmunized rats instead of specific antise-
rum.

In normal rats, chondrocytes in the prolif-
erative layer of the epiphyseal growth plate
clearly showed specific staining with anti-
body to IGF-I and also with two different
antibodies to the synthetic fragment 57-70
of IGF-I (Fig. 1). The stain was distributed
unevenly in the different columns of prolif-
erative chondrocytes that were visible in
sagittal sections. Thus, in some columns,
most of the cells stained intensely, whereas
other columns contained only a few stained
cells. Cells in the germinal and hypertrophic
zones of the growth plate stained weakly,
and no specific stain was visible in the matrix
between cells in the growth plate.

Our results provide histochemical evi-
dence for localization of endogenous IGF-I-
like immunoreactivity in the epiphyseal
growth plate. It is therefore important to
establish the authenticity of the antisera
used. As shown in Fig. 2A, antiserum
K1792 bound to human IGF-I on sheets of
nitrocellulose in a dose-dependent manner
when studied after electrophoresis and im-
munoblotting. Prior absorption of the anti-
bodies with IGF-I in excess completely neu-
tralized the detection of 50 ng of IGF-I and
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partially that of 200 ng. The antibodies
showed no cross-reactivity to the IGF-I-like
molecules porcine insulin or porcine relaxin
at loads of 500 ng per lane of these peptides
(Fig. 2B). The antibodies showed a weak
immunoreaction to 500 ng of human IGF-
II, suggesting that there was a slight cross-
reactivity between IGF-I and IGF-II. The
specificity of the K1792 antiserum to IGF-I
was also tested immunohistochemically. Pri-
or incubation of antiserum K1792 with
biosynthetic human IGF-I, but not with the
structurally related porcine proinsulin mole-
cule, blocked the immunohistochemical
staining (Fig. 3). Thus, the staining in Fig. 1
and Figs. 3 to 5 is probably a result of the
interaction of antibodies to IGF-I with an
endogenous IGF-I-like molecule.

In hypophysectomized rats the width of
the growth plate decreased, as expected, and
the number of cells in the growth plate that
fluoresced brightly was markedly smaller
than that in normal rats (Fig. 4). However,
the distribution of IGF-I-immunoreactive
material in the different cell zones was ap-
proximately the same as in growth plates
from normal rats (Figs. 1 and 3). Adminis-
tration of 200 pg of hGH®* subcutaneously
daily for 2 days increased the width of the
growth plate, and concomitantly the num-
ber of positively stained cells in the prolifera-
tive cell layer increased. This observation
shows that the number of cells in the growth
plate containing IGF-I-immunoreactive
material is GH-dependent.

Administration of 2 pg of hGH®*
through an implanted cannula into the
epiphysis of the right proximal tibia of
hypophysectomized rats, daily for 5 days
(8), increased the number of cells containing
IGF-I-like immunoreactivity in the growth
plate of the GH-treated right leg in compari-
son with the saline-injected left leg (Fig. 5).
In a separate experiment the plasma level of
IGF-I was measured in hypophysectomized
rats that received daily local treatments with
2 pg of hGH"*. The plasma level of IGF-I
in these rats was not different from that of
the saline-treated group of rats 3 and 5 days
after the start of treatment (Table 1). This
finding suggests that the increased number
of IGF-I-immunoreactive cells in the epiph-
yseal growth plate, following local GH
treatment, was not caused by an increased
plasma level of IGF-I but was due to an
effect of GH at the site of the injection.

The chondrocytes in the growth plate are
strictly organized in a columnar pattern
according to the stage of maturation. The
germinal zone bordering the bony epiphysis
is the stem cell area of the growth plate.
Cells from this area differentiate and enter
the proliferative zone where the cells under-
go limited clonal expansion during the pro-
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Fig. 3. Evidence for specificity of antiserum (K1792) to IGF-I in tissue. Sagittal sections of the
epiphyseal growth plate of the proximal tibia of 33-day-old normal male rats were prepared for
immunohistochemical analysis. (A) Sections were stained as in Fig. 1B. (B) Omission of the ‘primary

antibody. (C) Absorption of antibodies by incubating the diluted antibodies (1:200) with PBS
containing biosynthetically produced human IGF-I (Met-IGF-I; KabiVitrum, Stockholm, Sweden) (1
pg/ml) for 15 minutes at 24°C before applying the antibodies to tissue specimens. (D) Failure of
porcine proinsulin (Novo, Copenhagen, Denmark) at a concentration of 100 ng/ml to absorb IGF-I
unmunorcactwnty Scale bar, 100 pm. In (B) and (C), exposure times were longer than for (A) and (D)
in order to avoid a completely black picture. Vertical arrows indicate the width of the epiphyseal growth

plate.

cess of longitudinal bone growth (18). Lon-
gitudinal bone growth is thus the result of
cell differentiation and of clonal expansion
of cells in the growth plate.

Our finding that chondrocytes in the pro-
liferative zone, but not in germinal or hyper-
trophic zones, contain IGF-I-like immuno-
reactivity suggests that IGF-I has a specific
role in the clonal expansion of differentiated
chondrocytes in the growth plate. Schoenle
et al. (19, 20) demonstrated that continuous
subcutaneous infusion of highly purified
IGF-1 into hypophysectomized rats in-
creased tibial cartilage width as well as thy-

Fig. 4. Effect of systemic administration of
hGHP* on IGF-I-like immunoreactive cells in
the epiphyseal growth plate of hypophysecto-
mized rats. Sagittal sections of the epiphyseal
growth plate of the proximal tibia were prepared
for immunohistochemical analysis with antiserum
K1792. (A) Epiphyseal growth plate of a 42-day-
old male rat that was hypophysectomized at 28
days of age. (B) Effect of dail y subcutaneous
administration of 200 g of hGH"* for 2 days to
a hypophysectomized rat. The rat was killed 15
hours after the last injection of GH. Scale bar, 100
wm. The same exposure time was used for (A) and
(B). Vertical arrows indicate the width of the
epiphyseal growth plate.

midine incorporation into costal cartilage,
providing evidence for a functional role of
IGF-I in the growth plate in vivo.

The finding that GH increases the num-
ber of IGF-I-immunoreactive cells in the
proliferative zone suggests that the chondro-
cytes themselves produce IGF-I and that
IGF-I stimulates clonal expansion of the
chondrocytes in the proliferative zone
through autocrine or paracrine mechanisms,
as suggested earlier (6, 11, 15, 21). When

Fig. 5. Effect of local administration of hGH*
on IGF-I-like immunoreactive cells in the epiphy-
seal growth plate of h{poph ysectomized rats.

Two micrograms of hGH"*° was injected daily for
5 days through a cannula implanted in the epiphy-
sis (8) of the right tibia of 37-day-old rats that had
been hypophysectomized 9 days earlier. The left
leg was injected with saline. The rats were killed
18 hours after the last injection. Sagittal sections
of the epiphyseal growth plate of the proximal
tibia were f[m:parcd and analyzed immunohisto-
chemically for IGF-I, with antiserum K1792. The
same exposure time was used for both photo-
graphs. (A) GH-treated right leg. (B) Saline-
treated left leg. Note the difference in growth
plate width and immunofluorescence of chondro-
cytes in the two photographs. Scale bar, 100 pum.
Vertical arrows indicate the width of the epiphy-
seal growth plate.
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endogenously produced somatomedin-like
peptides in cultured porcine smooth muscle
cells and human fibroblasts are neutralized
with monoclonal antibodies, DNA synthesis
is inhibited, giving direct experimental sup-
port for an autocrine or paracrine role of
somatomedin-like peptides (22). Our study
strongly supports earlier observations that
administration of GH in vivo stimulates the
production of IGF-I in a number of tissues
of hypophysectomized rats (15). Further-
more, our finding that local administration
of GH increased the number of IGF-I-
immunoreactive cells on the side injected,
without a concomitant rise in the plasma
level of IGF-I, shows that the effect of GH
was not mediated by circulating somatome-
dins, but probably was due to a direct effect
on cells in the growth plate.

The precise cellular mechanism by which
GH acts to increase the number of IGF-I-
containing chondrocytes is unknown. The
discovery of Morikawa ez al. (23) and Nixon
et al. (24) that GH stimulates differentiation
of cultured preadipose cells and myoblasts in
tissue culture suggests that stem cell chon-
drocytes might be the target cells for GH in
the growth plate and that GH stimulates the
differentiation of these cells. We have found
that '**I-labeled hGH preferentially binds to
cells in the germinal zone of the growth
plate, giving support to this hypothesis (25).

We suggest the following hypothesis for
the stimulatory effect of GH on longitudinal
bone growth. During the process of cell
differentiation, directly stimulated by GH,
genes that code for growth factors of the
somatomedin class, such as IGF-I, are ex-
pressed. This gene activation results in an
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Table 1. Effect of local administration of hGH®*®
on plasma levels of IGF-I in hypophysectomized
rats, Rats were bled through the tip of the tail
before treatment, and on the third and fifth days
of treatment 18 hours after local injections. Plas-
ma levels of IGF-I were determined in plasma
samples extracted with acid ethanol by radioim-
munoassay using the antiserum K624. There were
three rats in each group. Analysis of variance
showed no difference between the groups. The
plasma level of IGF-I in a group of six normal rats
was 2.81 = 0.15 U/ml, In the radioimmunoassay,
1 U/ml corresponds to 0.2 pg/ml of highly puri-
fied human IGF-I standard (supplied by R. E.
Humbel, Switzerland).

Plasma IGF-I (U/ml)

Time Saline- hGHP-
treated treated
rats rats
Before
treatment 040 = 0.11 0.36 = 0.06
Third day of
treatment 0.76 = 0.13 0.62 = 0.12
Fifth day of
treatment 0.53 = 0.08 0.51 = 0.10

increased local production of IGF-I, which
promotes the clonal expansion of chondro-
cytes through paracrine or autocrine mecha-
nisms. Thus, GH stimulates cell differentia-
tion directly and clonal expansion indirectly
through the local production of insulin-like
growth factors.
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