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ABSTRACT The direct hormonal control of sulfate uptake by cartilage matrix of coho salmon 
was examined by exposing branchial cartilage to 1 µ.Ci · ml - l 35804 for 48 hours at 15°C in a defined 
medium. Sulfate uptake occurred primarily in cartilage (rather than bone) and the amount of spe­
cific uptake was similar in epibranchial and ceratobranchial cartilages. Intact and hypophysectomized 
coho salmon starved for 22 days had equivalent in vitro sulfate uptake, which in both cases were 30% 
of the uptake seen in branchial cartilage of fed, intact controls. In branchial cartilage from starved 
coho salmon, in vitro exposure to recombinant bovine insulin-like growth factor I (rbIGF-1) at 1, 10, 
100, and 1,000 ng · ml- 1 caused a dose-dependent increase in sulfate uptake, with a maximum 
3-fold increase over control at 1,000 ng · m1- 1 rbIGF-1. Coho salmon insulin (1, 10, 100, and 1,000 ng 
· ml - l) resulted in a maximum 30% increase in sulfate uptake at the highest dose. Growth hormone 
and triiodo-L-thyronine had no direct effect on in vitro sulfate uptake. The results indicate that IGF-1 
has direct effects on coho salmon cartilage and may be an important regulator of growth in salmon 
and other teleosts. © 1992 Wiley-Liss, Inc. 

From the observations that growth hormone ( GH) 
promotes sulfate uptake in cartilage in vivo but not 
in vitro, and that GH injection increases the capac­
ity of plasma to increase sulfate uptake in vitro, a 
mediator of the growth-promoting action of growth 
hormone was hypothesized (Salmon and Daughaday, 
'57). Subsequent research has demonstrated that 
the most important of these somatomedins is insulin­
like growth factor I (IGF-I), an endocrine and 
paracrine factor that is produced in the liver and a 
variety of other tissues (Daughaday and Rotwein, 
'89). Although the relative roles of circulating IGF-1, 
growth hormone, and other growth factors in con­
trolling mammalian growth rate is controversial 
(see Isaksson et al. '87; Daughaday and Rotwein, 
'89), it is clear that IGF-I is involved in the regula­
tion of bone growth and whole-animal growth rates. 

The role of IGF-I in the growth of teleost fishes 
is less clear. Studies using heterologous radioim­
munoassays or radioreceptor assays in several tele­
ost species do not yield a consistent picture of the 
presence or regulation of circulating "IGF-I-like" 
factors (Furlanetto et al., '77; Wilson and Hinz, '82; 
Daughaday et al., '85; Lindahl et al., '85; Draken­
berg et al., '89; Funkenstein et al., '90). However, 
the IGF-1 gene from coho salmon (Oncorhynchus 
kisutch) liver has recently been cloned (Cao et al., 
'90); the deduced amino acid composition has 80% 
sequence similarity to mammalian IGF-I, and liver 
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IGF-I mRNA is responsive to in vivo growth hor­
mone treatment. 

Recent studies have also suggested that somato­
medins may be important in the regulation of fish 
growth. Komourdjian and Idler ('78) reported that 
a combination of GH and thyroxine in vitro in­
creased sulfate uptake in rainbow trout (Oncor­
hynchus mykiss) bone when co-incubated with liver 
slices. Duan and Inui ('90b) found that a GH­
induced plasma factor increases sulfate uptake by 
isolated eel cartilage. Furthermore, mammalian 
IGF-1 stimulates in vitro sulfate uptake in eel car­
tilage (Duan and Hirano, '90). However, Skyrud et 
al. ('89) found that multiple injections of mamma­
lian IGF-I in brook trout (Salvelinus fontinalis) 
resulted in slower growth than controls. In this 
study we investigate the endocrine factors regulat­
ing in vitro sulfate uptake in a salmonid teleost. 

MATERIALS AND METHODS 
Animals 

Coho salmon (Oncorhynchus kisutch) obtained 
from Iron Gate Hatchery (California Department 
of Fish and Game) were reared under standard con-
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ditions as previously described (natural photope­
riod, 10-14 °C; McCormick and Bern, '89). Fish were 
fed Oregon Moist pellet (Moore-Clarke, LaConner, 
WA) ad libitum twice daily. Post-smolt juveniles 
were hypophysectomized by the orbital method 
(Nishioka, '80) and maintained in fresh water. 

Solutions and hormones 

Preincubation medium was Minimal Essential 
Medium (MEM; Gibco) with Hanks' salts, 25 mM 
HEPES buffer, 200 U · ml - 1 penicillin and 200 µ g 
· m1- 1 streptomycin (pH 7.6). Incubation medium 
was MEM with Earle's salts, 1 µCi · ml - l [

35S]sul­
fate (Amersham, Arlington Heights, IL), 50 U · ml - l 

penicillin, and 50 µg · ml - 1 streptomycin, adjusted 
to pH 7 .6 after gassing. Stock solutions of hormones 
were prepared in the following concentrations with 
sterile solvents: recombinant bovine insulin-like 
growth factor I (gift from Monsanto, St. Louis, MO; 
rblGF-1 content was greater than 95% as determined 
by high pressure liquid chromatography, and con­
tained no detectable IGF-11), 0.5 mg· m1- 1 inMEM; 
native coho salmon insulin (gift from Dr. E. Plisets­
kaya, University of Washington), 0.5 mg· m1- 1 in 
MEM, native chum salmon growth hormone (gift 
from Prof. H. Kawauchi, Kitasato University) 0.25 
mg· m1- 1 in 0.01NNaOH,0.8% NaCl; triiodo-L­
thyronine (T3 , sodium salt, Sigma T 2752), 10 mg 
· m1- 1 in0.01NNaOH,0.08% NaCl. Basic stock 
solutions were neutralized with HCl prior to use. 
All solutions, including controls, contained the same 
amount of hormone solvent as was used for the max­
imum dose. 

Sulfate uptake 

Branchial cartilage was isolated by the method 
of Duan and Inui ('90a), and sulfate uptake was 
measured by a modification of the method of Ishii 
and Kikuyama ('84). Fish were killed by a blow to 
the head, and the first three pairs of gill arches were 
removed and placed in preincubation medium on 
ice. The skin and gill tissue were removed and the 
epibranchial and ceratobranchial were separated. 
The cartilage could be easily distinguished from 
bone by its translucent appearance. A cut was made 
just distal to the cartilage/bone interface, and the 
cartilage was placed in preincubation medium. One 
ceratobranchial cartilage from each individual was 
placed in preincubation medium in boiling water 
for 10 minutes. The remaining cartilages were kept 
in preincubation medium for 0.5-1 hours at 15°C. 
Cartilage pieces were then placed in incubation 
media (with or without hormone) with 1 µCi · m1- 1 

[
35S]sulfate. Tissue was incubated for up to 48 hours 

at 15°C under 95% 0 2, 5% C02. Following incuba­
tion the cartilage was removed, blotted dry, and 
placed in saturated Na2S04 solution for at least 2 
hours. Tissue was then placed in running tap water 
for at least 1 hour, and then rinsed 4 times with 
distilled water. The tissue was dried to a constant 
weight at 60°C in a convection oven (for at least 3 
hours). Dried cartilage was weighed to the nearest 
µg and placed in a 7-ml scintillation vial with 0.5 
ml 99% formic acid heated to 60°C overnight. Scin­
tillation vials were vortexed, 3.5 ml scintillation 
fluid was added, vials were vortexed again, and dis­
integrations per minute (dpm) were counted in a 
Beckman 5000 liquid scintillation counter. Non­
specific uptake (boiled cartilages) was subtracted 
from total uptake; the resulting values for specific 
uptake were expressed as dpm per µg dry weight 
of tissue. Preliminary results indicated a parabolic 
increase in sulfate uptake through the first 48 hours, 
similar to that reported by Duan and Inui ('90b). 
An endpoint of 48 hours was chosen for routine 
analysis of sulfate uptake. 

Autoradiography 

To visualize regions of 35S-sulfate uptake by the 
branchial arch, whole branchial arches were dis­
sected from their soft tissues, leaving intact the con­
nective tissue joint between the epibranchial and 
ceratobranchial bones, and incubated as above for 
48 hours. After incubation, the arches were placed 
in vials containing saturated Na2S04 solution and 
constantly agitated for 4 hours. The arches were 
then blotted dry, placed on cardboard, covered with 
plastic wrap, and placed against XAR autoradiog­
raphy film (Eastman Kodak, Rochester, NY) in a 
tightly clamped X-ray exposure folder. After expo­
sure for 4 d at - 80°C, the film was developed on a 
Konica auto processor (model QK-130A). 

Statistical analysis 

All statistical comparisons were by the non­
parametric Wilcoxon test followed by the Mann­
Whitney test using the CRISP statistical program 
(CRUNCH, Berkeley CA). Statistical significance 
was P < .05 unless stated otherwise. 

RESULTS 
Autoradiography of the gill arch exposed to 

[
35S]sulfate indicated that the branchial cartilage 

was the primary site of sulfate uptake (Fig. 1). Total 
sulfate uptake by ceratobranchial and epibranchial 
cartilage from the first 3 gill arches did not differ 
significantly (Table 1). There was a significant dif­
ference among individuals in this experiment (P < 
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Fig. 1. Autoradiograph ofbranchial cartilage exposed to 2 
µCi· ml - i for 48 h. X-ray film was exposed for 4 d at - 80°C. In 
freshly dissected preparations, cartilage (showing strong 
radiosulfate uptake above) is easily distinguished from bone 
by virtue of its transparency. 

.0001, Wilcoxon test), indicating that a major source 
of variation is variation among individuals. 

Hypophysectomy normally results in the cessation 
of feeding behavior in coho salmon. Hypophysecto­
mized, sham-operated (starved), and intact (starved) 
coho salmon had lower condition factors (ratio of 
weight to length) than intact, fed fish (Table 2). 
Hepatosomatic index (HSI; liver weight as percent 
of body weight) of hypophysectomized coho sal-

TABLE 1. Sulfate uptake(dpm · µg- 1
) by cartilage offed, 

1 year-old coho salmon* 

Arch 1 
Arch2 
Arch3 
Arch 1 (boiled) 

Ceratobranchial 

5.53 ± 1.26 
6.01 ± 1.01 
4.95 ± 1.03 
0.19 ± 0.02 

Epibranchial 

5.63 ± 1.49 
6.35 ± 1.25 
6.39 ± 1.39 
0.19 :t 0.01 

*Values are mean ± SE, n = 6. There was no significant difference in 
total sulfate uptake between ceratobranchial and epibranchial or among 
the arches (P > .5, two-way ANOVA). 

mon was intermediate between the fed and starved 
intact fish. 

Hypophysectomized, sham-operated (starved), 
and intact (starved) coho salmon had similar levels 
of in vitro sulfate uptake (Fig. 2) in branchial car­
tilage. Sulfate uptake in these groups was approx­
imately 30% of the levels in fed intact coho salmon. 
Starvation for shorter periods (5-10 d) was found 
to reduce sulfate uptake by at least 50% relative to 
fed controls. 

In branchial cartilage from coho salmon starved 
for 5 d, in vitro exposure to recombinant bovine 
insulin-like growth factor I (rblGF-1) at 1, 10, 100, 
and 1,000 ng · ml - l caused a dose-dependent 
increase in sulfate uptake (Fig. 3). The maximum 
increase occurred at 1,000 ng · m1- 1 rblGF-1 and 
resulted in levels almost 3-fold greater than con­
trols. This increase is sufficient in magnitude to 
restore in vitro sulfate uptake to the levels of fed, 
intact fish (see Fig. 2). 

Coho salmon insulin (1, 10, 100, and 1,000 ng · 
ml - 1) resulted in an increase in in vitro sulfate 
uptake only at the highest dose used (Fig. 3), result­
ing in a 30% increase relative to controls. At these 
concentrations, insulin was approximately one 
order of magnitude less effective than rbIGF-I in 
stimulating in vitro sulfate uptake. 

There was a slight decline in specific sulfate 
uptake relative to the control group when native 
chum salmon growth hormone (0.5 and 5 µ.g ·ml - l) 

was added to the medium, although this effect was 
not statistically significant (Fig. 4). The addition 
of growth hormone did not significantly alter the 
ability of rbIGF-I (1 µ,g · ml- 1) to stimulate sul­
fate uptake (Fig. 4). Triiodo-L-thyronine (T3; 0.5 and 
5 µ,g · ml - i) had no effect on sulfate uptake, either 
in the absence or presence ofrblGF-1. 

DISCUSSION 

Results of this study indicate that mammalian 
IGF-I can have direct effects on sulfate uptake in 
cartilage from salmonid fishes. Native salmon insu­
lin is much less effective in stimulating cartilage 
sulfate uptake, about one-tenth as effective as 
mammalian IGF-1. Growth hormone and triiodo­
L-thyronine had no detectable direct effect during 
our 48-hour incubations. These results are consis­
tent with previous findings in mammalian species 
in which IGF-I has been found to be an important 
regulator of cartilage metabolism and subsequent 
bone and whole-animal growth. 

The results of this and other in vitro studies in 
teleosts support a somatomedin hypothesis for the 
regulation of cartilage metabolism in teleosts. 
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TABLE 2. Length, weight, condition factor (100[ weight · length - 3
]) and hepatosomatic index 

(100 [liver weight· body weight - 1]) of juvenile coho salmon maintained at 14°C in fresh water* 

Length(cm) Weight (g) CF HSI(%) 

Fed, intact 16.3 ± 0.4 51 ± 4 l.16a ± 0.04 l.41a ± 0.07 
Starved 

l.03b ± 0.02 l.04b ± 0.07 Hypophysectomized 16.8 ± 0.5 50 ± 4 
Sham-operated 16.2 ± 0.4 42 ± 3 0.98b ± 0.02 0.77c ± 0.05 
Intact 16.1 ± 0.3 41 ± 2 0.97b ± 0.02 0.70c ± 0.05 

Wilcoxon test: P - .62 .11 .0006 .0001 

*Starved fish were deprived of food immediately after hypophysectomy or sham operation and for 22 d thereafter. Values are mean ± SE (n = 8 for 
each group). Values with different superscripts are significantly different (Wilcoxon test, P = .01, followed by Mann-Whitney test, P < .01). 
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Fig. 2. Sulfate uptake in vitro by branchial cartilage (cerato­
and epi-branchial) of coho salmon. Results are expressed as per­
cent change from the mean value of the fed, intact group 
(n = 7-9 per group). *indicates a significant difference from 
the fed, intact group (Wilcoxon test followed by Mann-Whitney 
U-test, P < .01). 

Hypophysectomy and starvation of eels, coho salmon, 
and long-jawed mudsuckers (Gillichthys mirabilis) 
reduces in vitro sulfate uptake in cartilage (Duan 
and Hirano, '90; present study; Gray and Kelley, 
'91). Growth hormone administration in vivo (Duan 
and Inui, '90a), but not in vitro (Duan and Inui, 
'90a; present study), increases cartilage sulfate 
uptake. GH injection results in increased liver IGF-I 
mRNA in coho salmon (Cao et al. '90) and increased 
plasma immunoreactivity to (mammalian) IGF-I 
in sea bream (Sparus auratus; Funkenstein et al., 
'90). Finally, mammalian IGF-I can stimulate in 
vitro sulfate uptake (Duan and Hirano, '90; present 
study; Gray and Kelley, '91), indicating that an 
endogenous IGF-I may also stimulate cartilage 
metabolism in vivo. 

Starvation for 22 days resulted in a reduction of 
condition factor and a large decrease in in vitro sul­
fate uptake relative to fed fish (Table 2; Fig. 2). 
Hypophysectomy did not cause a further decrease 
in sulfate uptake from that seen in starved, intact 
fish. Interestingly, relative liver weight (HSI) of 
hypophysectomized fish was intermediate between 
starved and fed intact fish. This is probably the 
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Fig. 3. Sulfate uptake in vitro by ceratobranchial cartilage 
from coho salmon starved for 5 d. Results are expressed as the 
proportional change (fold increase) from the mean value of the 
control group (no hormone added). *indicates a significant dif­
ference from the control group (Wilcoxon test followed by Mann­
Whitney U-test, P < .02; n = 12-17 per group). 

result of the absence of growth hormone (and per­
haps other pituitary factors) which decrease liver 
lipid content and activate liver lipase activity in 
coho salmon (Sheridan, '86). 

Administration of thyroid hormones increases 
whole-animal growth rates in teleosts (Donaldson 
et al., '79; Saunders et al., '85), although their effects 
have often been described as permissive. Barring­
ton and Rawdon ('67) reported that thyroxine 
increased whole-animal growth rate and skeletal 
sulfate uptake in rainbow trout (Oncorhynchus 
mykiss). Komourdjian and Idler ('78) found that a 
combination of thyroxine and growth hormone stim­
ulated sulfate uptake in bone ofrainbow trout when 
liver tissue was present in the incubation medium, 
but not in the absence of liver tissue. Our results 
indicate that thyroid hormones do not directly affect 
sulfate uptake. There are several possible pathways 
for the indirect effects of thyroid hormones on car­
tilage metabolism and growth. Thyroid hormones 
directly stimulate proliferation of GR-producing 
cells (DeFesi et al., '84) and GH secretion (Casa­
nova et al., '85) in mammals, and there is some evi-
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Fig. 4. Sulfate uptake in vitro by ceratobranchial cartilage 
from coho salmon starved for 5 d. Values are mean ± SE (n "" 8 
for each treatment). *indicates a significant difference from the 
control group (no hormone added; Wilcoxon test followed by 
Mann-Whitney U-test, P < .01). 

dence for a direct effect of thyroid hormones on the 
release of growth hormone in salmonid fishes 
(Kelley, unpublished results). Another possible path­
way for thyroid hormone action is the regulation 
of growth hormone receptors in liver, as occurs in 
mammals (Hochberg et al., '90). Such an action may 
explain the results of Komourdjian and Idler ('78) 
in which thyroxine was necessary for growth hor­
mone to produce a "somatomedin-like factor" in incu­
bations ofliver slices. 

Ceratobranchial and epibranchial cartilages of 
the first 3 gill arches had similar levels of sulfate 
uptake, indicating similar proteoglycan synthetic 
rates of these cartilage tissues. There were signifi­
cant differences in sulfate uptake among individ­
ual coho salmon, which may reflect differences in 
individual growth rates. We have also found varia­
tions in responsiveness to IGF-I (e.g., between exper­
iments presented in Figs. 3 and 4) which may reflect 
differences in the initial growth/endocrine status 
of the experimental animals. In addition, there are 
seasonal differences in sulfate uptake in coho salmon 
(unpublished results) which may reflect seasonal 
differences in growth rate or development. The pre­
cise relationship among cartilage sulfate uptake, 
growth rate, and their hormonal regulation in fishes 
has yet to be fully established. 

Insulin has been shown to increase sulfate uptake 
(and have other somatomedin effects) in mamma­
lian cartilage, though it is generally 1 to 2 orders 
of magnitude less effective than IGF-I (Froesch and 
Zapf, '85). These effects are generally believed to 
be the result of interation of insulin with the IGF-1 
receptor. In a similar fashion, IGF-1 can cause hypo­
glycemia and other insulin effects in mammals when 
administered at high concentrations (Froesch and 

Zapf, '85). In the present study, recombinant bovine 
IGF-I can cause hypoglycemia and other insulin 
effects in mammals when administered at high con­
centrations (Froesch and Zapf, '85). In the present 
study, recombinant bovine IGF-I at a given concen­
tration was 10 times more effective than native 
salmon insulin in stimulating cartilage sulfate 
uptake. The concentrations of insulin used in the 
present study encompass the circulating levels 
found in coho salmon (Plisetskaya et al., '91). 
Although teleost IGF-I is not currently available, 
it seems likely that it will be at least as effective 
as mammalian IGF-I (Cao et al., '90). It thus appears 
that IGF-I may be a more potent in vitro sulfation 
factor than is insulin in salmon, consistent with 
current mammalian growth models. 

Duan and Hirano ('90) reported that mammalian 
IGF-I increased sulfate uptake in eel cartilage by 
up to 40-fold in a dose-dependent fashion. In the 
present study mammalian IGF-I increased sulfate 
uptake in cartilage from starved coho salmon to lev­
els that were 3-fold higher than controls; such 
increases were sufficient to restore sulfate uptake 
to the levels seen in cartilage from intact, fed coho 
salmon. Similarly, Kelley and Gray ('91) have ob­
served that mammalian IGF-I can stimulate a 4-fold 
increase in sulfate uptake by long-jawed mudsucker 
cartilage. Furthermore, we have found that under 
certain conditions, in vivo IGF-I administration can 
increase whole-animal growth rate of coho salmon 
(McCormick et al., '92). These results indicate that 
mammalian IGF-I has biological effects in teleosts, 
and that IGF-I may be an important regulator of 
cartilage metabolism and other aspects of growth 
in teleosts. 
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