A Pituitary Growth-Promoting Factor for Articular

Chondrocytes in Monolayer Culture
MARIE-THERESE CORVOL * CHARLES J. MALEMUD,

aND LEON SOKOLOFF

Section on Rheumatic Diseases, Laboratory of Experimental Pathology, National Institute of Arthritis and

Metabolic Diseases, Bethesda, Md. 20014

ABSTRACT. A heat-labile anterior pituitary fac-
tor exerts a strong mitogenic action on articular
chondrocytes in secondary monolayer culture. At
the same time secretion of macromolecular radio-
sulfate into the medium by the stimulated cells is
markedly reduced. This factor was found in NTH
bovine and ovine TSH as well as LH but not in
more purified (Condliffe-Bates, Pierce) prepara-
tions of TSH. The response, measured by the
DNA content of the cell pellet, was dose-depen-
dent; the lowest effective concentration was 1 ug
NIH TSH/ml culture medium. The effect was

fairly selective for chondrocytes, rabbit and hu-
man, and was displayed to much lesser degree by
skin fibroblasts and 4 other cell types studied.
FSH had a smaller effect while GH, prolactin,
ACTH and a preparation having high EPS activ-
ity were relatively ineffective. Of 19 other hormone
preparations examined, only crude HCG gave a
comparable mitogenic response. Insulin, 0.1 U/ml,
had a consistent but small effect. Estradiol-17f
and diethylstilbesterol (10 ng/ml) were cytotoxic,
as were cyclic AMP and its dibutyryl ester (1.4
X 10—3m). (Endocrinology 90: 262, 1972)

URING a study of the effects of hor-

mones on chondrogenic differentiation,
we have observed that an anterior pituitary
factor has a marked and somewhat selective
mitogenic effect on articular chondrocytes
in monolayer culture. The factor is associ-
ated with thyrotropic and luteinizing hor-
mone fractions but it is not itself thyro-
tropin. A similar activity is observed in crude
human chorionic gonadotropin but not in
other pituitary or placental hormones in-
vestigated.

Materials and Methods

Cell cultures. The experiments were carried out
on secondary cultures of chondrocytes from the
shoulder, hip and knee joints of New Zealand
albino rabbits two to three months old. The
primary cultures were made at different times
from 17 animals by methods detailed elsewhere
(1,2). The primary cells were grown in Ham’s
F12 medium supplemented with 10 percent
fetal calf serum. When they had become con-
fluent (usually on the 10th day, occasionally
the 7th) the chondrocytes were trypsinized.
Approximately 2 X 10% cells were inoculated
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into 25 ¢cm? plastic flasks (Falcon Plastics Com-
pany) containing 4 ml of a slightly modified
Dulbecco-Eagle medium supplemented with 10
percent fetal calf serum and streptomycin-peni-
cillin (10 pg and 10 U/ml respectively). MgSO,
of the medium was replaced by MgCls, 165
mg/L. All culture media and reagents were
obtained from the Grand Island Biological
Company (GIBCO), except for some serum
supplied by the Baltimore Biological Labora-
tories. The cultures were gassed with 10 percent
CO;. There were, with a few exceptions, eight
flasks in each experimental group.

Under these conditions the chondrocytes do
not become ‘“‘contact inhibited” and continue to
proliferate, although at a decreasing rate, for at
least 23 days (Table 1). Nevertheless they are
not transformed so far as serological tests for
group specific leukemia antigens can indicate
(Dr. Paul Price, Microbiological Associates),
and they continue to secrete sulfated macro-
molecules.

The cultures were fed with hormone-contain-
ing media at the time of the inoculation and
again on the 3rd and 5th days. To this last
feeding was added Na,%SO, (New England
Nuclear Corporation) at a level of 1.4 uCi/ml.
The cells and media were harvested 20 hours
later.

Other cell types studied included human
articular chondrocytes from a 22 year old man,
the cells in their second passage; rabbit skin
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TaBLE 1. Effect of age of culture
on articular chondrocytes
Days in DNA 3580,
culture (ng/fask)* (10% dpm/ug DNA)*
5 28.9 = 1.38 (8) 1.43 == 0.05
12 39.6 = 1.04 (5) 1.52 =+ 0.09
23 43.1 +1.86 (5) 1.79 % 0.13

* Mean =+ sE. The figure in parentheses is the
number of flasks.

fibroblasts; HeLa; FTRL-4 (diploid fetal rat
liver); VERO (polyploid green monkey kid-
ney); F26-10C (Fisher rat embryo).

Hormone preparations. Six preparations of thy-
rotropin (TSH) with varying specific activity
were employed (Table 2): bovine, Ciereszko,
Princeton Laboratories, 0.5-0.7 U/mg; bovine,
NIH-TSH-B5, 2.21 U/mg; bovine, purified
by P. G. Condliffe and R. W. Bates, assaying
20 U/mg; bovine, purified by J. G. Pierce, 25
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U/mg; ovine, NTH-TSH-S6, 2.47 U/mg; murine
tumor, PC11-113A, prepared by Condliffe and
coworkers (3), approximately 1 U/mg. Other
anterior pituitary hormones were bovine growth
hormone (GH), NIH-GH-B15, 0.88 U/mg;
bovine luteinizing hormone (LH), NTH-LH-B7,
1.16 NIH-S1 U/mg; purified bovine LH, LER
1373, 1.6 NIH-S1 U/mg; ovine follicle stimu-
lating hormone (FSH), NIH-FSH-S§, 1.15 U/
mg; and ovine prolactin, NTH-P-S9, 30.3 U/mg;
the TSH activities of these preparations were
.010, .010, .003 and <.001 U/mg respectively.
Exophthalmos-producing  substance = (EPS),
which has served as a standard in the laboratory
of Dr. Brown M. Dobyns (4), was of ovine
origin; 4 mg. injected into fish, producing a
striking response. It has some unspecified TSH
activity. Adrenocorticotropin (ACTH), as the
chromatographically purified porcine peptide
(150-250 U/mg) was purchased from the Mann
Research Laboratories. Non-pituitary peptide

TasLe 2. Effect of pituitary and placental hormones on rabbit articular chondrocytes
Hormone DNA (ng/flask) 3580, (10% dpm/ug DNA)
Concentration
Type ng/ml U/ml Control Treated Control Treated
TSH, bovine, Cicreszko 160 .08 38.1 %138 48.7 *+ 1.16% 2.41 +0.07 1.16 == 0.031
35.0 * 0.69 454 = 0.61% 1.67 +=0.11 0.94 = 0.07}
640 .32 38.1 = 1.38 53.5 = 0.93% 241 +=0.07 0.46 =+ 0.01%
35.0 = 0.69 50.5 + 0.31% 1.67 = 0.11 0.43 = 0.02t
TSH, bovine, NTH 35 08 35.0 + 0.69 80.8 £ 1.16%1 1.67 +=0.11 0.52 == 0.02%
70 .15 35.0 = 0.69 87.9 = 1.73% 1.67 = 0.11 0.53 = 0.02}
15 28.9 +=1.08 92.1 + 147} — —
.15 364 = 1.68 124.0 = 1.89% — —
TSH, bovine, NIH, heated 70 R 28.9 == 1.08 34.5 =+ 1.498 — —
TSH, bovine, Pierce 6 15 36.4 + 1.68 345+ 173 — —
TSH, bovine, Condliffe-Bates 8 15 36.4 + 1.68 34.7+0.92 — —
TSH, ovine, NIH 70 15 28.9 = 1.08 96.5 = 1.34% — —
TSH, murine 70 07 26.9 = 0.97 33.3 + 1718 1.31 = 0.05 1.00 # 0.05§
LH, bovine, NIH 70 08 364168  90.8 == 1.38% — —
LH, bovine, LER 1373 S0 .08 334 +0.59 59.9 + 0.87% 2.29 +=0.08 1.01 =+ 0.037
GH, bovine, NIH 10 0088 27.4 +0.85 28.5 % 0.67 — —
314+ 143 304 =+ 1.13 2.23 =0.14 1.97 = 0.11
100 088 27.4 = 0.85 34,2 + 0.53% — —
314 =143 46.6 += 2.257 223 +0.14 1.97 + 0.09
ACTH, porcine, peptide 1 2 31.7+1.29 31.8 £ 1.14 1.90 + 0.08 1.87 =0.09
10 2 31.7 =129 27.7+0.85 1.98 #0.23 2.01 = 0.09
Prolactin, ovine, NTH 70 2.12 219+ 0.71 253+ 148 1.78 = 0.07 1.76 == 0.04
EPS, Dobyns 70 * 219 +0.71 250+ 1.78 1.78 = 0.07 1.49 = 0.17
FSH, ovine, NIH 70 .08 26.9 = 0.52 40.3 * 0.90% 2.25 +0.07 0.97 = 0.03}
HCG, Sigma 70 200 27.3 +0.97 67.9 = 1.65% 2.77 = 0.14 0.70 == 0.02}
HCG, Organon 13 67 334 +0.59 31.5 * 0.68 2.29 = 0.08 235 +=0.15
15 200 50.1 +=0.31 46.7 = 0.301 — —_
HPL 70 Ni 26.9 + 0.52 29.9 + 0.708 2.25 +0.07 1.72 = 0.08%

* 1/8 mg produces distinct exophthalmos in fish,
+tp < .001.
ip< oL
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TaBLE 3. Effect of TSH on
various cell types
DNA (ng/flask)
Cell type Control TSH* A (%)

Articular chondro-

cyte, rabbit 289+ 138 92.1*x146 4218
Articular chondro-

cyte, human 40+0.54 112+038 4181
Skin fibroblast,

rabbit 38.3 +0.95 518190 4 35
HelLa 3743172 480+118 - 28
VERO 832356 941=+415 4 13
F26-10C 23.6 +0.60 254+030 4+ 8
FTRL-4 44129 31097 t

* Bovine TSH, NIH, 0.15 U/ml.

+ These cells, originally maintained in a mixture of F12
and 199 media, did not thrive when passed into the Dul-
becco medium used here.

hormones studied (Table 4) included chroma-
tographically purified bovine parathyroid hor-
mone (PTH), 1,000 U/mg (precaution was
taken to avoid contact with metal which might
inactivate the hormone); crystalline beef zinc
insulin, lot T2842, 25.2 U/mg, Lilly; human
chorionic gonadotropin (HCG) 2,864 U/mg,
Sigma Chemical Company; a highly purified
HCG, 13,000 U/mg, Organon batch No. 3;
human placental lactogen (HPL), 95% pure,
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10 U/mg, Nutritional Biochemicals; relaxin,
2,300 U/mg, Warner-Lambert; porcine calci-
tonin, Armour, lot K423-079, 88 MRC U/mg
peptide. The steroid hormones (Table 5) as
well as l-thyroxine, l-norepinephrine, serotonin
hydrogen oxalate and dl-isoproterenol were ob-
tained from commercial suppliers. The steroid
hormones were made up in a stock solution of
propylene glycol.

Other controls employed included biological
extracts (Table 6); phytohemagglutinins M and
P (DIFCO), pokeweed mitogen and 50% beef
embryo extract (GIBCO); and a proprietary
extract of bovine cartilage and bone marrow
(Rumalon, Lot 404101, Robapharm, Basel,
specially prepared without preservative), which
has been found by some investigators to in-
crease synthesis of sulfated mucopolysaccharides

by cartilage (5). Cyclic 3'-5" adenosine mono-
phosphate and its dibutyryl ester were purchased
from the Sigma Chemical Company, and bovine
serum glycoprotein (less than 25% carbohy-
drate) from Nutritional Biochemicals. The ex-
periment with cyclic AMP was repeated using
a second brand of the compound (Calbiochem,
A reagent).

Control media were modified by addition of

TaBLE 4. Effect of non-steroidal hormones on rabbit articular chondrocytes

Hormone DNA (ug/flask) 3550, (104 dpm/pug DNA)
Concentration
Type ug/ml M U/ml  Control Treated Control Treated
1-Thyroxine 0.25 3 X 10—7 373 =091 384 +0.70 245 *=0.10 222 +0.15
375 +0.86 39.6 = 0.92 1.47 % 0.09 1.99 =+ 0.08}
1 1.3 X 10—6 37.3+091 424 = 0.681 2,45+ 0.10 2.03 =+ 0.068
37.5£0.86 39.6 = 0.80 147 4 0.09 2.12 #+ 0.08%
273+ 124 27.0 2092 1.37 = 0.08 1.65 =0.11
Insulin 0.4 2.5 X 10—8 01 274+085 29.0 = 0.64 2.56 = 0.19 2.51 +=0.09
383 +0.77 38.8 +0.78 1.89 + 0.12 1.77 +0.14
4 2.5 X 107 0.1 27.4 +0.85 304 +=0.79 2.56 =0.19 248 +=0.17
38.3+0.92% 450 =+ 1.50% 191 £ 0.13% 2.09 + 0.16*
226 +1.16 274 %125 1.77 2 0.05 208 #=0.11
Parathyroid Hormone 0.5 0.5 274 +0.85 26.6 % 0.66 — —
25.7 4 1.07 23.5 =+ 0.65 1.35 == 0.09 149 = 0.08
2.0 20 274 +0.85 263 +1.18 —_ —_
25.7+£107  21.6 % 0.59§ 1.35 =+ 0.09 1.73 = 0.118
Calcitonin 2.3 0.2 22.7+084 255 %152 1.52 +0.06 1.33 +0.07
Relaxin 1 04 40.0 = 1.26 399+ 122 2.24 - 0.10 2.21 +0.07
10 44 40.0 = 1.26 38.9 = 1.20 2.24 +0.10 1.94 =+ 0.09
1-Norepinephrine HCI 0.1 4.8 X 10—7 26.9 *+ 0.52 29.1 +0.73 2.25 =0.07 1.97 =% 0.06%
1.0 4.8 X 10—8 26.9 = 0.52 293 +1.08 2,25 =007 2.29 +0.07
Serotonin H - oxalate 2.6 10—5 25.7+ 107 264 +0.92 1.35 == 0.09 1.13 #= 0.08
dl-Isoproterenol HC1 1 3.8 X 10—6 334059 3244071 - —

* 2 specimens only.
+p < 001
§p<.01,
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TaBLE 5. Effect of steroid hormones on rabbit articular chondrocytes

Hormone
Concentration DNA (ug/flask) 3580, (10* dpm/pg DNA)
Type ng/ml M Control Treated Control Treated
Estradiol-17f 1 3.7 X 10—6 310 0.58 29.4 +0.94 2.20+0.14 1.80 # 0.10
31.5 = 1.58 28.4 = 1.09 1.41 & 0.10 0.94 =+ 0.088
40.0 * 1.26 40.7 = 045 2.24 = 0.10 2.00 +0.10
10 3.7 X 10—5 31.0 +=0.58 9.5 + 0.66% 2.20 =0.14 2.60 #= 0.24
31.5 = 1.58 7.8 = 0.31% 141 = 0.10 1.26 = 0.07
Diethylstilbesterol 10 3.7 X 10—5 23.6 = 0.66 3.9+ 0.73f 1.23 = 0.08 4.16 + 0.75%
Testosterone
propionate 1 29 X 10—6 31.0*+0.58 31.9 = 0.63 2.20+0.14 209 =0.14
315+ 158 29.9 +0.94 141 +0.10 1.09 # 0.08
10 29 X 10—5 31.0+0.58 320+0.76 223 +0.14 2.36 =0.19
315 %+ 1.58 27.7 = 0.94 141 #+=0.10 1.04 = 0.10
Progesterone 1 3.2 X 10—6 31.0 = 0.58 320+ 0381 2.20 +0.14 2.11 + 0.06
31.5 = 1.58 26.8 = 0.64 141 = 0.10 1.08 = 0.13
10 3.2 X 10—5 31.0 + 0.58 21.9 = 0.70% 2.20+0.14 2.35 £ 0.10
30.0 == 1.09 18.9 + 0.49% 1.40 # 0.07 1.89 =+ 0.08}
Cortisol 1 2.8 X 10—6 30.0 = 1.09 28.5+0.73 1.40 %= 0.07 1.31 &= 0.09
10 2.8 X 10—95 30.0 = 1.09 31.7 +1.18 1.40 % 0.07 0.72 = 0.04t
27.9 +0.75 25.3 +0.68 2.29 = 0.08 1.76 £ 0.05%
Dexamethasone 10 25X 10—5 20.3 = 0.99 17.8 = 1.03 1.90 #+ 0.09 1.68 == 0.06
Deoxycorticosterone 1 3.0 X 10—¢ 30.0 %= 1.09 30.9 = 0.63 1.40 = 0.07 1.23 = 0.07
10 3.0 X 10—5 30.0 = 1.09 29.7 +=0.82 1.40 = 0.07 1.23 3= 0.08
Relaxin 4 1
Estradiol-178 1 40.0 = 1.26 40.7 = 0.65 2.24 = 0.10 192 # 0.10
Relaxin 4 10
Estradiol-178 1 40.0 % 1.26 39.8 = 0.74 2.24+0.10 2.02 = 0.08
tp < .001.
§p< .0l

acid, base or propylene glycol in quantities justments were made for additional quantities of
comparable to those used to dissolve the various antibiotics in the embryo extracts as well as for
hormones. These additives usually did not its inorganic sulfate content. The latter was
change the values from untreated controls. Ad- found to be 8.8 mg per 100 ml by Dr. William

TaBLE 6. Effect of miscellaneous controls on rabbit articular chondrocytes

Factor used

Concentration DNA (ug/flask) 8550, (10* dpm/ug DNA)
% v/v ug/ml M Control Treated Control Treated
Phytohemagglutinin-M 1.5 28.9 *+1.08 21.9 % 1.05% — —
Pokeweed mitogen 1.0 28.9+1.08 25.0 +0.99 — —
Bovine embryo extract 1 421092 553253 1.79 = 0.14  1.56 == 0.068
2 200 *=143 43.4 =+ 1.88% — —
2 42.1 +0.92 59.4 *= 1.67 1.79 = 0.14 1.59 +£0.09
Cartilage-bone marrow
extract 1 28.5 = 0.67 28.4 #+=0.98 3.24 £0.13 3.09 +0.10
30.5+£0.27 30.6 = 1.22 2.49 # 0.05 2.18 #=0.118
2 28.5 = 0.67 27.71 =105 3.24 =0.13 2.69 +0.118
30.5 = 0.27 29.9 +0.81 2.49 + 0.05 2.19 £ 0.078
Bovine serum
glycoprotein 70 26.9 =0.97 27.7+1.63 1.31 = 0.05 1.41 %= 0.07
Cyclic AMP 453 14 X 10-3 219 +0.71 3.2 £0367 1.96 = 0.07 2.22 =041
50.1 #=0.31 6.5 =047t —_ —_—
Dibutyryl cAMP 515 1.1 X 10—3 21.9+=0.71 6.7 +=0.61% 1.96 &= 0.07 1.89 = 0.20
Phenol 35 3.7x10-5 29.8 = 0.50 29.7 £ 0.77 2.76 =0.13 2.54 +=0.10

§p< oL
Fp < .001.
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C. Alford. The cartilage-bone marrow extract
was hypotonic (At= —.16 to —.18° C), and
contained 5.6 mg inorganic sulfate/100 ml (data
furnished by manufacturer). Accordingly NaCl
and NaoSO4 were added to make the tonicity and
sulfate content of the control and experimental
media comparable. All preparations were steril-
ized by fltering the stock solutions through a
Millipore Swinnex filter, pore diameter 0.45 p.
The concentration of the hormones in the con-
trol culture media was unknown except in the
case of thyroxine; there were less than 14.5
ng/100 mi fetal calf serum (Medical Research
Consultants).

Chemical procedures. The quantity of cells in

each flask was determined from the DNA con-
tent by a slight modification of Burton’s method

(6). The chondrocytes were detached with
trypsin. Gey’s solution supplemented with .002%
soybean trypsin inhibitor was added and the
cells were centrifuged at 2400 rpm for 3 minutes
in the cold. The pellet was washed with Gey’s
solution containing 25% serum, recentrifuged,
and stored frozen. They were extracted twice
with 1.5 ml of 0.9 HCIO, at 70° C for 15
minutes before the color reaction was developed.
The DNA content of rabbit chondrocytes and
fibroblasts, counted on sister flasks with an
eyepiece micrometer as previously (2), was
found to be 9.72 == 0.33 s.e. ng/10° nuclei. This
value is higher than that for native rabbit cells
obtained by other chemical methods (7,8) but
somewhat below certain other cultured diploid
mammalian cells measured by Burton’s diphenyl-
amine procedure (9,10).

Synthesis of sulfated macromolecules was
measured from radioactivity of the culture
medium following dialysis for 4 hours against
0.1m (NH,)sSO, and then running tap water
overnight. 0.4 ml of the sample was added to
10 ml of scintillation fluid (2% Liquifluor
((Beckman Instruments)) in 1:1 v/v toluene-
ethylene glycol monomethyl ether ACS) for
counting. Quench and decay corrections were
made and the data are reported as dpm.

Results

DNA synthesis. The observation that a pi-
tuitary factor has a mitogenic effect on ar-
ticular chondrocytes was first made on the
crude Ciereszko preparation of bovine TSH
at a concentration of .08 and .32 U/ml
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(Table 2). A considerably greater response
was obtained when NIH bovine or ovine
TSH having a higher specific activity was
employed. In concentrations of .15U (70
ng)/ml, the increase of DNA in three dif-
ferent cultures were 150, 218 and 221%
respectively. The increase was first apparent
microscopically by 72 hours of incubation
when the cells became elongated and mitotic
forms increased (Fig. 1). The number of
cells, counted in a few flasks, paralleled the
DNA content. The response was dose-depen-
dent and first detectable at a concentration
of 1 pg NIH bovine TSH/ml (Fig. 2). The
factor responsible for the increased growth
was heat labile. It presumably was not TSH
proper because highly purified preparations
of Pierce and of Condliffe and Bates elicited
no similar response. NIH LH and crude
HCG also had a marked mitogenic effect at
similar concentrations in terms of weight.
The more purified LH retained much of this
activity, but highly purified HCG did not.
FSH was less effective than TSH or LH
while little or no response was obtained
with bovine GH, “EPS,” prolactin, ACTH,
HPL or highly purified HCG.

Although several other cell types exhibited
a mild increase of DNA following exposure
to NIH TSH, the effect was many times
greater on articular chondrocytes, lapine and
human (Table 3).

Insulin at a level of 4 pg (0.1 U)/ml had
a consistent though mild stimulatory effect
on chondrocyte growth, but relaxin, thy-
roxine, PTH, calcitonin, l-norepinephrine
and serotonin did not (Table 4). Among the
steroid hormones studied depression of cell
growth was sometimes found at high concen-
trations (10 pg/ml). It was most marked
with estradiol-178 and diethylstilbesterol,
and to a lesser extent with progesterone and
dexamethasone (Table 5). Cyclic AMP and
dibutyryl cyclic AMP proved toxic to the
cells (Table 6). The several mitogens for
lymphocytes were ineffective in this system
as was the cartilage-bone marrow extract.
Phytohemagglutinin P (0.2% v/v) caused
the chondrocytes to adhere tightly to the
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Frc. 1. Rabbit ar-
ticular chondrocytes,
72 hours incubation.
A. Cells grown in
medium containing .15
U bovine TSH (NIH)
per ml, are more
numerous and fusi-
form than the poly-
hedral controls (B).
Some of the chondro-
cytes in both groups
are binucleate. The
refractile round bod-
ies are cells that are
dividing and not yet
reattached to the sur-
face of the flask.
Phase contrast, X 160.

culture flasks; trypsin treatment even over-
night at 37°C failed to detach them and
the DNA content could not be measured.
There was no increase in the cell numbers so
far as microscopic scanning could detect.
By contrast, bovine embryo extract had an
adjuvant effect although considerably below
that of the pituitary preparations. Bovine
serum glyco-protein, however, did not.
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Radiosulfate incorporation. In each instance
of mitogenic stimulation, the radioactivity
of the dialyzed culture medium (10* dpm
3S0,/ng DNA) was greatly reduced (Table
2). The reduction was roughly proportional
to the increase in the DNA. To determine
whether the reduction resulted from a re-
distribution of extracellular mucopolysac-
charide to an adherent cell coat, radioac-
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tivity wis measured also in the trypsin solu-
tion used to detach the cells from the flask
in one experiment. The counts were low in
the trypsin solution as well as in the cul-
ture medium.

The steroid preparations used generally
had little effect on the amount of sulfated
macromolecules in the culture media. Sev-
eral, including 2.8 X 10~°M cortisol, re-
duced it somewhat. Diethylstilbesterol, un-
like estradiol-17, increased the values
greatly (Table 5). There was a slight in-
crease in response to PTH, and also to 1 ng/
ml thyroxine in two of three experiments
(Table 4).

Discussion

Holly and Kiernan (11) made passing
mention in another connection that com-
mercial TSH and HCG increased cell divi-
sion of 3T3 cells. In a personal communica-
tion, Dr. Holley has advised us that the con-
centration of TSH used was .02 U/ml, and
that more purified NIH TSH did not have
this effect. With this exception, we have
found no reports dealing with this phenom-
enon. The concentration of NIH TSH em-
ployed by others (12,13) to effect follicle-
like differentiation of thyroid cells in
monolayer culture is comparable to that
described here. The levels are very high and
unphysiological in terms of known pituitary
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hormone values in the serum (14). Never-
theless we do not know the concentration
of the chondrocyte growth factor in the
preparations employed and conceivably it
may be quite small. Even so, a distinct mito-
genic effect was elicited by as little as 1 ug
NIH TSH/ml. The evidence is that the
active principle is not TSH itself inasmuch
as the highly purified preparations, having
9 to 12 times the specific activity of the NIH
material, were ineffective in this regard.

The growth-promoting factor is not GH;
the bovine GH obtained from the NIH,
even in greater concentrations than those
used for TSH, LH and HCG, caused only
a small increase in the DNA content of the
flasks. The GH preparation was contami-
nated with some TSH activity—at the con-
centrations used, .001 U/ml of culture
medium, equivalent in turn to .45 ug of NIH
TSH/ml. Corresponding values for contam-
ination with NIH LH were .0016 U and 1.3
ug respectively. Whatever mitogenic effect
the GH had may thus likely be attributable
to cocontamination with the factor in the
NIH TSH and LH preparations.

Although GH is a powerful stimulator of
skeletal and connective tissue (including
articular cartilage) growth in vivo, there is
much though inconsistent evidence that it
does not have this action in vitro (15-22).
The so-called sulfation factor which appears
in the serum of hypophysectomized animals
following administration of GH has vari-
ously been speculated to be a core com-
ponent of GH or a new compound elaborated
as a result of a more remote action of GH
on the liver (17,23). The in vitro use of pri-
mary isolated, though not cultured, chondro-
cytes has recently been proposed for assay-
ing sulfation factor (24). The present pitu-
itary mitogen is not sulfation factor insofar
as it had a marked suppressive rather than
stimulatory effect on the net production of
sulfated mucopolysaccharide. HPL, which
has certain immunologic and physiological
similarities to GH, has much less effect than
GH in stimulating thymidine incorporation
into hypophysectomized rat cartilage in vitro
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(25,26). It failed to increase proliferation of
chondrocytes in monolayer culture.

The pituitary and chorionic (27) hor-
mones in the preparations displaying mito-
genic activity are glycoproteins, closely re-
lated to each other chemically, immunolog-
ically and physiologically. TSH and LH
share a similar peptide subunit (28). There
are in pituitary extracts quantities of pres-
ently unidentified glycoprotein (29). It is
tempting to speculate whether the present
growth factor is part of this glycoprotein
and conceivably a hormone. Glycoprotein
growth promoters for other iz vitro cell sys-
tems have been described (30).

An alternative possibility is that the mito-
genic factor in the hormonal preparations
is a contaminating enzyme. There is evi-
dence that certain other tissue growth fac-
tors are esteropeptidases (31). A spectrum
of peptidases has been identified in anterior
pituitary extracts (32). Most of these are in
the fraction rich in FSH, and plasmin is
found in GH preparations. Proteolytic ac-
tivity has apparently not been reported in
the glycoprotein preparations studied here.
If the chondrocyte growth factor is indeed a
contaminant enzyme, it must have a speci-
ficity different from the others indicated. The
fact that crude urinary HCG was effective
may militate against this hypothesis because
large contaminant enzymes are unlikely to
pass the glomerular barrier.

Of the other hormones employed, only
insulin at the higher concentrations (0.1 U/
ml) had a distinct though small growth pro-
moting action. Insulin is known to support
growth in some though not all other cell
culture systems. This function is more ob-
vious in serum-free media which provide no
other source of insulin than those, which
like the present one, do contain serum (33-
35).

Corticosteroid hormones frequently reduce
growth and mucopolysaccharide synthesis
in other connective tissue cell systems al-
though the effects differ greatly depending
on the dosage employed and whether or not
serum is present in the medium. Even at
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concentrations in excess of 2 X 10~5M, they
had little effect in reducing proliferation of
the chondrocytes here. In striking contrast
to the corticosteroid response, was the
marked inhibitory effect of estradiol-174,
diethylstilbesterol, and a somewhat less
marked one of progesterone. The sensitivity
of the chondrocytes to these steroids differs
markedly from that of certain other cell
types (36) and is thus not a non-specific
cytotoxicity. Because the estrogens are
phenolic compounds and this might be the
source of their cytotoxicity, phenol was
added to control cultures at a comparable
concentration (3.7 X 107°M); it did not
inhibit cell division.

Several other hormones studied have well
documented physiological effects on cartilage
or other skeletal tissues i# vivo. Relaxin has
apparently not been studied in tissu= cul-
tures previously; it had no effect on the
chondrocytes. A commercial preparaion of
PTH has been reported to change tne ag-
gregation and stainable sulfated product of
embryonic mouse chondrocytes in monolayer
culture (37). The purified hormone em-
ployed here at a comparable dosage in terms
of units had no detectable effect on cell pro-
liferation but did increase the quantity of
sulfated macromolecules in the culture
medium significantly. Serotonin, which has
been reported to stimulate growth of cul-
tured fibroblasts (38), was ineffective at a
concentration of 107%M on articular chon-
drocytes.

Phytohemagglutinin M and pokeweed
mitogen had no growth-promoting effect on
the chondrocytes, nor did bovine serum gly-
coprotein. Cyclic AMP and dibutyryl cyclic
AMP in the high concentrations often re-
quired to simulate peptide hormone re-
sponses had a pronounced cytotoxic effect.
Similar findings have been noted by others
studying HeLa and L cells (39). This re-
sponse to cyclic AMP was observed with
two different brands of the compound. It
may well be due to phosphodiesterase ac-
tivity of the serum in the medium since
Johnson and coworkers (40) have reported
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adenosine monophosphate to be cytotoxic.
These same investigators found that di-
butyryl cyclic AMP, although less suscep-
tible to such hydrolysis, often contains toxic
quantities of butyric acid. Dr. Johnson has
tested the effect of the dibutyryl compound
from which the butyric acid was extracted
on our chondrocytes and found a much
smaller (20 percent) reduction in the num-
ber of cells. These data indicate that the
mitogenic response of articular chondrocytes
to the glycoprotein hormone preparations is
not mediated by the cyclic AMP mechanism
operating when the latter act on their specific
endocrine targets.

The increase in the number of chondro-
cytes was consistently associated with a
marked reduction in the macromolecular
radiosulfate incorporation. On the assump-
tion that there was no other change in the
sulfate pool, this indicates a reduction in
the net quantity of sulfated mucopolysac-
charide they synthesized and secreted into
the culture medium. The reduction in the
radioactivity of the latter was not caused
by a diversion of the radiosulfate to a muco-
polysaccharide cell coat. The pituitary factor
thus has a mitogenic but not a differentia-
tion-favoring effect on the chondrocytes.
This may be another example of the usual
dissociation between the ability of cells to
divide and to symthesize specialized cell
products. There are some exceptions to this
principle in other connective tissue cells
(41), and its validity in the case of chondro-
cytes in cell culture is debated (42,43).
Crowding of cells in vitro sometimes favors
differentiation of cells but Griffiths (35)
suggests that it may also reduce the efficiency
of transport of nutrients across cell mem-
branes. Crowding of articular chondrocytes
during spontaneous unaccelerated growth is
not associated with a reduction of sulfated
mucopolysaccharide secretion (Table 1).
The reduction during the hormonally stimu-
lated mitogenesis probably is related, for
this reason, to the increased rate of growth
rather than the crowded state proper.

There is little information on the effect of
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these hormones on articular cartilage iz vivo.
Thyrotropin injected into young puppies
is said to stimulate growth of the epiphy-
seal cartilage of the femoral head (44). It
also has been reported to increase radiosul-
fate incorporation by cartilage as well as
other soft tissues of guinea pigs (45). There
are a number of presently unexplained clin-
ical disorders of joints in which endocrine
factors seem to play a role. These include
Heberden’s nodes and degenerative joint
disease (46) and rheumatic complaints as-
sociated with hypothyroidism (47). In one
paper, menopausal osteoarthritis was asso-
ciated with elevated levels of LH, TSH and
FSH in the serum (48). These data are
difficult to evaluate because the control
groups were not matched for age and inter-
val following menopause. Furthermore there
were increased titers of GH and other pitui-
tary hormones as well. Urinary excretion of
gonadotropins was no greater in elderly
women who had Heberden’s nodes than in
those who did not (49).

The biological and clinical implications
of the present observations must await
further characterization of the chondrocyte
growth factor. We are carrying out studies
to this end.

Addendum

We have recently tested and found moderate chon-
drocyte growth-promoting activity in ovine LH
(NIAMD).

Acknowledgments

We are indebted to Dr. Robert W. Bates for
invaluable advice throughout this study; and to the
following for generous contributions of hormones:
the Hormone Distribution Program of the National
Institute of Arthritis and Metabolic Diseases for the
preparations indicated in the text; Dr. Gerald Aur-
bach, PTH; Dr. J. W. Bastian, calcitonin; Dr. Bates,
Cziereszko and murine TSH; Dr. Brown M. Dobyns,
EPS; Dr. Harold Edelhoch, Condliffe-Bates TSH;
Dr. W. P. Koella, rumalon; Dr. J. M. McGuire,
insulin; Dr. Frank Morgan, purified HCG; Dr. J.
G. Pierce, TSH; and Dr. Leo Reichert, Jr., LH,
LER 1373. The control cell lines were donated by
Drs. Paul Price, F26-10C; Alan S. Rabson, VERO;
and Gary Williams, FTRL-4. Michael D. Sokoloff
programmed the statistical calculations, Walter G.
P. Seewald made the photomicrographs, and Sister
Olga Hernandez gave technical assistance,

20z Iudy 0z uo isenb Aq 9860292/292/1/06/2101/0pUS/WOo dno-lWapede//:sdiy woly papeojumod



January 1972

[}

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22,

23.

References

Green, W. T., Jr., Clin Orthop 75: 248, 1971.
Sokoloff, L., C. J. Malemud, and W. T. Green,
Jr., Arthritis Rheum 13: 118, 1970.

Condliffe, P. G., M. Mochizuki, Y. A. Fontaine,
and R. W. Bates, Endocrinology 85: 453, 1969.
Dobyns, B. M., In Harris, G. W,, and B. T.
Donovan (eds.), The Pituitary Gland, vol. 1,
University of California Press, Berkeley and
Los Angeles, 1966, p. 411.

Bollet, A. J., Arthritis Rheum 11: 663, 1968.
Burton, K., Biockem J 62: 315, 1956.

Sober, H. A. (ed.), Handbook of Biochemistry,
Chemical Rubber Co., Cleveland, Ohio, 1968,
p. H58.

Liu, T. C., and J. Gorski, Endocrinology 88:
419, 1971.

Becker, Y., Exp Cell Res 25: 622, 1961.
Tedesco, T. A., and W. J. Mellman, Exp Cell
Res 45: 230, 1967.

Holley, R. W., and J. A. Kiernan, Proc Nal
Acad Sci USA 60: 300, 1968.

Kerkof, P. R., P. J. Long, and I. L. Chaikoff,
Endocrinology 74: 170, 1964.

Kalderon, A. E., and M. Wittner, Endocrinology
80: 797, 1967.

Bates, R. W., and P. G. Condliffe, In Harris,
G. W, and B. T. Donovan (eds.), The Pituitary
Gland, vol. 1, University of California Press,
Berkeley and Los Angeles, 1966, p. 374.

Fell, H. B, In Smith, R. W,, Jr., O. H. Gaebler,
and C. N. H. Long (eds.), The Hypophyseal
Growth Hormone, Nature and Actions, Mc-
Graw-Hill, New York, 1955, p. 138.

Ito, Y., K. Takamura, and H. Endo, Endocrinol
Jap 7: 327, 1960.

Daughaday, W. H., and D. M. Kipnis, Rec Prog
Horm Res 22: 49, 1966.

Adamson, L. F., and C. S. Anast, Biochim Bio-
phys Acta 121: 10, 1966.

Maca, R. D., and J. F. Foley, J Endocrinol 39:
321, 1967.

Ozzello, L., J Cell Biol 21: 283, 1964.
Wettenhall, R. E. H,, P. L. Schwartz, and J.
Bornstein, J Am Diabet A 18: 280, 1969.
Rigal, W. M., Proc Soc Exp Biol Med 117:
794, 1964.

Liberti, J. P., Biochem Biophys Res Comm 39:
356, 1970.

CHONDROCYTE GROWTH FACTOR

24.

25.
26.

27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41,
42.

43.

44,
45,

46.

47.
48.

49.

271

Garland, J. T., M. Lottes, S. Kozak, and W. H.
Daughaday, J Lab Clin Med 76: 862, 1970.
Breuer, C. B., Endocrinology 85: 989, 1969.
Murakawa, S., and M. S. Raben, Endocrinology
83: 645, 1968.

Bell, J. J.,, R. E. Canfield, and J. J. Sciarra,
Endocrinology 84: 298, 1969.

Liao, T. H., and J. G. Pierce, J Biol Chem 245:
3275, 1970.

Carsten, M. E., and J. G. Pierce, J Biol Chem
238: 1724, 1963.

Auger, M. A, P. Tiollais, and M. F. Jayle, Rev
Europ Etud Clin Biol 16: 130, 1971.

Green, L. A., J. T. Tomita, and S. Varon, Exp
Cell Res 64: 387, 1971.

Ellis, S.,, J. M. Nuenke, R. E. Grindeland,
Endocrinology 83: 1029, 1968.

Higuchi, K., J Infect Dis 112: 213, 1963.
Temin, H. M., J Cell Physiol 69: 377, 1967.
Griffiths, J. B., J Cell Sci 7: 575, 1970.

Harris, A. W., Exp Cell Res 60: 341, 1970.
Gaillard, P. J., S. Moskalewski, M. J. Verhoog,
and A. M. Wassenaar, Proc Komnink Nederl
Akad Weten (Ser. C) 72: 521, 1969.

Boucek, R. J., and T. R. Alvarez, Science 167:
898, 1970.

Ryan, W. L., and M. L. Heidrick, Science 162:
1484, 1968.

Johnson G. S., R. M. Friedman, and I. Pastan,
Proc Nat Acad Sci USA 68: 425, 1971,

Priest, R. E., and L. M. Davies, Lab Invest 21:
138, 1969.

Nameroff, M., and H. Holtzer, Devel Biol 16:
250, 1967.

Lasher, R., In Cameron, I. L., G. M. Padilla,
and A. M. Zimmerman (eds.), Developmental
Aspects of the Cell Cycle, Academic Press, New
York, 1971, p. 223.

Rokkanen, P., S. Paatsama, and P. Rissanen,
Ann Chir Gyn Fenn 56: 456, 1967.

Reichlin S., and H. M. Haddad, J Lab Clin Med
61: 44, 1963.

Sokoloff, L., The Biology of Degenerative Joint
Disease, University of Chicago Press, Chicago,
1969.

Bland, J. H, and J. W. Frymoyer, New Eng J
Med 282: 1171, 1970.

Franchimont, P., and F. Denis, J Belge Rhum
Med Phys 25: 82, 1970.

Rogers, F. B., and J. Lansbury, Amer J Med
Sci 232: 419, 1956.

20z Iudy 0z uo isenb Aq 9860292/292/1/06/2101/0pUS/WOo dno-lWapede//:sdiy woly papeojumod





