Cortisol Induction of Growth Hormone Synthesis in a
Clonal Line of Rat Pituitary Tumor Cells in Culture

Abstract. Growth hormone synthesis increased markedly after addition of
glucocorticoids at physiological concentrations to cultures of the GH, line of rat
pituitary tumor cells. Stimulation of hormone protein synthesis by corticosteroids
was selective, since (i) the rate of hormone synthesis increased while total protein
synthesis decreased, and (ii) cortisol analogs, biologically inactive metabolites,
and sex steroids did not induce growth hormone synthesis.

We have reported stimulation of
growth hormone production by cortisol
in explant cultures of monkey adeno-
hypophysis and human pituitary ade-
nomas (). To study this effect of corti-
sol in a more homogeneous cell popu-
lation, we have utilized the GH; clonal
line of rat pituitary tumor cells isolated
by Yasumura and colleagues (2). These
cells retain the organ-specific capacity
to produce growth hormone during
serial propagation. In all experiments
replicate cultures of GH; cells were
grown in 30-ml plastic flasks in cul-
ture medium F10 (3) supplemented
with 15 percent horse serum and 2.5
percent fetal bovine serum. Complete
changes of medium were made every
24 hours. Growth hormone was ex-
tracted from the cells with 0.02M
NH,OH. The growth hormone content
of the medium and neutralized cell ex-
tracts was measured by a previously
described radioimmunoassay (4).

When growth hormone levels in the
medium were measured, control cul-
tures showed a slow rise in hormone
content (Fig. 1). The addition of corti-
sol (5§ X 10-8 to 5X 10—6M) caused
marked increases in growth hormone
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Fig. 1. Effect of cortisol on content of -

growth hormone in the medium. Cortisol
in concentrations indicated was added to
replicate cultures of GH, cells on day 0,
and the medium was changed every 24
hours.
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levels after 48 hours of treatment.
However, an increased rate of growth
hormone synthesis was detected by 24
hours, when the cell content of the
hormone was measured. Six replicate
cultures of GH,; cells treated with
5 X 10—"M cortisol for 1 day con-
tained 642 == 32 (mean = S.E) ng of
growth hormone per culture, whereas
six untreated controls contained 433 ==
29 ng (P < .01).

The higher growth hormone values
in cortisol-treated cultures were not the
result of an increased number of cells,
since cortisol at 5 X 10—%M actually
slowed the rate of cell replication. Af-
ter 4 days of cortisol treatment, the
number of cells in treated cultures was
3.04 = 0.14 x 10¢ (mean = S.E. for
triplicate  cultures)  compared to
6.81 == 0.53 X 109 for control cultures.
Therefore, although growth hormone
production per culture was increased
three to four fold by cortisol, the ac-
tual amount of growth hormone syn-
thesized per cell was increased six to
eight times by cortisol treatment.

Once synthesized, growth hormone
was rapidly secreted into the medium
by GH; cells. A comparison of growth
hormone levels in cells and medium in
control cultures and replicate cultures
treated with cortisol for 4 days is
shown in Table 1. The observation that
storage of growth hormone in the cells
was relatively low in comparison to the
amount of hormone released into the
medium, as well as the magnitude of
the growth hormone increase after cor-
tisol, suggested that the effect of corti-
sol was on growth hormone synthesis
rather than release. In support of this
hypothesis was the finding that cyclo-
heximide, an inhibitor of protein syn-
thesis, at 0.1 ug/ml in the medium,
reversibly blocked the induction of
growth hormone by cortisol.

To determine if cortisol stimulated
overall protein synthesis in the GH,
cells, we examined the incorporation of
14C-labeled amino acids (5) into pro-
tein. Medium containing 14C-labeled
amino acid mixture (0.2 pc/ml) was
added to treated and control cultures

for 1 hour at intervals after the addi-
tion of cortisol. Radioactive amino acid
incorporation into protein in cell homog-
enates was measured by the filter paper
disk method of Mans and Novelli (6),
and protein, by the method of Lowry
et al. (7). A significant relative de-
crease (P < .05) in the rate of total
protein synthesis was present by 24
hours in the cortisol-treated cultures
compared to control cultures (Table
2). Therefore, the induction of growth
hormone by cortisol was selective to
the extent that growth hormone syn-
thesis increased under conditions where
the rate of total protein synthesis was
lower than that of control cultures.
The specificity of cortisol as the in-
ducer was examined by testing other
groups of steroids at equimolar (5 X
10—%M to 5 X 10—8M) concentrations.
Relative potency of several other ac-
tive steroids compared to cortisol were:
dexamethasone, 100 percent; corticos-
terone, 60 percent; aldosterone, 52 per-
cent; and deoxycorticosterone, 38 per-
cent. The analogs cortisone and 11a-
hydroxycortisol were inactive, as were
the metabolites of cortisol, S«- and
5B-dihydrocortisol, and tetrahydrocorti-
sol. Sex steroids such as testosterone,
5a-dihydrotestosterone,  progesterone,
and estradiol were either inactive or
decreased growth hormone production.

Table 1. Comparison of amount of growth
hormone in cells and amount secreted into
medium by replicate cultures after 4 days
of cortisol treatment. The numbers indicate
the mean of duplicate determinations.

Growth hormone

Cortisol In 24-h
concentra- ° -
: In cells i
cen medium

(ng/culture) (ng/culture)
0 100 2240
0 144 2750
5 5 10-M 108 2910
Sx oM 598 6880
3% 10M 840 8080
5 X 10-5M 570 7870

Table 2. Incorporation of “C-labeled amino
acids into cell protein in control and
cortisol-treated (5 X 10-"M) cultures. Values
are given as mean = standard error of deter-
minations on groups of three replicate cul-
tures. CPM, counts per minute,

Cortisol
Time ( CCI?II\I/};?;g treated -
hours : /

(hours) protein) (gg:g:;g

0 3680 = 66 3480 + 263

10 4170 = 194 4120 = 207
24 5270 + 168 3330 =+ 223%
48 4970 = 158 3150 = 707

* Significantly different from control group, as
determined by Student’s #-test, with a probability
P < .05. P < .01,
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Therefore, it appeared that only those
steroids with biological glucocorticoid

and/or mineralocorticoid activity were.

capable of stimulating growth hormone
synthesis.

The results of these and previous
studies () suggest that glucocorticoids
at physiological levels have a direct
effect on pituitary cells in culture, caus-
ing an increase in growth hormone
synthesis. These findings are in con-
trast to the suppressive effect of phar-
macological doses of cortisol on growth
hormone release (8). The GH; cells
provide a model system with which to
study the mechanism of the cortisol-
induced synthesis of a specific protein
and the control of growth hormone
production in vitro.
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Bivalve Mollusk Burrowing Aided by
Discordant Shell Ornamentation

Abstract. Oblique and chevron-like ridges on the shell surfaces of certain
burrowing bivalve mollusks grip the sediment during shell-rocking movements to
aid in sediment penetration. These ridges (characterized by steep dorsal slopes
and gentle ventral slopes) have evolved through convergence in several families
in association with particular behavioral and ecological traits.

Analysis of mechanical functions of
present-day skeletal features can pro-
vide important information for inter-
preting the evolution and paleoecology
of fossil groups. Bivalve mollusks, be-
cause of their high ecologic and taxo-

nomic diversity in both modern and
ancient seas, offer great potential for
the functional morphologic approach.
One of the most significant shell fea-
tures of burrowing bivalves is the con-
figuration of surface ornamentation.
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Fig. 1. Mechanism by which chevron-like ridges aid burrowing
of Divaricella quadrisulcata. (A) Shell orientation at maximum
forward rotation. (B) Shell. orientation from which forward
rotation begins. Ax, axis of rotation; D-D’, demarcation line
between anterior and posterior portions of ridges; H-H', hori-
zontal line. Arrows indicate angle and direction of rotation

from each position.
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Oblique and chevron-shaped ridges, es-
pecially, have aroused curiosity because
they have evolved independently in fos-
sil and living species of several fam-
ilies and because they represent depar-
tures from normal shell geometry (Z).
I have analyzed the function of such
ridges for three living genera and found
that they serve as mechanical aids to
burrowing.

Most ridged ornamentation in bi-
valves follows simple concentric or ra-
dial patterns. Concentric ridges are
secreted periodically during shell growth
by the entire mantle edge (which under-
lies the shell margin). Radial ridges are
the product of continuous secretion by
discrete zones of the mantle margin.
Unusual ridge patterns of the type con-
sidered here (discordant ridges) transect
both concentric and radial structures
and are secreted by migration of ridge-
secreting zones along the mantle edge
during growth. Secretion of chevron-
shaped discordant ridges (Fig. 1) further
requires periodic formation of new
ridge-sccreting zones at central posi-
tions, from which the zones divide and
migrate in opposite directions.

In the four living species I have
studied (Tellina similis, Strigilla car-
naria, and Strigilla mirabilis of the Tel-
linacea and Divaricella quadrisulcata of
the Lucinacea) the ridges are asymmet-
rical, dorsal slopes being steeper than
ventral slopes. Shells of the Strigilla
and Divaricella species are nearly circu-
lar in outline, and the ridges form a
chevron-like pattern. These species are
restricted to clean sand substrata, where
wave or current scour commonly neces-
sitates downward movement for main-
tenance of normal burial depths. They
are deep burrowers, living at sediment
depths several times their shell lengths.
Burrowing paths were studied by time-

Fig. 2. Mechanism by which oblique ridges aid burrowing of
Tellina similis. (A) Lateral view of shell. (B) Oblique dorsal
view of burrowing animal (schematic), large arrow showing
direction of sediment penetration. (C) Diagram of a single
ridge of ornamentation, heavy and light arrows denoting rota-
tion opposed by large and small frictional forces, respectively.

Ax-Ax', axis of rotation; R-R’, single ridge.
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