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Using cultured Y-1 mouse adrenal tumor cells which

produce the steroid 20(-hydroxypregn-4-en-3-one (20-DHP), it

was found that 10-5 M corticosterone and deoxycorticosterone

increased basal and inhibited ACTH-induced 20-DHP produc-

tion. The steroid effects were concentration-dependent,

reversible, and specific since six other steroids did not

stimulate steroidogenesis and varied in their ability to

inhibit ACTH-induced steroidogenesis. Cytochalasin D

inhibited steroid-stimulated 20-DHP production, suggest-

ing a mechanism of steroid stimulation similar to that of

ACTH. Steroidogenesis stimulated by cholera toxin, (Bu) 2 -
cAMP, or pregnenolone was not inhibited by exogenous

steroid; corticosterone increased basal and inhibited

ACTH-induced intracellular cAMP production. Steroids

altered cell surface morphology. These findings suggest

that steroids alter adrenal steroidogenesis by acting

within the plasma membrane.
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CHAPTER I

INTRODUCTION

Adrenal zona fasciculata cells respond to ACTH, cAMP,

or cholera toxin stimulation by increasing steroid pro-

duction (1). Adrenal steroid synthesis induced by ACTH or

by exogenous or endogenous cAMP involves mitochondrial and

cytoplasmic enzymes which convert cholesterol to end-product

steroids (2). ACTH or cAMP stimulation of cholesterol

conversion to pregnenolone, the rate-limiting step in

steroidogenesis (3), appears to be dependent on micro-

filament activity within the adrenal cell (4-6). Adrenal

steroid synthesis is, in part, modulated by actions of

end-product steroids on the hypothalamic-pituitary system

(7) and on the adrenal gland itself (8). The present study

is concerned with actions of exogenous steroids on adrenal

steroidogenesis.

Previous investigators have shown that steroids

decreased ACTH-induced Isteroid production in adrenocortical

cells (8,9-12) and increased intracellular cAMP production

in non-adrenal cells (13,14). The effect of exogenous

steroids in preventing ACTH-stimulated steroidogenesis

appeared to result from enzymatic feedback inhibition (15).
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In addition, cytoplasmic glucocorticoid receptors that gene-

rally induce nuclear events leading to the synthesis of

steroidogenic enzymes were implicated in this self-suppres-

sion of ACTH-induced steroidogenesis (12,16). The increased

intracellular cAMP observed in a number of non-adrenal cells

following exposure to a variety of steroids seemed to result

from activation of adenylate cyclase on the inner surface of

the plasma membrane (13,14). However, the mechanism of this

steroid activation of adenylate cyclase is unknown. The

possibility that steroids also effect the adenylate cyclase

of adrenal cells has been overlooked because of the presumed

effect of steroids on the steroidogenic enzymes, the lack of

facilities for measuring intracellular cAMP production, and

the convenience of natural steroid end-product assays to

assess the effects of exogenous steroids on steroidogenesis.

Based on the observations that steroids decreased the

response of adrenal tissue to ACTH (8-12) and stimulated

intracellular cAMP production by activating adenylate

cyclase in non-adrenal cells (13.14), it seems possible

that exogenous steroids may affect the plasma membrane of

adrenal cells. Intrinsic to the Singer-Nicolson fluid

mosaic model of membrane structure (17) is the idea that

peptide hormone activation of cellular processes, like

steroidogenesis, may be affected by plasma membrane fluidity

(18). In the case of the adrenal cell, steroidogenesis is
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initiated when the peptide hormone, ACTH, binds to the

adrenal cell surface, activates adenylate cyclase, and

causes cAMP production (1). Lateral mobility of plasma

membrane receptor molecules that bind hormones was proposed

as a requirement for activation of adenylate cyclase by

peptide hormones such as ACTH (19-21). Thus, on a theoreti-

cal basis it would appear that the plasma membrane may be

an important site for the actions of exogenous steroids.

The possibility that intracellular functions are

altered by actions of lipid soluble substances and steroids

on membranes is illustrated by the following studies.

Ethanol and local anesthetics affect plasma membrane fluidity

and receptor function in testicular cells (22), BALB/3T3

fibroblasts (23), and lymphocytes (23). In addition,

previous work from this laboratory suggested that alterations

in the plasma membrane, resulting from incubation of Y-1

adrenal cells with lipid soluble extracts of cigarette

combustion products, inhibited ACTH-induced steroidogenesis

and increased basal steroid production (24). Steroids

affect potassium permeability of artificial membranes (25)

and membrane-bound acetylcholinesterase and ATPase in

erythrocytes (26). Steroid-related alterations in non-

adrenal cell morphology were also associated with changes

in plasma membrane fluidity (27-29).
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These investigations suggest that studies should be initiated

to determine whether exogenous steroids affect adrenal cell

function by acting within the plasma membrane,

Cultured Y-1 mouse adrenal tumor cells provide an

excellent system for studying exogenous steroid effects on

adrenal steroidogenesis. These cells produce steroids in

response to ACTH and, in addition, respond to stimulation

by cAMP and cholera toxin (2,30). While Y-1 cells do not

convert progesterone to deoxycorticosterone, they produce

20W-hydroxypregn-4-en-3-one (20-DHP) and 11B-hydroxy-20 -

dihydroprogesterone instead of corticosterone, the end-pro-

duct steroid of normal mouse adrenals (31). The enzymes for

conversion of deoxycorticosterone to corticosterone are

retained by the Y-1 cell (2). Because the adrenal tumor

cell contains all the enzymes of the corticosterone pathway

except 21-hydroxylase, yet produces 20-DHP in response to

stimulation, the site of action of exogenous steroids, such

ascorticosterone, on steroidogenesis may be determined.

Inhibitory effects of steroids on ACTH-induced steroid

synthesis (8-12) can be studied in Y-1 cells by stimulating

20-DHP production at different points in the steroidogenic

sequence and testing exogenous steroid effects on intra-

cellular cAMP and 20-DHP production. In Y-1 cells cholera

toxin directly activates adenylate cyclase and increases

steroid production, (Bu) 2 cAMP increases 20-DHP production,
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and exogenously administered pregnenolone will by-pass the

rate-limiting step in steroid synthesis by direct incorpora-

tion into the steroidogenic pathway (1). Finally, cytochala-

sin D, an agent which prevents polymerization of actin into

microfilaments, can be used to inhibit ACTH-stimulated

steroid production by preventing cholesterol transport to

enzymes involved in pregnenolone production (4-6), and may

help to define exogenous steroid actions on steroidogenesis.

By incubating Y-1 cells with steroids and each of these

various stimulatory and inhibitory agents, it is assumed

that the effects of exogenous steroids may be localized to

specific steps in the sequence of events initiated by ACTH.



CHAPTER II

MATERIALS AND METHODS

Tissue Culture

Mouse Y-1 adrenal tumor cells (lot #F-1478) were

obtained from the American Type Culture Collection (Rock-

ville, MD) and were grown in 25 cm2 plastic culture flasks

(Corning Glass Works, Corning, NY). Cells were maintained

in Eagle's Minimum Essential Medium with Earl's salts (KC

Biological, Kansa City, MO), containing 2.0 g/liter NaHCO3 ,

20 mM HEPES, 0.5% L-glutamine (wt/vol), 0.5% gentamycin

(wt/vol) (Sigma Chemical Co., St. Louis, MO) and suppli-

mented with 12.5% horse serum (vol/vol) and 2.5% fetal

calf serum (vol/vol) (Irvine Scientific Co., Santa Ana,

CA). Cells were incubated at 37 C in a humidified atmos-

phere containing 95% air/5% C0 2 (vol/vol)* Medium was

changed every other -dayand cells were subcultured every

five to ten days after a five to ten min incubation at 37 C

with 0.05% trypsin (wt/vol) and 0.02% EGTA (wt/vol) in

HEPES buffer (split ratio, 1:2).

Experimental Solutions

To standardize solvents to a uniform volume, solutions

of treatments were prepared in concentrations which would

6
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allow injection of 20 pl into the experimental medium at

the time of treatment. Experimental medium consisted of

unsupplimented Eagle's Minimum Essential Medium with Earl's

salts containing 2.0 g/liter NaHCO3 and 2.0 mM HEPES.

Steroids and cytochalasin D were prepared in DMSO/ethanol

(1:1, vol/vol), ACTH was dissolved in 1.0% bovine serum

albumin/saline (wt/vol, pH 4.0), while cholera toxin and

(Bu)2 cAMP were directly dissolved in experimental medium.

Unless otherwise stated final concentrations in experimen-

tal medium for the various treatments were: steroids, 10-5

M; cytochalasin D, 10-9 M; ACTH,0.5 IU/ml; cholera toxin,

10O M; and (1u)2cAMP, 10- 2 M. Steroids, cytochalasin D,

ACTH, cholera toxin, and (Bu)2cAMP were obtained from

Sigma Chemical Co. (St. Louis, MO).

Experimental Treatment Procedure

Cells used for experiments were from the fifty-first

to sixty-second population doubling. Y-1 cells were sub-

cultured into Costar 10 cm2 six-well culture plates (Bellco

Glass Inc., Vineland, NJ) two to five days prior to experi-

mentation. Cells were incubated in 2 ml of experimental

medium for three 30 min periods prior to experimental

treatment; medium from the first two incubations was

removed and discarded (32), while medium from the third

incubation was removed and saved. for 20-DHP RIA. Levels

of 20-DHP in medium from the third incubation were used to
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correct experimental treatment 20-DHP levels for differen-

ces in basal 20-DHP production among plates. Experimental

treatment incubations consisted of successive 30 min and 120

min periods of incubation during which cells were in contact

with each'treatment'. Experimental treatments were added to

plates via injection under the experimental medium surface.

When experimental incubations were conducted using several

different treatments, steroids were added to their respec-

tive plates before other treatments. New medium and treat-

ments for the 120 min incubation were added after the first

30 min experimental treatment incubation. Comparisons

between treatments were made using students t-test and an

analysis of variance (33).

20-DHP Radioimmunoassay

RIA for 20-DHP was done according to the procedure of

Abrahams (34) as Modified by Mrotek and Hall (4 ). The

lower limit of detection of the assay was 0.1 ng/ml, and

the coefficients of variation within and between assays at

a dose of 10 ng/ml were 0.8 and 2.2 respectively. Tritium-

labeled 20-DH was obtained from New England Nuclear Corp.

(Boston, MA), and 20-DHP antisera was a gift from Dr. Guy

Abrahams (Harbor General Hospital, Torrence, CA).

Intracellular cAMP Analysis

Y-1 cells were grown to a density of approximately

three million cells/plate in 75 cm2 plastic culture flasks
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purchased from Nunc (Vangard International Inc., Neptune,

NJ). After experimental treatment,'cells were washed three

times for a total of 3 min with HEPES buffer (pH 7.4),

solublized in 2 ml of 10.0% trichloroacetic acid (wt/vol),

and suspended by scraping. After the protein precipitate

was removed by centrifugation at 10,000 x g for 20 min, the

supernatant was acidified with 200 pl of 1 N hydrochloric

acid and extracted five times with diethyl ether (1:2,

vol/vol), Aliquots from the extracted fraction were

diluted in 5 mM sodium acetate buffer (pH 4.7) and acetyl-

ated with acetic anhydride. RIA for cAMP was done according

to the procedure of Brooker (35). Protein determination

was done according to the procedure of Bradford (36) using

bovine serum albumin as standard.

Scanning Electron Microscopy

Cells grown for two days on carbon-coated glass cover

slips were incubated with experimental treatments for

30 min, washed three times for a total of 3 min with Hanks

buffer (pH 7.4), and fixed for 20 min in 2.9% glutaraldehyde/

Hanks buffer (vol/vol). Fixed cells were washed-thre&6tities

for a total of 3 min with Hanks bffer 7 (pH74) 2n& htaihed

for 10 min in 1.0% osmium tefroxide/deionized water (wt/vol).

After three washes for a total of 3 min in deionized water,

cells were carried through a dehydration series in ethanol/

deionized water (20, 30, 50, 70, 90, 100, 100, 100%, vol/vol).
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Using liquid carbon dioxide, cells were critical point

dried and coated with 200 of gold, before examination in

an ETEC Autoscanning electron microscope (Facilities and

assistance provided by Dr. J. Cares of the Texas College

of Osteopathic Medicine, Fort Worth, TX).



CHAPTER III

RESULTS

Determination and Characterization of Exogenous

Corticosteroid Effects on Steroidogenesis

In a preliminary experiment, to ensure that exogenous

steroids used in experiments were not competing with the

antibody for 20-DHP, steroids at a final concentration of

105 M were added to 20-DHP standards ranging between 0.1

and 10 ng/ml, and the mixtures were assayed for 20-DHP.

When compared to standard samples alone, there were no

significant differences in assayed 20-DHP concentrations

(data not shown). These findings are consistent with

Abrahams (37). In an additional experiment it was deter-

mined that DMO/ethanol (1:1, vol/vol), which was used to

dissolve steroids and cytochalasin D, did not affect basal

or ACTH-induced 20-DHP production (data not shown).

Exogenous corticosteroid effects on basal and ACTH-

induced steroidogenesis.- Corticosterone and deoxycortico-

sterone, end-product steroids in normal adrenal cells, and

cortisol, a related corticosteroid, were tested with regard

to their effects on basal and ACTH-stimulated 20-DHP

production in Y-1 cells. Values in Table I represent

11
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TABLE I

EFFECTS OF EXOGENOUS CORTICOSTEROIDS ON BASAL AND ACTH-

INDUCED STEROIDOGENESIS IN Y-1 ADRENAL TUMOR CELLS

Treatment

Control
Corticosterone
De oxycorticosterone
Cortisol

ACTH

ACTH-corti costerone
ACTH-de oxycorti costerone
ACTH-c ortisol

*Values are the mean + SEM
two separate experiments.

20-DHP ng/ml

30 minutes 120 minutes

1.5 + 0.5* 12.5 + 0.7

12.2 + 1.3 18.2 + 1.1

9.1 + 1.0 19.3 + 1.1

3.7 + 0.6 9.2 + 1.7

27.0 + 1.9 97.0 + 2.2

14.3 + 1.0 27.0 + 1.5

13.7 + 0.5 24.5 + 1.8

15.1 + 0.8 25.0 + 2.0

of four determinations in

20-DIP production by Y-1 cells incubated for consecutive

30 and 120 min periods with corticosteroid or ACTH plus

corticosteroid. Corticosterone and deoxycorticosterone

significantly increased 20-DHP production in the 30 min

incubation (Pc0.01, P (0.05, respectively) and in the

additional 120 min incubation (P <0.05). Cortisol did not

significantly effect steroidogenesis in successive 30 and

120 min incubations. ACTH-treated cells increased steroid

production eighteen-fold and eight-fold in consecutive 30

and 120 min incubations, respectively (P4.0.01). All three

corticosteroids tested significantly inhibited ACTH-induced

20-DHP production. Production was reduced 50% after 30 min
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and 75% after an additional 120 min incubation (P<0.01).

Characterizing the effects of steroids on basal and

ACTH-induced steroidogenesis. Experiments were conducted

to determine whether the effects of exogenous corticoster-

oids on basal and ACTH-induced steroid production were

concentration-dependent, reversible, and specific. Cortico-

sterone was chosen as a representative corticosteroid to

ascertain concentration-dependence and reversibility.

A 30 min incubation of Y-1 cells with one of four

different concentrations of corticosterone ranging from

101 M to 10-5 M, resulted in a general increase in 20-DHP

production; 20-DHP levels significantly increased between

10~11 M and 5 x 10 M, and between 5 x 1 N10 M and 10-5 M

corticosterone (Figure 1). Continued incubation for 120 min

with each of the corticosterone concentrations resulted in

significantly elevated 20-DHP levels; in addition, cells

treated with 5 x 10- M corticosterone produced significant

tly more 20-DEEP than cells treated with 10~11 M cortico-

sterone. It can be seen in Figure 2 that corticosterone at

any of four concentrations used, significantly decreased

ACTH-induced 20-DHP production in successive 30 and 120 min

incubations. There were significant differences in the

comparisons between 20-DHP production by cells treated with

ACTH plus 10 M corticosterone and ACTH plus 10-8 M corti-

costerone, or ACTH plus 5 x 10-10 M corticosterone and ACTH
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pLus 10 M corticosterone in consecutive 30 and 120 min

incubations.

19-

17-

16-

14-

3-

9-

8-

7-
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4-

3-

1-

30 min 120 min

Figure 1. Concentration-dependent effects on cortico-
sterone on steroidogenesis in Y-1 adrenal cells. Control
(C), ACTH (A), or one of four corticosterone concentrations
designated in the histogram bars. The histogram bars were
drawn using the mean + SEM from four incubations. Treat-
ments overscored by the same line are not significantly
different. The 120 min production in response to 10-11 M
and 10-8 M corticosterone were not significantly different.
* P <0.05** P <.0.01.
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Figure 2. Concentration-dependent effects of cortico-
sterone on ACTH-induced 20-DHP production in Y-1 adrenal
cells. Control (C), ACTH (A), or ACTH plus one of four
corticosterone concentrations designated in the histogram
bars. The histogram bars were drawn using the mean + SEM
of four incubations. Treatments overscored by the same
line are not significantly different. * P< 0.05, ** P<0.01.
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Table II shows that the effects of exogenous cortico-

steroids on basal and ACTH-stimulated steroidogenesis in

Y-1 cells are reversible. Consistent with the aforemen-

tioned results (Table T), corticosterone increased basal,

and decreased ACTH-induced 20-DHP production in consecutive

30 and 120 min pre-wash incubations. After washing the

steroid-treated cells with BSA-containing medium to remove

steroid from the plates (38), cells were incubated with or

without ACTH in two additional 30 min post-wash periods.

Cells treated with corticosterone during the pre-wash

incubations responded to ACTH stimulation during the post-

wash incubation by producing 20-DHP at levels similar to

those of cells which were untreated during pre-wash but

incubated with ACTH during the post-wash. Cells incubated

with corticosterone in the pre-wash period produced 20-DHP

at levels similar to control, when left untreated in the

first 30 min post-wash incubation; addition of ACTH to these

cells in the second 30 min post-wash incubation increased

20-DHP production to levels similar to those cells which

were incubated with ACTH for the first time in the post-wash

period. When cells incubated with ACTH, or ACTH plus

corticosterone, during the pre-wash period, were incubated

with ACTH alone, a marked reduction in 20-DHP levels was

observed when compared to cells incubated for the first time

with ACTH alone during the post-wash period.
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TABLE III

EFFECTS OF VARIOUS STEROIDS ON BASAL AND ACTH-STIMULATED

STEROID PRODUCTION IN Y-1 ADRENAL TUMOR CELLS

20-DHP ng/ml
Treatment

30 minutes 120 minutes

Control 2.1 + 0.1* 21.8 + 6.9

Cortisone 3.1 + 0.2 25.2 + 4.3

Dehydroepiandrosterone** 2.7 0.4 5.2 + 0.2

Testosterone 5.2 + 0.2 7.0 + 2.3

Aldosterone 2.8 + 0.3 14.6 + 1.7

Dexamethasone 1,4 + 0.2 9.4 + 1.1

ACTH 24.5 + 3.5 62.0 + 2.2

ACTH-cortisone 21.6 + 1.6 58.3 + 8.2

ACTH-DHA 149 + 0.4 2.1 + 0.3

ACTH-testosterone 5.2 + 0.2 7.0 + 2.3

ACTH-aldosterone 16.0 + 1.9 49.9 3.6

ACTH-dexamethasone 23.0 + 3.6 63.0 + 13.0

*Values are the mean + range of duplicate incubations.

**Dehydroepiandrosterone (DHA).

To ascertain the specificity of the effects of steroids

on steroidogenesis in Y-1 adrenal cells, various cortical

and non-cortical steroids were tested with regard to their

abilities to alter basal and ACTH-induced steroidogenesis

(Table III), When compared to controls there was little

difference in 20-DHP production of Y-1 cells incubated with

cortisone, dehydroepiandrosterone, aldosterone, or dexa-

methasone for 30 min. However, testosterone increased
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20-DHP production two-fold in a 30 min incubation. After

an additional 120 min incubation cortisone did not appear

to affect basal steroid production, while cells treated

with any of the four other steroids produced less 20-DHP

than control cells. Cells treated with ACTH plus dehydro-

epiandrosterone or testosterone produced considerably less

20-DHP than cells treated with ACTH alone, while cortisone,

aldosterone, and dexamethasone seemed to have little effect

on ACTH-induced steroidogenesis in successive 30 and 120

min incubations.

Localization of the Intracellular Sites of

Steroid Alteration of Steroidogenesis

The physiological steps involved in the response of

adrenal cells to ACTH are partially defined, and a number

of stimulatory and inhibitory agents are available to by-

pass or interfere with these physiological steps. In an

effort to determine which of these steps are specifically

affected by exogenous steroids, Y-1 cells were treated in

the presence, or absence, of steroid with the agents capable

of stimulating or inhibiting steroidogenesis at steps

beyond the site of action of ACTH

Locating Mhe site at which exogenous corticosteroids

stimulate steroid production.- To determine if corticoster-

one and deoxycorticosterone were stimulating 20-DHP
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TABLE IV

EFFECTS OF CYTOCHALASIN D ON STEROIDOGENESIS STIMULATED BY

CORTICOSTERONE AND DEOXYCORTICOSTERONE IN Y-1

ADRENAL TUMOR CELLS

Treatment 20-DHP ng/ml

30 minutes 120 minutes

Control 0.6 + 0.1* 1.5 + 0.3
ACTH 6.1 + 0.3 12.4 +0.7
Corticosterone 2.8 + 0.2 8.3 0.4
Deoxycorticosterone 2.7 + 0.2 7.9 + 0.4
ACTH-Cytochalasin D* 1.4 + 0.1 4.2 + 0.1
D-corticosterone 1.2 + 0.1 4.9 + 0.2
D-deoxycorticosterone 1.0 + o,1 5.4 + 0.1
*Cytochalasin D (D). The concentration of D used (109 M
was determined in previous studies (unpublished data) to
be the minimum necessary to obtain inhibition of steroid
production in Y-1 cells. Others (39) have shown that
this concentration was sufficient to specifically bind to
high affinity sites on actin.
**Values are the mean + SEM of three determinations in
three separate experiments.

production in a manner similar to that of ACTH, the effects

of cytochalasin D, an agent inhibiting ACTH and cAMP induced

steroidogenesis, were tested (Table IV). In addition, the

effects of steroids on intracellular cAMP production were

examined (Table V). Cytochalasin D decreased 20-DHP produ-

ced in response to ACTH in consecutive 30 and 120 min incub-

ations (P<0.05). Similarly, stimulation of steroidogenesis

by exogenous corticosterone or deoxycorticosterone was

significantly reduced by cytochalasin D in consecutive

30 min and 120 min incubations (P40.05). The effects of
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corticosteroids on cAMP production by Y-1 cells was tested

by incubating cells with or without corticosterone for 30

min and then measuring intracellular cAMP accumulation.

TABLE V

EFFECT OF CORTICOSTERONE ON BASAL AND

ACTH-STIMULATED cAMP PRODUCTION IN

Y-1 ADRENAL TUMOR CELLS

Treatment cAMP

EXPERIMENT 1 EXPERIMENT 2

Corticosterone 139* 171*

ACTIf-corticosterone 68** 72**

* % of control levels of cAMP.

** % of ACTH-induced levels of cAMP.

Corticosterone-treated cells contained higher levels of

cAMP than control.

Locating the site at which exogenous corticosteroids

act to decrease ACTH-stimulated steroidogenesis.- To localize

the effects of corticosteroids on ACTH-induced 20-DHP produc-

tion in Y-1 cells, steroidogenesis was stimulatQd with chol-

era toxin, (Bu) 2cAMP, or pregnenolone; the 20-DHP production

of these cells was compared to that of cells treated with

each of the above agents plus corticosteroid. The effect of

exogenous steroid on ACTH-induced intracellular cAMP
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production by Y-1 cells was also tested,

Successive 30 and 120 min incubations of Y-1 cells with

cholera toxin, an agent which directly activates adenylate-

cyclase, resulted in a considerable increase in 20-DHP

TABLE VI

EFFECTS OF EXOGENOUS CORTICOSTEROIDS ON CHOLERA TOXIN-

STIMULATED STEROID PRODUCTION IN Y-1 ADRENAL.

TUMOR CELLS

20-DHP ng/ml

Treatment 30 minutes 120 minutes

Control 1.1 0.5** 2.9 + 1.7

Cholera Toxin* 13.0 + 1.3 42.7 + 9.3

CT-corticosterone 18.0 + 1.6 34.6 3.3

CT-deoxycorticosterone 22.1 + 0.8 70.6 +3.5

CT-cortisol 14.0 + 1.5 48.4 + 3.6

* Cholera toxin (CT). All cells treated with cholera

toxin were preincubated with cholera toxin for 30 min

prior to the 30 min incubation to allow for lag time in

cholera toxin action (30). The above experiment was re-

peated and steroids had similar effects, while response

to cholera toxin was somewhat less.

** Values are the mean + range for duplicate incubations.

production (Table VI). Cells treated in a 30 min incubation

with cholera toxin plus any of the three corticosteroids

routinely tested, produced 20-DHP at levels greater than

cells treated with cholera toxin alone. Although
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corticosterone and cortisol had no effect on cholera toxin

stimulated steroid production during the subsequent 120 min

incubation, deoxycorticosterone enhanced cholera toxin-.:

TABLE VII

EFFECTS OF EXOGENOUS CORTICOSTEROIDS ON (Bu) 2cAMP-INDUCED

STEROIDOGENESIS IN Y-1 ADRENAL TUMOR CELLS

Treatment 20-DHP ng/ml

30 minutes 120 minutes

Control 2.4 + 0.6* 11.1 + 1.6
(Bu)2cAMP 6.0 + 0.4 34.9 + 3.0
(Bu)2cAMP-corticosterone 9.7 + 0.8 40.7 + 2.2
(Bu)2cAMP-deoxycorticosterone 8.6 + 0.6 35.1 + 1.2
(Bu)2 cAMP-cortisol 4.4 0.5 29.3 + 1.4
*Values are the mean + SEM of four determinations in two
separate experiments.

induced 20-DHP production.

Y-1 cells treated with (Bu) 2cAMP significantly increa-

sed 20-DHP production in consecutive 30 and 120 min incuba-

tions (P40.05, Table VII). In successive 30 and 120 min

incubations, steroidogenesis stimulated by (Bu)2cAMP appeared

to be enhanced by corticosterone and deoxycorticosterone, but

the differences were not significant, Cells treated with

(Bu)2 cAMP plus cortisol seemed to produce less 20-DHP than

(Bu)2 cAMP-treated cells , but again the differences were not

significant.

Pregnenolone by-passes the ACTH controlled rate-limiting

step in steroidogenesis and increases 20-DHP .production in
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direct proportion to its exogenous concentration. Y-1

cells treated with 10 M pregnenolone dramatically increased

TABLE VIII

EFFECTS OF EXOGENOUS CORTICOSTEROIDS ON PREGNENOLONE-

INDUCED STEROIDOGENESIS IN Y-1 ADRENAL TUMOR CELLS

Treatment 20-DHP ng/ml

30 minutes 120 minutes

Control 1.4 + O.4** 9.2 + 3.3
Pregnenolone* 151 + 27.0 316, - 68.0
PRGN-corticosterone 153 + 14.0 347 + 27.5
PRGN-deoxycorticosterone 151 + 33.0 382 + 58.5
PRGN-cortisol 173 + 0.4 395 + 41.0

*Pregnenolone (PRGN).

**Values are the mean + range of duplicate incubations.

20-DHP production in successive 30 and 120 min incubations

(Table VIII). When cells were incubated for 30 min with

equimolar amounts of pregnenolone and any of the three

corticosteroids tested, there seemed to be no obvious

differences in 20-DHP production compared to cells treated

with pregnenolone alone. In an additional 120 min incuba-r.

tion, cells treated with pregnenolone plus any of the three

steroids, appeared to produce slightly higher levels of

20-DHP than pregnenolone-treated cells, Table V shows

that cells treated with corticosterone plus ACTH produced

cAMP at levels intermediate between control and ACTH-treated

cells.
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Exogenous Corticosteroid. Effects on Cell

Surface Morphology

Figure 3A is a scanning electron micrograph of an

untreated Y-1 adrenal cell which has a flat shape characte-

ristic of cultured adrenal cells growing in a monolayer.

This control cell has a relatively smooth surface with a

small number of microvilli, A Y-1 cell treated with

corticosterone or cortisol exhibits a flattened shape and

a surface which appears compressed over underlying sub-

cellular organelles since the surface presents several

prominent bumps (Figures 3B, 30). There is a scarcity of

microvilli on steroid-treated cells. ACTH-treated Y-I cells

rounded-up, extended several filapodia from the cell

periphery, and had numerous microvilli covering the cell

surface (Figure 4A). When Y-1 cells treated with ACTH plus

corticosterone or cortisol were observed under the scanning

electron microscope, they were rounded, and a large number

of surface blebs were observed in addition to the

characteristic microvilli (Figures 4B, 40).
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Figure 3. Effect of corticosteroids on the surface
morphology of Y-1 adrenal cells. A, untreated cell; B,
corticosterone; C, cortisol. m, microvilli; n, nuclear
region; s subcellular organelle region, (A, C, x2000;
B, x1000).
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Figure 4. Effect of corticosteroids on the ACTH-altered
surface morphology of Y-1 adrenal cells. A, ACTH; B, ACTH
plus corticosterone; C, ACTH plus cortisol, b, blebs; f
filapodia; m, microvilli, (A, x2000; B, C, x3000).



CHAPTER IV

DISCUSSION

The present studies offer evidence that exogenous

steroids affect basal and ACTH-induced 20-DHP production

in. Y-1 mouse adrenal cortical cells by acting within the

plasma membrane. Previously no study suggested that

steroids affect basal steroidogenesis. Although many

studies indicated that steroids inhibit ACTH-stimulated

steroidogenesis in adrenal cells "in vitro" and "in vivo",

the exact mechanism of corticosteroid inhibition of ACTH-

induced steroidogenesis was not specifically defined (8-12),

Investigators speculated that end-product steroids serve

as inhibitors of enzymes involved in steroid synthesis(15, 4Q)

or that intracellular glucocorticoid receptors mediate

feedback inhibition during nuclear induction of the enzymes

for corticosteroid, synthesis (12,41), However, direct

evidence for these suggestions is not presently available.

By using agents which stimulate or inhibit steroid produc-

tion beyond the ACTH binding site on the adrenal cell

external membrane, evidence was obtained in the present

study suggesting that steroids may act by interfering with

ACTH activation of adenylate cyclase, possibly by altering

plasma membrane fluidity.

During control incubations with a variety of adrenal

28
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cortical steroids, it was found that two of the steroids

tested, corticosterone and deoxycorticosterone, significan-

tly increased 20-DHP production. In addition, corticoster-

one increased 20-DHP production in a concentration-dependent

and reversible manner. Since Y-1 cells appear to lack

enzymes for converting either of these steroids to 20-DHP

(31), stimulatory effects were probably not due to enzymatic

conversion of these steroids to 20-DHP. It is of interest

that normal mouse adrenal cells synthesis deoxycorticosterone

and corticosterone but the adrenal tumor cell does not (31).

However, the Y-1 cell retains enzymes for converting deoxy-

corticosterone to corticosterone (2), and stimulatory effects

seen with deoxycorticosterone may, therefore, result from its

conversion to corticosterone.

The fact that specific end-product corticosteroids

increased basal steroidogenesis, and that their effects were

concentration-dependent and reversible, led to experiments

to determine the physiological steps being affected by these

steroids. Steroidogenesis stimulated by corticosterone and

deoxycorticosterone was significantly inhibited by cytocha-

lasin D, an agent known to inhibit ACTH-induced steroid

production in adrenal cells (4-6). This observation

suggested that these steroids were acting within the physio-

logical sequence of events controlled by ACTH. Further

studies indicated that within 30 min of incubation with

corticosterone, Y-1 cells had increased levels of
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intracellular cAMP; this finding is consistent with the

hypothesis that corticosterone stimulation of 20-DHP produc-

tion involves activation of adenylate cyclase in the adrenal

plasma membrane. The increased basal steroid production in

response to exogenous glucocorticoids is similar to previous

studies in this laboratory (24) which indicated that lipid

soluble extracts of cigarette smoke increased basal steroid

production in a concentration-dependent manner in Y-1 cells,

and that cytochalasins inhibited this response to the

cigarette smoke extracts. The findings that corticosteroids

increased intracellular cAMP production is supported by

observations that a variety of steroids can activate

adenylate cyclase in non-adrenal tissues (13,14). It should

be noted that the present findings indicate one mechanism

whereby corticosteroids stimulate steroidogenesis in Y-1

cells and do not necessarily account for all of the increase

in 20-DHP production. It is possible that corticosteroids

may promote cholesterol conversion to pregnenolone or exert

other stimulatory effects not considered in the present

study.

Exogenous steroids inhibited ACTH-induced steroido-

genesis in the present studies. These effects were concen-

tration-dependent and reversible, suggesting that steroids

may be interfering with physiological processes. Exogenous

steroid also prevented the increase in intracellular cAMP
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associated with ACTH stimulation. In an attempt to specifi-

cally identify the site of steroid inhibition of cAMP and

20-DHP production, ACTH binding to the adrenal plasma mem-

brane was by-passed with cholera toxin, an agent which dire-

ctly activates adenylate cyclase and increases 20-DHP produ-

ction (30). Steroidogenesis stimulated by cholera toxin

was not inhibited by steroids; in fact, it appeared to be

enhanced by corticosterone and deoxycorticosterone. Based

on these findings, it appeared that steroids inhibited

steroidogenesis by preventing ACTH activation of adenylate

cyclase, and, in addition, appeared to facilitate the inter-

action of cholera toxin with adenylate cyclase, In other

cell types cholera toxin activates adenylate cyclase in a

two step process: 1) one subunit of the cholera toxin mole-

cule binds to a ganglioside receptor, 2) the second subunit

inserts into the plasma membrane and activates adenylate

cyclase (42). Those studies indicated that cholera toxin

interacted with with membrane lipids prior to adenylate

cyclase activation; steroids, being lipids, may facilitate

the interaction of cholera toxin with membrane lipids.

The steroids used in the present studies did not in-

hibit (Bu)2 cAMP-induced steroidogenesis yet prevented the

normal rise in intracellular cAMP associated with ACTH

stimulation. These findings, together with the effects of

steroids on ACTH and cholera toxin induced steroidogenesis,
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suggested that steroids acted by altering normal intramem-

brane events initiated by ACTH. The fact that pregnenolone

conversion to 20-DHP was unaffected by exogenous cortico-

steroid treatment supported the hypothesis that steroids act

prior to non-rate-limiting enzymatic conversion steps in

steroidogenesis. The effects of exogenous steroids on 20-DHP

production induced by AQTH, cholera toxin, and (Bu)2cAMP were

similar to Morris' findings that Y-1 cells incubated with

these stimulating agents and lipid soluble extracts of

cigarette smoke produced less 20-DHP in the case of ACTH

stimulation, and similar levels of 20-DHP in the cases of

the other two agents, Morris concluded, as well, that the

cigarette smoke extracts may interfere with intramembrane

events initiated by ACTH (24).

The ability of steroids to inhibit ACTH-induced steroid

production in adrenal cells does not appear to be directly

related to the glucocorticoid potency of the steroid. The

present study indicates that non-glucocorticoids such as

dehydroepiandrosterone and testosterone were able to decrease

ACTH-stimulated 20-DHP production, while glucocorticoids

like cortisone and dexamethasone had little effect on ACTH-

induced steroidogenesis, In addition to previously publis-

hed reports suggesting that physiological concentrations of

end-product corticosteroids directly inhibit their own

production in response 'to ACTH (8,9), other cortical and
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non-cortical steroids were also able to inhibit steroid

production (10,12,43); no explanations were offered for the

effect of these steroids on steroidogenesis. The lack of

effect of dexamethasone on ACTH-induced steroidogenesis

agrees with the findings of Loose (12) who was unable to

demonstrate acute inhibition of ACTH-induced steroidogenesis

by dexamethasone in adrenal cells "in vitro". The lack of

effect of aldosterone on ACTH-stimutated 20-DHP production

in the present study is similar to the findings of Carsia

(9) who used isolated rat and beef adrenal cells.

The effects of the various steroids tested in the pre-

sent study do not appear to result from interference with

ACTH binding to cell surface receptors, Using Y-1 cells

Saito found that steroids such as corticosterone did not

interfere with ACTH binding to receptors (11),

Since ACTH binding to receptors and glucocorticoid

potency did not appear to be determinants for steroid alter-

ations of steroidogenesis, and the corticosteroids seemed to

exert their effects in the plasma membrane by interacting

with membrane lipids, a comparison of steroid phospholipid

solubility with ablility to inhibit ACTH-induced steroido-

genesis was made. Heap (25) and Bangham (44) have determined

phospholipid solubilities of various steroids including

those used in the present study. It can be observed that

steroids with the greatest ability to inhibit ACTH-induced
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steroidogenesis, such as dehydroepiandrosterone and testos-

terone, have relatively higher lipid solubilities. Steroids

with relatively low phospholipid solubilities, such as corti-

sone and aldosterone, or water soluble steroids such as dexa-

methasone, were least effective in preventing an increased

steroidogenic response to ACTH. The above relationships

suggest that steroids with high affinities for the plasma

membrane may interfere with the ability of ACTH to stimulate

steroid production in adrenal cells.

Heap (25) suggests that steroids would insert into the

phospholipid bilayer in cavities created by the bent chains

of unsaturated phospholipids and stabilize the membrane by

increasing viscosity. This increased viscosity would reduce

membrane fluidity affecting the freedom of lateral movement

of integral membrane proteins. Since other studies suggest

that steroids are capable of altering membrane fluidity (25,

26), it is possible that steroids with relatively high phos-

pholipid solubilities would tend to accumulate in the plasma

membrane and have a greater influence on membrane fluidity

than less lipid soluble steroids. Models of peptide hormone

action have been proposed which require aggregation of memb-

rane receptor integral proteins for hormonal regulation of

intracellular events (19-21). If this model reflects the

mechanism of adenylate cyclase activation by ACTH, then

aggregation would be sensitive to alterations in membrane

fluidity. It has been shown by other investigators that
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changes in membrane fluidity affect receptor function (17-

19) and adenylate cyclase activity (45,46). The possibility

that steroids inhibiting ACTH-induced steroidogenesis in Y-1

cells are altering plasma membrane fluidity is indirectly

supported by the scanning electron micrographs presented in

this paper. Corticosterone and cortisol altered cell surface

morphology by causing cell flattening and surface bleb forma-

tion which are similar to cell surface alterations associated

with changes in membrane fluidity during the cell cycle of

various cultured cells (28,47,48).

From the present studies it appears that a direct rela-

tion exists between the ability of a steroid to inhibit

ACTH-induced 20-DHP production and its phospholipid solubil-

ity; such a relation is not immediately apparent with regard

to effects on basal steroidogenesis. Cortisol and testos-

terone stimulated 20-DHP production after a 30 min incuba-

tion, but this effect was not seen after an additional 120

min incubation. In fact, testosterone and dehydroepiandro-

sterone inhibited basal steroidogenesis after 120 min. All

exogenous steroids affecting basal 20-DHP production have

intermediate phospholipid solubilities. The three cortico-

steroids; cortisol, corticosterone, and deoxycorticosterone,

are closely related structurally, while testosterone and de-

hydroepiandrosterone lack the two carbon side chain on carbon

17 and are, therefore, structurally different from the corti-

costeroids. It is therefore unclear at this time why
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testosterone appears to be slightly stimulatory in the first

30 min incubation. Intracellular steroid concentrations in

adrenocortical cells have been estimated to be similar to

concentrations used in the present study (49), and it is

therefore unlikely that inhibition of basal steroid produc-

tion by testosterone and dehydroepiandrosterone resulted

from pharmacological effects. Whether later effects of

steroids can be explained by changes in metabolism must still

be determined.

The present findings suggest that steroids may have

effects on the adrenal plasma membrane which alter basal and

ACTH-induced steroidogenesis, and that these effects may be

related to changes in membrane fluidity induced by steroids.

The possibility that certain steroids can activate adenylate

cyclase and increase steroid production in adrenal cells is

also a new finding. There may be at least three modes of

direct self-suppression of steroidogenesis in adrenocortical

cells: 1) an acute inhibition mediated by the plasma memb-

rane involving steroid interference with the ability of the

ACTH-receptor complex to activate adenylate cyclase, as pre-

sented in this report, 2) an inhibition of steroidogenic

enzyme induction mediated by intracellular glucocorticoid

receptors, occuring over longer time periods (12), 3) an

inhibitory effect on the enzymes involved in steroid syn-

thesis (15). Although the physiological significance of
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these findings is not completely clear, it seems possible

that any one of these effects may be involved in modulating

the continued response of the adrenal cell to stimulation.

In addition, the possibility that steroids affect membrane

fluidity raises several other concerns regarding steroid

effects on other cell membrane functions. It is well estab-

lished that steroids stabilize lysosomal membranes (50,51),

and affect endocytosis and exocytosis (52,53). In addition

to A CTH, functions of other hormones acting at cell surfaces

may be sensitive to steroid effects on the plasma membrane,
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