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PREFACE

The existence of a pituitary hormone capable of sti

mulating the adrenal cortex first became clear in the

l920s and 1930s. Smith (1930) demonstrated that the

pituitary was required to preserve the normal morphology

of the adrenal cortex and, soon after, a substance (ACTH)

extracted from the pituitary was found to stimulate and

maintain the adrenal in hypophysectomized rats (Collip

et al., 1933).

The widespread use of the ACTH induced adrenocortical

secretions (the glucocorticoids) as anti-inflamatory

agents, accelerated research concerned with the physiolo

gical effects of ACTH.

The steroidogenic actions of ACTH on the adrenal

cortex have been studied at four different levels of

organization: the intact animal; the perfused adrenal;

incubated gland fragments; incubated adrenocortical cells.

The advent of cell culture techniques has allowed the

development of systems combining the advantages derived

from studying well defined parameters in vitro with the

more physiological aspects obtained in vivo.

The adrenocortical cell culture system to be descri

bed in the succeeding pages of this dissertation was

developed for the purpose of examining the trophic effects

of ACTH. These include the inhibition of adrenocortical

growth and maintenance of steroidogenic capacity.

The presumed value of these studies derives from the



possible elucidation of the molecular mechanisms

employed by ACTH relevant to its trophic actions as

well as the establishment of a model system for the

exploration of the control of enzyme synthesis by a poly

peptide hormone.
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CHAPTER l

A LITERATURE SURVEY OF ADRENOCORTICAL
CELLS IN CULTURE

Following the observation by Hechter et al., (1951)

that intact tissue was required for steroidogenesis,

initial studies of ACTH action were performed using

quartered rat adrenals (Saffran and Schally, 1955). However,

the limitations of this system hampered progress in elu

cidating the mechanism of ACTH action. The tissue was not

sensitive to low concentrations of ACTH and there was great

variability in steroid output. These problems were solved

by the introduction of techniques for the isolation of

adrenocortical cells (Kloppenborg et al., 1968; Sayers

et al., 1969). Isolated adrenocortical cells provided a

rapid, sensitive and reproducible way to assay the effects

of ACTH over a short time period. However, this system

also possessed limitations. The longterm effects of ACTH

on cell growth and development could not be assessed due

to the short viability of cell suspensions and since the

cell isolation procedure involved enzymatic dispersal

of the tissue, the possibility existed that cells with

damaged membranes would generate erroneous data unless

they had been allowed sufficient time to heal.

Advances in cell culture techniques have solved some

of the problems. Preparations of hormonally responsive

adrenocortical cells can be maintained in culture

for extended time periods and provide a useful



system for studying the factors which regulate adrenal

growth, acute steroidogenic response and the maintenance

of differentiated adrenocortical function.

Normal and tumor adrenocortical cell systems have

now been derived from human, beef, rat and mouse adrenals.

This short survey will discuss each of these systems

with regard to studies on growth, function and morphology

by presenting data and experiments from the papers of

the major contributors to this field. Their work has

been upheld by numerous other investigators who are not

cited here.

The observations by Carrel and Burrows (1910) that

endocrine organs could be cultivated outside the body was

followed by several investigations of in-vitro adreno

cortical growth . (Martinovitch, 1951; Schaberg, l955).

Ssipowsky (1929) observed outgrowths of different cell

types from adrenal explants and described the morphologi

cal characteristics of each cell type. In addition to

adrenocortical epithelial cells, outgrowths from the

explants also included medullary cells, macrophages,

fibrocytes, fibroblasts and fat cells. The fibrocytes

were defined as having morphological characteristics

intermediate between fibroblasts and epithelial cells.

The effects of ACTH on adrenocortical cultures

were first described by Schaberg (1957). He observed

that the histological changes were similar to those which

occured in vivo in the adrenal cortex of adult rats



receiving ACTH and that co-culture of the anterior

hypophysis with the adrenal gland stimulated the release

of corticosterone into the culture medium. The extension

of these early studies from tissue culture to human adrenal

cell culture are described in the following sections.

I. Monolayer Cultures of Rat Adrenocortical Tissue

A. Embryonic Rat Adrenocortical Tissue Culture

The adrenocortical tissue from embryonic and neonatal

rats has been propagated in monolayer culture (Kahri, l966).

Morphology

Gross Structure

As previously described, explants of adrenocortical

tissue resulted in outgrowths of several cell types in

addition to epithelial adrenocortical cells. According

to Kahri (1966) the epithelial cells were small with a

round or ovoid nuclei containing one or two nucleoli.

Numerous rounded granules were visible in the cytoplasm.

The adrenocortical cells stained intensely for 38

hydroxysteroid dehydrogenase and lipid. These observations

helped to distinguish the steroid secreting epithelial

cells from the other cell types present.

Ultrastructure

Epithelial cells containing two types of mitochondria

were described by Kahri (1966). Some mitochondria had

inner membranes which resembled short tubules while

others contained a mixture of these two types of Cristae.



Smooth surface endoplasmic reticulum (SER) was present

as well as numerous free ribosomes. The Golgi apparatus

appeared as small rounded or flattened vesicles.

Numerous lipid droplets and lysosomes were observed.

In his early studies Kahri (1966) noted two dramatic

changes which Ocurred when adrenocortical cell cultures

were treated with ACTH. The inner mitochondrial membranes

were transformed into vesicular cristae which approximated

the in vivo state and the SER proliferated. Kahri (1968)

further demonstrated that the morphological changes in the

mitochondria of ACTH treated cortical cells was blocked

by Actinomycin D (AMD) an inhibitor of RNA synthesis.

Chloramphenicol, an inhibitor of mitochondrial ribosome

function, specifically inhibited the mitochondrial

transformation without affecting the proliferation of

SER (Kahri and Milner, 1969). Milner compared the

results of ACTH and cAMP on the ultrastructure of

cultured fetal adrenals and found that cAMP also induced

vesicular mitochondria and the proliferation of SER.

However, she also noted that clear differences existed

between the ACTH stimulated cells and cAMP stimulated

cells. While ACTH led to an increase in cell size,

increases in the number of mitochondria and the develop

ment of microvilli, none of these changes were observed

in the presence of cAMP.

The mitochondria and SER consist of the membranous

systems which are the principal sites of steroid



biosynthetic activity. ACTH induced transformation of

these adrenocortical cell organelles was first described

to be accompanied by an increase in steroid biosynthesis

by Milner (1969). Based on these studies future morpholo

gical observations were correlated with functional data.

Function

The effects of ethidium bromide on ACTH induced

mitochondrial transformation and function were first

described by Milner (1972b) and further confirmed and

extended by Salmenpera and Kahri (1977). Ethidium

bromide is specific for the inhibition of mitochondrial

DNA and protein synthesis (Nass, 1970). In the presence

of this compound no mitochondrial transformation occurred

after ACTH treatment (Salmenpera and Kahri, 1977) and

biochemical observations demonstrated inhibition of two

mitochondrial enzymes involved in steroid biosynthesis,

the 118- and 18-hydroxylases.

Corticosterone, the end product of steroid biosynthe

sis in the rat, at a concentration of 5.7 x 10-5 mol/l

has been shown to block ACTH morphological transformations

(Salmenpera, 1976).

Growth

Kahri (1966) observed that high concentrations of

ACTH blocked epithelial adrenocortical cell outgrowth.

In later studies Salmenpera and Kahri (1977) demonstrated

an increase in *H-thymidine granules in mitochondria

after ACTH treatment but a marked decrease in *H-thymidine
granules in the nucleus.



B. Adult Rat Adrenocortical Tissue Culture

Morphology

Gross Structure

As with the fetal tissue, several different cell types

were observed in the outgrowths from explants of adult rat

adrenocortical tissue (Nussdorfer et al., 1974). The

gross morphological characteristics of adult rat adreno–

cortical cells were also very similar to those described

for fetal adrenal cells, however, the adrenocortical cell

phenotype could be modified by the culture conditions

(Slavinski et al., 1974).

Within a short time after plating, primary cultures

derived from explants contained islands of epithelial

cells surrounded by fibroblasts which eventually outgrew

the culture. However, if secondary cultures were derived

from these cells differences in gross morphology arose.

If the primary cultures were mechanically removed and re

plated in a medium containing 10% horse serum the cells

retained an epithelial phenotype, but if the cells were

trypsinized and replated in a medium containing 25% fetal

calf serum the cells assumed a fibroblast-like morphology,

although differing from fibroblasts of connective tissue

origin by the presence of lipid, slight staining for 38

hydroxysteroid dehydrogenase and production of small amounts

of corticoids.

Ultrastructure

The ACTH induced morphological transformation of

adrenocortical cell mitochondria was also confirmed in



tissue cultures of adult rat adrenals (Idelman, 1970).

Stereological methods revealed that administration of ACTH

for more than 12 days significantly increased the number

of mitochondria (Nussdorfer et al., 1974) while ACTH

stimulation for shorter periods of time only resulted in

an increase in mitochondrial volume.

Function

If the fibroblast-like secondary cultures described

by Slavinski et al., (1974) were treated with micro gram

quantities of ACTH for 3 days they assumed a more

epithelial like morphology (Slavinski et al., 1976),

yet the amount of corticosterone produced by these cells

was 7 times less than a comparable number of true

epithelial cells.

Growth

Adult adrenocortical cells were pulsed with *H-

thymidine with and without ACTH treatment (Armato et al.,

1973). It was reported that ACTH increased the number of

cells which incorporated *H-thymidine during the first

two days of treatment after which the number of cells

labeled in the ACTH and control culture were the same.

C. Rat Adrenocortical Cell Culture

The culture systems described in the preceding sections

were modified organ culture systems. Primary cell cultures

were obtained by plating adrenal tissue minces (Kahri, 1966;

Slavinski et al., 1974) or by a combination of tissue

mincing and trypsinization (Armato, 1973). The original



explants necrosed several days after plating and the cell

monolayers were obtained by outgrowths of cells from the

large pieces of tissue.

Cell cultures of collagenase dispersed rat adreno–

cortical cells were first successfully cultured in a

monolayer for up to 4 months by O'Hare and Neville (1973a).

The lifespan of these cultured cells was significantly

longer than the 5-6 weeks obtained in the other systems

(Kahri, 1966; Slavinski, l974). Cultures prepared from

dispersed cells also appeared more homogeneous and there

fore more suitable for biochemical studies.

Morphology

Gross Structure

The gross morphology of collagenase dispersed mono

layers of cultured adrenocortical cells (O'Hare l973a;

Ramachandran and Suyama, l075) did not differ from those

of the other systems. ACTH was reported to result in

a marked retraction of the epithelial cells leaving inter

cellular spaces on the surface of the petri dish and this

phenomenon was duplicated by cAMP.

Ultrastructure

ACTH was also able to induce mitochondrial transforma

tion and an increase in SER in these cells (O'Hare and

Neville, 1973a). These observations were confirmed and

extended by Suyama et al., 1977. The effects of ACTH,

its o-nitrophenyl sulfenyl derivative (NPS-ACTH) and

dibutyryl cyclic AMP (dbcAMP) were found to induce the



same degree of mitochondrial transformation although NPS

ACTH had previously been shown to stimulate steroidogenesis

but not significant cAMP synthesis in adrenal cells

(Moyle et al., 1973). All three agents caused the disap

pearance of electron opaque granules present in the mito

chondria of unstimulated cells (Suyama et al., 1977).

It was demonstrated that these granules were dissolved by

EGTA suggesting that they contained calcium.

Function

Adrenocortical cells in culture have consistently

been shown to maintain their responsiveness to ACTH by

the production of corticosteroids. Normal adrenocortical

cells also maintain receptor specificity under culture

conditions (O'Hare, 1976). Only ACTH, cAMP and choleragen

are able to elicit steroidogenesis in these cells. This

is in marked contrast to tumor systems and will be further

discussed in another section of this chapter. In

contrast to in vivo secretion of glucocorticoids, there is

an absence of any circadian rhythm in the secretion of

corticosteroids from monolayer cultures of adrenocortical

cells (O'Hare and Hornsby, 1975).

The quantitative aspects of corticosterone production

were first investigated by O'Hare and Neville (1973b).

Without ACTH fluorogenic corticosterone output reached

undetectable levels by 14 days in culture. The residual

amount of fluorescence was found to be due to 200

hydroxyprogesterone. Cells maintained in culture for up
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to two months without ACTH could be induced to produce

amounts of corticoids which were comparable to cultures

maintained in the presence of ACTH if they were stimulated

with supraphysiological concentrations of ACTH for 4 or

5 days.

The enzymes responsible for coticosterone biogenesis

were studied (O'Hare and Neville, 1973c). It was observed

that 36HSD activity persisted at a substantial level

while the ll 3-hydroxylase, l8-hydroxylase and 21-hydroxylase

activities were very reduced by two weeks in culture.

ACTH or db.cAMP was able to reverse these enzyme changes.

Although the islands of epithelial cells in these adreno

cortical cell cultures remained viable for up to two

months they were embedded in a sea of fibroblasts. The

fibroblasts had an interfering effect on some of the bio

chemical changes as will be discussed later.

Adrenocortical cells may be cultured for indefinite

periods without any fibroblast proliferation (Liles and

Ramachandran, 1977). As will be discussed in chapter

4, these later studies have demonstrated a decay in the

hydroxylase enzymes by 4 days in culture and a significant

decay of 38 HSD by two weeks of culture. The basis of

the published observations and the extension of these

early studies are fully discussed in Chapters 4 and 5 of

this dissertation.

Growth

Subconfluent adrenocortical cell cultures were
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capable of proliferating until confluency and ACTH and

cAMP were able to inhibit this proliferation (O'Hare and

Neville, 1973a). The inhibitory effect of ACTH on the

growth of normal adrenocortical cells derived from both

adult and suckling rats was extensively studied by

Ramachandran and Suyama (1975). ACTH progressively

decreased thymidine uptake in adrenocortical cells to

25% of control after 4 days of hormone treatment. After

a lag period of 24 hours corticosteroidogenesis progres

sively increased inversely to the decrease in *H-thymidine
uptake. Inhibition of *H-thymidine uptake in these cells

was mimicked by NPS-ACTH and db.cAMP. In the initial

studies adrenocortical cells were plated at high densities

and the concentrations of ACTH employed were above physio

logical levels. Therefore, the effects of physiological

concentrations of ACTH on the proliferation of cells

from suckling rats plated at lower densities was investigated

(Ramachandran et al., 1977). ACTH at a concentration of

10 and 100 pico grams was effective in inhibiting the

growth of adrenocortical cells as determined by direct

cell count.

II Beef Adrenocortical Cell Culture

The cost of rats and the small yield of cells from

their adrenals are limiting factors in using primary

cultures of rat adrenals. Beef adrenocortical tissue

can easily be obtained at very little cost in amounts

from which large yields of cells may be obtained.
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Morphology

Gross Structure

The morphology of primary cultures of beef adreno–

cortical cells as reported by Gospodarowicz et al.,

(1977) was similar to that of the previously discussed

rat adrenocortical cells. The cells stained for lipid

and 38HSD and contained a very granular perinuclear

region which was not as pronounced in the rat cells.

The beef cells were passaged up to 50 times. The pas

saging of the normal cells was made possible by culturing

them in the presence of fibroblast growth factor (FGF)

(Hornsby and Gill, 1978). In the presence of FGF primary

cultures formed a dense epithelial-like monolayer composed

of polygonal cells. However, after being passaged the

cells became spindled shaped and grew in parallel arrays

often forming swirls. Cultures photographed at 50 times

magnification greatly resembled fibroblasts.

Function

Cultured bovine adrenocortical cells had been reported

to be useful as a system for short term ACTH bioassays

(Torday et al., 1974) although, the cells rapidly lost

their ability to secrete corticoids in response to ACTH

and by two weeks in culture were no longer functional.

Hornsby and Gill (1978) have characterized bovine adreno

cortical cell cultures for over 50 generations. They

found a decline in steroidogenic capacity in proliferating

bovine adrenocortical cells which was reversed by ACTH
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treatment. The cells retained the capacity to secrete

corticoids throughout their life span of 55–65 generations

in culture in response to repeated maximal concentrations

of ACTH, prostaglandin E, monobutyryl cAMP or choleratoxin.

However, the production of cAMP due to ACTH progressively

declined with each succeeding passage. This was not due

to progressive inactivation of the cyclase system as the

cAMP response to prostaglandin E did not diminish.

Growth

FGF was shown to stimulate the growth of cultured

bovine adrenocortical cells (Gospodarowicz et al., 1977).

This was of interest in view of the previous finding

that ACTH, the presumed mediator of adrenal growth, actually

inhibited the growth of normal rat adrenocortical cells

(Ramachandran and Suyama, 1975). This finding was upheld

in the bovine system where ACTH was shown to inhibit both

serum stimulated and FGF stimulated adrenal cell growth.

If the cells were cultured continuously in the presence

of ACTH, they became refractory to the growth inhibitory

effects of this peptide. One hundred picomoles/ml delayed

the onset of growth for 4 days. Cell division then resumed

with a doubling time of 48 hr as opposed to the 24 hr

doubling time of non-ACTH treated cells. In the presence

of 100 pico moles of ACTH the maximum growth of the cell

population was 50% less than untreated cells. The bovine

cells did not become refractory to the growth inhibition

induced by cAMP. Insulin has been shown to increase
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*H-thymidine uptake into cultured rat adrenocortical

cells (Ramachandran and Suyama, 1975). However, insulin

and FGF are not specific adrenal growth inducers as they

both have mitogenic effects in many systems. Recent

studies have implicated angiotensin II as a possible adrenal

specific mitogen (Gill et al., 1977).

III Human Adrenocortical Cell Culture

The cell culture systems thus far described were

developed in order to study the growth and function of the

adrenal gland with the hope that the results obtained in

those experiments would be representative of the human

adrenal. Therefore, it is of some interest to compare the

results of studies in cell cultures of the human fetal

adrenal and human adult adrenal.

A. Human Fetal Adrenocortical Cell Culture

Morphology

Gross Structure

Cultures of human fetal adrenocortical cells resemble

rat epithelial cells in that they have granulated cytoplasms

and nuclei with l or 2 nucleoli (Kahri and Halinen, 1974).

However, the cell-cell boundaries are not as distinct as

those of the rat cultures and the nuclei are markedly

rounded as opposed to somewhat elongated nuclei in the

rat cells. The human adrenal contains a fetal zone which

produces sulphated steroids in addition to an adult

(permanent) fasiculata type of zone which produces mainly
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cortisol. The cells were derived from the permanent zone

of the fetal adrenal as opposed to the fetal zone (Kahri

et al., 1976a). The cortical cells stained for 38HSD

much less than cells from a comparable fetal rat adrenal

culture (Kahri and Halinen, l074).

Ultrastructure

The cortical cells had an ultrastructure resembling

that of the zona glomerulosa of the human adrenal cortex

(Kahri and Halinen, 1974). The mitochondria contained

lamellar cristae as opposed to the vesicular type in the

zona fasiculata, there was a much higher amount of RER

in the human cells and a large amount of glycogen granules

which have never been seen in the rat (Kahri, 1966).

ACTH was able to stimulate the proliferation of the SER

and to transform the inner mitochondrial membranes to

form intramitochondrial vesicles (Milner et al., 1969).

However, in later work Kahri reported that whereas ACTH

was able to cause the disappearance of dense intra

mitochondrial granules, it had no effect on the transfor

mation of the inner membranes (Kahri et al., 1976a). No

explanation was offered for the difference in results.

Function

The suggestion that ACTH was necessary to increase

the steroidogenic capacity of cultured human cells was

made by Milner and Villee in 1970. It took three days

of ACTH treatment before the cells responded with a sig

nificant increase in cortisol and this correlated well

with an increase in the SER.
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Growth

ACTH has been reported to stimulate the growth of

human fetal adrenocortical cells. This conclusion was

based on the observation that ACTH increased the protein

content of the cells (Roos, 1974). In the same study

cAMP elicited steroidogenesis but had no effect on the

"growth" of the cultures.

B. Adult Human Adrenocortical Cell Culture

Morphology

The gross morphology of the adult adrenocortical

cells was completely analogous to that of the fetal

cultures (Armato, et al. , 1974). These cultures also

contained significant amounts of glycogen and RER. ACTH

was able to induce SER and decrease the RER as well as

induce the vesicular cristae in the mitochondria (Armato

et al., 1974). Cyclic AMP was able to induce the same
ultrastructural differentiation as ACTH.

Function and Growth

ACTH has been reported to increase the transport of

*H-uridine into human adrenocortical cells and fibroblasts

(Armato, et al., 1975). These results were analyzed by

autoradiography. In the same study the transport of *H-
leucine was lowered by ACTH. An increase in the uptake

Of *H-thymidine into labeled nuclei and a corresponding

increase in the "mitotic coefficient percent" in both

cortical cells and fibroblasts led to the assumption

that ACTH increased the proliferation of adrenocortical
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cells (Armato, et al., 1975; 1977).

IV Adrenocortical Tumor Cell Culture

This section is by no means a comprehensive review

of all the work utilizing cultured adrenocortical tumor

cells, however, the work presented is representative of

the types of studies being done. A discussion of tumor

cells is included in this chapter because investigators

are studying the same concepts in both normal and tumor

cells and it is important to understand the differences

between the two systems. An ACTH responsive murine adrenal

cortex tumor was adapted to monolayer culture (Buonassisi

et al. , 1962) and the Y-1 strain was obtained by cloning

(Yasumura et al., 1966). All of the work discussed in this
section has been obtained from studies with the Y-l cell

line.

Morphology

Gross Structure

The Y-l mouse adrenal tumor cells grow in a monolayer.

The cells are mostly polygonal with round irregularly

shaped nuclei which can contain several nucleoli (Kawaoi

et al., 1977). This is in contrast to the normal cells

whose nuclei usually contain only l or 2 nucleoli.

Although ACTH was able to induce retraction in normal rat

adrenal cells, this phenomenon was more pronounced in the

tumor cells. Cyclic AMP also caused the cells to retract

in both the normal and tumor cells. The retraction of

the cells did not seem to be linked to steroidogenesis
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as ACTH induced marked retraction in cells from rat

adrenocortical carcinoma 494 without being able to elicit

a steroidogenic response in these cells (Kimmel et al.,

1974). This effect may be linked to cAMP formation .

(Wishnow et al., 1976). Experiments with enucleated Y-l

cells have shown that nuclear control is not necessary

for the rounding up response (Chen and Auersperg, 1976).

Ultrastructure

The Y-l adrenal tumor cells appeared morphologically

differentiated when studied with an electron microscope

(Kawaoi et al., 1977). The mitochondria contained lamel

lar rather than vesicular cristae and, more importantly,

neither ACTH nor cAMP were able to induce the transfor

mation of the lamellar cristae to the vesicular type which

is a marked effect observed when normal cells are stimulated

with these agents (Kawaoi et al., 1977).
Function

Adrenocortical tumor cells may prove to be very

valuable in assessing the mode of action of ACTH. The

purpose of this section is not a complete discussion of

ACTH action but rather to illustrate the various ways

that the tumor cells have been used to investigate this

problem. Most of the emphasis will be given to a discus

sion of the information gained from a system only possible

with cultured tumor cells.

The following brief discourse on the currently

acceptable ideas of ACTH action will render the examples
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Imore meaningful. ACTH, a polypeptide containing 39 amino

acids, is assumed to act at the surface of the adreno–

cortical cell by binding to a putative receptor

(Lefkowitz et al., 1970). Many investigators have demons

trated that ACTH is able to increase intracellular cAMP

and, further, that cAMP can itself elicit steroidogenesis,

although, the exact role of cAMP as a mediator of ACTH

induced steroidogenesis has been questioned (Moyle et al.,

l973). The various studies which have been presented have

tried to define the series of events from the receptor

to the ultimate expression of the hormonal effect.

The major product of the Y-l tumor cells is 200–

dihydroprogesterone rather than corticosterone, the major

product of normal mouse adrenal cells (Pierson, 1967).

This change results from the loss of 21-hydroxylase

activity and an increase in 200-hydroxydehydrogenase

activity.

In addition to ACTH and cAMP the tumor cells

responded to ATP, ADP, AMP and adenosine with an increase

in steroidogenesis (Kowal and Fiedler, 1969). The change

in the differentiated product and lack of specificity

were disturbing, however, Kowal (1970) has shown that the

Y-1 system was close enough to the normal systems to provide

a useful model.

Acute Steroidogenic Regulation

Cholera toxin is a compound which can elicit steroido

genesis in both normal and tumor cells. Studies in
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cultured tumor cells have shown that cholera toxin and

ACTH both stimulated cAMP via different receptors

(Wishnow et al., 1976). These studies demonstrated

important differences between the modes of action of ACTH

and cholera toxin in stimulating adenyl cyclase.

Calcium, which is thought to be important at the

level of ACTH membrane receptor site interaction or the

coupling of the receptor to the cyclase, was required for

the steroidogenic response to ACTH but not cholera toxin

(Wishnow et al., 1976), although in the tumor cells the

calcium dependent ACTH refractoriness was overcome by

high concentrations of ACTH. Calcium was reported not

to be required for cAMP to stimulate steroidogenesis

in the tumor cells (Wishnow and Feist, 1974), however

more recent studies using an ionophore have demonstrated

that intracellular calcium is indeed essential for cAMP

to increase steroidogenesis in these cells (Kuo et al.,

1975).

Studies with a 95–98% anucleate population of

adrenocortical cells have shown that the nucleus is not

necessary for acute steroidogenic control (Chen and

Auersperg, 1976).

The steroidogenic response of enucleated cells during

the first 3 hr after enucleation was highly significant,

and though it decreased rapidly thereafter persisted to

a limited degree for up to 12 hr. After l2 hr the basal

steroidogenic output began to decline and there was no
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steroidogenic response to ACTH and db.cAMP. The cells

still possessed a viable receptor for ACTH because the

hormone was able to induce morphological changes in the

cells up to 33 hr after enucleation.

A unique advantage of working with tumor cells arises

from the possibility of isolating mutant cell lines with

defects in the steroidogenic pathway. A derivative clone

(Y-6) of the Y-l line did not respond to ACTH with

increased steroidogenesis but did respond to cAMP (Schimmer,

1976). Since ACTH was not able to stimulate an active

cyclase in the Y-6 cells it was postulated that Y-6 lacked

ACTH receptors or the ability of the receptor to couple

with the cyclase (Schimmer, 1972). Y-6 cells have

provided an important clue to the role of cAMP in ACTH

induced steroidogenesis. After animal passage Y-6 cells

regained both the ability to respond to ACTH with

increased steroidogenesis and increased cyclase activity

thus indicating that both events may be linked (Schimmer,

1976).

In addition to the appearance of spontaneous mutants

in tumor cell systems, it is possible to select for specific

mutants with various mutagenic agents. Studies such as

these have demonstrated that cAMP induced morphological

changes, growth inhibition and steroidogenesis are all

linked (Schimmer et al., 1977).

Maintenance of Steroidogenic Capacity

The Y-l cells have also been used to study the long
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term effects of ACTH. 118-hydroxylase activity was

reported to increase with continual ACTH stimulation

(Kowal, 1969). The synthesis of adrenodoxin, a component

of cytochrome P-450 which is part of the mixed function

oxidase system of the hydroxylase enzymes was induced

by ACTH (Asano and Harding, 1976). These results will

be discussed in much greater detail in Chapter 4 of this

dissertation.

Growth

ACTH and cAMP have been reported to inhibit growth

of cultured tumor cells by 95% (Masui and Garren, l971).

The studies of growth control in Y-l cells have been

further extended by Weidman and Gill (1977). They

reported that ACTH arrested the growth of these cells in

G4 whereas cAMP was able to inhibit growth in both Gl andl

G ACTH was able to induce an increase in cell size2 *

which was directly related to the increased protein and

RNA content. Fibroblast growth factor was reported to be

a positive modulator of growth in these cells, however the

FGF effect was dependent on the presence of serum

(Gospodarowicz and Handley, 1975).

V. Discussion

In this chapter different adrenocortical cell systems

have been examined with regard to their morphological

characteristics, functional capabilities and growth patterns.

Many of the observations were the same in all of the

systems and this engenders confidence in the use of
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Cultured adrenal cells as an experimental model. In some

cases glaring differences existed which may be due to

system differences or perhaps different interpretations

of data.

Rat adrenocortical cells cultured in the presence

of ACTH .xhibited a marked retraction. However, no

mention of reaction to ACTH indured retraction was reported

for cell cultures of human or beef adrenals. Pictures of human

corticals cells (xl 570) grown in the presence of ACTH for eleven

days did not exhibit this phenomenon (Kahri, 1976). The

beef adrenal cells were cultured in the presence of FGF

and were spindle shaped with their long axes oriented

parallel to each other. This was already in contrast

to the polygonal shape of the cells from the other species

and perhaps obscured the retraction. ACTH induced

retraction may be dependent on the concentration of ACTH.

Concentrations of l ng or less for 48 hr did not induce

retraction (Liles, unpublished observations). The

studies with human adrenals were done with ACTH preparations

which may not have been as active as reported and con

sequently, although there was enough ACTH to induce the

other events, retraction was not observed. Whether or

not ACTH induced retraction is indeed physiologically

relevant should be closely examined in view of recent

work which implicated cell shape and growth control as

tightly coupled events (Folkman and Moscona, 1978). DNA

synthesis was reported to be inhibited as cells changed
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toward a more spheroidal conformation. Thus ACTH induced

Imorphological changes may be correlated to inhibition of

adrenocortical cell growth by ACTH. The tumor cells

exhibited an even more marked retraction and rounding

up when treated with ACTH. Cancerous cells do not adhere

to their basal membranes in vivo as well as normal cells

and this results in metastasis of the tumor cells. It

would seem that ACTH induced retraction of normal rat and

Y-l tumor cells might provide an important experimental

model in determining the mechanisms which control cell

shape and substrate adhesion whether or not this is a

physiological action of ACTH related to its mechanism of

growth inhibition.

All of the studies clearly demonstrated that ACTH

induced differentiation of the adrenocortical cell both

biochemically and morphologically. The enzymes responsible

for the biosynthesis of the glucocorticoids are located

in the mitochondria and on the SER. In all of the systems

the SER was increased after ACTH administration. The

mitochondria of normal adrenocortical cells in vivo have

vesicular cristae. ACTH was able to transform the lamellar

cristae of the mitochondria to the vesicular type in all of

the cultured cell systems except human fetal adrenals and

Y-1 tumor cells. The observation that ACTH was able to

induce many ultrastructural changes in the human fetal

cells and was able to transform the mitochondria in adult

human cultured cells argues that mitochondrial trans

formation may be a later event in the development
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of the fetal cell. The fact that the Y-1 cell mitochondria

did not transform in response to ACTH remains as an

important difference of the tumor cell system and must

be considered when these cells are used to study the

action of ACTH which results in the control of the

mitochondrial enzymes.

All of the adrenocortical cell systems which have

been studied maintained their differentiated function in

short term culture and long term steroidogenic function

was maintained with ACTH. The Y-1 tumor system has been

used more extensively than the others in an attempt to

define the events in the acute steroidogenic responses

to ACTH. The great advantage offered by this system

is the ability to obtain cell lines with lesions at

different points in the steroidogenic pathway. Character

ization of the specific defects may be expected to clearly

define the chain of events from the initiation of the

steroidogenic response to the secretion of the product.

Even though the fact that the tumor cells can

spontaneously transform has been exploited as an advantage,

this instability makes the system difficult to work with.

Great care must be taken in characterizing various batches

of cells to be certain that the populational characteristics

have not changed in the middle of an experiment. Another

disturbing aspect of working with the tumor cells is the

lack of receptor specificity. Only ACTH, cAMP, Prosta

glandin E choleragen and recently angiotensin II were
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able to stimulate steroidogenesis in cultures of normal

cells from the various species. In addition to these,

tumor cells responded to several other nucleotides,

bacterial toxins and antimicrotubular agents. Thus,

although the Y-1 system offers various advantages, results

obtained with this system must be compared with a normal

system to ensure their generality.

One of the most important observations obtained

from studying cultured adrenocortical tumor cells was

that ACTH inhibited the growth of these cells. This

surprising observation was confirmed in normal rat and

beef culture systems. However, ACTH has been reported

to stimulate growth in cultures of adult human

adrenocortical cells. It has been demonstrated conclusi

vely in the living rat that something other than ACTH

initiates adrenocortical growth (Rao et al., 1978).

Therefore, the question remains as to whether the human

cell culture system is different or if the data has been

misinterpreted. The studies which claimed that ACTH was

responsible for human adrenocortical cell growth reported

an ACTH induced uptake of *H-thymidine which was deter

mined by autoradiography. The precision of such

measurements may be suspect especially when the same

study also reported an ACTH induced increased uptake of

*H-thymidine into fibroblasts. A general increase in

thymidine transport due to ACTH would be consistent with

this data. In other studies, the inhibition of thymidine

uptake into DNA was shown to be true growth inhibition
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and not a transport phenomenon because physiological

concentrations of ACTH were able to inhibit cellular

proliferation as determined by a direct cell count

(Ramachandran et al., 1977). Therefore, the positive

growth effect of ACTH in the human system must be

suspect until clear growth curves obtained by direct

cell counts have demonstrated this effect. The beef

adrenocortical cells were able to overcome the growth

inhibition enforced by ACTH, although, even in this case

the cells proliferated more slowly and reached lower

plateaus than untreated cells.

Cultured adrenocortical cells are now being utilized

as an assay system for the unknown positive growth

modulator of the adrenal. Insulin and FGF have been

shown to have an effect but they are not specific for

the adrenal. Angiotensin II was reported to stimulate

beef adrenocortical cell growth specifically. However,

this poses an interesting anomally to the current dogma.

Angiotensin II also stimulated steroidogenesis in cultured

bovine fasiculata cells. If it is assumed that an increase

in steroidogenesis results from an increase in cAMP then

angiotensin II is postulated to stimulate fasiculata

cell proliferation in the presence of cAMP which, itself,

has been reported to inhibit bovine adrenocortical cell

growth. If angiotensin II was able to elicit steroido

genesis without an increase in cAMP it should settle the

question of the importance of a rise in cAMP in activating
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the steroidogenic process.

The bovine cell system is very interesting. It

is a normal system which has some of the characteristics

of a transformed cell line i.e., the cells can be

continuously passaged and also cloned. However, this

is only possible if the cells are cultured in the

continuous presence of FGF. The possibility exists

that this technique has selected for an undifferentiated

adrenocortical cell because the fully differentiated rat

adrenocortical cell does not grow continuously in the

presence of FGF. Therefore, the results concerning

adrenocortical function obtained from this system must

be interpreted with caution.

In conclusion, the results from the various systems

of adrenocortical cells which are being used to study

ACTH mechanism of action fairly well reinforce each other.

Careful work is needed in some areas to confirm results

and ascertain that the data from the various systems

coalesces to form a coherent picture of ACTH action.
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CHAPTER 2

THE CHARACTERIZATION OF PRIMARY CULTURES OF NORMAL
RAT ADRENOCORTICAL CELLS

Adrenocortical cells from Sprague-Dawley rats were

easily cultured. They retained their responsiveness to

ACTH and provided a system whereby the three major

actions of ACTH were studied and compared in the same

system. These actions are: the acute stimulation of

steroidogenesis, the long term maintenance of the dif

ferentiated function of the adrenal cortex, the inhibit

ion of adrenocortical cell growth.

Initial studies were performed to investigate the

conditions necessary for the maximum expression of adreno

cortical cell function in culture. These included the

effects of different types of media, the proper substrate

and the age of the rat from which the cells were obtained.

Preliminary experiments were then performed to

provide the basis for studying the regulation of adreno

cortical cell growth and funtion.

I. Materials

Cell Culture

BSA – fraction V Reheis or Armour

collagenase Worthington

Culture dishes Falcon

Diabutal Diamond Laboratories

DNASE Sigma



30

DME

FCS

F-12

gentamycin

lactalbumin hydrolysate

M-199

M-199-D-valine

mycostatin suspension

ovomucoid

polypropylene tubes

(50 ml conical)

*H-thymidine
trypsin

Radioimmunoassays

*H-corticosterone
Culture tubes

charcol

progesterone antisera

HOrmoneS

ACTH, ovine

ACTH, porcine

FGF

GIBCO

Cell Culture Facility,

U. C. S. F. OR GIBCO

GIBCO

Schering Corporation

GIBCO

GIBCO or Cell Culture

Facility U. C. S. F.

Cell Culture Facility,

U. C. S. F.

GIBCO

Worthington

Falcon 2070 tubes

New England Nuclear

Worthington

New England Nuclear

Scientific Products

Norit, from Pfanstiehl

Chemical Co.

prepared by Dr. A. J. Rao

purified by Dr. E. C. Davis

crude powder, courtesy of

Dr. S. Eppstein

courtesy of Dr. D.

Gospodarowicz
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II. Methods

A. Isolation and Culture of Adrenocortical Cells

Adrenocortical cells were isolated and cultured ac

Cording to published procedures (Ramachandran and Suyama,

1975) with slight modifications. Male Sprague-Dawley rats

(ages indicated for each experiment) were anesthetized

with diabutal. The adrenal glands were aseptically removed

and placed in a vial containing sterile medium. The glands

were freed of fat, decapsulated and minced with a razor

blade on a piece of sterile filter paper in a malinar flow

hood. The minced tissue was placed into a vial containing

a filtered mixture of collagenase (4 mg/ml) and deoxyribose

nuclease (DNASE 0.1 mg/ml) and digested for l hr at 37C

with gentle agitation in a gyrotory waterbath. After

digestion the collagenase containing medium was removed

and replaced with fresh medium. The tissue was dispersed

by aspirating it gently in a siliconized pasteur pipet.

The medium and cells were filtered through a double layer

of cheesecloth into a sterile 50 ml polypropylene tube

and the cells were collected in a pellet by centrifugation

at 400 x g for 10 minutes. The cell pellets were re

suspended in at least 50 ml of plating medium and recentri

fuged. The resulting cell pellet was resuspended in

complete medium containing 10% dialyzed or undialyzed fetal

calf serum (FCS), 0.05 mg/ml gentamycin and 10 u/ml myco

statin. The cells were plated at densities indicated for

each experiment.
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Cells from adrenal capsules were obtained by bisec

ting the adrenal and removing the bisected capsule.

The capsules were scraped with forceps to remove any

adhering adrenocortical cells and were then processed

exactly as described for the cortical cells.

FCS was dialyzed against two changes of phosphate

buffered saline, (PBS) pH 7.4 (8.00 g NaCl, 0.20 g KCl,

0.2 g KH., PO 0.15 g Na HPO, Zliter) for 24 hr at 4C.2 * > 4 2

The dialyzed FCS was refiltered. It is now possible to

obtain dialyzed FCS from The Cell Culture Facility at

the University of California at San Francisco.

B. Preparation of Collagen Coated Plates

Collagen fibers were obtained from 2 rat tails,

placed in a petri dish containing sterile saline and

irradiated with ultra violet light for 24 hr (Elsdale

and Bard, 1972). The fibers were then suspended in

300 ml of sterile 0.1% acetic acid in water and stirred

at 4C for 48 hr. The clear collagen containing super

natant was decanted, concentrated 2 X in a diaflo ultra

filtration apparatus and stored in sterile bottles.

Collagen coated plates were obtained by adding 0.5 ml

of the concentrated solution to each 2. l cm multiwell

and putting them in an incubator at 50C overnight.

C. Methods for Assessing the Growth of Adreno
cortical Cells in Culture

i. Cell Number
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Adrenocortical cells were incubated for 15 minutes

at 37C with 0.5 ml of a 0.1% solution of trypsin in

physiological saline. The trypsinized cells were placed

in a 20 ml beaker and the wells were rinsed with 0.5 ml

of a 0.1% solution of ovamucoid in PBS which was then

added to the trypsinized cells. Fourteen ml of filtered

physiological saline was added to the beaker and the

resulting cell suspension was counted in a Model B

coulter counter with the following settings: lower

threshold, 20; upper threshold 100; amplification, % and

apperture current, 2.

ii. Thymidine Uptake

Cultured adrenocortical cells were pulsed with 2

Ci/ml *H-thymidine. The *H-thymidine was diluted in

M-199 which contained 1 p.g/ml of cold thymidine. The

length of the pulse varied and is indicated for each

experiment. The radioactive medium was removed. The

plates were washed 2 times with PBS (l ml) and incubated

15 minutes at 0C with cold lo & trichloroacetic acid

(TCA). At the end of that period the plates were washed

two times with one ml of each of the following: 10% TCA,

100% ethanol and PBS. The cells were then dissolved

in 600 ul of 0. l N NaOH for 2 hr at 37C and 500 ul was

Counted with PCS scintillant. Alternatively the cells

were swabbed from the plate with cotton and the cotton

counted directly with PCS.
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D. Preparation of Purified Bovine Serum Albumin
(BSA)

Fifty g of BSA was dissolved in 500 ml of distilled

water and the pH was lowered to 3.5 with l N HCl. The

resulting solution was dialyzed against charcol (2 g/l)

at 4C overnight, followed by an additional 24 hr of

dialysis against distilled water. The dialyzed BSA

was then lyophilized. Dialyzed BSA (0.5%) and lactal

bumin hydrolysate (0.4%) were dissolved in culture

medium along with the other additives and the medium

was refiltered with millipore filters (0.22 pm).

E. Methods for Measuring Corticosterone in
Cultures of Adrenocortical Cells

i. Fluorometric Assay

Corticosterone was initially measured according to

th method of Peterson (1957) with slight modifications.

500 pul of medium was extracted with 2 ml of dichlorome

thane by vortexing for 5 seconds. The aqueous layer

was removed and l ml of an absolute ethanol-concentrated

H2SO4 (75 : 175 v/v) solution was added. The mixture was

VOrtexed for 5 seconds and the fluorescence allowed

to develop for l hr. The samples were read on a Turner

fluoremeter with 3 barrier filters excluding wavelengths

below 455,460 and 510 millimicrons respectively.

Maximal excitation occurred at 470 millimicrons and the

emission maximum at 525 millimicrons.
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ii. Corticosterone Radioimmunoassay

The formation of corticosterone was measured by

a specific radioimmunoassay using antiserum raised in

rabbits against 21-hydroxycorticosterone hemisuccinate

BSA conjugate (Erlanger, et al., 1957).

An aliquot of the sample (suitably diluted with

assay buffer) was incubated with 0.05 ml of the anti

serum at a dilution of l ; 2000 and 0.10 ml of *H-

corticosterone (15-18,000 CPM) in a total volume of 0.2

ml. After incubation at 4C overnight, a suspension of

0.5 ml of charcol (4 mg/ml in 0.05M phosphate buffer,

pH 7.4 + 0.05% dextran) was added. The tubes were

centrifuged at 4C for 15 minutes and 0.5 ml of the clear

supernatant was withdrawn, mixed with PCS scintillant

and counted. The results of cross-reaction of different

Steroids with the corticosterone antiserum were found

to be : progesterone, 25%; hydrocortisone, 2.5%;

testosterone, 0.28%; deoxycorticosterone, 0.22%;

aldosterone, 0.06% ; pregnenolone, 0.01%, de-hydroepian

drosterone, 0.008% estradiol and estriol, less than

0.005% (Rao et al., 1978).

F. Preparation of Hormones

The ACTH used in these studies was purified from

Ovine pituitaries and a crude porcine preparation

(Davis and Ramachandran, 1976). ACTH was dissolved

in 0. l N acetic acid at a concentration of 1 mg/ml

(by weight). The stock solutions were not filtered and
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no problems of contamination resulted. Dilutions were

made into sterile medium. The other hormones were

dissolved in 0.001 N HCl at a concentration of l mg/ml

and filtered. Unless otherwise indicated, all additions

to cell cultures were given in a volume of 10 pl.

III. Gross Morphology of Rat Adrenocortical Cell
Cultures

If rat adrenocortical cells were plated in regular

medium, they were rapidly overgrown by fibroblasts,

especially if they were plated at a low density. After

a week the cultures began to resemble islands of

epithelial cells in a sea of fibroblasts (Fig la).

Most of the work described in the latter part of this

dissertation has been accomplished with a medium which

contained D-valine in lieu of L-valine. The fibroblasts

do not have the enzyme, d-amino acid oxidase, which is

necessary to convert the D-analog to the L form

(Gilbert and Migeon, 1975). Adrenocortical cells have

this enzyme and could be cultured free of fibroblast

contamination (Fig lb). The cultures were 95-98%

adrenal epithelial cells with some contamination from

fat cells and macrophages (Kahri, 1966).

IV. Culture Conditions

A. Effects of Different Media

The growth and function of primary cultures of

normal rat adrenocortical cells were compared in
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Figure la Adrenocortical cells in culture. Adreno
cortical cells were plated at a density of 1 x 105 cells
per ml and cultured in M-199 for two weeks. The cultures
were then treated with ACTH (2.2 nM) for two days and
stained for 38HSD (magnification 200 x). The cells were
viewed through a Nikon MS inverted microscope and
photographed with phase contrast.
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Figure lb Adrenocortical cells were plated at a density
of 1 x 105 cells per ml in M-199-D-valine and cultured
for two weeks. The unstained cultures were photographed
at a magnification of 200 x. (A) adrenocortical epithelial
cells, (LD) lipid droplets, (M) macrophage, (F) fat cell.
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several different media. Dulbecco's Modified Eagle

Medium (DME) is a standard culture medium for cells and

contains inorganic salts, amino acids and vitamins

(Dulbecco and Freeman, 1959). Medium l.99 is a more

complex medium and contains such compounds as nucleotide

bases, nucleosides and cholesterol in addition to

inorganic salts, amino acids and vitamins (Morgan et al.,

1950). However, Medium l.99 contains from one-half to

one-fifth the concentration of amino acids as DME.

Nutrient mixture F-12 was designed to support clonal

growth and contains putrecine as a special ingrediant

(Ham, 1963). Fig 2 demonstrates that each of these

media supported the growth of adrenocortical cells to

approximately the same degree. High concentrations of

ACTH were added to certain wells after 2 days of culture

and the cells were cultured in the various media with

and without ACTH for an additional ll days. ACTH was

able to inhibit the growth of adrenocortical cells in

each of the media.

The high concentrations of ACTH caused marked

retraction of the cells which resulted in some cell

loss over the ll day period.

B. Effects of Collagen Substrate

Since plastic is an artificial substrate, the growth

of adrenocortical cells on collagen coated plates was

studied. The plating effeciency was determined by

dividing the number of cells attached at 48 hr by the
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Figure 2 Effects of different media on the growth of
adrenocortical cells. Cells from 17 day old rats were
plated at a density of 3 x 105 cells/ml in DME. After 48
hr the cells were counted and fresh medium was replaced.
ACTH (222 nM) was added to some of the cells and the
culture was continued an additional ll days. Number of
cells after 48 hr of culture (A) ; Number of cells after
13 days of culture (B) ; Number of cells after 13 days in
culture with ACTH for ll days (C), The number of cells
was determined by counting triplicate wells in a coulter
counter. The SE of the Mean was less than l9 %
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number of cells plated. The plating efficiency was

determined to be 26% in regular multiwells and 20% in

Collagen coated wells. In both systems there was a lag

period of approximately 5 days in culture before sig–

nificant increases in the number of cells was recorded

(Fig 3). The rate of growth of the cells appeared to be

the same on both substrates.

C. Control of Fibroblast Proliferation by D–Valine

One of the technical difficulties inherent in using

primary cultures of normal epithelial cells lies in the

rapid overgrowth of the epithelial cells by fibroblastic

cells. Epithelial cells grew slowly in culture while

fibroblasts experienced logarithmic growth (Fig. 4).

Within 2 weeks, low density adrenal cell cultures consis

ted of epithelial cells surrounded by fibroblasts. This

problem was resolved by culturing adrenocortical cells

in medium which contained the D-isomer of valine instead

of L-valine (Gilbert and Migeon, 1975). As seen in Fig

4 the growth of adrenal cortical cells was not affected

by the D-valine medium while the growth of fibroblasts

from the adrenal capsule was completely inhibited. The

ability of the adrenocortical cells to produce corticos

terone in culture was not affected by the D-valine

medium (Fig 5). In fact, the amount of corticosterone

secreted per cell was much greater in the cells cultured

with D-valine thus underscoring the interference of the
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Figure 3 Effect of a collagen substrate on the growth
of adrenocortical cells. Cells from 17 day old rats were
plated in DME at a density of 3 x 105 cells/ml on subs
trates of plastic (—0—) or collagen (—0—). The
points represent the mean of triplicate wells counted
with a coulter counter. The S.E. of the Mean was less
than l9 %.
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Figure 4 Comparison of the growth of adrenocortical
epithelial cells and fibroblasts and the effects of D
valine medium. Adrenocortical cells were plated at a
density of 1.8 x 105 cells/ml and capsular cells at a
density of 1.5 x 105 cells/ml in F-12 and F-12-D-valine
medium. The cells were counted with a coulter counter at
the times indicated in the figure. The S.E. of the
triplicate plates was less than 10%. Adrenocortical cells
in F-12 (—0—) and F-12-D-valine (---0---). Capsular
cells in F-12 (—0—) and F-12-D-valine (---0---).
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Figure 5 Corticosterone production in D-valine medium.
Adrenocortical cells from 17 day old rats were plated
in DME or DME-D-valine at a concentration of 1.8 x 105
cells/ml in 35 mm dishes. ACTH (22 nM) was added on day
8 and the cells were cultured 4 additional days. Corticos
terone was determined by fluorescence and the number
of cells with a coulter counter. Number of cells (A) ;
Corticosterone (B).
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fibroblasts in the functional analysis of adrenocortical

cells.

In order to use the D-valine medium successfully

the FCS must be dialyzed against PBS. The medium should

also be changed every 48 hr, otherwise the fibroblasts

are able to utilize amino acids from protein turnover

in the cells.

V. Growth of Adrenocortical Cells in Culture

A. The Effect of the Age of the Donor Rat

Earlier studies performed in this laboratory on

adrenocortical cells had suggested that cells from 17

day old rats appeared to grow more rapidly in culture

(Suyama, unpublished results). To further investigate

this the initiation of thymidine synthesis after a low

serum block was studied in cells derived from both wean

ling rats (17 days) and young adults. *H-thymidine
uptake was first shown to be correlated with growth

by Friedken et al., (1956).

In order to perform these studies the cells had to

be synchronized. The growth of cells in culture depends

upon certain factors found in serum (Holley and Kiernan,

1968). Cells cultured in low serum become quiescent

and this is a commonly used method to induce synchrony

in cell cultures. However, certain cultured cells

degenerate when kept in low serum for more than 24 hr

(Gospodarowicz and Moran, 1975).
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Normal adrenocortical cells cultured for 48 hr in

0.4% serum became very retracted and tended to become

detached from the substrate. However, cells cultured

for 9 days in 0.4% FCS plus 0.5% BSA and 0.4% lactal

bumin hydrolysate retained a normal morphology although

growth was inhibited (Table I).

Adrenocortical cells from 17 day old rats began

synthesizing DNA somewhere between 12 and 24 hr after

release from the low serum block and the synthesis stop

ped between 24 and 36 hr (Fig 6). Between 36 and 48 hr

there was a resumption of DNA synthesis which increased

slightly during the next 24 hr. The cells from adult

rats did not begin to synthesize DNA until somewhere in

the 24 to 36 hr interval, that is about 12 hr after the

cells from weanling rats. In addition to the lag in the

initiation of DNA synthesis much less *H-thymidine Wa S

incorporated/cell.

Experimentally derived synchrony produces imprecisely

synchronized cultures and individual cell variations

cause rapid deterioration of synchrony (Prescott, 1976).

The adrenocortical cells in this experiment seemed to

have entered the S phase of the cell cycle randomly after

36 hr.

VI Effect of ACTH On the Growth of Adrenocortical Cells

A. Inhibition of Growth

Previous work from this laboratory had demonstrated
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TABLE 1.

EFFECT OF BOVINE SERUM ALBUMIN AND LACTALBUMIN HYDROLY SATE
ON THE GROWTH OF NORMAL ADRENOCORTICAL CELLS

Total Number of Cells

Days in Culture 10% FCS 0.4% FCS*

2 45,928 + 1898

ll 58, 206 + 1219 44, 953 + 1867

Adrenocortical cells from adult rats were plated in M-199
D-valine 10% FCS at a concentration of 9.0 x 104 cells/ml
in 35mm dishes. After two days in culture 3 of the
plates were changed to 0.4% FCS* (supplemented with 0.5%
BSA and 0.4% lactalbumin hydrolysate). The cells were
cultured for 9 additional days after which the number of
cells in the low serum plus additives was compared to
10% FCS by counting the cells in a coulter counter.
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Figure 6 Initiation of thymidine uptake after a low
serum block in cells from infant and mature rats. Adreno
cortical cells from 40 g rats (17 day) or 160-180 g rats
(l to 2 months) were plated in M-199-D-valine-loš FCS at

a density of 1 x 105 cells/ml. After two days in culture
the medium was changed to 0.4% FCS-0.5% lactalbumin
hydrolysate for 48 hr. After two days in low serum fresh
medium was added containing 10% FCS. The cells were
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Figure 6 (continued) 3
pulsed for 12 hr periods with 2 uCi of ‘H-thymidine and
thymidine uptake was measured during each of those
12 hr intervals as described in materials and methods.
Adrenocortical cells from 40 g rats (—0—); adreno
cortical cells from 170 g rats (—0—). The S. E.
not indicated are less than 10%.
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that ACTH was able to inhibit the growth of normal

adrenocortical cells in culture (Ramachandran and

Suyama, l975). In those studies adrenocortical cells

were plated at high densities and the concentrations of

ACTH employed were above physiological levels. The effects

of physiological concentrations of ACTH on the prolifera

tion of cells plated at lower densities was investigated

(Fig. 7). Adrenocortical cells continued to grow in the

presence of loš FCS. ACTH at a concentration of 2 x 10-12
M was effective in inhibiting the growth of these cells.

B. Reversibility of the ACTH Effect on Growth
Inhibition

The inhibition of growth of adrenocortical cells by

ACTH was reversible (Fig 8). Adrenocortical cells were

plated with or without ACTH. After 7 days of culture

the control plates and some of the ACTH treated plates

were sacrificed and the cells counted. ACTH inhibited

the growth of the cells. The control cells had reached

confluency but the ACTH treated cells remained in small

clumps and groups of several cells. There was no out

growth from the clumps and the individual cells were

retracted. ACTH was removed from the remaining plates

on day 7 and these cells were cultured for an additional

7 days. At 14 days in culture ACTH treated cells had

attained confluency and the total cell number approximated

that of the 7 day control cultures.
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Figure 7 Inhibition of replication of adrenocortical
cells by ACTH in low density cultures. Adrenocortical
cells isolated from the decapsulated glands of 17 day old
rats were plated at a density of 6 x 104 cells/ml in
DME-D-valine. ACTH was added 48 hr later. Cells were
removed from the control and hormone-treated cultures
by trypsinization and counted in a coulter counter.
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Figure 8 Inhibition of adrenocortical cell growth by ACTH
is reversible. Adrenocortical cells from 160-180 g rats
were plated in DME-D-valine at a density of 1.5 x i05
cells/ml in 35 mm plates. ACTH (2.2 nM) was added to 6
plates. After 7 days 3 control plates and 3 ACTH treated
plates were sacrificed and the cells counted in a coulter
counter. ACTH was removed from the 3 remaining ACTH
treated plates. The plates were washed once and fresh DME
without ACTH was added. The cells were cultured for an
additional 7 days and counted. Cells in culture 7 days
(A) ; cells in culture 7 days with ACTH (B) ; cells in
culture for 14 days, 7 days with ACTH and the last 7 days
without ACTH (C) .
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VII Assay of Pituitary Fractions for Adrenal Growth
Promoting Activity

During the course of the isolation and characteriza

tion of ACTH it was noted that partially purified

pituitary extracts, which were weak in corticotropic

activity as measured by adrenal as corbic acid depletion,

caused changes in the weight and structure of the adrenal

cortex (Astwood, 1955). Side fractions from the isolation

of ACTH were available in our laboratory and three of

these were tested for growth promoting activity in

adrenal cell cultures (Table II). At the end of one week

there was a small increase in the number of cells in

10% serum. ACTH inhibited this increase and FGF slightly

increased the number of cells in 10% serum.

The side fractions were assayed at three different

concentrations in both 1% and 10% FCS. None of the side

fractions demonstrated an ability to stimulate cell

growth, F1 seemed to inhibit growth in 10% serum. Indeed,l

0.001 mg of these fractions was shown to be contaminated

with between 100 to 500 pg of ACTH and these levels of

ACTH were sufficient to overide any potential growth

promoting effects (Ramachandran et al., 1977).

VIII Functional Characterization of Cultured Adrenocortical
Cells

A. Corticosterone Production in Long Term Culture

Although adrenocortical cells are exquisitely

sensitive to ACTH during the initial days of culture both



TABLE 2

EFFECT OF PITUITARY FRACTIONS ON ADRENOCORTICAL CELL
GROWTH

Number of Cells

Additives 1% Serum 10 % Serum

NONE 24, 704 + 969 29,070 + 5.94

ACTH 23, 305 + 921
FGF 1000ng 32, 310 + 2927 33,913 + 1171

FA 10ng 25,995 + 1679 24,070 + 485
100ng 24,830 + 789 23, 190 + 300

lò00ng 24,850 + 815 24,075 + 2145

F1 10ng 24,975 + 489 25, 600 + 3409
100ng 25,575 + 4180 23, 312 + 692

1000ng 25,005 + 234 l 20, 400 + 268

F2 10ng 21, 370 + 1260 27, 818 + 3483
100ng 25,080 + 859 26, 125 + 266

1000ng 26,095 + 2903 26, 830 + 2.309

Adrenocortical cells from 17 day old rats were plated in
DME-D-valine 10% FCS at a concentration of l.2 x 106
cells/ml. After 48 hr in culture fresh medium containing
either 1% FCS or 10% FCS was added with or without
various additions. The cells were cultured for an
additional 5 days, trypsinized and the cell number deter
mined with a coulter counter.
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the basal levels of corticosterone, and corticosterone

output due to ACTH, began to decrease after l week in

culture and by 12 days in culture there was a barely

significant response to ACTH (Fig 9). However, if the

cells were cultured in the presence of ACTH from days

7 onward, both the basal output and the response to ACTH

was not diminished.

B. A Sensitive Assay for ACTH Using Cultured
Adrenocortical Cells

Adrenocortical cells can be cultured successfully

in microtest plates. These plates contain 96 wells and

cells can be cultured in as little as lo 0 ul of medium.

In the experiment shown in Fig 10 the half maximal

concentration of ACTH required for steroidogenesis was

approximately 20 pg. The same cells were assayed twice

with the same concentrations of ACTH on the 3rd and 4th

days after plating and there was no significant difference

in the maximal amount of steroid produced. If the cells

were plated at a lower density and assayed on the 3rd

day of culture the half maximal dose was approximately

100 pg, however, low density cells plated with l pg of

ACTH retained their sensitivity to ACTH with a Km of

approximately lo-15 pg (Fig ll). An assay for ACTH

using cultured adrenocortical cells has, in fact, been

published (Liotta and Krieger, 1977) .
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Figure 9 The decline of steroidogenic capacity with time
in culture; the effect of ACTH. Adrenocortical cells were
plated at a density of 1 x 105 cells/ml in DME-D-valine.
The cells were pulsed for 2 hr with ACTH (2.2 nM) at the
times indicated in the figure and corticosterone was
measured by RIA. After 12 days in culture one group of
cells was maintained with ACTH which was removed by
washing before the ACTH pulse. Control (C); ACTH (A).
The data represents the mean of triplicate cultures.
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Figure 10 A microassay using cultured adrenocortical cells.
Adrenocortical cells from 300–400 g rats were plated into
microwells at a density of 5.4 x 104 cells/200 ul in 199-D-
valine. After 48 hr the medium was removed, the wells
were washed and fresh medium was readded. Various concen
trations of ACTH were delivered in a volume of 5 ul. The
medium was collected for analysis after 24 hr. The same
cells were immediately reassayed in the same way. 3 day
adrenocortical cell cultures (lst assay) (—0—); 4 day
adrenocortical cell culture (2nd assay) (—0—). The
shaded area represents the S.E. of basal corticosterone
production.
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Figure ll The effect of ACTH on the sensitivity of low
density cultured adrenocortical cells. The culture con
ditions are the same as those described in Figure lo exºtthat the cells were plated at a concentration of l. 5 x 10
cells/well and some of the cells received ACTH (0.02 nM)
immediately after plating. No ACTH (—0—); ACTH
(—0—). The cells were cultured for 48 hr and assayed
as described in figure lC.
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IX Discussion

Since no appreciable differences were noted in the

growth of cells in any of the three media investigated,

they were used interchangeably for the growth experiments

depending on the supply at hand. Medium 199-D-valine

was used exclusively for the experiments in which adreno

cortical cell function was being studied. Adrenocortical

cells produced more corticosterone in Medium 199, possibly

because of the cholesterol included in the medium. Rat

adrenocortical cells, as opposed to those from beef or

human, are able to utilize exogenous cholesterol in the

biosynthesis of the corticosteroids (Matsuba et al., 1966).

Adrenocortical cells from 17 day old rats were used

in experiments studying growth regulation. The morpholo

gical observation that cells from young animals reached

confluency faster than those from older animals was

confirmed by the experiment which demonstrated less of

a lag period in initiating thymidine synthesis after a

low serum block in cells from 17 day old rats. In

addition, much less thymidine was incorporated per cell

in the cells from older rats. This indicated that a

smaller percentage of the cells from older rats were

able to divide in culture. Adrenocortical growth in vivo

is thought to occur by centripetal migration (Diderholm

and Hellman, 1960) whereby the cells of the outer zones

of the cortex representing undifferentiated cells undergo

progressive differentiation and migration from the zona
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glomerulosa to the zona reticularis. Therefore, cells

from younger rats probably had a greater percentage of

those undifferentiated cells which would be expected

to be the cells responsive to growth factors.

ACTH inhibited the replication of the undifferen

tiated cells and prompted the transformation of those

cells to functional fasiculata cells. The adrenals

from older rats were used as the source of cells when

the differentiated function of the cells was being

investigated because the yield of cells and corticos

teroid output per cell was much greater.

The inhibition of adrenocortical cell growth by

physiological concentrations of ACTH in culture

required the constant presence of ACTH . If the hormone

was withdrawn the cells resumed growth. This indicated

that continual exposure of cultured adrenocortical

cells to ACTH did not result in growth inhibition

because of some irreversible trauma. If adrenocortical

cells were cultured with ACTH for up to a week they

remained inhibited in the presence of the hormone and

did not resume growth until ACTH was removed. However,

whether or not the cells eventually become refractory

to ACTH was not rigorously investigated.

FGF has been reported to stimulate the growth of

Y—l adrenal tumor cells (Weidman and Gill, 1977) and

cells derived from normal bovine adrenocortical glands

(Gospodarowicz et al., 1977). However, serum was
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required for the expression of the FGF growth promoting

effect thus indicating that factors in serum other than

FGF were required for adrenocortical cell growth.

Furthermore, in normal rat adrenocortical cells the

concentration of FGF required for a slight increase in

the number of cells was l plg/ml whereas 5 ng/ml was

sufficient to stimulate the growth of the tumor cells.

A pituitary factor specific for tumor adrenocortical

cell growth has been partially purified by Armelin

et al., 1977.

In view of the early work which dissociated the

functional and growth promoting properties of ACTH, it

is interesting to speculate that the adrenal growth

factor may be associated with ACTH either as an ACTH

binding protein or as part of the ACTH gene product.

Recent work has demonstrated that ACTH is part of a

precursor molecule which contains ACTH, B-MSH, LPH

and endorphin along with an N-terminal fragment; the

function of which is unknown (Mains et al., 1977;

Roberts and Herbert, 1977). Current experiments

entail an investigation of the N-terminal fragment and

the fractionation of fetal sheep pituitaries in the hopes

of elucidating the adrenal growth factor.

Cultured adrenocortical cells provide an efficient

and sensitive method for the bioassay of ACTH. As

opposed to the isolated cell suspensions which contain

dead and damaged cells the culture system contains only
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viable adrenocortical cells which have had time to recover

from the effects of the contact with the proteolytic

enzymes used in their isolation. The cultured adreno

cortical cell system has given more consistent results

than the in vitro suspension assays, in my experience.

In addition to the constancy of the steroidogenic response,

cultured adrenocortical cells can conveniently be kept

for at least a week (and possibly much longer with a main

tenance dose of ACTH) and used repeatedly. Although the

corticosterone assayed in the experiments presented in

this chapter was allowed to accumulate for 24 hr, it was

possible to measure corticosterone output as soon as

2 hr after ACTH administration due to the great sensitivity

of the corticosterone RIA.

The ability of ACTH to maintain the steroidogenic

capacity of cultured adrenocortical cells has been noted

previously by several investigators (Chapter, I) and the

preliminary results presented in this chapter are consis

tent with their observations. The decrease in steroido

genesis is not likely to be due to defects in the ACTH

receptor or cyclase system as cAMP production remained

constant throughout the same time period in culture

(A. J. Rao, unpublished observations). The investigation

of the specific enzymes in the corticosteroid pathway

involved in this effect will be discussed in the

remaining chapters of this dissertation.
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CHAPTER 3

THE REGULATION OF ENZYMES BY
POLYPEPTIDE HORMONES

The enzymes of cellular organells and cytoplasm are

responsible for the energy exchange and macromolecular

synthesis which maintains cellular integrity and work

capacity. The functionality of cells depends on and

responds to changes in the extracellular phase of the

organism. Perturbations of the external environment are

transmitted to the cells by changes in circulating levels

of nutrients and hormones thus maintaining homeostasis

of the internal environment. The constitutive control

of enzymes depends on values of the Km for substrates,

cofactors, allosteric effectors and turnover. Variation

in these parameters exerts profound effects on enzyme

activity and the flux of the substrate through the

metabolic pathway. These controls are especially important

in unicellular organisms. Hormones are analogous to the

metabolic inducers and repressors in unicellular organisms

and all hormones affect enzyme activity. Polypeptide

hormones act by binding to a receptor generally accepted

to be on the plasma membrane. At this time, however, it

is not possible to entirely discount interactions of the

hormone with receptors on membranes of the intracellular

organelles. The combination of the hormone with its

receptor alters the conformation of the membrane in some

way which results in the expression of its effect. This

effect may be rapid and result in an acute metabolic

response. ACTH, glucagon, epinepherine, thyroid ,
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stimulating hormone TSH, the gonadotropins LH and FSH and

parathyroid hormone (to mention only a few) stimulate

adenylate cyclase with a resultant increase in cAMP which

may be responsible for the acute effects of these hormones.

The effects of polypeptide hormone on acute catalysis will

not be discussed in this chapter. Rather, the inducibility

of various metabolic enzymes will be reviewed with the

hope of elucidating the mechanisms by which this occurs.

The word "inducer" is used to describe a hormone related

increase in activity without ascribing any mechanism to

this increase, i.e., de novo synthesis.

The polypeptide hormones presented for discussion

in this chapter are those for which the most information

has been compiled. Isolated reports of increased enzyme

activity have been recorded for almost every peptide hormone.

A comprehensive listing is available in another review

(Pitot and Yatvin, 1973). The effects of ACTH on the

enzymes of the adrenal will be discussed in the introduction

to chapter IV.

I. Prolactin

Prolactins have a myriad of effects among vertebrates

which include the ability to stimulate growth in many forms

as well as to promote functional differentiation. In

mammals the organ most studied with respect to these two

actions has been the mammary gland. This system is exceed

ingly complex. The development of the lobular-alveolar

secretory units and the ultimate expression of the gland's



65

function (milk production) requires the interactions of

insulin, growth hormone, progesterone, estrogen and hydro

cortisone as well as prolactin.

The accumulation of prolactin induced m-RNA for

caesin, the primary milk protein, has recently been described

(Matusik and Rosen, 1978). This was the first demonstration

of a direct effect of a polypeptide hormone on the accumu

lation of a specific m-RNA. In order to understand the

mechanism by which prolactin mediates the transcription

of a specific gene, the intermediate enzyme catalyzed

steps will have to be well characterized. In this regard,

spermidine has been implicated as a mediator of hormonally

stimulated caesin synthesis (Oka, 1974) and prolactin has

been found to have a role in increasing ornithine decarboxy

lase (Rillema, 1976b). Ornithine decarboxylase catalyzes

the conversion of ornithine to putre seine which is an

intermediate in the synthesis of polyamines such as

spermidine. Polyamines may have a role in the stabilization

of nucleic acids and, therefore, a role in gene expression

(Cohen, 1971). The action of prolactin on RNA synthesis

in the mammary gland may be triggered by an activation

of membrane associated phospholipase A with the consequential

release of free fatty acids and the synthesis of prosta

gladins (Rillema and Wild, 1977).

Prolactin is also able to promote the activity of the

lipogenic enzymes of the mammary gland during pregnancy

and lactation (Betts and Mayer, 1977). The synthesis of
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6-phosphogluconate dehydrogenase was found to increase

dramatically in response to prolactin together with

insulin and cortisol. The amount of enzyme was determined

by immunochemical precipitation. In cultured mammary

gland explants prolactin in combination with insulin

and cortisol was found to increase the activity of

immunoprecipitable fatty acid synthetase (Speake et al.,

1976). When the glands were cultured with prolactin

alone an increase in “c-leucine was found in specific

immunoprecipitates, however, the activity of the enzyme

was similar to control values. The authors concluded that

prolactin directed the synthesis of inactive precursors

which retained immunological activity. The degradation

of fatty acid synthetase was decreased by the combination

of all three hormones. Cyclic AMP was found to delay

the homone stimulated increase in activity.

The study of hormonal regulation of enzymes in the

mammary gland is further complicated because different

factors control the same enzyme depending on the physio

logical state of the gland. Although prolactin has no

effect in the early stage of lactation, in the late

stage of lactation, in the mouse it is able to promote

the activity of pyruvate dehydrogenase (Field and Coore,

1975). This enzyme is fully activated in the dephospho

rylated state, which suggested a cAMP mediated phospho

rylation-dephosphorylation cycle. Prolactin has been shown

to cause a rapid increase in cAMP activated protein kinase
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as well as the cAMP binding protein (Majumder and

Turkington, 1971) and it was proposed that prolactin

might directly mediate the proteins with which cAMP

interacts rather than increase levels of cAMP.

Prolactin is essential for activation of the cor

pora lutea in the rat. 200-hydroxysteroid dehydrogenase

Converts progesterone to 200-dihydroprogesterone. When

cells from the corpora lutea of the rat are cultured, a

spontaneous rise in 200-hydroxysteroid dehydrogenase is

observed (Lahav et al., 1977). Prolactin was found to

Supress this rise by a direct action on the cell.

II. Growth Hormone

Growth hormone is an anabolic hormone which affects

the tissues of virtually every major organ system. An

understanding of the mechanism (s) by which growth hormone

regulates the enzymes of the different organs is complica

ted in vivo by the difficulty in differentiating a

direct effect of growth hormone from an effect which is

mediated by the somatomedins (Van Wyk and Underwook, 1975).

Most of the studies of growth hormone and enzyme

regulation have been performed in vivo.

Growth hormone has been cited as a possible regulator

of rat liver glutamine synthetase activity (Wong and Dunn,

1977). However, nothing other than a growth hormone

induced activity was described. This regulation may

have importance in the utilization of O-amino nitrogen

from glucogenic amino acids associated with growth hormone
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enhanced glucose production.

Growth hormone has also been implicated in the

regulation of liver ornithine decarboxylase (Suzuki, et al.,

1969; Russell and Snyder, 1969).

A polypeptide (In G) derived from growth hormone was

reported to inhibit pyruvate dehydrogenase in isolated

rat muscle (Aylward et al., 1974). Pyruvate dehydrogenase

is activated by a phosphatase and InC was able to inhibit

this activation. This was consistent with the known anti

insulin effects of growth hormone and this peptide

(Bornstein et al., 1973).

III. Gonadotropins

Gonadotropins with leuteinizing hormone (LH) activity

play an important role in the stimulation and maintenance

of steroid biosynthesis in the rat testis (Hall, l070).

Although the immediate site of stimulation of the acute

steroidogenic response may be between cholesterol and

pregnenolone, responses following chronic treatment with

LH include stimulation of events in the biosynthesis of

androgens other than the side chain cleavage of

cholesterol.

Hypophysectomy of male rats has been reported to

decrease the activity of testicular 3BHSD and the

activity was restored by administration of human chorionic

gonadotropin (HCG) (Samuels and Helmreich, 1956). Follicle

stimulating hormone (FSH) administered in vivo to rats
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for 48 hr resulted in the induction of 36HSD activity

in granulosa cells as measured by a qualitative stain for

this enzyme (Zeleznik et al., 1974). Both LH and FSH

have been reported to increase the activity of 38HSD

in amphibian testes (Wiebe, 1970). The gonadotropins

were not able to activate the enzyme directly and AMD

inhibited the hormone dependent increases in activity.

Two other microsomal enzymes (desmolase and a"-5-
reductase have been reported to increase in activity

after injections of HCG in hypophysectomized male rats

(Shikita and Hall, 1967). The increased activity of these

enzymes occured 20 to 48 hr after injection of the hormone.

LH but not FSH has also been reported to increase the

activity of the oxidoreductase which catalyzes the oxida

tion of the 38-hydroxyl in 33-hydroxy-53-androston-l'7-one

(Wiebe, 1978).

Gonadotropic treatment of intact immature mice

revealed that FSH, in the presence of LH, markedly

enhanced the activity of 20-0-hydroxysteroid dehydrogenase

(Kraiem and Samuels, 1974). LH was able to elicit a slight

enhancement of 38HSD however, since the animals were not

hypophysectomized a high basal level of 38HSD was

encountered.

In addition to inducing the activities of the enzymes

of the steroidogenic pathway LH is able to elicit the

synthesis of ornithine decarboxylase in immature and adult

rat ovaries (Kaye et al., 1973). The induction was

inhibited by cycloheximide and AMD.
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IV Melanocyte Stimulating Hormone

Melanocyte stimulating hormones (MSH) are involved

in promoting pigment changes in poikilothermic vertebrates.

Tryosinase catalyzes the oxidation of tyrosine which

leads to the formation of melan in the principal pigment

involved. Tyrosinase activity is greatly enhanced by

alpha MSH and to a lesser extent by ACTH (Cobb and McGrath,

1974). Alpha-MSH also inhibits the growth of Cloudman

91 mouse melanoma cells in culture (Cobb and McGrath, 1974).

A recent report attributed the growth inhibiting activity

to the formation of toxic metabolic by products of melanin

formation and, in this way, related growth inhibition to

enzyme induction (Halaban and Lerner, 1977). The signifi

cance of this is apparent in view of the fact that ACTH

acts in a dual way to elicit and maintain steroidogenesis

and inhibit the growth of adrenocortical cells.

The induction of tyrosinase activity by MSH is thought

to be mediated by cAMP (Cobb and McGrath, 1974). Cyclic

AMP can induce tyrosinase activity and cholera toxin,

a cAMP agonist, mimics MSH in inducing differentiation

in melanoma cells (O'Keefe and Cuatrecasas, 1974). The

induction of tyrosinase activity is thought to occur in

the G2 phase of the cell cycle because membrane receptors

for MSH were found to be available only in this phase

(Varga et al., 1974).

Evidence has been presented that the control of

tyrosinase activity in melanoma cells by MSH and cAMP is
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at the post translational level, in that MSH was shown

to act by promoting the conversion of pre-existing

tyrosinase molecules from an inactive to an active state

(Wong and Pawelek, 1975). Tyrosinase activity was found

to increase following the addition of MSH in the presence

of cycloheximide or AMD which suggested that the

response to the hormone did not require synthesis of

protein or RNA. A kinetic analysis of tyrosinase activity

decay showed that MSH did not prolong the half life of

tyrosinase activity in the cells. However, crude extracts

(20 K X g supernatant) of cells not treated with MSH were

able to inhibit tyrosinase activity in supernatants from

cells previously treated with MSH and also directly

inhibit purified tyrosinase. It was concluded that MSH

acted to promote the inactivation of the inhibiting

factor (s).

V. Insulin

Glucocorticoids, insulin, glucagon and cAMP participate

in a complex interplay which determines, to a significant

extent, the direction of glucose metabolism in higher

organisms. Glucorticoids and cAMP inhibit glucose

oxidation and promote catabolism in peripheral tissues

whereas insulin acts in the reverse direction.

The effects of insulin on glycogen metabolism have

been understood for some time and provide a classic

example of one type of control of an enzyme system by

a polypeptide hormone (Larner, 1975). Insulin specifically
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activates glycogen synthetase by causing the dephos

phorylation of the inactive phosphorylated form. Two stable

enzyme interconversions occur without any measurable

changes in cAMP levels thereby demonstrating that insulin

alters the sensitivity of a kinase to cAMP. The reaction

occurs as follows: Regulatory Subunit + Kinase (insulin)-

Kinaseholoenzyme. Therefore, in the presence of insulin,

cAMP is no longer able to bind the regulatory subunit and

the phosphatase free of the counteracting kinase dephos

phorylates glycogen synthetase to its active form.

In contrast to the cytoplasmic enzymes responsible

for glycolysis, the complete set of enzymes responsible

for the reactions of the energy generating citric acid

cycle are found in the mitochondrial matrix. Pyruvate

dehydrogenase controls the entrance to the citric acid

cycle. In adipose tissue pyruvate dehydrogenase exists in

inactive phosphorylated and active dephosphorylated forms.

Again the major effect of insulin is to increase the activity

of the enzyme (Mukherjee and Jungas, 1975). This effect

is not due to an insulin induced increase in pyruvate

(Taylor and Halperin, 1973).

A rapid induction of acetyl CoA carboxylase by

insulin in the presence of inhibitors of protein and RNA

synthesis led the authors to conclude that the increase

in the activity of this enzyme generated by insulin was

also due to a dephosphorylation reaction (Lee et al.,

1973). However, it has also been reported that insulin is
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obligatory for the co-ordinate induction of the lipogenic

enzymes and this includes acetyl Co-A carboxylase as

well as fatty acid synthetase, citrate cleavage enzyme,

malic enzyme, 6 phosphogluconate dehydrogenase and glucose

6-phosphate dehydrogenase (Nepokroeff et al., 1974). The

Synthesis of each of these enzymes has been reported to

be increased by insulin. The co-ordinate control of

lipogenic enzymes by insulin would presumably prevent the

accumulation of intermediates of fatty acid synthesis

and thus enable the hepatic cell to utilize carbohydrate

efficiently for lipid synthesis. Another group has

reported that insulin increased the incorporation of *H-
leucine into immuno-precipitable malic enzyme (Goodridge

and Adelman, 1976). Very recent work has established that

insulin, glucagon and cAMP all increased the synthesis

of fatty acid synthetase in chick embryos (Vasudev et al.,

1978). In view of the apparent contradictory effect of

glucagon, it is important to note that the levels of

glucagon used were able to increase the levels of chick

serum insulin high enough to account for the induced

activity.

The techniques for translating fatty acid synthetase

m-RNA obtained from rat liver polysomes in Xenopus laevis

oocytes are available and will aid direct studies in m-RNA

accumulation of inducers of enzyme activity (Nepokroeff

and Porter, 1978).

Insulin decreased gluconeogenesis and thus the



74

activity of phosphoenolpyruvate carboxykinase (PEP)

(Wicks et al., 1974). The authors presented evidence

which indicated that insulin accomplished this at the

translational level by acting to prevent the release of

nascent carboxykinase at the polysomal level. However,

they did not rule out alternatives such as an enhanced

rate of degradation.

Tyrosine amino transferase (TAT) catalyzes the first,

rate limiting step in the catabolism of tyrosine to

fumerate and acetoacetate. Dexamethasone and other adrenal

steroid hormones induced the synthesis of TAT in normal

liver cells and established lines of rat hepatoma cells.

The steroidal induction of this enzyme required concomi

tant RNA synthesis but evidence had been presented that the

hormones acted at a step in protein synthesis beyond that

of gene transcription (Tomkins et al., 1969). Recently,

the steroid induced activity of TAT has been shown to occur

by an increase in the level of functional m-RNA for this

enzyme (Roewekamp et al., 1976). Insulin induction of TAT

was independent of RNA synthesis which suggested that insulin

acted at a post transcriptional step in enzyme synthesis

(Emanuel and Gelehrter et al., 1972). On the other hand,

work by other investigators has demonstrated that 3 forms

of the enzyme exist all of which are induced by steroids

and only two of which are induced by insulin (Gerschenson

et al., 1974). However, both teams of investigators
concluded that steroids were needed in order for insulin
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to exert its effect.

VI. Glucagon

Studies of glucagon mediated enzyme regulation have

resulted in the well known model for the regulation of

carbohydrate and lipid meta olism termed the "cascade

effect". Increasing levels of cAMP results in the break

down of stored forms of energy through the activation of

glycogen phosphorylase (Robinson et al., 1971). Briefly,

the increase in cAMP generated by a polypeptide hormone

such as glucagon or epinepherine activates phosphorylase

kinase which activates phosphorylase kinase which in turn

causes the phosphorylation of an inactive glycogen phos

phorylase to the active form which promotes the breakdown

of glycogen. Whereas, in the opposite regulation of

glycogen synthetase by insulin it was shown that levels of

cAMP did not change (Larner , 1975), the increase in cAMP

levels is presumed to be requisite for glucagon's actions.

Pyruvate kinase catalyzes the last step of glycolysis.

It is essential that the activity of this enzyme is low

during gluconeogenesis. Not unexpectedly then, glucagon

and cAMP have been shown to cause a decrease in the activity

of this enzyme in isolated hepatocytes (van Berkel et al.,

1977). The inactivation was due to a phosporylation of

the enzyme. An examination of the molecular events involved

has resulted in a direct demonstration of the cAMP dependent

phosphorylation of the purified enzyme with a concomitant

decrease in activity (Ljungstrom and Ekman, 1977).
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Insulin, fat and carbohydrate induce the activity of

glucose-6 phosphate dehydrogenase. Glucagon and cAMP

inhibit the induction (Garcia and Holten, 1975). Since

an antiserum to the enzyme could not distinguish between

Control and glucagon treated molecules, it was alleged

that the enzyme was not being phosphorylated and inactivated.

A corresponding decrease in activity and counts in immuno

pecipitable enzyme led to the conclusion that the synthesis

of the enzyme was being repressed. Glucagon has also been

reported to inhibit the insulin induced activity of fatty

acid synthetase (Lakshman an et al., 1972) and may act in

a general way to repress the synthesis of a number of

enzymes which are carbohydrate inducible.

Glucagon and cAMP have been shown to increase the

activity of PEP carboxykinase by a stimulation of de novo
enzyme synthesis without the lag period characteristic

of steroid inducers (Wicks, 1974). The cAMP induced

activity rapidly decayed in contrast to the relatively

stable activity induced by steroids. These data together

with experiments which demonstrated that the cAMP induction

was AMD independent suggested that the cyclic nucleotide

was acting on a post transcriptional step in eliciting

enzyme synthesis (Wicks, 1974).

Serine dehydratase catalyzes the formation of pyruvate

from serine and initiates gluconeogenesis from serine.

two distinct isozymes of this enzyme were isolated and found

to differ by 1 lysyl residue (Inoue et al., 1971).
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The more electronegative form of the enzyme was found to

be regulated by glucagon (I) and the other by glucocorti

coids (II). Their data further suggested that form II

was the precursor of form I.

Glucagon and cAMP were able to induce the activity

of serine pyruvate aminotransferase (an alternate pathway

in gluconeogenesis) and the induction was sensitive to

cycloheximide and AMB (Fukushima et al., 1978). The

induction of enzyme synthesis was confirmed by studies with

*H-leucine. The necessity of a 3 hr lag period in the

induction further suggested the possibility of a trans

criptional effect on this enzyme by glucagon.

The induction of TAT by glucagon and cAMP had been

reported to occur by an enhancement of the rate of

translation of existing m-RNA (Wicks, 1971). Very recent

work by the same investigator has demonstrated that cAMP

accelerates the rate of elongation of TAT nascent chains by

the ribosomes from cultured rat hepatoma cells (Roper

and Wicks, 1977). Recent work, however, put forth

evidence for a possible, direct effect of cAMP on the

specific gene for TAT (Noguchi et al., 1978). The authors

maintained that inhibition of RNA synthesis blocked cAMP

induced TAT activity. In their studies cordycepin was

used to inhibit RNA synthesis. This inhibitor prevents

the accumulation of Poly A m-RNA and only m-RNA and Hn-RNA

contain 3' terminal Poly A sequences. (Beach and Ross, 1978) This

was of considerable interest since it implied that both
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steroids and cAMP affected the transcription of TAT. The

rapid induction of TAT by cAMP contrasted with the lag

period which occurred after steroid induction and suggested

two different mechanisms. Although the authors argued

for a transcriptional effect of cAMP, they also acknowled

ged that an immediate post transcriptional effect or a

decrease in the degradation of m-RNA was also compatible

with their data. Another study also suggested that cAMP

caused the activation or transport of a preformed pool

of m-RNA for TAT. Either of these events could be reflected

by an increase in the levels of m-RNA for TAT (McNamara

and Webb, 1973). Both steroids and glucagon (cAMP)

induced the same molecular form of the enzyme suggesting

that the two hormones acted at a common genetic site.

However, there were differences in the kinetics of

induction and the levels of induced activity which implied

different modes of activation. Actinomycin D blocked the

induction by both hormones. 5–Azacytidine, which promotes

the synthesis of defective RNA inhibited the steroid

induced activity but not glucagon induced activity. There

fore, the RNA needed for glucagon induction must not have

been m-RNA.

If the induction with glucagon was followed at 8 hr

with hydrocortisone, the glucagon induction became sensi

tive to 5-azacytidine. The results suggested that a

common component was involved which was used up by

glucagon and new m-RNA was needed for hydrocortisone to

act.
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V. Discussion

The dividends from the study of hormone induced

enzyme activity are twofold: insight into the mechanism

of action of a particular hormone and the possibility

of obtaining a general model for the investigation of

specific gene expression. The ultimate expression of a

gene is the protein for which it codes to existing in a

biologically active state. The regulation of genetic

expression may occur at many steps. Briefly, the

modulator may affect one or more of the following: gene

amplification, transcription, processing of m-RNA,

transport of m-RNA, binding of m-RNA to ribosomes and the

initiation of protein synthesis, m-RNA stability, proces

sing of the protein to an active form and/or protein

turnover (Lodish, 1976).

Most of the published work demonstrates that protein

hormones act at the post transcriptional and translational

level, although, direct transcriptional effects are

possible and cannot be definitely discounted. It is

important to note that regulation need not necessarily

imply an induction or increase in enzyme activity. Most

of the protein hormones reviewed have been shown to both

increase and decrease the activities of enzymes which

are usually metabolically opposed, thus making excellent

physiological sense.

A recent review describes the main events of post

transcriptional and translational control in great detail
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(Revel and Groner, 1978). Messanger RNA may be processed

by methylation, cleavage and resplicing or the addition

of Poly-A to the 3' end. The binding of m-RNA to ribosomal

subunits requires 7 initiation factors. The structural

ribosomal proteins and RNA recognize the specific m-RNA

and it is known that a protein facilitates this interaction.

A cAMP independent protein kinase has been found in some

systems to inhibit translation by the phosphorylation of

initiation factors. Five prime methylated nucleotides

protect m-RNA from degradation. Enzymatic removal of

these "CAPS" allows non translated m-RNA to be degraded.

Removal of Poly-A results in the degradation of m-RNA

which is being actively translated.

The purpose of the discussion in the next few pages

is to ascertain which of those steps previously described

are implicated in the regulation of enzyme activity by

certain polypeptide hormones. Hormones which are not

thought to act via cAMP will be discussed first, followed

by a discussion of the hormones which have been proposed

to act via this cyclic nucleotide.

A. Possible Mechanisms of Enzyme Regulation Not
Mediated by cAMP

The metabolic actions of insulin and prolactin are

not mediated by cAMP. The nucleotide is, nevertheless,

involved in the regulatory actions of both hormones. There

is suggestive data that insulin directly lowers cAMP

(Kram et al., 1973) but insulin does not always act by
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lowering this cyclic nucleotide (Wicks, 1974). Prolactin

is able to increase the cAMP binding protein as well as

the catalytic subunit and thus may function similarly to

insulin in being able to activate a phosphatase by freeing

it of the counteracting kinase. The phosphatase would

then activate the enzyme in the mammary gland (prolactin)

or liver (insulin) by a dephosphorylation reaction.

Insulin is also able to increase the synthesis of certain

enzymes. Very few investigators have discussed the

mechanisms by which this might be accomplished. Although

there are reports in the literature that insulin is able

to increase the production of m-RNA for certain intra

cellular enzymes (Pilkis and Salaman, 1972) generally

insulin seems to act at the level of translation.

Inhibitors of protein synthesis inhibit insulin regulation

while AMD does not. It is usually stated that physiological

antagonism exists between the glucocorticoids and insulin

(Wicks, 1974). However, in the mammary gland steroids

are required for the expression of insulin's action. In

the liver, steroids are required for the insulin induction

of TAT. It seems that steroids stimulate gene transcription

and insulin is needed for translation. It is now possible

to translate the m-RNA for fatty acid synthetase in vitro,

and since insulin can induce the activity of this enzyme

some direct answers as to the mechanisms by which this is

accomplished should be forthcoming soon. This is not

a generalized discussion of insulin action, however, it

should be mentioned that recent evidence has demonstrated
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that insulin is capable of entering cells and may localize

in the nucleus (Goldfine et al., 1977). Future work

may demonstrate an effect of insulin on some nuclear process

related to enzyme induction. Fatty acid synthetase will

provide a good model for prolactin also. This hormone

was able to increase the synthesis of a precursor to this

enzyme which required further processing to the active form

by steroids and insulin.

In general, the work reviewed in this chapter

demonstrates that prolactin may have a transcriptional

or post-transcriptionl effect on the induction of certain

enzymes. Prolactin is able to increase the m-RNA for

caesin, a differentiated product of the mammary gland

and therefore may function to induce m-RNA for the

enzymes it regulates. It has been postulated that lipid

enzyme interactions may be important factors in regulating

the activity of membrane associated enzymes (Zakim, 1970).

Therefore, the fact that prolactin is able to activate

phospholipase A has interesting implications. Prolactin

could alter the environment of this enzyme directly and

thereby indirectly mediate RNA synthesis through the

resulting increase in prostaglandins (Rillema, 1976a).

It has been known for a number of years that GH has

a direct effect on stimulating amino acid incorporation

into protein and on transport of amino acids and sugars

into skeletal muscle (Kostyo and Nutting, 1974).

Increased transport of nutrients may account for some

of the effects of GH on enzyme activation. A portion of
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the GH molecule is able to inhibit pyruvate dehydrogenase

in muscle. This enzyme is known to exist in an inactive

phosphorylated form in both mammary gland and in adipose

tissue where it is regulated by prolactin and insulin

respectively. It is unlikely that the GH fragment is

able to promote the phosphorylation of this enzyme in

order to inactivate it because it has no direct effect to the

fully activated enzyme. The peptide is able to inhibit

the activation of the enzyme by phosphatase. GH may

regulate the sensitivity of proteins associated with cAMP

in the same way that insulin does, although with opposite

physiological results.

B. Polypeptide Hormone Action Mediated by cAMP

It should be emphasized that, not withstanding the

heading of this section, cAMP is not assumed to be the

obligatory mediator of any of the hormones to be

discussed in this chapter nor of ACTH which will be

discussed in the next. However, cAMP is able to mimic

the actions of certain hormones in regulating enzymes

and is, at the very least, an intermediate in the

regulatory process. Therefore cAMP action in the various

processes leading to protein synthesis will also be

discussed, bearing in mind, that some of the hormone

mediated regulatory processes may eventually be found to

be a direct consequence of internalization or of other

mediators such as calcium or prostaglandins.
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Gonadotropin regulation of enzymes in the gonadal

steroidogenic pathway may be analogous to ACTH and the

adrenal. The gonadotropins were able to induce 3 BHSD

and the induction was dependent on RNA synthesis, at

least in amphibian testes.

MSH contains a heptapeptide sequence common to ACTH

which, it is felt, contains the biologically active

site. Both hormones increased the levels of cAMP and

cAMP was able to induce the activity of adrenal 33HSD

It was assumed that cAMP mediated the induction of tyro

sinase activity but not directly tested. The mechanisms

of induction seem to be very different for the enzymes

regulated by the two hormones at least the adrenal 33

HSD and melanoma tyrosinase. Neither protein nor RNA

synthesis was involved in the MSH induction of tyrosinase

while both were involved in the ACTH induction of 3 3

HSD (Chapter IV). Wong and Pawelek (1975) surmised

that MSH caused the inactivation of an inhibitor of tyro

sinase activity, but no mechanism was proposed. A

phosphorylation-de-phosphorylation reaction was likely

from the data of the experiments presented.

It will be evident from the discussion in the

following sections that even if cAMP is the sole mediator

of polypeptide hormone enzyme regulation, it may act in a

variety of ways at different cellular sites to control

protein activation and synthesis.

The kinetics of induction stimulated by glucagon
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and cAMP are very similar yet different from the induction

kinetics of the steroids. Various studies with inhibi—

tors of RNA synthesis have demonstrated a possible effect

of glucagon (cAMP) on both translation and transcription.

The intracellular regulatory consequences of cAMP

then, depend upon the interaction with the proper

controlling protein and this, in turn, depends on the

differentiated state of the cell. At the level of trans

lation cAMP may function to regulate initiation of

protein synthesis or ribosomal transit time during

elongation (Wicks, 1974). In order to affect transcrip

tion, cAMP dependent protein kinase must interact with

nuclear proteins.

Administration of glucagon to rats has been shown to

cause a marked increase in the phosphorylation of a

specific residue in the F (l) histone of liver (Langan,

1971). Histones may act as regulators of transcription

in eukaryotic cells (Stedman and Stedman, l950). The

majority of chromosomes are composed of a polynucleosomal

backbone with the protein component of each nucleosome

consisting of a core of 8 histone molecules (Kornberg,

1974). Nuclease digestion studies with DNASE have

revealed that nucleosomes of transcribed genes have an

altered conformation (Weintraub and Groudine, 1976).

Nucleosome conformational state and spacing may be

affected by direct modulation of the composition of

the histone octamer. This could be accomplished through
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acetylation, methylation or phosphorylation (Allfrey,

l971). These modifications are believed to be of central

importance in fostering changes in chromatin structure

at times of gene activation.

Summary

Most of the studies of regulation of enzymes by

polypeptide hormones have consisted of physiological

observations regarding the induction or surpression

of an "activity".

Almost all the evidence suggests that insulin

affects some translational process and work is progressing

toward delineating which particular steps in translation

are involved.

It is not possible to generalize which process in

the control of protein and RNA synthesis is affected by

prolactin or the hormones whose actions seem to be

mediated by cAMP. These hormones have manifested a

direct effect on some enzymes as well as delayed effects

on others through the involvement of translation or

transcription.

The accepted dogma of hormone action is crumbling

because it assumed obligatory mechanisms common to all

hormones. Hormones do bind to cell surface receptors but,

perhaps, may enter the cell to affect different processes.

The "cascade" effect was beautifully developed and was

assumed to be the mechanism of enzyme regulation for any

effect where cAMP was involved; this is certainly not
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the case. Cyclic AMP can also affect translation and

transcription. Since hormones can act in such a number

of ways, the question resolves: what controls the

appearance of the specific regulatory proteins with

which the hormones interact to produce the proper

response for that functional state of the cell?
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CHAPTER 4

THE REGULATION OF THE STEROIDOGENIC CAPACITY
OF CULTURED ADRENOCORTICAL CELLS BY ACTH

The development of a successful technique for hypo

physectomy (Smith, 1930) intensified the study of the

actions of the pituitary hormones. The studies concerning

ACTH action have focused on the regulation of the acute

steroidogenic response although the effects of ACTH On

adrenocortical enzymes were noted in the early literature

(Kass, et al., 1954).

Formation of adrenocortical steroid hormones occurs

through the formation of a steroid nucleus from acetate

and subsequent modification of the substituent groups

(Fig 1). Cholesterol is normally the only significant

precursor of the adrenocortical steroids (Krum et al.,

l964) and may originate from direct synthesis in the

adrenal gland or from the circulating blood. Cholesterol

is utilized in the mitochondria to form pregnenolone which

is converted to progesterone by 38HSD-isomerase in the

membranes of the SER. In the rat most of the progesterone

is further hydroxylated in position 21 to ll-deoxycorticos

terone which diffuses into the mitochondria to be hydroxy

lated to corticosterone.

The various enzymes involved in biosynthesis can be

classified into 3 types: multicomponent hydroxylases

which require O2 and NADPH; dehydrogenases which utilize

NADP and NAD and isomerases. The mitochondrial hydroxylase
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enzymes consist of three proteins; cytochrome P-450 (a

heme containing protein), adrenodoxin (a non-heme iron

protein) and a flavoprotein (adrenodoxin reductase).

The microsomal hydroxylase system contains different

flavoproteins which reduce cytochrome c directly in the

primary electron transfer while a phospholipid facilitates

transfer to cytochrome P-450 (Masters et al., 1973). The

38HSD and isomerase are closely associated in the SER and

controversy still exists as to whether the two activities

are part of the same molecule in the adrenal (Ford and

Engel, l074). The reaction catalyzed by the dehydrogenase

seems to be the rate limiting step in the formation of

progesterone (Neville and Engel, 1968). The interaction

of the various adrenocortical cell organelles with various

steps in the biosynthesis of steroids will be more fully

discussed in the section of this chapter dealing with

studies of adrenocortical ultrastructure (4-X).

I. Effect of ACTH on the Enzymes of the Adrenal

ACTH functions to stimulate an acute steroidogenic

response which results in the maximum secretion of corti

coids from the adrenal in a matter of minutes (Garren,

1968). As has been previously discussed, the events

leading to the acute response probably require cAMP as a

mediator although there is evidence that an ACTH stimulated

increase in cAMP may not be a necessary prerequisite

(Moyle et al., 1973). The cleavage of the side chain of

cholesterol to form pregnenolone is the rate limiting
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step in steroidogenesis (Garren, l968). The mechanisms

involved in the regulation of this effect of ACTH action

(tropic action) include the synthesis of a rapidly turning

over protein which facilitates the interaction of choles

terol with the mitochondrial enzyme (Garren et al., 1965).

ACTH also maintains the functional integrity of the

adrenal (trophic effect) through its actions on the

enzymes in the steroidogenic pathway.

It is hoped that the information presented in this

chapter will help to elucidate the molecular mechanisms

by which ACTH exerts its trophic effect. The results of

previously published studies are compared with the detailed

investigation of 38HSD activity.

B. Tropic Effects

A quantitative histochemical assay was used to

demonstrate that ACTH increased the activity of the ll 8

hydroxylase in intact rats 3 hr after its administration

(Griffiths and Glick, 1966). Since the animals had not

been hypophysectomized this suggested that ACTH was able

to acutely increase the activity of this enzyme. This

observation was substantiated by studies in humans

(Ganguly et al., 1977). ACTH increased the secretion of

cortisol relative to that of ll-deoxycortisol suggesting

that ll 3-hydroxylase activity was increased. This effect

was specific for ACTH since angiotensin II increased the

secretion of both steroids, but proportionally.

ACTH was shown to increase the activity of the
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desmolase acutely, probably by increasing the amount of

available substrate (Farese and Prudente, 1977).

38HSD activity was measured in sections of guinea

pig adrenal which had been exposed to picogram amounts

of ACTH for 4 minutes and an increase in activity was

recorded (Loveridge and Robertson, 1978). This indicated

that ACTH may have increased the activity of this enzyme

in conjunction with acute steroidogenesis.

B. Trophic Effects

Early work concerning the rate of ACTH induced

corticosterone secretion in the rat demonstrated that

rats hypophysectomized for 24 hr were able to secrete

only one half the amount of corticosterone when compared

to rats hypophysectomized for two hr (Liddle et al., 1962).

Later work determined that in hypophysectomized rats the

activity of enzymes associated with steroidogenesis

decayed with a half life of about 4 days in contrast to a

decay rate of 7 days for the general adrenal proteins

(Purvis et al., 1973).

The decay of enzymes of cultured rat adrenal cells

was qualitatively characterized by O'Hare and Neville

(1973c) and was found to approximate the events occurring

in the hypophysectomized rat. The hydroxylase enzymes

were found to decay to a very low level by two weeks. In

the rat ACTH has been found to increase the activity of

each enzyme involved in the corticosteroidogenic pathway.
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C. Effect of ACTH on the Adrenal Cholesterol Side
Chain Splitting Enzyme (Desmolase)

Several reports in the literature have documented

that the activity of the desmolase decays in hypophysec

tomized rats. Tchen (1968) reported a drop in activity

to 10% of normal by 6 days after hypophysectomy whereas

Kimura (1969) found that 50% of the activity remains 6

days after hypophysectomy. In both studies ACTH was

able to restore the activity in 2–3 days. The in vivo

study by Kimura showed that desmolase activity was still

increasing after 8 days of ACTH treatment, however, ACTH

alone was not able to regenerate 100% desmolase activity.

The effect of ACTH on desmolase activity is most

pronounced in the cells of the zona faciculata.

D. Effect of ACTH on 38HSD Activity

The loss of 3 BHSD activity from the adrenal of

hypophysectomized animals was first demonstrated by Levy

(1959) in a histological study which further showed that

ACTH administration was able to restore the histochemical

stain for 38HSD in the zona fasiculata and reticularis.

Aging female rats naturally lost 3 BHSD activity from

both the zona fasiculata and zona reticularis and ACTH

was able to restore the activity (Albrecht, et al., 1977).

38HSD activity was demonstrated in both the definitive

and fetal zones of adrenals from human fetuses. This

activity was not found when the human adrenals were

cultured for several days (Deane, 1962).
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In rat adrenal cell culture the activity of 36 HSD was

reported to persist at high levels in long term cultures

(O'Hare and Neville, 1973c). However, we have demonstrated

that although 33 HSD activity persists at high levels during

the first week of culture it decays to 15% of control

values by 14 days (Liles and Ramachandran, 1977). The

details of the control of this enzyme by ACTH will be

discussed in subsequent parts of this chapter.

E. Effect of ACTH on 21-Hydroxylase Activity

In hypophysectomized rats the P-450 component of

microsomal 21-hydroxylase was found to decay with a half

life of 3 days which was slightly less than the 4 days

reported for the mitochondrial P-450 (Purvis et al.,

l973). ACTH is able to increase the activity of the 21

hydroxylase (Purvis and DeNicola, 1975).

F. Effect of ACTH on 113 Hydroxylase Activity

The ll Bhydroxylase activity was reported to increase

(50.0%) with ACTH treatment in Y-1 tumor cells (Kowal, l970).

Although the author speculates that ACTH was able to

induce specific proteins in long term culture, he was

not able to demonstrate an increase in amino acid uptake

into adrenal cells nor adrenal cell mitochondria.

The induction of two of the component proteins of

the ll■ hydroxylase enzyme system have been examined in

some detail. The activity of the P-450 was very low

in rats hypophysectomized for two weeks and the kinetics
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of induction of this enzyme with ACTH were studied for

a 10 day period (Purvis et al., 1973). At the end

of that time ACTH had restored 70% of the activity of

sham operated rats. Chloramphenicol, an inhibitor of

mitochondrial protein synthesis, inhibited the ability

of ACTH to induce the activity of the enzyme. However,

the kinetics of induction could not be fitted to a

theoretical curve which would have demonstrated an

increased rate of synthesis. The authors speculated

that ACTH was able to block the degradation of the

enzyme and explained the effect of chloramphenicol on

the inhibition of ACTH induced enzyme activity as a

non-specific effect.

Chloramphenicol was only able to partially inhibit

the synthesis of adrenodoxin, another component of the

mitochondrial hydroxylase system (Asano and Harding,

1976). Its synthesis required cytoplasmic as well as

mitochondrial ribosomes. This detailed study revealed

that ACTH was able to increase the number of immuno

precipitable adrenodoxin molecules by 3 hr with an

approximately twofold induction by 24 hr. The induction

was completely inhibited by a concentration of cyclo

heximide which inhibited protein synthesis by 95%.

G. Effects of ACTH on Enzymes Involved in RNA
Synthesis

In addition to the enzymes of the steroidogenic

pathway ACTH seems to have a trophic effect on enzymes
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involved in RNA synthesis. A detailed discussion of

these will be presented in Chapter 5.

II. Materials

38HSD Assays

adenine

ADP

dbcAMP

ATP

AMD

AMG

Cycloheximide

DHA

DMF

estradiol

formaldehyde

Metopirone

NAD

NBT

pregnenolone

progesterone

*H-pregnenolone
*H-progesterone
progesterone antisera

Sigma

CIBA

Sigma

Eastman

Steraloids

Mallinckrodt

CIBA

Calbiochem

Sigma

Steraloids

New England Nuclear

prepared by Dr. AJ Rao
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Materials (continued)

Ultrastructural Studies

Epon 812 stocks

cacodylate

glutaraldehyde

osmium

uranyl acetate

Hormones

angiotensin ll courtesy of Dr. E . Jorgensen

3-endorphin courtesy of Dr. CH Li

CIP courtesy of Dr. CH Li

insulin courtesy of Dr. M Nemanic

NPS-ACTH courtesy of Dr. J Ramachandran

III. Methods

A. Assays for 38HSD

i. Fluorometric Assay

Adrenocortical cell cultures were washed 2 X with

saline and incubated at 37C with calcium magnesium free

buffer (CMF). The plates were scraped with a rubber

policeman and the cell suspension was removed and

centrifuged in a clinical centrifuge at full speed. The

pellet was resuspended in 100 pil of homogenizing buffer

and homogenized. The homogenization was repeated after

a freeze thawing cycle. The homogenate was centrifuged

and the supernatant was assayed for enzyme activity.

The homogenization buffer was composed of PBS pH 7.4/3%
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sucrose. The same solution was used as an assay buffer

with the addition of NAD (0.6 mM) and DHA (0.18 mM).

The reaction was initiated in the cuvette by the addition

of the enzyme and the development of fluorescence followed

in a Perkin Elmer spectrofluorometer as described in

section 4 - IV - A. The excitation wavelength was 340

nm and emission wavelength was 470 nm.

ii. Quantitative Stain for 38HSD

The histochemical stain was a modification of the

method described by Levy et al., (1959). The culture
medium was removed and the cells were fixed in 4%

formaldehyde for 5 minutes. This treatment preserved

the morphology of the cells but did not destroy the

enzyme (Kahri, l066). After fixation the cells were

washed 3 X in PBS and incubated in 0.5 ml of the staining

solution for 2 hr at 37C. The staining solution consisted

of 2.3 mg nicotinamide adenine dinucleotide (NAD), 0.2

mg 33-hydroxyandrost-5-en-l'7—one (DHA) and 1 mg nitro

blue tetrazolium (NBT) dissolved in 0.5 ml of dimethyl

foramide (DMF) and brought to a total volume of 7 ml

with PBS. After 2 hr the staining solution was removed

and the cells washed once with PBS. The plates were

then incubated in 0.5 ml of 0.5 N NaOH for 8 to l2 hr

after which the blue solution was placed in glass tubes

(12 x 75 mm) and boiled for 5 minutes. The absorbance

at 570 nm was measured in a Beckman DB-GT spectrophotometer.
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Cultures incubated without the substrate, DHA, did not

stain and were always used as controls. The stained

cells were viewed through a Nikon MS inverted microscope

and photographed.

iii. Progesterone Radioimmunoassay

Pregnenolone Incubation

The medium was removed, cells washed with medium

and fresh medium replaced. Pregnenolone (in ethanol) was

added in a volume of 10 pil. The concentration was usually

8 pg/ml but varied in some experiments. The culture

dishes were incubated at 37C. Quite often 100 ul aliquots

were removed after l hr and 2 hr before removing all

of the medium at 4 hr. This was done to assure a correct

substrate incubation time. In later experiments the

cells were preincubated with metopirone (at the concen

trations indicated in the figure legends) for 1 hr and

kept in the continued presence of metopirone during

the pregnenolone incubation. If the activity of the

hydroxylases was being measured, the cells were incubated

with progesterone instead of pregnenolone for l hr or

4 hr. The maximum concentration of progesterone used

was l pig because it cross reacted with the corticosterone

antiserum.

Radioimmunoassay

The radioimmunoassay procedure for corticosterone is

described in the Methods of Chapter II. The progesterone

RIA was performed in the same way except that the nature
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of the progesterone antiserum required that no more

than 10,000 counts of *H-progesterone/tube be used. The

progesterone antiserum was raised in rabbits against

ll 3-hydroxy progesterone hemisuccinate-BSA conjugate

(Erlanger et al., 1957). The cross reaction of different

steroids with the progesterone antiserum was found to

be : corticosterone, 0.76%; pregnenolone, 0.04%; testoste

rone, 0.02%; deoxycorticosterone, 0.01% ; dehydroepian

drosterone, 0.008%; cortisol, 0.004%; aldosterone, 0.002% ;

estradiol and estriol, less than 0.001% (Liles and

Ramachandran, l977). All the antiserum preparations

used in these experiments were designated R-ll and used

at a dilution of 1:300. The points represented in all

experiments were obtained by triplicate incubations and

when not indicated the S.E. of the Mean was less than l9%.

B. Incorporation of Radiolabled Leucine into
Adrenocortical Cells

i. Effect of Cycloheximide on Protein Synthesis

Individual microwells were pulsed with lo uCi/ml

Of 3 H-leucine for 2 hr. The radioactive medium was

removed and discarded with the appropriate precautions.

The monolayers were rinsed 2 X with PBS, put on ice and

given 1 ml of cold lo & TCA for 10 minutes. The TCA was

removed and the cells washed an additional 3 X with cold

10% TCA. 600 pil of 0.1 N NaOH was then added to solu

bilize the cells and the cells were incubated for 2 hr

at 37C. 500 ul aliquots were mixed with PCS and counted.
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ii. Effect of ACTH on Protein Degradation

Two week old cultures of adrenocortical cells were

pulsed with 5 || Ci/ml of *H-leucine for 15 hr, followed by

a chase period of 3 hr with cold leucine (5 mM). At the

end of this time, ACTH (22 nM) was added. At 2, 4, 6, 21 and

24 hr all the medium was removed and the cells were

replenished with the same medium + additions. BSA was

added to each tube after the proper incubation time and

the protein was precipitated with l ml of 10% TCA. After

centrifugation 500 pil of the clear TCA was mixed with

PCS and counted.

C. Ultrastructural Studies

i. Cell Cultures

Adrenocortical cells were cultured in Falcon plastic

multiwells as previously described. In order to facilitate

cutting the resin into blocks with large amounts of cells,

the plating technique was modified. After the isolation

of adrenocortical cells they were resuspended in l ml

of plating medium and l drop of the concentrated cells

was plated in the middle of the well. The drops were

small enough to hold together by surface tension. The

entire plate was placed in the 37C incubator for 4 hr at

which time l ml of plating medium was carefully added to

each well by holding a l ml pipet against the side of the

well and letting the medium slowly drip into the well

and around the dense spot of cells. This resulted in a

singular area of dense adrenocortical cells which could
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be easily located and cut into several blocks. The

experiment was performed as described in the legends to

Fig 12. The entire multiwell was then taken to the

laboratory of Dr. Albert Jones in the Cell Biology section

of the Veterans Administration Hospital where the cells

were prepared for ultrastructural examination.

ii. General Comments

Cultured adrenocortical cells required at least 3 hr in

the presence of the fixative. Shorter fixation times did

not properly preserve cellular detail and poor fixation

was reflected by the appearance of myelin like figures

in the mitochondria, poor preservation of lipid and in

some cases by the complete disintegration of the integrity

of intracellular membranes. Several buffers were explored

in order to find the one which would most likely approxi

mate the physiological state of these cells and prevent

the precipitation of the fixation in the presence of

calcium which had been included to help preserve membrane

detail. The primary fixative used was glutaraldehyde,

which reacts rapidly to cross-link intracellular proteins

before any extraction with the buffer can occur. In some

cases paraformaldehyde, which penetrates the cells even

more rapidly than glutaraldehyde, was included but upon

the advice of Dr. John Long, it was not used in the final

experiments. Glutaraldehyde does not fix lipids so a

postfixation with osmium tetroxide was routinely performed.

Osmium penetrates cells too slowly to be used as a primary
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fixative but it is necessary to fix lipids and also

functions as a stain. Both 1% osmium in distilled water

to which l. 5% potassium ferricyanide was added and regular

2% osmium were tried. A better stain was obtained with

the 2% osmium. The adrenocortical cells were stained with

uranyl acetate before dehydration and embedding. Uranyl

acetate stained the chromatin containing material and

the quality of the micrographs was improved.

After fixation the sections had to be dehydrated in

various concentrations of ethanol because the embedding

medium was not soluble in water and, in some cases, where

osmium did not perform properly the cells were delipidated

by this process.

The type of resin used to embed the cells can affect

tissue preservation, sectioning properties and image

contrast. Different resins were not investigated and the

cells were routinely embedded in Epon polymerized with

DMP-30, a bifunctional setting agent, after a prior

infiltration with Epon-ethanol (l: 1). In retrospect, the

infiltration of adrenocortical cells could have been

assured if the cells had been allowed to sit in the Epon

overnight before being placed in the 70G oven for poly

merization (Milner, 1975).

The blocks of resin were freed from the plastic

culture dishes by breaking apart the mold at the junction

of the wells with a hammer and then removing the adhering

plastic by dropping the resin blocks into liquid nitrogen
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for several minutes. The cells were localized and the

resin was sawed into blocks of the appropriate size for

the holder.

Blocks were sectioned with a diamond knife that was

only suitable for survey studies. The final sections

for the pictures presented in this thesis were obtained

by Jill Mooney. Problems were encountered in photographing

the sections due to movement and the use of coated grids

is recommended for future studies. The final pictures

could only be taken with the expert help of Dr. Jones.

A standard lead citrate stain was used in addition

to the "in block" uranyl acetate stain. However, freshly

made solutions did not seem to stain the sections but did

work after being left at room temperature for 48 hr.

iii. Specific Outline of Experimental Procedures

Fixation

The medium was removed from the wells and the cells

were rinsed once with cacodylate buffer and fixed with

3% glutaraldehyde for 3 hr. The cacodylate buffer was

made fresh from a preweighed kit and adjusted to pH 7.4

with 1 N HCl. Glutaraldehyde 8% was diluted to 3% with

cacodylate buffer and made 0.02% with CaCl2. The cells

were postfixed for l hr with 2% osmium diluted from a

4% stock with cacodylate buffer.

Modified Kellenberger in Block Stain

After postfixation the cells were stained in the following

way:
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Buffer pH 6.3

12 ml distilled water
5 ml sodium veronal acetate stock
8 ml 0. 1 N HC1

Stain

l part buffer (pH 6. 3) to 1 part 4% uranyl acetate
The cells were stained for 1 hr in the dark at room
temperature.

Sodium Veronal Acetate Buffer

14. 7 g sodium veronal (Barbital)
9.7 g sodium acetate

500 ml distilled water

4% uranyl acetate

All the procedures were performed in foil wrapped beakers
to exclude light. 2.5 g of uranyl acetate powder was
dissolved in 50 ml of distilled water. The solution was
chilled to 4C and filtered in the dark twice through the
same #50 filter paper moistened with distilled water.

Dehydration

The cells were dehydrated for 5 minutes in 70%, 80%,

90% and 100% ethanol respectively. The dehydration in

100% ethanol was repeated an additional 2 times.

Embedding

Stock A 90g DDSA (dodecenyl succinic anhydride)
80 g Epon 812

Stock B 75 g NMA (nadic methyl anhydride) 100 g
Epon 812

Stocks of Epon 812 were obtained from Jill Mooney.

3 g of stock A, 7 g of stock b and 0.14 ml of DMP-30 were

mixed by hand for 5 minutes. The infiltration solution

was made by diluting the Epon l ; 1 with ethanol. The

cells were infiltrated for 2% hr. As much of the infil

tration medium as possible was removed and the embedding
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resin placed in each well. The resin was polymerized

for 48 hr at 70 C.

IV. Development of Assay Systems

A. Measurement of the NADH Generated by 38HSD

33 HSD utilizes NAD as a cofactor and generates NADH.

The NADH produced reflects the activity of the enzyme

(Ford and Engel, 1974). Accordingly the first attempt

to assay 33HSD involved measuring the production of NADH

by homogenates of adrenal cells. This method demonstrated

that homogenates from ACTH treated cells produced 2 X more

NADH than homogenates from control cells. However, the

procedure was very tedious and not suitable for kinetic

studies. The method was not sensitive to small changes

in enzyme activity.

B. A Quantitative Histochemical Stain

Levy et al., (1959) first demonstrated that the

adrenal 38HSD activity decayed in rats following hypo

physectomy and that the administration of ACTH restored

the staining activity. The histochemical stain for 38HSD

originally described by Wattenberg (1958) is based on the

reduction of tetrazolium salts by the NADH generated by

the enzyme in the presence of a suitable steroid subs

trate. Since that time numerous investigators have

utilized this procedure to identify steroid secreting cells

(Dawson et al., 1961; Slavinski et al., 1974; Gospodarowicz

et al., 1977). An attempt to quantify this procedure was
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made by Muir et al., (1968); however this was a semi

quantitative procedure based on counting the number of

diformazon granules seen under the light microscope.

Adrenocortical cells lost the ability to stain for 38HSD

with increasing time in culture (Fig 2) and ACTH treat

ment restored the ability of the cells to stain for

this enzyme. When the cells were solubilized and quan

titated by measuring the absorbance at 570 nm the amount

of dye precipitated was proportional to the number of

cells present in the culture dish (Fig 3).

C. Assessment of 38HSD Activity by Progesterone
Production

The formation of progesterone from an exogenously

administered substrate has been reported to be an accurate

index of 38HSD activity (Salomon and Sherman, 1976). In

our work the adrenal cells were induced for various lengths

of time which depended on the experiment. The medium

was removed and assayed for progesterone. The optimum

incubation time was found to depend on the number of

cells in the dish, concentration of the inducer and length

of induction. The data in Table l clearly demonstrates

that the induction of 38HSD by ACTH was concentration

dependent when the time allowed for substrate conversion

was short (2 hr.). As the length of substrate conversion

time lengthened from 6 hr to 24 hr there was not only

a loss of the concentration dependent effect but an

apparent inhibition of 38HSD activity by the higher
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SevenStaining of adrenocortical cells for 38HSD.
teen day old cultures of adrenocortical cells were treated
with ACTH (4.4 nM) for 3 days (A); cells from the same

Figure 2

experiment without ACTH (B).
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TABLE
1.

IMPORTANCE
OF
SUBSTRATEINCUBATIONTIMEIN
DETERMINING
33
HSDACTIVITY

ADDITIONSCONCENTRATIONSUBSTRATEINCUBATIONTIME

(nM)
3
BHSDACTIVITY

(11g
progesterone/10cells)

2hr.6hr24hr

None0.97
it0.371.85+0.192.5l
+
0.41 ACTH0.223.19+0.646.54+0.377.46

+1.00

2.204.0.9+0.257.46+1.05l.63+0.14 225.26+0.587.20+0.780.64
+
0.10

Adrenocorticalcellswereplatedin35mmdishesata
densityof3X10°cells/cmº. After

9
daysin
culture,ACTHwasaddedatthe
concentrationshown.48hrafterthe addition

ofACTHthemediumwasremoved.Pregnenolone
in10pilofethanolwasadded tofreshmediumandtheincubationallowedtoproceedfor2,6and24hr.

Progesterone productionwasmonitored
byRIAas
previouslydescribed.
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concentrations of ACTH at 24 hr. This was impossible

as ACTH was removed prior to the addition of pregnenolone.

The most reasonable explanation is that the higher con

centrations of ACTH had also induced the enzymes which

further metabolize progesterone to corticosterone. This

was confirmed when the medium was analyzed chemically

for the types of steroid present in the various incubates

(Table 2). The medium from control and ACTH (0.22 nM)

treated cells was extracted with dichloromethane and

analyzed by thin layer chromatography. Progesterone and

a small amount of pregnenolone were the only steroids

present. The medium from the cells treated with ACTH

(22 nM) contained mostly corticosterone. Since it seemed

that the metabolism of progesterone was not a problem if

the substrate incubation time was short, the incubation

time was usually 2 to 4 hr. Quite often 100 pul samples

were removed from the wells at l and 2 hr and the entire

incubation stopped at 4 hr. If the cultures were sparse

the longer incubation time was necessary to produce

measurable amounts of steroids. Another problem arose

when 3 BHSD was measured in cultures treated with ACTH

for more than 3 days. Even 30 minute incubations with

substrate did not produce any progesterone. As we

shall see, the hydroxylases were induced at a later time

period and when their peak activity was reached any

progesterone produced was metabolized too rapidly to

permit detection.
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TABLE 2

THIN LAYER ANALYSIS OF STEROIDS IN CULTURE MEDIA OF ACTH
TREATED CELLS INCUBATED 24 HOURS WITH PREGNENOLONE

Rf Values

MAJOR COMPONENT MINOR COMPONENT

STANDARD

Progesterone 0.67

Pregnenolone 0. 56

Corticosterone 0.33

SAMPLES

Control 0.67 0. 56

ACTH 2.2 nM 0.69 0. 56

22.0 nM 0.33 0. 56 0. 6.7

The experimental conditions of cell culture are described
in the legend to Table 1. 500 pil of medium from each of
the triplicate incubates were pooled and extracted with
5 ml of dichloromethane. The dichloromethane was
transferred to a lo ml beaker and evaporated with nitrogen
and resuspended in 30 ul, 100 % ethanol, 20 pil of which
was spotted. The solvent was chloroform-acetate 7-3 (V-V)
(Randerdath, 1963).
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V. Effect of Inhibitors of Progesterone
Metabolism

If the metabolism of progesterone could be blocked

then the problems presented in the previous paragraphs

would be solved. Aminogluthe timide (AMG) inhibits the

adrenal desmolase; however, it has been reported that

higher concentrations of AMG also inhibites the ll 3

hydroxylase without any other notable side effects

(Kowal, 1969). Aminogluthetimide seemed to have a slight

effect in preventing further progesterone metabolism when

the substrate conversion time was short (Table 3) .

However, the effect was marginal since the ACTH induction

was not higher than control values. Metopirone is a

synthetic compound capable of inhibiting the activity

of the ll Bhydroxylase. Although progesterone might still

have been metabolized by the 21-hydroxylase, it was

felt that blocking ll Bhydroxylase would back up deoxy

corticosterone and inhibit the 21-hydroxylase or else

that metopirone at high levels would have a non-specific

inhibiting effect on the 21-hydroxylase. Metopirone

does indeed, at least partially, inhibit progesterone

metabolism as both control and ACTH treated values were

higher in the presence of the inhibitor. Metopirone was

present prior to (1 hr) and during the substrate conversion

while AMG was added at the same time. A preincubation may

have increased the effeciency of AMG. The ACTH effect

was still expressed after 4 days of ACTH treatment in
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TABLE 3

EFFECT OF INHIBITORS ON THE

METABOLISM OF PROGESTERONE

EXPERIMENT I PROGESTERONE PRODUCTION

(ng/10° cells)
2 hr 4 hr

CONTROL 240 390

ACTH 110 175

ACTH + AMINOGLUTHETIMIDE 220 150

EXPERIMENT II
CONTROL 177

CONTROL + METOPIRONE 280

ACTH 405

ACTH + METOPIRONE 635

Experiment I: The cells were plated at a density of 2.5
X iO5 cells/cm2 and cultured for ll days. Aminogluthe
timide was dissolved in 70% ethanol and added at a concen
tration of 100 pig in 10 ul. The inhibitor was added at
the same time as the substrate. ACTH (2.2 nM) had been
present for 3 days.

Experiment II: The cells were plated at a density of 0.5
X iO5 cells/cm2 and cultured for l7 days. An aqueous
solution of metopirone (100 mg/ml) was diluted to a
concentration of 100 ug/10 ul in sterile PBS and 10 ul was
added to each well 1 hr before the addition of the
substrate. The inhibitor was also present during the
substrate incubation. ACTH 2.2 nM had been present for
4 days.
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experiment 2 but not after 3 days in experiment l.

There was 2 times as many cells in experiment 1 and, there

fore, a higher concentration of enzyme to metabolize the

same amount of substrate.

VI. A Study of the Enzymes Affecting Progesterone
Metabolism

The initial experiments on 38HSD were performed

with sparse cultures of long term cultered adrenocortical

cells. No problems of progesterone metabolism were

encountered because the hydroxylase enzymes decayed

rapidly in culture and 38HSD activity could be measured

(Fig. 4). The data in Table 4 demonstrates that ACTH

induced both hydroxylase and 38HSD activity by 2 days in

culture. At that time low concentrations of ACTH 2.2 nM

induced enough hydroxylase to convert 13% of the subs

trate. ACTH 22 nM was able to stimulate more hydroxylase

activity as reflected by the 74% substrate conversion rate.

After 5 days of ACTH treatment hydroxylase activity had

further increased and the amount of corticosterone

reflected both conversion of exogenous substrate and

production of endogenous corticosterone. Predictably,

it was not possible to measure progesterone production

after 5 days of ACTH treatment and the values of

progesterone production at 2 days may only be termed

apparent.

Decay of Hydroxylase and 38HSD Activity

When the decay of the hydroxylase enzymes was
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INDUCTION
OF

38HYDROXYSTEROIDDEHYDROGENASE
ANDHYDROXYLASE
(S)BYACTH

TABLE
4 HYDROXYLASE

(S)38HSD

AdditionConcentrationCorticosterone
%

SubstrateProgesterone
*

Substrate
(nM)(ng/well)Conversion(ng/well)Conversion

2DayInduction NONE320
+304113
+2.01.4 ACTH0.221016

+6713527
it
1096.5

2.201150
+
280l4930+170l2.0

22
-
005950
+
400741140+180l4.2

5DayInduction NONE1250
+
10016250
+293.l ACTH0.2284.16

+
105100353
+
1154.4

2.2010,483
+
933100159
+381.9 22.00768

3+
2.403100108l.4

Adrenocorticalcellswereplatedata
densityof3x10°cells/mlandculturedfor
2

weeks.AtthattimeACTHwasgiveneverydayatthe
concentrationsindicated
intheTable andenzymeactivitiesmeasured

as
described
in
SectionIIIAiii. exogenoussteroidsubstratewas8

ug/ml.

The
concentration
of
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compared with the decay of 38HSD (Fig 5) a striking

difference in the rates of decay became apparent. Whereas

the hydroxylase enzymes (either the 21-hydroxylase or

the ll Bhydroxylase or both if neither is rate limiting)

decayed to 25% of the original value at day 2, 38HSD

activity only began to decline after 7 days in culture.

The low levels of substrate converted by hydroxylase on

day l of culture seem to indicate that the cells were

still adjusting to culture conditions. Experiments in

which the acute steroidogenic response to ACTH was

measured confirmed this observation.

Induction of Hydroxylases and 33HSD

The kinetics of induction of the hydroxylases and

33HSD seem to be different (Figs 6, 7). Although the

results of both experiments clearly demonstrated a

difference in the kinetics of induction of the two types

of enzymes the results portrayed in Fig 6 suggest that no

significant hydroxylase induction had occurred at 20 hr

whereas there was a 2 fold induction of activity in the

second experiment (Fig. 7). The experimental conditions

were similar although there were 30 % more cells in the

experiment in Fig 7. The higher number of cells would

be reflected in more hydroxylase enzyme and may have

affected the metabolism of the progesterone formed

by 38HSD.
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VII. Plating Density and Decay of 3 BHSD

In an effort to determine whether the number of

cells in the culture dish (i.e., the amount of the enzyme)

would influence the rate of decay of 3 BHSD, cells were

plated at 3 different densities and the rate of decay

of 3 BHSD was compared (Fig 8). By two weeks in culture

the activity had declined to a low level regardless of

plating density. However, the high density cells displayed

different apparent kinetics because this experiment was

not performed in the presence of an inhibitor of pro

gesterone metabolism. The results from this experiment

demonstrated that the metabolism of progesterone would be

less of a problem in low density cultures.

VIII. Specificity of 33HSD Induction

In addition to ACTH, db.cAMP was the only other

compound tried which was able to induce 3 BHSD activity

(Table 5). Insulin has a general effect on protein

synthesis and has been shown to effect the activity of

several other hormones (Wicks, 1974). FGF has been

shown to promote growth of normal bovine adrenal cells

(Gospodarowicz et al., 1977) and Y-1 cells (Weidman and

Gill, 1977). 3-endorphin is a basic polypeptide, as is

ACTH, and was tested to discount non-specific membrane

effects. Estradiol receptors are present in the adrenal

gland for a presumed trophic effect however, estradiol had

no effect on 38HSD or on the cytochrome system which was

studied by Purvis et al., (1973). Although subs

trate stabilization has been reported to result in
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TABLE
5

PRIMARYINDUCERS
OF33-HSDACTIVITY

INDUCERCONCENTRATIONASSAY

(11g/ml)PROGESTERONE
RIA
HISTOCHEMICALSTAIN

ACTH0.001
++

INSULIN
l--

PROLACTIN
l--

FIBROBLAST GROWTHFACTOR
l-

3–ENDORPHIN
l-

ESTRADIOL
l-

DIBUTRYLCAMP100++
8-BrCGMP100-- AMP250- CMP250- UMP250- ADENINE250-

ADENOSINE250-
PREGNENOLONE
l-

PROGESTERONE
l-
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increased activities of certain enzymes (Schimke, 1970)

pregnenolone had no effect on 3 BHSD activity. In an

effort to test for non-specific effects of dbcAMP the

related nucleotides, nucleosides and bases were tested

with no apparent effect.

A. Effect of ACTH Analogs on 38HSD Activity

Most of the studies described in this dissertation

have been performed with natural porcine ACTH purified by

Eleanor Davis (1976). A synthetic analog Ol-19 ACTH

(Li et al., 1964) was studied to ensure against the
possibility of a contaminant in the natural preparation

and as can be seen it was effective at the same con

centration as the natural hormone (Table 6).

CIP is ACTH (7–38), a naturally occurring peptide

which has been isolated from pituitary glands of sheep

(Pickering et al., 1963) and humans (Li et al., 1978)

and it is a corticosteroid antagonist. As expected CIP

was not able to induce 3 BHSD activity and was not able

to inhibit the ACTH effect at the ratio of CIP/ACTH

tested. A much higher ratio was needed as judged from the

experiments of inhibition of acute steroidogenesis (Li

et al., 1978).

NPS–ACTH and 3 BHSD Activity

NPS-ACTH is an analog of ACTH in which the trypto

phan in position 9 has been modified by the insertion of

a bulky nitrophenyl sulfenyl group on the indole ring
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TABLE 6

EFFECT OF ACTH ANALOGS ON 38HYDROXYSTEROID DEHYDROGENASE

ACTIVITY

ADDITION CONCENTRATION PROGESTERONE

(nM) (ng/50,000 cells/4hr)

NONE 55 + 5

ACTH 1 — 19 0. 39 263 + 37

3.9 427 it 27

39 4.37 ■ 56

390 620 + 60

CIP 270 99 + 21

2700 72 + 4

CIP + ACTH (1–39) 270 + 2.2 407 it 67

2700 + 2 - 2 347 it 33

Adrenocortical cells were plated at a density of l. 5 X 10
The ACTHcells per ml and were cultured for 26 days.

analogs were given for 48 hr. Progesterone production was
measured by RIA as described in Section III A iii.



127

(Ramachandran and Lee, 1970). This analog stimulated

maximum steroidogenesis but only a small amount of

cAMP (Moyle et al., 1973). At a concentration 100 x

that of ACTH (the same ratio needed for maximum steroi

dogenesis) NPS-ACTH was able to induce 3 BHSD with the

same apparent kinetics as ACTH (Fig 9).

B. Effect of Angiotesin II on 38HSD Activity

Angiotensin ll, an octapeptide, is formed in the

body from angiotensin I which is liberated by the action

of renin on a circulating a2–globulin. Angiotes in II

primarily affects the secretion of aldosterone from the

zona glomerulosa, but recent reports suggest that this

peptide can stimulate both the growth and function of

cultured bovine adrenocortical cells (Hornsby and Gill,

1978). Angiotensin II may have a delayed effect on the

induction of 36HSD but the results are not conclusive

(Table 7). In the first experiment the adrenocortical

cells responded to ACTH with the same kinetics as

previously demonstrated. Angiotensin-II seemingly had

no effect except for a significant induction at 72 hr.

In two subsequent experiments, there was no induction

of 38HSD activity at 72 hr even though ACTH was able to

induce the response. The only difference in the experi

mental procedures was that the peptide solution used in

the latter two experiments was made from a stock solution

which had been frozen several months whereas the peptide
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TABLE 7

EFFECT OF ANGIOTENSIN II ON 38HYDROXYSTEROID DEHYDROGENASE

PROGESTERONE PRODUCTION

HOURS ANGIOTENSIN II ACTH (lig/well/4hr

3 496 + 57 55 4 + 38

4.37 ■ 21 746 + 69

12 427 it 21 1120 + 46

28 336 + 10 1200 + 2.30

72 1066 + 27 1066 + 266

5
Adrenocortical cells were plated at a density of 2 X 10
cells/ml and cultured for 14 days. ACTH 22 nM and
angiotensin II lo O nM were added at the times indicated.
The RIA for progesterone was performed as described in
Section III A iii.
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in the first experiment was from a freshly made

solution. Adrenocortical cells treated with angiotensin

II for 5 days did not appear to stain more than control

cells, however, when the cells were solubilized there

was a small but significant increase in dye incorporated

into angiotensin II treated cells relative to control

(Control, 0.16; Angiotensin II, 0.24; ACTH 0. 64). The

significance of angiotensin II on 3 BHSD activity remains

to be determined, nevertheless, the mechanism of induction

has to be different from that of ACTH since the induction

takes days rather than hr.

IX Inhibitors of Protein and RNA Synthesis
on 3 BHSD Activity

Effect of Cycloheximide on General Protein
Synthesis in Adrenocortical Cells

After 6 days of treatment with cycloheximide

(0.15 ug/ml) protein synthesis in adrenocortical cells

was inhibited about 60% and in ACTH treated cell about

70% (Fig 10).

Effect of Inhibitors on Induction of 33HSD

Cycloheximide inhibited both basal and ACTH induced

38HSD activity (Table 8). Increasing concentrations of

ACTH were able to induce significant amounts of activity

in the presence of cycloheximide. This may have reflec

ted the 30–40% leak through of protein synthesis when

the inhibitor was used at that concentration. Actino

mycin D did not significantly affect the basal activity
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Figure lo Effect of cycloheximide on protein synthesis
in adrenocortical cells. Cells were plated at a density
of 1.8 x 10° cells/ml and cultured for 3 weeks. ACTH
(22 nM) and cycloheximide (0.15 pig) were added to the
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additions for 6 additional days with one change of medium
plus fresh additions. At the end of that time the medium
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were pulsed with 10 |Ci/ml of 3H-leucine for 2 hr. Control
(A), Control+cycloheximide (B), ACTH (C), ACTH+ cyclo
heximide (D).
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TABLE
8

EFFECTSOF
INHIBITORS
ONTHEINDUCTION
OF38HSD

InducerConcentrationINHIBITOR
(nM)NONECycloheximideActinomycin-DChloramphenicol

(0.15pig)(0.02ug)(10ug)

NONE
8.4.5+0.524.43+0.486.06+0.7814
-
60+0.90 ACTH2.2x10-123.60+1.948.80+1..337.20+0.9036.00

+0.77 ACTH2.237.50
+2-5012.00+0.938.90+0.9034
.
60+2.50 DIBUTYRYL CAMP2.0x10°32.00

+1..739-30+0.63 Adrenocorticalcellswereplatedata
densityof2x10°cells/ml.After12daysin

cultureACTHanddb.cAMPwereaddedwithorwithoutinhibitorsfor24hr.
Progesterone productionwasassessed

byRIAafter
a

substrate
(8ug/ml)incubationtimeof4hr.
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of 38HSD. This indicates that the primary effect of

ACTH may concern some form of control over RNA synthesis.

Chloramphenicol, an inhibitor of mitochondrial protein

synthesis did not inhibit the activity of 38HSD, a micro

somal enzyme thus demonstrating some degree of specificity.

In fact, chloramphenicol seemed to slightly increase

38HSD which can probably be attributed to the inhibi—

tion of the synthesis of mitochondrial enzymes needed

for the metabolism of progesterone. Cycloheximide also

inhibited the cAMP stimulation of 38HSD activity.

Figure lla, b compares that data obtained by the

RIA and presented in Table 8 with the histochemical assay

of the same cells. The data obtained by two separate

analyses of the same experiment further strengthens the

observations and confirms the reproducibility of both

assay systems.

X. Adrenocortical Cell Ultrastructure

Studies concerning the ultrastructure of cultured

adrenocortical cells have been discussed in Chapter I.

A general review of adrenal ultrastructure is also

available (Malamed, 1975). Early work had established

that the ultrastructure of the rat adrenal changed after

hypophysectomy and characteristics of the mitochondria

seemed to be associated with the functional state of the

cell (Sabatini, et al., 1962). The first extensive

correlation of adrenal ultrastructure and function was

undertaken by Milner (1969). Her work was further
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Figure lla Effect of metabolic inhibitors on ACTH induced
38HSD in cultured adrenocortical cells as measured by RIA
for progesterone. Adrenocortical cells were cultured for
12 days and then received ACTH with and without the inhi
bitors. The cells were incubated with 8 ug of pregnenolone
for 4 hr. Control (A), ACTH 0.22 nM (B), ACTH 2.2 nM (C),
ACTH 0.22 nM + cycloheximide 0.15 ug/ml (D), ACTH 2.2 nM +
actinomycin D 0.02 ug/ml (E), ACTH 2.2 nM + chloramphenicol
10 ug/ml (F).

Figure llb Effect of metabolic inhibitors on ACTH induced
38HSD in cultured adrenocortical cells as measured by a
quantitative histochemical assay. The histochemical assay
was performed on the same cells which were assayed by RIA
as described in Fig 12a. The letters are explained under
panel A.
* The absorbance of a substrate free control was 0.12
which was subtracted from the values for each sample.
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elaborated upon by Kahri et al., (1970) in an extensive

study correlating morphological characteristics of several

organelles with the metabolism of “c-progesterone in

two week old cultures of fetal adrenals. He examined

the cells after they had been treated with ACTH for 5, 12,

24, 48 and 72 hr and not see a morphological effect of

ACTH until 24 hr. At that time there was an increase in

SER and number of polysomes and the mitochondrial cristae

had begun to assume the vesicular configuration. In

Kahri's work the morphological changes coincided with

ACTH induced changes in “c-progesterone metabolism.

In other studies more sensitive measurement of cortico–

teroids demonstrated an effect of ACTH on steroidogenesis

before discernible effects on intracellular morphology

were evident (Stark et al., 1975).

ACTH induced morphological changes of mitochondria

were inhibited by AMD (Kahri, 1968) cycloheximide and

chloramphenicol (Kahri, 1971).

The morphological aspects of this thesis were under

taken to determine if the induction of 38 HSD was correla

ted with the appearance of SER. However, it became

obvious that to unequivocally demonstrate small changes

would require quantitative electron microscopic analysis.

The problems encountered in preparing the cultured adreno

cortical cells for ultrastructural analysis are presented

in section III C ii. The control cells (Fig 12) exhibited

the typical characteristics of the dedifferentiated state.
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Figure 12 Ultrastructure of normal rat adrenocortical
cells. Mitochondria (M), Polysomes (PS), Lipid (L),
Smooth Endoplasmic Reticulum (SER), Nucleus (N), Autophagic
Vacuoles (AV), Golgi (G). The progesterone produced per
cell was 6.3 pg.
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Figure l3 Ultrastructure of ACTH (222 nM) treated rat
adrenocortical cells. Cells from the same experiment
as those in Fig 12 were treated with ACTH for 48 hr. The
progesterone produced per cell was 24.5 pg.
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Figure lA Ultrastructure of rat adrenocortical cells
simultaneously treated with ACTH (222 nM) and cyclo
heximide (l.5 lig/ml) for 48 hr. This is the same
experiment described in the legend of Fig 12. The
progesterone produced per cell was 5.8 pg.
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Figure 15 Ultrastructure of rat adrenocortical cells
simultaneously treated with ACTH (222 nM) and actinomycin
D 0.02 ug/ml. This is the same experiment described in
the legend to Fig 12. The progesterone produced per
cell was 3.8 pg.
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The mitochondrial cristae were tubular, and although SER

was present it was not as prevelant as in the ACTH

treated cells (Fig 13). Cycloheximide (Fig 14) and

actinomycin D (Fig 15) both inhibited the ACTH induced

changes as well as the induction of 38HSD. Long term

biochemical experiments in the presence of AMD were not

possible because the cells became functionally inert.

Cellular damage was evident after only two days of AMD

treatment.

XI. Investigation of Mechanisms Involved in the
Induction of 38HSD by ACTH

The work presented to this point has demonstrated

that 38HSD activity decreased with increasing time in

culture; that this activity could be induced by ACTH and

dbcAMP and, in both cases that the induction was dependent

on protein synthesis. The purpose of the following

studies was to determine whether the increased activity

was due to de novo protein synthesis of 38HSD or the

synthesis of a factor which augmented the activation of

38HSD from an inactive precursor, or decreased the degra

dation of the enzyme.

A. Induction: Activity Proportionality

The induction of 36 HSD was partially proportional

to the length of time ACTH was in contact with the

cells (Fig 16). The cells were pulsed with ACTH for

increasing lengths of time before the hormone was removed.
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Figure 16 38HSD activity after time dependent pulses of
ACTH. Adrenocortical cells were plated at a density of
3 x 105 cells/ml and cultured for 2 weeks. The experiment
was performed by pulsing the cells with ACTH (22 nM) for
the length of time indicated, then removing the medium
and washing the cells once. Fresh medium was replaced.
After 24 hr 8 pig of pregnenolone in 0.01 ul of ethanol was
added to all the wells and incubated for 2 hr. 3BHSD
activity was estimated by progesterone RIA. Control (A),
ACTH less than 30 seconds (B), ACTH 10 minutes (C),
ACTH 1 hr (D), ACTH 3 hr (E), ACTH 8 hr (F), ACTH 24 hr (G).
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Cells treated with ACTH for 30 seconds did not evidence

an increase in 33 HSD activity which demonstrated that ACTH

could be completely washed from the cells. A ten minute

induction period was sufficient to induce significant

38HSD activity however longer pulses generated more activity.

This demonstrated that a short pulse of ACTH did not esta

blish a "cascade" effect which then no longer required

the presence of the hormone. The effect was not completely

proportional, i.e., l hr with ACTH did not generate 6 X

the activity of 10 minutes with ACTH.

B. Comparison of Half-lives of In Vivo and
In Vitro 38HSD

The primary cultures of adrenal cells used in these

experiments were prepared from the excised adrenals of

intact rats. The functional state of the cells the first

few days in culture presumably reflected the in vivo

state. It was important to determine whether the 38HSD

activity induced by ACTH was comparable to the in vivo

state, therefore, the kinetics of decay of the enzyme

from newly plated cells and from 2 week old cultures

treated with ACTH were compared (Fig 17). The half lives

of the natural and ACTH induced activities were found to

be the same statistically. Further significance of this

experiment derived from previous work which demonstrated

that TAT induced by steroids decayed at a rate consistent

with the known half life of the enzyme. However, cAMP
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Figure 17 Comparison of half lives of natural and ACTH
induced 38HSD activity. Cells were plated at a density of
3 x 105 cells/ml. 3BHSD activity was measured by RIA. On
the lAth day of culture ACTH (22 nM) was added to all of
the wells for two days. At the end of that time the medium
was changed and the cells reassayed for 38HSD at the times
indicated. The data was analyzed by the method of non
linear least squares to give the approximate half lives.
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induced TAT activity fell off immediately when cAMP was

withdrawn. The kinetics of decay of 38HSD activity after

cAMP induction are yet to be determined.

C. Effect of ACTH on the Decay of 38HSD Activity

The breakdown of enzymes almost always follows first

order kinetics signifying that degradation is a random

event and not due to aging of enzyme molecules (Goldberg

and Dice, 1974). An enzyme is only degraded when it is

in a certain conformation and susceptible bonds are

exposed. A hormone could alter degradation by shifting

the concentration of a stabilizing substrate or co-factors

such as membrane phospholipids (Schimke, l970). It is

thought that lysosomes probably function in an all or

none basis in cell death however, some specific proteases

have been found that carry out limited cleavage of pyrido

xal containing enzymes (Schimke, l970) illustrating the

possible basis for the involvement of synthesis of a

specific protein involved in preventing degradation.

A recent publication has announced that ACTH was

able to inhibit the release of *H-leucine labled TCA

in soluble proteins from cultures of Y-l cells thus implying

that ACTH can inhibit general protein degradation in these

cells (Dazord et al., 1977b). These results could not

be reproduced in the rat adrenal cell cultures.

If ACTH induced 38HSD by affecting protein degrada

tion directly, it would prevent the decay of the enzyme
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activity in the presence of cycloheximide (Fig 18).

In the previous sections it has been demonstrated that

cycloheximide inhibited the induction of 38HSD, therefore,

two week Old Cultures of adrenocortical cells were induced

with ACTH alone. The ACTH induced levels of 33HSD

represent the zero time point in Fig 18. If ACTH was

not removed the enzyme activity did not decay over the

additional two week culture period. However, if cyclo

heximide was added the decay rate approximated that

of the control. The slightly high levels of enzyme

activity in the presence of ACTH and cycloheximide was

attributed to the leak through of protein synthesis

when the inhibitor was used at that concentration. The

decay of 38HSD was not altered by cycloheximide alone.

This suggested that it was not necessary to synthesize

a protein to inactivate 3BHSD (Amenta et al., 1977).

This experiment was repeated with exactly the same results.

Similar experiments were attempted with AMD but were not

successful because the cells did not survive after 3 days

with AMD (0.02 pg/ml). At a concentration of 0.002 ug/ml

AMD did not block induction of 38HSD.

D. Induction of 38HSD by an ACTH Induced
Soluble Factor

The optimum time for assaying 38HSD in adrenal

cell homogenates was determined to be 2 hr (Table 9).

The results presented in Table lC argue against the

induction of a soluble factor which activates 3 BHSD.
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Figure 18 Effect of ACTH on the decay of 33HSD activity.
Adrenocortical cells were plated at a density of 4.5 x 10
cells/ml and cultured for 2 weeks. At the end of that time
ACTH 22 nM was added to all the wells for 3 days. ACTH
was then removed and the cells were assayed for 38HSD
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Figure 18 (continued)
activity. After the 0 time point was obtained the fol
lowing additions were made. None (—0—), cycloheximide
0.15 L g/ml (—0—), ACTH (–X—), ACTH + cycloheximide
( _ —). The cells were cultured for two weeks in the
presence of the various additives and assayed for 33HSD
at the appropriate time points by RIA. The data was
analyzed by the method of non linear least squares and
adjusted to a two parameter fit.
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TABLE 9

EFFECT OF INCUBATION TIME ON 38HSD ACTIVITY

IN ADRENOCORTICAL CELL, HOMOGENATES

INCUBATION TIME PROGESTERONE

(minutes) (Hg/10 ul Enzyme)

CONTROL ACTH

7.5 2 l. l 225

15. 0 22. 3 228

30 23. 3 295

60 29. 0 4.25

120 38. 8 875

Adrenocortical cells were plated at l X 10% cells/ml in
60 mm dishes and cultured for l? days. Some of the cells
were induced with ACTH (22 nM) for 48 hr. The control
and ACTH treated plates were washed with CMF and the
cells trypsinized. The cell solution was centrifuged at
full speed in a clinical centrifuge and the resulting
pellet homogenized with 300 ul of Tris-HCl pH 8.3. The
homogenates from the control and ACTH treated cells were
assayed in vitro by incubating the samples in an assay
buffer with vigorous shaking in a 37C water bath. The
assay buffer consisted of 200 ul of Tris HCl pH 8.3
containing NAD (0.16 ug) and 10 ul of pregnenolone (8 Ug)
in ethanol.
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TABLE10

EFFECTOFA
SOLUBLEFACTORON

38HYDROXYSTEROIDDEHYDROGENASEACTIVITY
EnzymePreparationProgesteroneProduction(ng/10ulEnzyme)

PreincubationTime(hr)

024

Controlsupernatant(Cs)1276813
Controlprecipitate(Cp)25045l4 ACTHsupernatant(As)4076719 ACTHprecipitate(Ap)70021748 A+C93523578 pS

A+C7677026 Sp The
adrenocorticalcellcultureandisolation
ofthehomogenatewasperformed
as
described

inthelegendtoTable9.Thehomogenatethusobtainedwasspuninan
airfugeat132, 000Xgfor30

minutes.Thevolumeofthesupernatantobtainedwas500Llandthepre cipitateswereresuspended
in500ulof
Tris-HCl
pH8.3.Theenzymewasaddedin10ul

aliquotsandthevolumeofthe
non-combinedenzymeswasadjustedwithtrisHClbuffer accordingly.

Thefirstsetofpointswasassayedimmediately
for2hr.
Additional enzymewasplacedintheassaytubesand

preincubated
at37Cfor2or4hrafterwhich timeassaybuffer,pregnenolone

andNADwereaddedandthemixtureassayedas
described

inthelegendtoTable9.
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Figure 19 Adrenocortical cells were plated at a density
of l x 10° cells/ml. They were cultured for 2 weeks and
then induced with ACTH for the time indicated in the figure.
38HSD activity was assessed by progesterone production.
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The effect of ACTH supernatant (As) on the control pre

cipitate (Cp) was only additive (20 ul of ACTH precipitate

(Ap) = 1327 ng progesterone/2 hr.). Control supernatant

(Cs) was not able to inhibit the activity of the Ap?
The significance of this observation is underscored by

a recent communication which described an MSH induced

soluble factor which activated tyrosinase in cultured

melanoma cells (Wong and Pawelek, 1975). In those experi

ments homogenates from control cells inhibited the activity

of MSH treated cells.

In this study, the enzyme preparations were assayed

immediately after preparation (0 time) or after being

preincubated for 2 and 4 hours at 37C. It was thought

that the activation process might require time. The

same results were obtained with the preincubated enzymes

except that the activity was progressively lost with

increasing preincubation times.

E. Analysis of Kinetics of Induction

An interpretation of the data presented thus far

would seem to indicate that ACTH does not induce 38HSD

by phosphorylating the enzyme, allosteric activation or

a proteolytic conversion of an inactive zymogen. An

analysis of the kinetics of induction by Dr. Vojtech

Licko has confirmed and extended these observations. The

induction of 38HSD at two different concentrations of

ACTH is presented in Fig 19. The lag period is obvious
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and whatever occurred in the interval of time between

the addition of ACTH and induction of 38HSD activity may

be considered the rate limiting step. If 38HSD were being

activated directly the activity would have appeared

without a discernible lag period. The experiment was

performed with 3 concentrations of ACTH 0.22 nM, 2.2 nM

and 22 nM. The curves generated by 2.2 nM and 22 nM of

ACTH were not significantly different. The straight lines

in Fig 20 were obtained by comparing the amount of pro

gesterone generated by 0.22 nM of ACTH at every time point

indicated in Fig 19 with the amount of progesterone

generated by 2.2 nM or 22 nM of ACTH for the same time

point. In either case the result is a straight line

which does not significantly deviate from an origin of zero.

This indicated that ACTH must have been acting at a

step (s) before the rate limiting step.

XII. Discussion

ACTH may have a dual affect on the activity of all

of the major enzymes of the adrenocortical pathway.

The activity of at least two of the enzymes increases

immediately after ACTH administration co-ordinately with

the acute steroidogenic response, and at least 3 steroi

dogenic enzymes are induced with a substantial lag period

following hormonal induction.

About 4 hr is required before increased 38HSD

activity can be detected after ACTH treatment. Very
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preliminary studies suggest that the hydroxylase enzymes

involved in steroidogenesis may be induced with kinetics

different from those of 33 HSD. However, it has been

difficult to deduce the absolute kinetics of 38HSD

induction because the assay end point, progesterone,

is metabolized as the other enzymes are induced. The

experiments with inhibitors of progesterone metabolism

were partially successful but absolute kinetics may be

better determined if the disappearance of pregnenolone

were used as an assay end point rather than the appearance

of progesterone.

ACTH and db.cAMP seem to be the only primary inducers

of 38HSD although it should be emphasized that the other

hormones were tested for only one time point (either

24 or 48 hr) and at only one concentration. These pre

liminary studies can not rule out an affect of one or

more of these hormones under different conditions, for

example, with longer periods of induction, in certain

combinations or sequential administration.

38HSD has been associated with the microsomal fraction

of adrenocortical cells (Ford and Engel, l974) as an

integral protein. Integral proteins are not easily

freed from the membrane because they are insoluble in

ordinary aqueous media. Therefore it was disconcerting

to note that a substantial amount of activity was present

in the soluble fraction of a homogenate which had not

been treated with detergent (Table lo). This activity most
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likely resulted from shedding of the membrane due to the

physical disruption of homogenization or from proteolysis

since the homogenate was centrifuged at room temperature.

38HSD binds Triton X-l90 and peripheral proteins do not

bind detergents very well (Singer, 1974).

38HSD most likely resides in some manner amongst the

phospholipids of the SER as an integral protein and as

such may depend on local phospholipid interactions for

activity. Some microsomal enzymes have an absolute

phospholipid requirement either as a co-factor or to produce

a specific environment conducive to activity (Zakim , l971).

Both hepatic uridine diphosphate glucuronyl transferase

and hepatic glucose-6-phosphatase are activated by phos

pholipases and demonstrate that in some cases the phos

pholipids may constrain enzyme activity (Zakim, l971).

ACTH has been reported to activate a calcium dependent

phospholipase which exhibits maximum activity at pH 7.4

in homogenates of isolated cat adrenocortical cells

(Laychock et al., 1977).

Since both 38HSD and the SER are induced by ACTH,

it was of interest to determine if the induction of both

events is linked. The answer to this question will

require quantitative electron microscopic analysis in

conjunction with cytochemical markers and biochemical

correlates. Such an approach has led to the conclusion

that biogenesis of hepatic SER occurs as phospholipids

are synthesized in situ while proteins synthesized in the
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RER move to the site of newly synthesized phospholipid

where they are inserted (Higgens and Barrnett, 1972).

The results presented in this chapter discount a rapid

effect of ACTH on membrane phospholipids as a mechanism

of activating 38HSD. However, the synthesis of a molecule

which affects phospholipid synthesis can not be discounted.

Primary cultures of adrenocortical cells provide a

good system for studying membrane proliferation and enzyme

activity as ACTH may co-ordinately control the activities

of all the steroidogenic enzymes which are located on

membranes of the mitochondria and SER. The cytochrome

P-450 can constitute up to 30% of the SER membrane and

since it has to interact with co-factors and other enzymes

to form a complex, the synthesis of the membrane and

biological activity of its enzyme proteins must be linked

in some manner.

Since the induction of 38HSD by both ACTH or dbcAMP

is inhibited by cycloheximide, it is probable that

protein synthesis is somehow involved in the induction

process. The induction of 38HSD is inhibited by AMD which

implys that RNA synthesis is also necessary. It is

generally assumed that m-RNA synthesis is inhibited by

AMD because the inhibitor binds directly to DNA and

inhibits the formation of RNA. Very low concentrations

of AMD used for less than 4 hr have been reported to

specifically inhibit r-RNA (Penman et al., 1968), however,

any specificity would have been lost in our work due
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to the long incubation periods with AMD (24–48 hr).

The involvement of specific RNA intermediates could

be more accurately assessed with other inhibitors such

as 5 azacytidine or cordycepin.
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CHAPTER 5

THE SYNTHESIS OF AN ACTH INDUCED PROTEIN

The work presented in the previous chapter has

demonstrated that ACTH does not affect the degradation of

3 £HSD nor does it activate the enzyme directly. Since

inhibitors of protein and RNA synthesis blocked the

induction of this enzyme activity, it seemed likely that

3 £HSD synthesis was being increased in response to hormone.

In an attempt to investigate this possibility Triton

X-100 solubilized adrenal cells were electrophoresed and

3 BHSD activity was localized on these gels histochemically.

Membrane proteins can bind up to their own weight in

Triton X-l90 and since they bind individual detergent

molecules and not co-operatively they are not denatured

in the presence of this detergent (Clarke, 1975).

Sodium dodecyl sulphate (SDS) is an ionic detergent

which solubilizes membrane proteins by competing for the

lipid binding sites of the protein (Makino, et al., 1973).

The binding of the detergent to the membrane proteins is

co-operative and consequently the proteins are solubilized

in denatured, inactive forms necessitating immunological

identification (Clarke, l975).

The work presented in this chapter details the

methods used to investigate the de-novo synthesis of the

ACTH induced protein and to correlate this protein with

3BHSD activity.

A brief review of previous work concerning the
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involvement of ACTH with adrenocortical protein and RNA

synthesis is included here as background information with

the intent of providing perspective to the studies in

this chapter.

The Control of Protein and RNA Synthesis as the
Basis for ACTH Trophic Action

The acute steroidogenic response requires protein

synthesis (Garren, l968). Although the results are not

unequivocal, ACTH stimulated protein synthesis results

from an increased synthesis of specific proteins related

to the steroidogenic pathway as opposed to an increase

in general protein synthesis (Kowal et al., 1970). The

protein synthesized during the acute steroidogenic

response is very labile and is believed to aid the

transport of cholesterol into mitochondria (Garren, 1968).

Two specific ACTH induced proteins have been isolated

from Y-l tumor cells. The synthesis of adrenodoxin, a

component of the mitochondrial P-450 hydroxylating

system has been shown to increase after ACTH administration

(Asano and Harding, 1976) and that work has also been

discussed in this dissertation in chapters l and 4.

Dazord et al., (1977a) have isolated a small molecular

weight protein (3500) on 20% SDS gels which they showed

to be distinct from adrenodoxin. Two hours with ACTH

was sufficient to induce significant synthesis of both

adrenodoxin and the small peptide and, in the case of

the latter molecule, a plateau in the synthesis seemed
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to occur after 4–7 hours.

The synthesis of these molecules seems to be in the

realm of ACTH trophic action because the protein synthesi

zed during the acute phase of steroidogenesis appeared

minutes after ACTH administration. If ACTH plus cyclo

heximide was infused into rats after maximum steroidoge

nesis occured a 50% drop in steroidogenesis was evident

by 5 minutes (Garren, 1968).

Several investigators have proposed that functional

alterations resulting from phosphorylation of ribosomal

proteins represent the mechanism of ACTH regulation of

protein synthesis. Microsomes containing ribosomal

proteins were phosphorylated by cAMP dependent protein

kinase 50 times more than other subcellular fractions

(Ichii et al., 1974) although cAMP and ACTH could increase

the phosphorylation of both ribosomal and cytosolic

proteins (Roos, 1973). Cyclic AMP receptor protein

and protein kinase activity have also been directly

demonstrated in the microsomal fraction of adrenocortical

cells (Walton et al., 1971).

ACTH is able to regulate glucocorticoid levels within

minutes of its interaction with the adrenal and this effect

is dependent on protein synthesis. Actinomycin D cannot

inhibit the acute steroidogenic response and this implies

that the acute regulation of steroidogenesis is independent

of RNA synthesis (Garren, 1968).

The involvement of RNA synthesis in the induction
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of adrenodoxin or the small molecular weight peptide was

not assessed. Both 33 HSD activity and the ACTH induced

protein are dependent on RNA synthesis. More detailed

work will be necessary to reveal what type of RNA is

involved in 38HSD induction.

ACTH was able to increase the RNA content of the

adrenal and the greatest increase was in ribosomal RNA

(Bransome and Reddy, 1961). ACTH and db.cAMP were also

able to increase RNA polymerase I activity and it is

this enzyme which catalyzes the synthesis of ribosomal

RNA (Fuhrman and Gill, 1974). RNA polymerase II catalyzes

the synthesis of heteronuclear RNA and messenger RNA.

The induction of RNA polymerase I activity was significant

at 4 hours and reached a maximum at 16 hours. Interestingly,

this slightly precedes and parallels the induction of 38HSD

activity. ACTH regulates RNA polymerase I activity, in

part, by increasing the rate of RNA chain elongation

(Fuhrman and Gill, 1975).

Many interesting questions remain to be resolved.

Does ACTH control both protein and RNA synthesis through

the phosphorylation of specific proteins by cAMP? Can

ACTH act independently of cAMP and possibly intracellularly

to effect different controls?

ACTH increased RNA polymerase activity has been

observed in adrenal nucleii (Farese and Schnure, 1967).

Perhaps future studies will reveal that ACTH has a nuclear

receptor. Another interesting hypothesis by Szego et al.,
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(1974) has implicated lysosomal enzymes as modulators

of ACTH trophic action because lysosomal membranes were

destabilized by ACTH treatment and the enzymes from these

organelles were subsequently found in the nucleus.

It is hoped that answers to these questions may be

pursued through the further studies of the mechanisms

of the ACTH induced protein

I. Materials

Electrophoretic Reagents

acrylamide

ammonium persulfate

Coomassie Brilliant Blue

TEMED

SDS

glycine

TRIS

Triton X-100

Isotopes

“c-leucine
*s-methionine

Scintillant – Gel Solubilizers

(3 3 HSD).

Electrophoresis purity
Bio Rad

Aldrich Chemical Co.

Eastman

J. T. Baker

New England Nuclear

New England Nuclear

hydrogen peroxide, 30%

NCS

PCS

POPOP

Mallinckrodt

Amersham/Searle

Nuclear Enterprises Inc.
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Scintillant - Gel Solubilizers (continues)

PPO Nuclear Enterprises Inc.

toluene, scintillation grade Research Products, Int.

Isolation of 38HSD

Cellex-E Bio-Rad

glycine MERCK

phenol reagent Fisher Scientific

polypropylene microcentrifuge
tubes Cole Palmer Instruments

II. Methods

A. Cell Culture and Sample Preparation

Cells were prepared from (300–400 g) male rats and

cultured as described in Chapter 2 (II A). Thirty to

forty rats were required for each experiment. The cells

were plated in 60 mm plastic petri dishes in a volume of

5 ml at densities described for each individual experiment.

After the cells were treated with ACTH and pulsed

with the isotope the medium was removed and the cells

were washed 3 X with PBS. The PBS was removed and lo 0 |ll

of Triton X-100 (2–4% in pH 8.3 tris-HCl buffer) was added

and the cells were scrapped with a rubber policeman. The

cell suspension was transferred to the next plate in the

group and the process repeated. Finally, the collected

cells were placed in a glass homogenizer (1 ml capacity)

and the plates were rinsed with an additional lo 0 pil of

homogenizing buffer.
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The cells were homogenized by drawing a teflon

pestle up and down approximately 30 times. The homogenate

was spun at 41,000 RPM (about 90,000 X g) for 1 hr in

a Spinco ultracentrifuge. Polypropylene microcentrifuge

tubes (0.5 ml) were used.

After centrifugation the supernatant was removed,

placed in glass culture tubes (12 X 75 mm) and made 20%

with glycerol. The samples were kept at -20C and seemed

to lose all enzyme activity after a week at this tempera

ture.

38HSD preparations from whole rat adrenals were

prepared by homogenizing the adrenals in tris-HCl-Triton

X-l'O0 buffer and processing the homogenate in exactly

the same way as the cell homogenates.

B. Gel Electrophoresis

The gel apparatus used in these studies was designed

after the Hoeffer Slab Apparatus. It consists of two glass

plates which sandwich the gel and which are clamped into

an acrylic box support. A detailed description of this

apparatus as well as the general theory of gel electro

phoresis is given in the Dissertation of Catherine Behrens,

University of California, San Francisco, 1978, pp 123

l40.

The solutions used were as follows:

A. Separating Gel Buffer: 0.563 M Tris-HCl, pH 8.8
(0.1% Triton X-l()0)

B. Stacking Gel Buffer: 0.139 M Tris-HCl, pH 6.8
(0.1% Triton X-100)

C. Gel Rinse Solution: A : B (2:1)
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D. Acrylamide Stock Solution: 30% acrylamide, 0.8% bis,
(0.1% Triton X-100)

E. Electrode Buffer: 3.0.3 g tris, 14.4 g glycine, l g
Triton X-l90 per liter, pH 8.3

All solutions were stored at 4C and found to be

stable for several months. The acrylamide stock solution

was stored in a dark glass bottle.

The separating gel was mixed by gently swirling

20 ml of A, 3 ml of C and 7 ml of D. This combination

resulted in a 7% gel which was used exclusively for all

Triton X-100 gels.

The solutions for SDS gels were exactly the same

except that SDS replaced Triton X-100. All SDS gels

were lo # and were mixed by combining lo ml of D with

20 ml of A. The SDS separating gels were polymerized

with 8 pil of TEMED and 160 pil of ammonium persulfate

solution (5% w/v in water, prepared fresh). For Triton

X-l90 gels it was necessary to use 300 ul of ammonium

persulfate and the same amount of TEMED. Under these

conditions about l hr was necessary for the gel to poly

merize. The stacking gel (3%) was prepared by adding

l ml of D to 9 ml of B, followed by 5 ul of TEMED and

200 ul of ammonium persulfate solution (5% w/v) and was

the same for both SDS and Triton X-l90 gels.

The comb was always inserted during polymerization

of the separating gel. If it was inserted after the

polymerization of the separating gel, the latter gel

would buckle. After polymerization of the stacking



l66

gel the slab apparatus was placed in the buffer container,

tris-HCl buffer was added to both compartments and the

comb removed. The apparatus was covered with saran wrap

and allowed to equilibrate overnight at 4C. All Triton

X-100 gels were run at 4C to minimize inactivation of the

enzyme. Samples were applied with disposable micropipets

or Lang–Levy micropipets. The volumes varied from 5 to 30

ul and the protein concentration from 20 to lo 0 || g. The

samples were electrophoresed until the dye front reached

the bottom of the gel.

The gels were sliced with a hand held gel slicer

which consisted of razor blades, spaced with washers

to provide gel slices of approximately 2 mm. The razor

blades were held together by a large screw which was

bolted into a plexiglass back. The Triton X-100 gels

were sliced at room temperature but subsequent work

with SDS gels was done with gels which had been frozen

with dry ice. This facilitated the slicing and prevented

possible diffusion of protein in the gels waiting to be

cut. The gels were always sliced and solubilized immediate

ly after they were run. For future work, a recent method

of cutting out specific proteins from dried, stained gels

is recommended (Albanese and Goodman, 1977).

Triton X-l90 gels were placed in scintillation vials

with 500 lul of NCS-water (9:1), tightly capped and

incubated at 37C overnight. The vials were uncapped in

the hood and 25 pil of glacial acetic acid was added to each
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Vial to prevent chemiluminescence. The scintillant used

was toluene based and consisted of 6 g of 2, 5 diphenyl

oxazole (PPO) and 75 mg of 1,4 bis-2- (4 methyl-5-phenyl

loxazolyl-benzene (POPOP) per liter of toluene.

Since SDS, itself, inactivated 33HSD all SDS gels

were run at room temperature with a bucket of dry ice to

cool the front plate in order to prevent heat diffraction

patterns.

Slices of Triton X-l90 gels which were rerun on SDS

were always sliced from strips of gel slightly larger

than the channel to insure against loss of radioactivity.

The slices were cut in half and the two halves were

positioned through the buffer into the appropriate channels

of the spacer gel with the aid of the needle of a 3 ml

hypodermic syringe. A 0.5% agarose solution made 20% with

glycerol, was carefully injected into the channel con

taining the gel slices. This solution polymerized at

room temperature and kept the gel pieces in place. A

heat lamp positioned to shine on the gel facilitated the

handling of the agarose solution. All samples applied to

all gels that were to be sliced were always applied to

alternate channels. All SDS gels were frozen and sliced

as previously described. Unstained slices were placed

in scintillation vials and 250 pil of 30% hydrogen peroxide

was added to each vial. The vials were capped and tighte

ned but not locked. They were placed in test tube racks

and heated to 50C overnight. If the vials were not
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capped tightly enough the hydrogen peroxide would

completely evaporate and it was necessary to add 250 pul

of water before adding PCS. It was important not to let

the vials sit on the wire racks because the bottoms of

the plastic vials melted.

Gel Staining The solutions used were as follows:

Coomassie Blue Stock Solution: 0.25% Coomassie Blue (w/v.

in water).

Staining Solution A : (25 ml isopropanol, l0 ml glacial

acetic acid, 55 ml water, 10 ml Coomassie Blue stock).

Staining Solution B: (10 ml isopropanol, 10 ml glacial

acetic acid, 79 ml water, l ml Coomassie Blue stock).

Gels were stained for protein with Coomassie Blue.

Triton X-l90 gels were stained for l hr in solution A only

before destaining in 10% acetic acid. SDS gels were

stained in solution A a minimum of 3–4 hr and 6–10 hr

(overnight) in solution B before destaining.

Triton X-l90 gels were stained for 38HSD by placing

the gel in a covered plastic container or foil wrapped

glass beaker with 50 ml of the staining mixture (Chapter

4 III A ii) . The gels were stained at room temperature

and in the dark. The stain usually appeared by 2 hr

however, in some cases it was necessary to stain for 24 hr.

If the substrate was not present in the staining mixture

the gel did not stain. The slices containing the stain

were identified by slicing the gel. The entire gel turned

dark in a matter of days after being stained for 38HSD
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so scans had to be performed within 24 hr after staining.

C. Double Label Experiment Special Considerations

The cells were cultured as previously described and

experimental conditions are given in the legend to figure

2. A volume problem was encountered due to the difference

in specific activity of the two isotopes (*H and 14c).
l 4The specific activity of C-leucine was 310 moi/ml and

5 Ci/ml for *H-leucine respectively. Since **c-leucine
was in 0.0l N HCl equal volumes of this solvent were

added to the cells which received *H-leucine. The amount

of HCl lowered the pH of 4.5 ml of medium by 0.2 pH units.

An improvement in the procedure for counting double

labeled gels was followed (Zaitlin, 1970). The counter

settings were as follows: 3H 14C
Gain 90% 10%

Lower Window 50 300

Upper Window 550 1000

Counting Efficiency 19% 55%

Calculations

The above settings gave maximum counting efficiency

with a minimum of spillage, nevertheless 27% of 14c Counts

spilled into the 3H channel and 8% of the 3H counts spilled
l4

into the C channel. Therefore, the corrected values

were 27% less of the *H counts registered and 8% less of

the l4c counts in addition to the corrections for the

efficiency. If the counts registered by the counter

reflect cross-contamination in both channels, the rigorous
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correction involves solving two simultaneous equasions for

each point (Kobayashi and Maudsley, 1974). These calcula

tions were performed for the slice in which peak 38HSD

activity was indicated by the histochemical stain and the

use of the approximations in calculating the rest of the

points was validated.

D. Radiochemical Assay of Conversion of *H-Pregneno
lone to Progesterone by Slices of Triton X-l90
Gels

The gels were sliced as previously described and

placed into glass tubes (12 x 75 mm) in a 0C water bath.

200 ul of tris-HCl buffer, pH 8.2 containing 160 ug of

NAD was added to each tube. 50 pil of *H-pregnenolone
was diluted with 500 lul of 100% ethanol to 600,000 counts

per lo Ll and 10 Ll was then added to each tube. The

tubes were incubated with vigorous shaking for 3% hr at

37C in a water bath. The reaction was stopped by adding

200 ug of both progesterone and pregnenolone in 100 pil

of lo 0% ethanol. The vials were lyophilized, the contents

resuspended in 25 pil of ethanol, 20 pil of which were

spotted on silica gel plates. The plates were chromato

graphed in chloroform-methanol (99 : 1). Spots corresponding

to *H-progesterone were identified by UV, scrapped out

and counted with PCS.

E. Radioimmunoassay of Progesterone in Triton X-l90
Gel Slices

Samples of Triton X-l90 homogenized rat adrenals and

cultured cells were prepared as previously described and
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run on Triton X-l90 gels. The gel was sliced and the

slices placed in glass tubes (12 x 75 mm) with 200 ul of

tris-HCl buffer, pH 8.2. The incubation buffer contained

160 L g of NAD. One pig of pregnenolone in 100% ethanol was

added to each tube. When the same proportional concen

tration of pregnenolone in ethanol was added to a large

batch of buffer it precipitated out. The tubes were

incubated at 37C for 3 hr in a water bath with vigorous

shaking. The reaction was stopped by placing the tubes

in the -20C freezer. The medium was diluted 100 X

and assayed for progesterone by RIA.

F. Conversion of Pregnenolone to Progesterone
In Vitro

The assay was performed exactly as described above

except that the homogenates rather than the gel slices

were added to the tubes.

G. Isolation of 38HSD from Rat Adrenals

This procedure was adopted from a published procedure

for the isolation of 38HSD from beef adrenals (Ford and

Engel, 1974). Ten g of whole rat adrenals were collected

and kept at -20C. The glands were homogenized in 15 ml

of 150 mM KCl and spun in a clinical centrifuge for lb

minutes at 1200 X g. The precipitate was discarded and

the supernatant was frozen for l’s days at -20C. Much of

the enzyme activity was most likely lost as a result of

the prolonged freezing. After thawing the supernatant

was spun in a Spinco ultracentrifuge at 41,000 RPM
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(about 90,000 X g) for 1 hr. The resulting precipitate

was successively rinsed with 1) 5 mM NaPO, -150 mM KCl4

and 2) 5 mM NaPO4. The washed precipitate was then

homogenized with 4% Triton X-l()0 in 5 mM Napo, 20 X

with a ground glass homogenizer. This homogenate was

spun at 41,000 RPM for 1 hr. Small volumes were centri

fuged in 0.5 ml microcentrifuge vials as previously

described. The supernatant was made 20% in glycerol and

applied to a cellex-E column.

The cellex-E was washed according to the procedure

of Himmelhoch (1971). The powder was first suspended in

lM NaOH and then rinsed with water until neutral. The

procedure was repeated with l M HCl and rinsed until

neutral. The gel was then washed with 50 mM Na

containing 20% glycerol with 0.5% Triton X-l90 and

packed in a glass column measuring l cm X 15 cm. The

column was equilibrated with the same buffer at 4C over

night. The column was run at 4C. The sample prepared

as previously described, was applied and the column was

eluted with 5 mM NaPo, (20% glycerol-0.5% Triton X-l90).
Two ml fractions were collected. All of the material

passed through the column and appeared with the Vo of

the column in tube 5. The effluent was stored in this

tube at -20C. The cellex-E effluent contained l. 6 mg of

protein. The various homogenates were assayed in vitro

as previously described. The incubation time was 30

minutes. The medium was diluted lo 0 X and assayed for
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progesterone by RIA.

H. Analysis of Proteins Solubilized with Triton X-100

Lowry Reagent 0.5 ml of a 4% solution of sodium

potassium tartarate in water was added to 0.5 ml of a 2%

solution of cusoa-5 H., O in water and diluted to 50 ml with2

a 3% solution of anhydrous sodium carbonate in 0.1 N NaOH.

Procedure

Two ml of the reagent was added to 0.2 ml aliquots

containing either 0, 10, 20 or 40 g BSA-Triton X-l90

0.1% or the unknowns. 50 l l of a 6% SDS solution was

added to each tube to prevent any interference of the

Triton X-l90 (Ford and Engel, 1974). The mixture was

incubated at room temperature for 10 minutes then mixed

while vortexing with 0.2 ml of a l N solution of phenol

reagent. The O. D. was read at 660 nM after 30 minutes.

III. Incorporation of Leucine into ACTH Induced 3 BHSD

Four experiments were performed using *H-leucine to

label control and ACTH treated cultures. Experimental

details are compared in Tables l, 2 and 3. In none of

these experiments was there any indication of increased

incorporation of radioactivity into any peaks of the

ACTH treated samples. Most of the radioactivity was

incorporated into the high molecular weight regions of

the gel. A typical gel pattern is represented by Fig l.

The counts in the middle may represent contamination from
- - 3

- -unincorporated isotope as H-leucine runs in a broad band
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TABLE
1.

INCORPORATION
OF
H-LEUCINEINTOCULTUREDADRENOCORTICALCELLS

CONDITIONS
OFCULTUREANDINDUCTION

*H-Leucine

NumberofCellsTimeinACTHTimeofPulse
PlatedCultureConcentrationInductionConcentrationTime

Experiment(105/cm2)(weeks)(nM)(hr)(luCi
)
(hr)

l3.64ll48103 25.5322012501.5 3
5.5222013501.5

45.0415506

220
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TABLE
2

3

INCORPORATION
OF
H-LEUCINFINTOCULTUREDADRENOCORTICALCELLS Experiment

PREPARATION
OFSAMPLES

Buffer
%

TritonX-100Volume*H-LeucineIncorporated/5
ul

(ul)Homogenate(CPM)

ControlACTH

5mMNaPoapH6.5l100233325.20

SpecificActivity(CPM/mgProtein)

Tris-HCl
pH8.22

2001.4x10°1.2x10° Tris-HCl
pH8.22

2008.6x10°7.8x10° Tris-HCl
pH8.22

20010.0x10°9.0×10°
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TABLE
3

INCORPORATION
OF

*H-LEUCINEINTOCULTUREDADRENOCORTICALCELLS
RECOVERY
OF
RADIOACTIVITYFROMTRITONX-100GELS

RadioactivityRadioactivity
%

Recovered Applied(CPM)Recovered(CPM)Radioactivity
ExperimentControlACTHControlACTHControlACTH

l
596170111908lll63216 2

9.28811,5203.256205.73518 3
72,00064,00012,10094.901715
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Gel Slice Number

Figure l Distribution of *H-leucine among proteins of
solubilized adrenocortical cells. This figure represents
the data from experiment 3. All of the experimental
details are given in Tables l, 2 and 3. The shaded area
from slices 2-4 represents the only area of the gel to
stain for 38HSD with these samples. Control (—0—),
ACTH (—0—).
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in this position.

A. Double Label Experiment

A precise application of the same amount of sample

was difficult and the amount of radioactivity recovered

from control and ACTH samples was not always the same

(Table 3). In an attempt to overcome this problem and to

ensure that the negative results were not due to technical

error a double label experiment was performed. Control

cells were labeled with H*-leucine and ACTH treated

cultures with **c-leucine. Duplicates of both C and A

samples were run on a 7% Triton X-100 gel. The results

are shown in Fig 2. Only one set of C and A are represen

ted as the patterns were absolutely identical. The details

of the corrections necessary to calculate the CPM are

presented in section II C of this Chapter. Although

approximations were used, they were validated by exact

computations. The A/C ratio calculated for slice 4 by

the approximations was 0.64 and by the actual formula 0.74.

B. Staining Patterns

There was no difference in the ability of the C and

A samples to stain for 38HSD. The enzyme band always

appeared at the top of the gel in slices 2-6 depending on

the length of time the sample was electrophore sed. The

Coomassie blue stained gels were hard to analyze because

of the high background but a typical pattern was scanned

for this experiment and is represented in Fig 3.
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Figure 2 Incorporation of *H-leucine and **c-leucine into
control and ACTH treated cultures. Adrenocortical cells 5
were plated in M-199-D-valine at a concentration of 5 x 10
cells/ml. The cells were cultured for 2 weeks. The
induction and pulse labeling were the same as described for
experiment 4 (Table l). The control and ACTH treated
cells were solubilized separately with Tris-HCl–4%-Triton
X-100. Equal aliquots of the control and ACTH treated
samples were mixed and 25 pil of this mixture was applied
to 2 separate channels. The pattern from one of the
channels is represented in Fig 2. The shaded area on the
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Figure 2 (continued)
axis represents the area which stained for 38HSD.
Control culture (—0—), ACTH treated culture (—0—).
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Figure 3 Scanned patterns of gels stained for protein and
38HSD from solubilized adrenocortical cells and rat adrenals.
An aliquot of the mixed samples from control and ACTH treated
cells which has been described in Fig 2 was electrophoresed
and stained for protein ( ) and 38HSD (----- ). The gel
was scanned. The mixture had 38HSD activity in exactly
the same position as a sample from solubilized rat adrenals,
although the staining intensity was much less. The 38HSD
scan represents the enzyme from the rat adrenals and not
the cells.
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Even though the background was high at the top of the gel,

the scan was able to resolve 4 main peaks with several

more running toward the bottom (low molecular weight region)

of the gel. A scan of the gel which had been stained for

33HSD revealed a band at the top of the gel in close

approximation to the first major protein band. Whole rat

adrenals were solubilized and run, because the staining

of these samples was more intense than the stain given by

solubilized adrenal cells. However, the area which stained

with the enzyme from the cells or the whole glands was

exactly comparable and was also substrate specific in

both cases.

C. SDS Gel of *H-leucine Incorporated 38HSD

Samples of C and A treated cultures from experiment

4 were electrophoresed on another Triton X-100 gel. Slices

3, 4 and 5 of both ACTH and control channels were cut

out and rerun on an SDS gel. The results are shown in

Fig 4 for Triton X-l90 slice 4. The counts for Triton

X-l()0 slices 3 and 5 were much less and there was no

difference between control and ACTH. There was a slight

increase in counts in the ACTH (slice 4) and it appeared

in the same region of the SDS gel which demonstrated
35

a dramatic incorporation of counts in ACTH treated S

methionine pulsed cells (Section V B).

IV In vitro Assay of Triton X-100 Solubilized 33HSD

The lack of an increased incorporation of radioactivity
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Figure 4 SDS electrophoresis of a slice of Triton X-100
gel containing 38HSD activity. The experimental details
for the Triton X-l90 gel are given in Table 1 and 2 for
experiment 4. Control cultures (—0—), ACTH treated
Culture (—0—).
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into any proteins of ACTH induced cultures was not due

to the failure of ACTH to induce 3 BHSD. In experiment

3 ACTH treated cultures produced 6720 ng progesterone/ hr

while the control cells produced 448 ng progesterone/ hr.

This represented a 15 fold induction of activity. In no

case did the Triton X-100 solubilized ACTH treated cells

stain more darkly than control cells. When the solubilized

cells from experiment 3 were assayed for progesterone

there was a barely, significant increase in activity by

the ACTH treated sample (Fig 5a). The enzyme from the

Triton X-l'O0 solubilized cell cultures was much less

active than a sample of Triton X-l90 solubilized rat

adrenal gland prepared in the same way. Similar results

were obtained when the solubilized cells from experiment

4 were assayed. Only the ACTH treated sample from the

cultured cells was able to convert *H-pregnenolone to

progesterone (5b). Again much more activity was obtained

from solubilized whole adrenal glands.

A. Radiochemical Assay for 33 HSD on Triton X-l90 Gels

In an attempt to verify that the histochemical stain

observed on the gel did, in fact, relate to 38HSD activity

slices of gel were assayed for their ability to convert

pregnenolone to progesterone. This work was made necessary

by a report in the literature which stated that the histo

chemical stain for 38HSD on Triton X-l90 gels was not

correlated with specific enzyme activity or even a band

of protein (O'Connor, et al., 1977).
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In vitro assays of solubilized 38HSD. The
experimental details for the enzyme assayed in Fig 5 are
given in Tables l and 2 for experiment 3 (panel a) and

for progesterone by RIA (panel a) and by a radiochemical
assay (panel b) .
follows:

cell cultures (C).

The source of the enzyme preparations
solubilized whole rat adrenals (A): ACTH treated

cultured adrenocortical cells (B) ; control adrenocortical

The solubilized enzyme was assayed
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These difficulties did not arise in our work or

that of Ford and Engel (1974). The first method used

to verify the stain was a radiochemical assay which

measured the conversion of *H-pregnenolone to *H-progeste
rone by thin layer analysis. Results presented in Table

4 demonstrate that the thin layer method used was able to

resolve the two steroids and, further, that the radioactive

steroids were of high purity i.e., only 0.3% of *H-

pregnenolone counts traveled with the same Re as progestef

ITOne -

Triton X-l90 gels of experiment 2 were sliced and

assayed. Figure 6 demonstrates that the enzyme activity

appeared in exactly the same slices which stained histo

chemically for 38HSD. The major activity was demonstrated

by the 38HSD isolated from whole adrenals. However, a

small but definite peak of radioactive progesterone could

be demonstrated in the 38HSD from ACTH treated cultured

cells. Significantly the control cells did not exhibit

any peak of radioactivity in this area.

B. Radioimmunoassay of Progesterone on Triton X-l90
Gels

A third method of analysis also demonstrated that the

activity of this enzyme was confined to the high molecular

weight region of the gel (Fig. 7).

V. Incorporation of Methionine into an ACTH Induced
Protein

A. Triton X-100 Gels
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TABLE 4

THIN LAYER CHROMATOGRAPHY OF *H-PREGNENOLONE AND

*H-PROGESTERONE

RF % Recovery % Cross-Contamination

Pregnenolone 0.69 75 0.3

Progesterone 0.88 78 2.0

The solvent system was chloroform-methanol 99 : 1 (V: V)
non-radioactive standards were run as carriers with the
radioactive isotopes.
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Figure 63 Ability of 33 HSD in Triton X-100 gel slices to
convert H-pregnenolone to 3H-progesterone. The enzyme
from control (—0—) and ACTH treated cultures (—0—)
was from experiment 2 (Tables l, 2 and 3). An enzyme
preparation from solubilized adrenals was also electrophore
sed and assayed (–0—).
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When control and ACTH treated cultures were pulsed

with *s-methionine, as described for each experiment,

there was a significant incorporation of radioactivity

in the area of the gel which demonstrated 33HSD activity

(Figs 8 a-c). As with the *H-leucine experiments all

of the significant radioactivity recovered was found in

the high molecular weight region of the gel.

B. SDS Gels

The Triton X-100 solubilized samples from ACTH and

control cultures were electrophoresed directly on an SDS

gel. The radioactivity was dispersed in discrete peaks

throughout the gel. Twenty one bands could be resolved

as opposed to the 7 protein bands that the same preparations

gave on Triton X-l90 gels. There was no stain for 38HSD

on SDS. Interestingly, there was only lipeak in which the

samples from ACTH treated cultures exhibited more radio

activity.

In an attempt to define the significance of the

*s-methionine incorporasmall but consistent increase in

tion into ACTH treated cultures, samples from experiment

8 were rerun on Triton X-l90 gels and slices corresponding

to the 38HSD activity were cut out and rerun on SDS gels.

Other than a region of radioactivity at the top of the

gels there was only 1 significant peak of radioactivity

and it was present only in the sample from ACTH treated

cultures (Fig 9). The stain and radiochemical assay had

revealed a broad region of 36HSD activity and from the SDS
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Figure 8a Triton X-100 gel pattern of solubilized adreno
cortical cells which had been pulsed with 35S-methionine.
Experiment (6). Adrenocortical cells were cultured for 4

weeks. They were induced with ACTH (220 nM) for 15 hr atwhich time 35S-methionine (50 uCi/ml) was added for another
6 hr in the presence of the hormone. The cells were solu
bilized with tris-HCl–4%-Triton-X-100 as previously
described. An internal control determined recovery. 93%
of the counts were recovered from the entire (50 slices)
ACTH channel and 87% of the counts were recovered in the
Control channel. Solubilized control cells (—0—)
Solubilized ACTH treated cells (—0—). The shaded
area on the axis represents the area which stained for 38HSD.
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Figure 8b Triton X-100 gel pattern of solubilized
adrenocortical cells which had been pulsed with 35S
methionine. (Experiment 7). Adrenocortical cells were
cultured for 2 weeks and induced for 38HSD as described
in the legend to Fig 8. All experimental conditions
except the length of culture were the same as experiment
6. The shaded area on the axis represents the area which
stained for 38HSD. Control cells (—0—), ACTH
treated cells (—0—).
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Figure 8c Triton X-100 gel pattern of solubilized adreno
cortical cells which had been pulsed with 35s-methionine.
(Experiment 8). The experimental conditions were exactly
the same as those described in the legend to Fig 9. The
specific activity of the control cells and the cells from
ACTH treated cultures was 3.6 x 10° and 4 x 106 counts/mg
protein respectively. The shaded area represents the area
of the gel which stained for 38HSD. Control cells (—0
ACTH treated cells (—0—).
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Slices of Triton X-100 gel containing 35 s—
methionine labeled 38HSD activity electrophoresed on SDS.
The samples from control and ACTH treated cells of
experiment 8 were electrophoresed on Triton X-l90 gels.
The channels were cut out and the unstained slices cor
responding to the area staining for 38HSD were rerun on



195

Figure 9 (continued)
SDS gels. The numbers 2–6 correspond to the Triton X-l90
gel slice number. Control (—0—), ACTH (–o—).
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gel it could be seen that although radioactivity did

occur in more than 1 Triton X-l90 slice the major radio

activity was confined to one 2 mm slice. This experiment

was repeated with the same results. In addition, samples

from experiment 7 were rerun on Triton X-l90 gels and 2

slices from these were run on an SDS gel with the same

results. The SDS gel in this experiment was cut completely

through. Both control and ACTH exhibited high amounts of

radioactivity at the origin indicating that some proteins

in the Triton X-l90 gel could not enter the 10% SDS gel.

All the protein from a partially purified 38HSD prepara

tion did enter lo & SDS gels therefore, the excluded

protein was not 38HSD (unless it was an aggregate).

Other than a very small radioactive peak in both control

and ACTH samples in slice 18 and 19, there was no other

radioactivity.

In the third methionine pulse labeling experiment

cultured cells were incubated with ACTH plus actinomycin

D. Actinomycin D inhibited the incorporation of counts

into the radioactive peak induced by ACTH thereby

demonstrating that the counts resulted from protein syn

thesis and were not spurious (Fig 10).

VI Isolation of 38HSD

In order to determine whether the radioactive peak

that appeared on SDS gels actually represented the 38HSD

molecule, it became necessary to identify the actual

position of purified 38HSD on SDS gels. Ford and Engel
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Figure lo The effect of actinomycin D on the ACTH induced
protein. One group of cultured cells in experiment 8 was
treated with ACTH plus AMD. The AMD was added with the
hormone for the same length of time. These samples were
prepared exactly as described in the legend to Fig 9.
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(1974) had isolated 38HSD from beef adrenal glands and

reported that the enzyme had activity on Triton X-100

gels but not SDS gels. Their results were confirmed.

Using the procedure published by them 3 BHSD was isolated

from rat adrenal glands. The details are given in

Section II G, but the general scheme is outlined in Fig ll.

The material from the cellex-E effluent possessed

activity but no increase in specific activity was demons

trated with purification. Ford and Engel (1974) did report

an increase in the specific activity of their beef pre

paration, however, they commented that it was far below

what was expected due to the inactivation of the enzyme

during the purification process. The loss of activity of

the rat adrenal preparation could be explained, in part,

to be due to the prolonged freezing of the initial super

natant. The material from the cellex-E column demonstra

ted two well separated bands on Triton X-l90 only one of

which stained for 38HSD (fig 12a). It was not possible

to re-electrophorese the slice containing the protein

which corresponded to 38HSD activity and thus identify the

enzyme on SDS gels because not enough protein was present

to stain after the second electrophoretic procedure.

Therefore, several 100 ul aliquots of the cellex-E sample

were electrophoresed in the same experiment and the slices

corresponding to 38HSD activity were cut out, pooled and

eluted with SDS buffer. When the eluate was electrophore

sed 6 faint bands were detected, the first one of which
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PRECIPITATE SUPERNATANT (20% Glycerol) 4.
(Discord)

Specific Activity

w
CELLEX-E | 5

(ng Progesterone/ug Protein/30 min)

| . 2.25

2. | 67

3. | .95

4 2. O4

5 |.90

Figure ll Scheme for the isolation of rat adrenal 33HSD
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Figure l2a Tracing of Triton X-100 gel stained for
protein and 38HSD. The sample from the final step of
purification outlined in Fig ll was subjected to
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Figure 12a (continued)
electrophoresis on a Triton X-100 gel. Solubilized
adrenal cells were run in the same experiment for
comparison (B) and stained for protein (A).

Figure 12b Tracing of an SDS gel stained for protein.
The cellex-E effluent (Fig ll) was run in aliquots of
l00 ul in 6 channels of a Triton X-100 gel. The
channels were cut out and slices 3, 4 and 5 were pooled
and eluted with SDS solubilizing buffer overnight at
37C. The eluate was electrophoresed on SDS (D). A sample
from ACTH treated cells from experiment 8 was also
electrophoresed and the peak counts corresponded to the
l st band.
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corresponded to the peak of ACTH induced radioactivity

(Fig 12b).

VII Discussion

The work presented in this chapter has demonstrated

that ACTH induced the synthesis of a protein during the

same time period it induced the activity of 38HSD and

the increase in radioactivity incorporated into the protein

from ACTH treated cells was comparable to the increase

in biological activity. However, a question arises because

in 5 different experiments with radiolabeled leucine no

effect of ACTH on protein synthesis was observed. In

experiment 4 the experimental conditions of culture,

induction and pulse labeling were exactly the same as

those when methionine was used. The length of the pulse

was increased to 6 hr in the later experiments because

the half life of 38HSD was 333 days. Schimke (1973) has

determined that in studying de novo protein synthesis

enzymes can be labeled up to, but not exceeding, one third

of their half lives. Although there was no effect of ACTH

on radioactivity incorporated into the 38HSD area of Triton

X-100 gels, when a slice of Triton X-100 gel containing

the enzyme activity was electrophoresed on SDS a 2-fold

increase over control was found in the ACTH treated

sample in approximately the same region of the SDS gel

which corresponded to the peak of radioactivity observed
35

-

with S-methionine (slices 12–15). Although the labeling

index of cell proteins was as efficient with leucine or
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methionine, the recovery of radioactivity from the gel

was more efficient with methionine. The 2 fold difference

in the ACTH treated samples was only the difference

between 50 and 100 (CPM). However, the region of the

peak and the fact that it occurred over 3 tubes indicates

that ACTH increased leucine incorporation into 3 3 HSD.

The specific number of amino acid residues in the

protein being observed is very important. In this case

leucine is one of the most commonly occurring amino acids

and because the Triton X-100 protein band in which the

enzyme activity appeared was composed of many proteins

the high background of the control swamped out any effects

due to ACTH. Fortuitously, the ACTH induced protein may

have a higher than average number of methionine residues

which allowed the ACTH effect to be manifested. These

observations underline the importance of the choice of

amino acids in pulse labeling experiments.

*s-methionine was initially used in order that the

gels could be directly scanned with an actigraph radio

active scanner. The scanning results were unreliable.

because of the background noise. The experimental results

however, were dramatically different. Three separate

experiments have confirmed that the peak of radioactivity

does result from an ACTH induced protein. The radioactive

peak was not observed when the induction was performed

in the presence of AMD. The high level of AMD used

decreased the labeling of all proteins and therefore
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may have had an effect on general protein synthesis as

well as RNA synthesis. Nonetheless, the results confirmed

that the ACTH induced protein resulted from de novo

protein synthesis.

This work has not proven that the ACTH induced

protein is 38HSD. Since ACTH affects all the enzymes of

the steroidogenic pathway a possibility exists that ACTH

might induce one protein which then activates all of the

enzymes coordinately. The apparent differences in the

kinetics of induction of 38HSD and the hydroxylases make

this seem unlikely. ACTH significantly induces adreno

doxin synthesis by 2 hr in Y-1 tumor cell cultures

(Asano and Harding, 1976). This also argues against the

synthesis of one protein which activates the other

enzymes and also raises the question of whether the

synthesis of adrenodoxin is co-ordinated with cytochrome

P-450 activity.

A partially purified 38HSD preparation, electrophore

sed on Triton X-100, eluted and re-electrophoresed on SDS

contained 5 bands, and the first one corresponded to

the peak of ACTH induced radioactivity. Therefore, the

ACTH induced protein is either 38HSD or very closely

associated with the enzyme.

Ford and Engel (1974) claimed to have purified 38HSD

from beef adrenals to homogeneity as evidenced by a

single band on both Triton X-100 and SDS gels. The

cellex-E effluent which corresponded to their final step
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exhibited 2 bands on Triton X-100 and 14 on SDS. Ford

and Engel (1974) reported a molecular weight of 40,000

for the beef adrenal 38HSD on SDS gels. The peak of

ACTH induced radioactivity in our system corresponded to

a molecular weight of approximately 80,000 relative to

BSA on SDS. The data is not directly comparable because

Ford and Engel (1974) prepared their enzyme for SDS

electrophoresis by dialyzing it against an SDS buffer.

In this work the cellex-E preparation was put directly on

Triton X-100 gels and a slice from this gel, in turn,

directly run on SDS without any prior equilibration. On

Triton X-l90 the beef adrenal enzyme exhibited an apparent

molecular weight of 300,000 and our Triton X-l90 gel

results were consistent with this estimate.

Rat adrenal 33HSD may not be exactly the same

molecular species as the beef enzyme. Four or five bands

have been observed after SDS electrophoresis of purified

33HSD from Pseudomonal testosteroni and cross linking

experiments confirmed that there were subunits of the

enzyme (Schultz et al., 1977). Schultz et al., (1977)

also reported that other work had demonstrated only l

band for the bacterial enzyme and this was attributed to

discrepancies in electrophoretic procedure.

The ACTH induced protein demonstrated in our system

would not have been observed by the other investigators

who have published reports of proteins induced by ACTH

due to the experimental conditions employed. (Dazord
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et al., 1977a; Asano and Harding, 1976). Conversely

on the 10% SDS gels used by us, the other two proteins

would have traveled with the ion front. Therefore, to

date, ACTH has been shown to induce the synthesis of

3 distinct proteins, only one of which has been conclusively

identified (Asano and Harding, 1976) as adrenodoxin.

Future studies should reveal the significance of these

proteins in the maintenance of adrenal steroidogenic

capacity.
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CHAPTER 6

CONCLUSIONS

Primary cultures of adrenocortical cells offer many

advantages as a system for studying ACTH trophic action.

The cells are easily prepared and express their differen

tiated function in culture, although the presence of

physiological concentrations of ACTH are required to

maintain the steroidogenic potential. The adrenal cell

system also affords distinct advantages as an assay

system. The cells may be plated at extremely low den

sities thus increasing the number of observations which

can be determined from a given number of rats, and they

may be used repeatedly for several days.

Stable cultures of adrenocortical cells may be

maintained for several months without fibroblast conta

mination if the cells are cultured in a medium containing

the D-isomer of valine. This greatly facilitates the

interpretation of data especially with regard to studies

of growth control. Physiological concentrations of ACTH

inhibited the growth of adrenocortical cells as determined

by direct cell counts, and significantly, this effect

was reversible thus indicating that growth inhibition

was not an artifact of some non-specific ACTH induced

trauma.

Two separate methods were developed in order to

investigate the effect of ACTH on 3 BHSD, and the experi

mental results derived from both were qualitatively the
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same. The classical histochemical stain for 38HSD was

quantitated by solubilizing the stained cells and measuring

the optical density of the colored solution. The intensity

of the stain was increased by both ACTH and db.cAMP and

inhibited by cycloheximide and actinomycin D. The same

results were obtained when the enzyme activity was moni

tored by its ability to metabolize exogenous substrate

as determined by a radioimmunoassay for progesterone.

The biochemical assay was more sensitive to small changes

in enzyme activity and was employed in most of the

studies.

38HSD activity was induced by synthetic analogs of

ACTH thereby establishing the effect to be intrinsic to

the ACTH molecule.

38HSD activity decayed with increasing time after

initial plating and reached very low levels by two weeks.

ACTH administration induced enzyme activity and the

removal of the hormone resulted in the decay of enzyme

activity with kinetics similar to those observed during

the first two weeks in culture. This implys that in vitro

ACTH treatment is able to induce the same molecular

species observed in cells from intact rats.

A kinetic analysis of 38HSD decay revealed that

the mechanism of induction did not depend upon the

inhibition of 38HSD degradation either directly or via

the synthesis of a proteolytic enzyme.

The expression of the ACTH induced 38HSD activity



209

requires a lag period of approximately 4 hr. The analysis

of the induction kinetics, as well as more direct experi

ments, determined that ACTH did not induce a soluble

factor which directly activated the enzyme via such

mechanisms as phosphorylation.

The results obtained with inhibitors of protein and

RNA synthesis led to the investigation of de novo

protein synthesis during ACTH induction of 38HSD.

Circumstantial evidence indicates that an ACTH induced

protein is 38HSD, however, the results are not conclusive.

The newly synthesized protein appears in the same region

of acrylamide gels as does 33HSD activity. Actinomycin

D inhibits both 38HSD activity and the appearance of the

ACTH induced protein.

These results have established that ACTH, a poly

peptide hormone, induces the activity of an enzyme via

a mechanism that is not typical of cAMP action, that is,

a rapid effect of the cyclic nucleotide on enzyme activ

vation. Future studies with this system may well

determine that peptide hormones and cAMP act to control

the expression of the genome at some level of translation

or possibly transcription.



210

LITERATURE CITED

Albanese, E. and Goodman, D (1977). Anal. Biochem. 80, 60.

Albrecht, E. D., Koos, R. D. and Wehrenberg, W. B. (1977).

J. Endocrinol. 73, 193.

Alfano, J., Brownie, A. C., Orme-Johnson, W. H. and Beinert,

H. (1973). J. Biol. Chem. 248, 7860.

All frey, V. G. (1971) in Histones and Nucleosomes, Plenum

Press, New York, p 241.

Amenta, J. S., Sargus, M. J. and Baccino, F. M. (1977).

Biochem. J., l08, 223.

Armato, U. and Andreis, P. G. (1973). Experentia 29, 332.

Armato, U. , Nussdorfer, G. G., Andreis, P. G., Mazzochi,

G. and Draghi, E. (1974). Cell Tiss. Res. 155, 155.

Armato, U. , Nussdorfer, G. G., Mazzochi, G., Andrews, P. G.

and Draghi, E. (1975). Am. J. Anat. 142, 533.

Armato, U. , Andreis, P. G., Draghi, E. and Menechelli, V.

(1975). Horm. Res. 6, 105.

Armato, U. , Andreis, P. G. and Draghi, E. (1977). J.

Endocrinol. 72, 97.

Armelin, M., Gambarini, A. G. and Armelin H. A. (1977).

J. Cell. Physiol. 93, l.

Asano, K and Harding, B. W. (1976). Endocrinology 99,

977.

Astwood, E. B. (1955) in The Hormones eds. Pincus, G. and

Thinmann, K. V., Academic Press, New York, 3, 235.

Aylward, J. H., Bornstein, J., Gould, M. K. and Hall, S.

(1974). Biochem. Biophys. REs. Commun. 59, 57.



2ll

Beach, L. R. and Ross, J. (1978). J. Biol. Chem. 253,
2628.

Betts, S. A. and Mayer, R. J. (1977). Biochim. Biophys.

ACTA 496, 302.

Bornstein, J., Armstrong, J., Taft, H. P. , Ng, F. M.

and Gould, M. K. (1973). Post Grad. Med. J. 49, 219.

Bransome, E. D. and Reddy, W. T. (1961). Endocrinology

69, 997.

Brush, J. S., Sutliff, L. S. and Sharma R. K. (1974).

Cancer Res. 34, 1495.

Buonassisi, V., Sato, G. and Cohen, A. I. (1962). Proc.

Natl. Acad. Sci. USA 48, ll&4.

Carrel, A. and Burrows, M. T. (l'910). J. Am. Med.

Associa. 55, 1379.

Chen, L. M. and Ausrsperg, N. (1976). Mol. Cell Endocrinol.

4, 205.

Clarke, S. (1975). J. Biol. Chem. (250) 5459.

Cobb, J. P. and McGrath, A. (1974). J. Natl. Can. Inst.

52, 567.

Cohen, S. S. (1971) in Introduction to Polyamines,

Prentice Hall, Engelwood Cliffs, N. J.

Davis, E. C. and Ramachandran, J. (1976). Biochemistry

lS, 921.

Dawson, I.M.P., Pryse-Davies, J. and Snape, I. M. (1961).

Biochem. J. 78, 16.

Dazord, A., Gallet, D. and Saez, J. (1977a). Biochem.

Biophys. Res. Commun. 76, 1238.



212

Dazord, A., Gallet, D. and Saez, J. M. (1977b). FEBS

Lett. 83, 307.

Deane, H. (1962). Endocrinology 7.1, 629.

Diderholm, H. and Hellman, B. (1960). ACTA Physiol.

Scand. 50, 197.

Dulbecco, R. and Freeman, G. (1959). Virology 8, 396.

Elsdale, T and Bard, J. (1972). J. Cell. Biol. 54, 626.

Emanuel, J. R. and Gelehrter, T. D. (1975). Biochem.

Biophys. Res. Commun. 63, 825.

Erlanger, B. F., Borek, F. , Beiser, S. M. and Lieberman, S.

(1957). J. Biol. Chem. 228, 713.

Ernest, M. J., Chen, C. L. and Feigelson, P. (1977).

J. Biol. Chem. 252, 6783.

Farese, R. V., (1965) Endocrinology 76, 795.

Farese, R. V. and Schnure, J. J. (1967). Endocrinology

Farese, R. V. and Prudente, W. J. (1977). Biochim.

Biophys. ACTA 496, 567.

Field, B. and Coore, H. G. (1975). Biochem. Soc. Trans.

3, 258.

Folkman, J. and Moscona, A. (1978). Nature 273, 345.

Ford, H. C. and Engel, L. L. (1974). J. Biol. Chem. 249,

l363.

Friedken, M. Tilson, D. and Roberts, D. (1956). J. Biol.

Chem. 220, 627.

Fuhrman, S. A. and Gill, G. N. (1974). Endocrinology



213

Fuhrman, S. A. and Gill, G. N. (1975). Biochemistry

l4, 2925.

Fukushima, M., Aihara, Y. and Ichiyama, A. (1978).

J. Biol. Chem. 253, ll&7.

Ganguly, A., Meikle, A. W., Tyler, F. and West, C. (1977).

J. Clin. Endocrinol. Metab. 44, 560.

Garcia, D. R. and Holten, D. R. (1975). J. Biol. Chem.

250, 3960.

Garren, L. D., Ney, R. and Davis, W. (1965). Proc. Natl.

Acad. Sci. USA 53, 1443.

Garren, L. D. (1968). Vitamins and Hormones 26, 119.

Gelehrter, T. D., Emanuel, J. R. and Spencer, C. J.

(1972). J. Biol. Chem. 247, 61.97.

Gerschenson, L. E., Davidson, M. B. and Anderson, M.

(1974). Eur. J. Biochem. 41, 139.

Gilbert, S. F. and Migeon, B. R. (1975). Cell 5, ll.

Gill, G. N., Ill, C. R. and Simonian, M. H. (1977).

Proc. Natl. Acad. Sci. USA 74, 5569.

Goldberg, A. and Dice, J. (1974). Ann. Rev. Biochem.

43, 835.

Goldfine, I. D., Smith, G. J., Wong, K. Y. and Jones,

A. L. (1977). Proc. Natl. Acad. Sci. USA 74, 1368.

Goodridge, A. G. And Adelman, T. G. (1976). J. Biol.

Chem. 25l, 3027.

Gosporarowicz, D. and Moran, J. (1975). Exp. Cell.

Res. 90, 279.



214

Gospodarowicz, D. and Handley, H. N. (1975). Endocrinology

97, 102.

Gospodarowicz, D., Ill., C. R. , Hornsby, P. J. and Gill,

G. N. (1977). Endocrinology 100, 1080.

Griffiths, K. and Glick, D. (1966). J. Endocrinol. 35, l.

Halaban, R. and Lerner, A. B. (1977). Exp. Cell. Res.

Hall, P. F. (1970) in Endocrinology of the Testis eds.

Johnson, A. A. , Gomers, W. R. and Vandermock, N. L.

Academic Press, New York, V II.

Ham, R. G. (1963). Exp. Cell Res. 29, 515.

Hechter, O. , Zaffaroni, A., Jacobsen, R. R. , Levy, H.,

Jeanloz, R. W., Schenker, V. and Pincus, G. (1951).

Recent Progr. Hor. Res. 6, 215.

Higgens, J. A. and Barrnett, R. J., (1972). J. Cell.

Biol. 55, 282.

Himmelhoch, S. R. (1971). Methods Enzy. 22, 273.

Holley, R. W. and Kiernan, J. A. (1968). Proc. Natl.

Acad. Sci. USA 60, 300.

Hornsby, P. J. and Gill, G. N. (1978). Endocrinology

102, 926.

Ichii, S., Murakami, N. and Ikeda, A. (1974). ACTA

Endocrin. 75, 325.

Idelman, S. (1970). Int. Rev. Cytol 27, 18l.

Inoue, H., Kasper, C. B. and Pitot, H. C. (1971). J.

Biol. Chem. 246, 2626.

Kahri, A. I. (1966). ACTA Endocrin. Suppl. 108.



215

Kahri, A. I. (1968). J. Cell Biol. 36, 18l.
Kahri, A. I. and Milner, A. J. (1969). J. Cell. Biol.

Kahri, A. I., Pesoner, S. and Saure, A. (1970).

Steroidologia 1, 25.

Kahri, A. I. (1971). Anat. Rec. 53, 171.

Kahri, A. I. and Halinen, H. (1974). ACTA Anat. 88, 541.

Kahri, A. I. , Huhtaniemi, I. and Salmenpera, M. (1976a).

Endocrinology 98, 33.

Kahri, A. I., Salmenpera, M. and Saure, A. (1976).

J. Cell. Biol. 71, 951.

Kass, E. H., Hechter, O. , Macchi, I. and Mou, T. (1954).

Proc. Soc. Exp. Biol. Med. 85, 583.
Kimmel, G. L., Peron, F. G., Haksar, A., Bedigian, E.,

Robidoux, W. F. and Lin M. T. (1974). J. Cell. Biol.

Kawaoi, A., Toshikazu, U. and Okano, T. (1977). ACTA

Path Jap 27, 841.

Kaye, A. M., Icekson, I., Lamprecht, S. A., Gruss, R. ,

Tsafrini, A. and Lindner, H. R. (1973). Biochemistry

12, 3072.

Kloppenborg, P. W. C., Island, D. P. Liddle, G. W. ,

Michelakis, A. M. and Nicholson, W. E. (1968).

Endocrinology 82, 1053.

Kimura, T. (1969). Endocrinology 85, 492.

Kobayashi, Y. and Maudsley, D. V. (1974). in Biological

Application of Liquid Scintillation Counting. Academic

Press, New York, San Francisco, London pgs 22-25.



216

Kornberg, R. D. (1974). Science 184, 868.

Kostyo, J. L. and Nutting, D. F. (1974). in Handbook of

Physiology, Section 7 Endocrinology eds Greep, R. O.

and Astwood, E. B. Amer. Physiol. Soc. Wash., D. C.,

Vol. IV, 187.

Kowal, J. (1969). Biochemistry 8, 1821.

Kowal, J. and Fiedler, R. (1969). Endocrinology 84, lll3.

Kowal, J. (1970). Recent Prog. Horm. Res. 26, 623.

Kowal, J., Simpson, E. R. and Estabrook, R. W. (1970).

J. Biol. Chem. 245, 2438.

Kram, R., Mamont, P. and Tomkins, G. M. (1973). Proc.

Natl. Acad. Sci. USA 70, 1432.

Kranias, E., Schweppe, J. S. and Jungmann, R. A. (1977).

J. Biol. Chem. 252, 6750.

Kraiem, Z. and Samuels, L. T. (1974). Endocrinology 95,

660.

Krum, A. A., Morris, M. D. and Bennett, L. L. (1964).

Endocrinology 74, 543.

Kuo, T. H., Ou, C. T. and Tchen, T. T. (1975). Biochem.

Biophys. Res. Commun. 65, 190.

Lahav, M., Lamprecht, S. A., Amsterdam, A. and Lindner,

H. R. (1977). Mol. Cell. Endocrin. 6, 293.

Lakshmanan, M. P., Nepokroeff, C. M. and Porter, J. W.

(1972). Proc. Natl. Acad. Sci. USA 69, 3516.

Langan, T. A. (1971). Federation Proceedings 30, 1089.

Larner, J. (1975). Metabolism 24, 249.

Laychock, S. G., Franson, R. C. , Weglicki, W. B. and

Rubin, R. P. (1977). Biochem. J. le 4, 753.



217

Lee, K. H., Thrall, T. and Kim, K. H. (1973). Biochem.

Biophys. Res. Commun. 54, 1133.

Lefkowitz, R. J., Roth, J., Pricer, J. W. and Pastan, I.

(1970). Proc. Natl. Acad. Sci. USA 65, 745.

Levy, H. , Deane, H. W. and Rubin, B. L. (1959).

Endocrinology 65, 932.

Li, C. H., Ramachandran, J., Chung, D. and Gorup, B.

(1964). J. Am. Chem. Soc. 86, 2703.

Li, C. H., Chung, D., Yamashiro, D. and Lee, C. Y. (1978).

Proc. Natl. Acad. Sci. USA 75, 4306.

Liddle, G. W., Island, D. and Meador, C. K. (1962).

Recent Prog. Horm. Res. 18, 125.

Liles, S. and Ramachandran J. (1977). Biochem. Biophys.

Res. Commun. 79, 226.

Liotta, A. S. and Krieger, D. I. (1977). Endo. Res.

Commun. 4, 159.

Ljungstrom, O. and Ekman, P. (1977). Biochem. Biophys.

Res. Commun. 78, lla 7.

Lodish, H. (1976). Ann. Rev. Biochem. 45, 39.

Loveridge, N. and Robertson, W. (1978). J. Endocrinol.

78, 457.

Mains, R. E., Eipper, B. A. and Ling, N. (1977). Proc.

Natl. Acad. Sci. USA 74, 3014.

Majumder, G. C. and Turkington, R. W. (1971). J. Biol.

Chem. 246, 55.45.

Makino, S., Reynolds, J. and Tanford, C. (1973). J.

Biol. Chem. 248, 4926.



218

Malamed, S. (1975). in Handbook of Physiology Section 7

Endocrinology eds Greep, R. O. and Astwood, E. B.

Amer. Physiol. Soc. , Wash., D. C., Vol VI, 25.

Martinovitch, P. N. (1951). Med. Res. 4, 237.

Masters, B. S. S., Taylor, W. E., Isaacson, E. L.,

Baron, J., Harkins, J. B., Nelson, E. B. and Byran, G. T.

(1973). Ann. N. Y. Acad. Sci. 212, 76.

Masui, H. and Garren, L. D. (1971) Proc. Natl. Acad. Sci.

USA 68, 3206.

Matsuba, M., Ishiu, S. and Kobayashi, S. (1966) in

Steroid Dynamics eds. Pincus, G., Nakao, T. and

Tact, J. F. Academic Press, New York, pgs 357-377.

Matusik, R. J. and Rosen, J. M. (1978). J. Biol. Chem.

253, 2343.

Mukherjee, C. and Jungas, R. L. (1975). Biochem. J.

l48, 229.

McNamara, D. J. and Webb, T. E. (1973). Biochim. Biophys.

ACTA 313, 356.

Milner, A. J., Kahri, A. I. and Villee, D. B. (lº 69)

Proc. 51st Meeting, the Endocrine Soc. p 73 (abstract).

Milner, A. J. and Villee, D. B. (1970). Endocrinology

87, 596.

Milner, A. J. (1972a). J. Endocrinol. 55, 405.

Milner, A. J. (1972b). J. Endocrinol. 52, 541.

Milner, A. J. (1975). Methods Enzymol. 39, 157.

Morgan, J. F., Morton, H. J. and Parker, R. C. (1950).

Proc. Soc. Exp. Biol. Med. 73, l.



219

Moyle, W. R. , Kong, Y. C. and Ramachandran, J. (1973).

J. Biol. Chem. 248, 2409.

Muir, A., Calman, K., Thomas, J., MacSween, M., Milno, J.,

Chakeaburty, J., Grant, J. and Bait, J. (1968).

Dermatology 80, 594.

Nass, M. M. K. (1970). Proc. Natl. Acad. Sci. USA 67, 1926.

Nepokroeff, C. M., Lakshmanan, M. R. , Ness, G. C.,

Muesing, R. A. , Kleinsek, D. A. and Porter, J. W. (1974).

Arch. Biochem. Biophys. 162, 340.

Nepokroeff, C. M. and Porter, J. W. (1978). J. Biol.

Chem. 253, 2279.

Neville, A. M. and Engel, L. L. (1968). Endocrinology

83, 864.

Noguchi, T., Diesterhaft, M. and Granner, D. (1978).

J. Biol. Chem. 253, 1332.

Nussdorfer, G. C., Rebuffat, P., Mazzocchi, G. Belloni, A. S.,

and Meneghelli, V. (1974). Cell. Tiss. Res. 150, 79.

O'Connor, J. L., Edwards, D. P. and Bransome E. D. (1977).

Anal. Biochem. 78, 205.

O'Hare, M. J. and Neville, A. M. (lº 73a). J. Endocrinol.

56, 529.

O'Hare, M. J. and Neville, A. M. (1973b). J. Endocrinol.

56, 537.

O'Hare, M. J. and Neville, A. M. (1973c). J. Endocrinol.

O'Hare, M. J. and Hornsby, P. J. (1975). Experentia



220

O'Hare, M. J. (1976). Experentia 32, 25l.

Oka, T. (1974). Science 184, 78.

O'Keefe, E. and Cuatracasas, P. (1974). Proc. Natl.

Acad. Sci. 71, 2500.

Penman, S., Vesco, C. and Penman, M. (1968). J. Mol.

Biol. 34, 49.

Peterson, R. C. (1957). J. Biol. Chem. 225, 25.

Pickering, B., Anderson, R. N., Lohmar, P., Birk, Y.

and Li, C. H. (1963). Biochim. Biophys. ACTA 74, 763.

Pierson, R. W. (1967). Endocrinology 81, 693.

Pilkis, S. J. and Salaman, D. F. (1972). Biochim.

Biophys. ACTA 272, 327.

Pitot, H. C. and Yatvin, M. B. (1973). Physiol. Rev.

Prescott, D. M. (1976). in Reproduction of Eukanyotic Cells,

Academic Press, New York, pgs 34–35.

Purvis, J. L., Canick, J. A. , Mason, J. I., Estabrook,

R. W. and McCarthy, J. L. (1973). Ann. N. Y. Acad.

Sci. 212, 313.

Purvis, J. L. and De Nicola, A. F. (1975). J. Steroid

Biochem. 6, 1219.

Ramachandran, J. and Lee, V. (1970). Biochem. Biophys.

Res. Commun. 38, 507.

Ramachandran, J. and Suyama, A. T. (1975). Proc. Natl.

Acad. Sci. USA 72, ll3.

Ramachandran, J. Rao, A. J. and Liles, S. (1977). Annal.

N. Y. Acad. Sci. 297, 336.



221

Randerdath, K. (1963). in Thin Layer Chromatography

Academic Press, New York, London, p 112.

Rao, A., Long, J. A. and Ramachandran, J. (1978).

Endocrinology 102, 371.

Revel, M. and Groner, Y. (1978). Ann. Rev. Biochem.

47, 1079.

Rillema, J. A. (1976a). Endocrinology 99, 490.

Rillema, J. A. (1976b). Endocrin. Res. Commun. 3, 297.

Rillema, J. A. and Wild, E. A. (1977). Endocrinology

100, 1219.

Roberts, J. L. and Herbert, E. (1977). Proc. Natl. Acad.

Sci. USA 74, 5300.

Robinson, G. A., Butcher, R. W., and Sutherland, E. W.

(1971). in Cyclic AMP Academic Press, New York,

pgs 232-313.

Roewekamp, W. G., Hofer, E. and Sekeris, C. E. (1976).

Eur. J. Biochem. 70, 259.

Roos, B. A. (1973). Endocrinology 93, 1287.

Roos, B. A. (1974). Endocrinology 94, 685.

Roper, M. D. and Wicks, W. D. (1977). Proc. Natl. Acad.

Sci. USA 75, 140.

Russell, D. H. and Snyder, S. H. (1969). Endocrinology

84, 223.

Sabatini, D., DeRobertis, E. and Bleichmar, B. (1962).

Endocrinology 70, 390.

Saffran, M. and Schally, A. V. (1955). Endocrinology 56,

523.



222

Salmenpera, M., Kahri, A. I. and Saure, A. (1976).

J. Endocrinol. 70, 215.

Salmenpera, M. and Kahri, A. I. (1977). Exp. Cell. Res.

104, 223.

Salmon, D. S. and Sherman, M. I. (1976). Endocrinology

Samuels, L. T. and Helmreich, M. L. (1956). Endocrinology

58, 435.

Samuels, H. H. and Thompson, E. B. (1969). Science 166,
l 474.

Sayers, G., Swallow, R. L. and Ma, R. M. (1969).

Federation Proceedings 28, 571.

Schaberg, A. (1955). Trans. Bull. 2, 145.

Schaberg, A (1955). Anat. Res. 122, 205.

Schaberg, A. (1957). Proc. Acad. Sci. (Amsterdam) 60, 463.

Schimke, R. T. (1970). Mammalian Protein Metab. 4, 177.

Schimke, R. T. (1973). Advan. Enzymol. 37, 135.

Schimmer, B. P. (1969). J. Cell. Physiol. 74, ll 5.

Schimmer, B. P. (1972). J. Biol. Chem. 247, 3134.

Schimmer, B. P. (1976). Nature 259, 482.

Schimmer, B. P., Tsao, J. and Knapp, M. (1977). Mol.

Cell. Endocrin. 8, 135.

Schultz, R. M., Groman, E. V. and Engel, L. L. (1977).

J. Biol. Chem. 252, 3775.

Shikita, M. and Hall, P. F. (1967). Biochim. Biophys.

ACTA 141, 433.

Singer, S. J. (1974). Ann. Rev. Biochem. 43, 805.



223

Slavinski, E. A., Auersperg, N. and Jull, J. W. (1974).

In vitro 9, 260.

Slavinski, E. A., Jull, J. W. and Aversperg, N. (1976).

J. Endocrinol. 69, 385.

Smith, P. E. (1930). Am. J. Anat. 45, 205.

Speake, B. K., Dils, R. and Mayer, R. J. (1976).

Biochem. J. 154, 359.

Ssipowsky, P. W. (1929). Arch exp Zellforsch 8, 237.

Stark, E. , Gyevai, A., Bukulya, B., Szab'o, D., Szalay,

K. S. and Mihaly, K. (1975). Gen. Comp. Endocrinol.

Stedman, E. and Stedman, E. (1950). Nature 106, 780.

Stein, G. S., Spelsberg, T. C. and Kleinsmith, L. J.

(1974). Science 183, 817.

Steinberg, R., Levinson, B. and Tomkins, G. M. (1975).

Cell 5, 29.

Suyama, A. T., Long, J. A. and Ramachandran, J. (1977).

J. Cell. Biol. 72, 757.

Suzuki, F. , Inoue, H. and Takeda, Y. (1973). J. Biochem.

74, 661.

Szego, C. M., Rakich, D. R. , Seeler, B. J. and Gross, R. S.

(1974). Endocrinology 95, 863.

Taylor, W. M. and Halperin, M. L. (1973). J. Biol. Chem.

248, 6080.

Tchen, T. T. (1968). in Functions of the Adrenal Cortex

ed. McKerns, K. U. Appleton-Century Crafts, New York,

Vol. I, p. 3.



224

Tomkins, G. M., Gelehrter, T. D., Granner, D. K.,

Martin, D. W., Samuels, H. S. and Thompson, E. B.

(1969). Science 166, 1474.

TOrday, J., Goodyer, C. , Smith, B., Arato, J. and

Giroud, C (1974). Biochem. Soc. Transactions 2, 844.

Van Berkel, T. J., Kruijt, J. K. and Koster, J. F. (1977).

Eur. J. Biochem. 81, 423.

Van Wyk, J. J. and Underwood, L. E. (1975). Ann. Rev.

Med. 26, 427.

Varga, J. M., Dipasquale, A., Pawelek, J. McGuire, J. S.

and Lerner, A. B. (1974). Proc. Natl. Acad. Sci.

USA 71, 1590.

Vasudev, C., Wakil, J. and Wakil, S. J. (1978). J. Biol.

Chem. 253, 2120.

Walton, G., Gill, G. N. , Abrass, I. and Garren, L. D.

(1971). Proc. Natl. Acad. Sci. USA 68, 880.

Wattenberg, L. W. (1958). J. Histochem. Cytochem.

6, 225.

Wiebe, J. P. (1970). J. Endocrinol. 47, 439.

Wiebe, J. P. (1978). Endocrinology 102, 775.

Weidman, R. E. and Gill, G. N. (1977). J. Cell. Physiol.

90, 91.

Weintraub, H. and Groudine, M. (1976). Science 193, 848.

Wicks, W. D. (1971). J. Biol. Chem. 246 , 217.

Wicks, W. D., Barnett, C. A. and McKibbin, J. B. (1974).

Fed. Proceedings 33, 1105.

Wishnow, R. M. and Feist, P. (1974). J. Cell. Physiol. 83,

419 -



225

Wishnow, R. M., Lifrak, E. and Chen, C. C. (1976). J.

Infect. Dis. 133, l08.

Wong, B. S. and Dunn, A. (1977). Biochem. Biophys.

Res. Commun. 79, 876.

Wong, G. and Pawelek, J. (1975). Nature 255, 644.

Yasumura, V., Buonassisi, V. and Sato, G. (1966).

Cancer Res. 26, 529.

Zaitlin, M. and Hariharasubramanian, V. (lº 70). Anal.

Biochem. 35, 296.

Zakim, D. (1970). J. Biol. Chem. 245, 4953.

Zakim, D. (1971). J. Biol. Chem. 24.6, 4649.

Zeleznik, A. J., Midgley, A. R. and Reichert, L. E.

(1974). Endocrinology 95, 818.



|

|-



-

º



-

- -

-

-

-

-

-

-

-

-

º
-

-






