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SORAYA V. BETANCOURT-CALLE 
Differential Agonist-induced Signal Transduction Cascades and their 
Correlation with MARCKS Phosphorylation, StAR Phosphorylation, StAR 
Protein Synthesis; and Aldosterone Secretion in Cultured Bovine Adrenal 
Glomerulosa Cells 
(Under the direction of HOWARD RASMUSSEN) 

Aldosterone is a steroid hormone secreted by the cells of the _zona 

glomerulosa of the adrenal gland in response to increases in serum potassium 

(K+) concentrations, angiotensin II (Angll), and adrenocorticotropic hormone 

(ACTH). Although all of these agonists stimulate Ca2+ entry, which is required 

but not sufficient for aldosterone secretion, they generate other intracellular 

signals that are unique to each agent. In the first part of this study we 

addressed the possible involvement of Protein Kinase C (PKC) in the actions of 

these agonists, as measured by the phosphorylation of a specific endogenous 
~ 

substrate of PKC: the myristoylated alanine-rich C-kinase substrate (MARCKS). 

Both Angll and K+ induced an increase in, MARCKS phosphorylation, while 

ACTH inhibited this response. We conclude that PKC activation is involved in 

aldosterone secretion stimulated by either Angll or K+, but not by ACTH .. 

Although these three agonists act via different signaling pathways, it 

seems likely that at some point, the transducing events should converge. The 

_ transfer of cholesterol from the outer mitochondrial membrane to the inner 

mitochondrial membrane - is the limiting step in steroidogenesis. The 

steroidogenic· g_cute .regulatory (StAR) protein is thought to be a principal 



mediator of this transfer, with its acute synthesis and phosphorylation thought to 

be required for steroid production. Thus, StAR activation should be common to 

the actions of all three agonists. The second part- of this study determined 1) the 

effect of these agonists on StAR protein synthesis and protein phosphorylation, 

and 2) how these events relate to the secretory. response. Stimulation with 

Angll significantly increased StAR protein synthesis and StAR protein 

phosphorylation whereas stimulation with K+ significantly increased StAR 
' ' 

protein phosphorylation but did not affect StAR protein synthesis. Finally, ACTH 

significantly increased . both events but the increase in StAR protein 

phosphorylation was less than that for Angll or K+. We conclude that these 

agonists differentially regulate StAR protein synthesis and protein 

phosphorylation in cultured bovine adrenal glomerulosa cells. In addition, there 

is no simple correlation between these events and aldosterone production. 

These results suggest that StAR may not be the only factor regulating 

intramitochondrial cholesterol transport and steroid synthesis. 

INDEX WORDS: Aldosterone, PKC, StAR 
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I. INTRODUCTION 

A. Statement of the Problem 

Aldosterone is a steroid hormone secreted by the cells of the zona 

-glomerulosa of the adrenal gland. Its role is to maintain normal water and 

electrolyte (sodium and potassium) balance largely by regulating the renal 

excretion of Na+ and K+ (Burkitt H.G., et al, 1993 and Argawal, M.K., 1994). 

There are three major physiological stimulators of aldosterone secretion: 

angiotensin II (Angll), adrenocorticotropic hormone (ACTH), and the 

extracellular potassium concentration, [K+1e· The cell signaling events 
.. 

activated by each of these agonists are fairly yvell characterized (Barrett P.Q., et 

al, 1988, Ganguly and Davis, · 1994, and Rasmussen H., et al, 1995). In 

particular, all_ three agonists have the common effect of increasing Ca2
+ entry 

into these cells, and _this Ca2
+ influx is a necessary, but not_ sufficient, stimulus of 

aldosterone secretion (Ganguly and ·Davis, 1994)· Although all of these 

agonists stimulate Ca2
+ entry, they each act to generate other intracellufar 

signals that are unique to the particular agonist. Angll is thought to act via PKC 

activation whereas K+ and ACTH appear to activate the cAMP pathway (Barrett 

P.Q., et al,· 1988, Gan_guly and Davis, 1994, Argawal, · M.K.,· 1994, and 

Rasmussen H., et al, 1995). 

l 
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The experiments in the first part of. this work are aimed at more fully 

characterizing these unique signaling events. Specifically, the possible 

involvement of protein kinase C ·(PKC) in the secretory response induced by 

each of these agonists was investigated. The current belief is that there is PKC 

involvement in the aldosterone secr~tory response to Angll but not to K+ or 

.ACTH (Barrett P.Q., e~ al, 1988, Ga~g~ly and Davis, 1994, Argawal, M.K., 1994, 
' .. . . 

and Rasmussen H., .. et al, 1995). This belief is based mainly on experiments 

that show increases· in PIP2 hydrolysis. to ·ge.oerate DAG (Kojima 1., et al, 1984 
,,. 

an,~ Hunyady L., et al, 1990), and ·translocation :of :PKC activity from the. 

cytosolic fraction to the membrane fraction (Widemaier E.P., et al 1985, Lang 

and Valloton, 1987; and Nakano S., et al, 1990) .in Angll-stimulated but not in 

K+- or ACTH-:-$timulated adrenal. glornerulosa cells. : Although these findings 

support the idea that PKC is only involved in Angll-stimulated aldosterone 

secretion and not·in the stimulation by the other two physiologic agonists, they 

do not· involve direct measurement of PKC ·activity. In addition, in· other cell 

systems, K+ has be·en shown to induce PKC redistribution from the cytosolic ·to . · 
. . 

the particulate fraction (Haller H., et al, 1990, Wang J., et al; 1.996, and Raisin 

.M.P., et al·1997). We addressed the possible· involvement of Protein Kinas~ C 

(PKC) in the actions of these agonists, using the phosphorylation ·of a. specific 

endogenous sub$trate of PKC:· the J11yristoylated '.alanine-rich C-ki'nase 

substrate (MARCKS) as a. physiological indicator of PKC activity. Our 

hypothesis, based ori the evidence de~cribed above, is that there is differential 

involvement of PKC ~n the actions of these three different agonists. 

In cells that secrete steroid hormones, there is direct coupling between. 

hormone synthesis and hormone secretion (Miller, W.L., 1988). The pathways 
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by which cholesterol is converted to aldosterone have been well characterized 

(Agarwal, M.K. 1994), and two major regulated steps have been identified. The 

first is the. movement of cholesterol from cholesterol ester-containing ·lipid 

droplets to the outer mitochondrial membrane (Davis & Garren, 1968, Crivello & 

Jefcoat, 1980, Miller, W.L., 1988 and Liscum & Underwood, 1995). This process 

involves the activation of a cholesterol estera.se, and the movement of lipid 

droplets and mitochondria to contact each other to increase the efficiency of 

cholesterol transfer to the outer mitochondrial membrane. This movement is 

thought. to involve a rearrangement of the cytoskeleton of the cell (Hall P.F., 

1995 and Feuilloley & Vaudy, 1996). The second re·gulated step is that of 

moving the cholesterol ·from the outer mitochondrial membrane to the inner 

mitochondrial membrane so that the cholesterol can be acted upon by the 
·~ 

cholesterol side chain cleavage enzyme complex, located. in the inner 

mitochondrial membrane, to produce pregnenolone (Davis & Garren, 1968, 

Privalle, C. T., et al, 1983, and Ohno Y~, et al, 1983). This step· is the first 

enzymatic step in the synthesis of all steroid hormones. Recent evidence has 

led to the proposal that a unique protein, the steroidogenic acute regulatory 

(StAR) protein -acts in some way to catalyze this transmembrane l'flOVement of 

cholesterol (reviewed in- Stocco D.M., et al, 1996a and in Stocco D.M~, et al, 

1996b). 

The evidence that supports the role of the StA_R protein _in the·, regula_tion 

of intramitochondrial cholesterol transfer (Stocco [).M., et al, 1996a and Stocco 

D.M., et al, 1996b). includes the fact that: a).~ts distribution is highly. specific to 

the mitochondria of steroidogenically active· cells and tissue, b) the ·temporal 

appearance and quantity of :this protein correlates with the._~ a,ppearance and 

levels of steroid production, c) steroidogenic stimuli acutely increases StAR 
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protein synthesis, d) this protein has a short half-life of 3-5 min e) addition of 

cycloheximide, an inhibitor of protein synthesis, to stimulated steroid-producing 

cells inhibits both stimulus-induced · StAR protein synthesis and steroid 

production, f) transient transfection and expression of the StAR gene causes 

increased steroidogenesis even in the absence of stimulus, · g) cells transfected 

with a truncated form of the StAR gene show low~r amounts of steroid 

production, h) inhibition of the mitochondrial precursor-protein peptidase 

inhibits both the proteolytic processing of StAR and steroid production, and i) 

insertion of point mutations in the various phosphorylation sequences of StAR 

inhibits both its phosphorylation and steroid synthesis. Based on this evidence 

it has been proposed that there are at .least three aspects of the biology of StAR 

which may be of importance in mediating its function: i) the de novo synthesis 

of StAR protein; ii) limited proteolysis of the protein; and iii) phosphorylation of 

the protein by one or more protein kinases. 

The importance of each of these events in StAR protein function is not 

known. In part, this is due to the complexity of the system, and in part, to the fact 

that many of the studies of StAR protein function have been carried out in cell 

systems in which there is a considerable delay between agonist addition and 

steroid hormone secretion.· ~nder physiological circumstances, such agonists 

. normally induce .an im-mediate secretory response in most steroid-secreting 

cells. However, it is presumed·. that for the StAR protein to become fuily active 

and efficient in the intramitochond~ial transport of chol~sterol, it needs to be 

acutely synthesized,· proteolytically cleaved and pho$phorylated. What is less 

clear is how StAR protein carries out its function, or how the signaling events ·p '
4·••• 

induced by steroid synthesis agonists· regulate StAR function. 
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The experiments described in_ the second part of the present work were 

aimed at determining the changes in StAR protein behavior in a steroid 

secreting cell system which displays a rapid response time and which responds 

to three different agoinsts acting via different signaling pathways. As mentioned 

previously, the response of adrenal glomerulosa cells to Angll is unique in that 

the signaling pathways involved are the activation of protein kinase- C and a 

sustained increase in Ca2
+ entry. In contrast, ACTH and [K+]e appear to 

activate the cAMP signaling pathway, but also induce a sustained entry· of Ca2
+ 

into the glomerulosa cells. We hypothesize that activation of StAR (i.e. StAR 

protein synthesis, proteolytic cleveage,_ and/or phosphorylation) underlie the 

secretory response to each of these agonists. However, .-it is possible that since 

these .agents act via different· signal transduction pathways, · Jhey may 

differentially affect these events. Thus, this system allows us to furthe-r ~xpl?re 

how different sigl)aling events induced by steroid synthesis agonists regui-~te 

StAR function. 

Specific aims 

As mentioned above, there is considerable indirect evidence to support 

the view that activation of PKC is involved in the Angll-induced, but not in the K+

or ACTH-induced aldosterone secretory_ response .in adrenal glomerulosa cells. 

However, direct ·evidence to show the possible ·differential involvement -of PKC 

in agonist-induced aldosterone secretion is lacking. Thus, our first specific aim 

was to 

Define the role of protein kinase C activation in agonist-induced 

sustained aldosterone secretion. 

r 



6 

Direct establishment of the role of PKC in the actions of these different agonists 

is a necessary step in defining how the specific agonists . act to induce the 

aldosterone secretory response. 

The StAR protein has been reported to play a central role in the transport 

of cholesterol to an appropriate site in the inner mitochondrial membrane, with 

protein synthesis and phosphorylation thought to be required for its function. 

This study aimed at determining the effects of agonists of aldosterone secretion 

on StAR protein synthesis and phosphorylation: Thus, our second specific aim 

was to 

Characterize the changes in StAR protein synthesis and 

phosphorylation during agonist-induced sustained aldosterone 

secretion. 

·.Rationale 

Aldosterone secretion from -adrenal glomerulosa cells is an elegant 

system in which three different agonists, Angll, ACTH, and -small increases in 

[K+]e, bring about similar secretory responses via ,different ·signal transduction 

cascades (BarrettP.Q.,·et al, 1988; Ganguly and Davis,· 1994, and. Rasmussen 
' . 

H., et al, 1995). Intracellular Ca2
+ influx is a common requirement of all three 

responses, but by itself is insufficient to induce a major increase in aldosterone 

secretion. In addition, there is evidence that supports the involvement of cAMP 

. in the actions of ACTH and, to a lesser e_xtent, in the· K+ -induced -responses, 

since increases in the intracellular concentration of this cyclic nucleotide have 

been reported _in response to these two agonists (Kojima 1., et al, 1985d, and 
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Kojima 1., et al, 1985e). On the other .hand, PKC .. activation is apparently an 

important component only 'n the ~espon·se to Angll; since only ·in response to 
. . . ' . 

this agonist have increases in· PIP 2 hydroly_sis to generate DAG (Kojima 1., et al, 

1984 and Hunyady L., et al, 1990), and translocation of PKC activity from the 

cytosolic fraction to the membrane fraction (Widemaier · E.P., et al 1985, Lang 

and Valloton, 1987, and Nakano S., et al, 1990) been reported. However, as 
. ' 

previously discussed, a ppssible role of· PKC -in the. actions· of ACTH and K+ 

cannot be excluded on the basis of present evidence. We hypothesized that 

stimulation of cultured bovine adrenal glomerulosa cells with either Angll, K+, or 

ACTH differentially affect PKC activation. We also p~oposed that a more direct 

approach to prove this point could serve as the basis for further exploration of 

the role of PKC in agonist-induced aldosterone secretion. 

In spite of the notion that these three different agonists act via different 

signal transduction pathways, it seems likely that at some point, the transducing 

events should ·converge on a final common pathway of cell activation. Major 

efforts are currently underway to understand how these three agonists can bring 

. about similar secretory responses via different signaling pathways. Since the 

·StAR protein i~ thought to be a principal mediator of the rate-limiting step in 

steroidogenesis (reviewed in Stocco D.M., · et al, 1996a and in· Stocco D.M., et 

al, 1996b), we hypothesized that its· activation· (i.e. its acute · synthesis, 

proteolytic cleveage,and/or phosphorylation) should be common to the actions 

of all three agonists. Given this assumption, it could be further hypothesized 

that StAR protein activation is triggered by both the PKC and cAMP/PKA 

signaling pathways. 
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Since de novo expression of the StAR protein· and its phosphorylation 
( 

are thought to be required events in steroid synthesis (Stocco D.M., et al, 1996a 

and in Stocco D.M., et al, 1996b), we tested whether increases in StAR protein 

synthesis and phosphorylation are common components of all three agonist

induced responses. We also determined if expression· of the StAR protein, 

and/or its phosphorylation, display temporal and quantitative correlations with 

hormone secretion. Although StAR protein has been proposed as a major 

mediator of cholesterol transport in the mitochondria, the signaling events that . 

regulate this protein are not yet clear. The present study is the first to explore 

the possibility of heterogeneous mechanisms for the ·regulation ·at the StAR 

protein since the events thought to be required for its function are studied in 

cells stimulated with agonists that act via different signaling cascades. 

Significance 

There are many diseases and clinical settings in which abnormalities of 

aldosterone secretion are observed, including hypertension which .often leads 

to congestive heart failure (Valloton M.B., 1995). It is for this reason that 

numerous studies have been aimed at defining the ionic and hormonal 

mechanisms involved in the regulation of aldosterone secretion. Some of these 

conditions, such as Lipoid Congenital Adrenal Hyperplasia, involve the 

accumulation of cholesterol in the outer mitochondrial membrane together with 

an inability to synthesize steroids (Lin D., 1995). The recent characterization of 

the StAR protein leads to the conclusion that it is an important mediator of 

cholesterol transport from the outer to the inner mitochondrial membrane, the 

rate-limiting step in steroidogenesis (Stocco D.M., et al, 1996a · and in Stocco 

D.M., et al, 1996b). This finding establishes StAR as playing a central role not 
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only in aldosterone secretion but in steroidogenesis in general. Defining the 

cellular events · that regulate StAR action is of utmost relevance to the, 

understanding of the cellular mechanisms ·leading to normal steroid synthesis. 

Our study is innovative in the sense that it is the first one to analyze StAR 

behaVior upon stimulation with agents that induce aldosterone secretion via 

different signal transduction pathways. 

B. Review of Related Literature 

Steroid biosythes_is 

Adrenal glomerulosa cells are the sole source of the steroid hormone, 

aldosterone. The biosynthetic pathway by which all steroid hormones are 

synthesized begins with cholesterol. The synthesis of aldosterone from 

cholesterol is a- complex process, requiring the ,participation of a number of 

cytochrome P450 enzymes, some of which are on the inner mitochondrial 

membrane and some on the endoplasmic reticulum (Miller,W~L, 1988 & 

Agarwal, M~K., .1994). Steroidogenic tissues. may synthesize cholesterol de 

· novo from acetate, or may derive cholesterol from Low Density Lipoproteins 

. (LDL) in the circulating blood plasma (Liscum, et,_al, .1995). LDL cholesterol 

esters are taken up· by. recept~r-mediated endocytosis and th~n stored in lipid . 

droplets. Steroidogenesis of aldosterone occurs ·upon the stimulation·of the 

glomerulosa cells· by either ACTH, Angiotensin II, and/or increases · in . 

extracellular [K+le· Once cholesterol' reaches the . inner mitochondrial 

membrane, it is converted to pregnenolone in a reaction catalyzed by 

cholesterol desmolase, a mitochondrial'. cytochrome . also known as 

cholesterol side-chain cleavage enzyme system (CSC:C). 

"' ~... . 
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. ' 

Pregnenolone is then transported to the smooth endoplasmic reticulum; where . 

it is dehydrogenated by the 3~-~ydroxysteroid dehydrogenase to form 

progesterone. Progesterone is then hydroxylated by the enzyme 21 ~

hydrodylase to form· 11.:.d.eoxycortico$terone w_hich then moves back into 
' . . . 

the mitochondria where it is hydroxylated by the 11 ~-hydroxylase to form. 

co rt i costero n e. Finally, corticosterone is converted to 1 8-

hydroxycorticosterone and then to aldosterone in the mitochondria. Both . 

of these latter steps are catalyzed by the enzyme aldosterone synthase, an 

enzyme normally found only in the mitochondria of the cells of the zona 

glomerulosa (Agarwal, M.K., 1994). 

The synthesis of aldosterone and of other steroid hormones have in 

common the property that they all are dependent on protein synthesis. In the 

presence of cycloheximide, the response to trophic factors is inhibited (Garren 

L.D., et al, 1965, Garren L.D, et al, 1966, Davis W.W., et al, 1968, and Garren 

L.D.~ et al, 1 968). However, this protein synthesis inhibitor· does not interfere 

with a) the conversion of cholesterol esters to free cholesterol (Davis W.W., et al, -

1966), ·b) the transfer of cholesterol to the m.itochondria (Crivello J.F~, et al, 

1980), or c) the activity of the CSCC enzyme (Arthur J.R., et al,, 1976). Also, 

additi.on of' cycloheximide to pre-stimulated cells causes a rapid inhibition of 

steroidogenesis implying ,that the regulated step is dependent on the rapid · 

turnover of a highly labile protein ·(Garren L.D., et al, "1965 and Crivello, J.R., 

1978). 

There may be two major common steps that are regulated in all steroid-
- . ) 

secreting cells. The .first is the movement of cholesterol to the outer 



· ...... 

... ......... 

... _ ..... 

11 

mitochondrial membrane, and the second the transport of the cholesterol" from 

the outer to the inner mitochondrial membrane. 

Upon stimulation, the cytoskeleton of the s~eroidogenic cell undergoes a 

morphological rearrangement that ultimately allows lipid droplets, lysosomes, 

and mitochondria to come into close proximity in the perinuclear area (Lor~nz 

S., et al, 1987, Hall P.F., 1979 and Hall P.F., 1995). These events somehow 

allow the enzyme cholesterol ester hydrolase~ located in lysosomes, to 

catalyze the formation of free cholesterol from cholesterol esters in the lipid 

droplets, but the mechanism of how ·this hydrolys.is. occurs is not well 

understood (Garren L.D., et al, '1965). The ·current model .. (Figure 1) ·propose~ 

that the cholesterol in t~e lipid droplets is brought into close contact with both 

the lysosomes and mitochondria through a rearrangement of the cytos.keleton·; 

the cholesterol ester is then hydrolyzed and the free cholesterol is transported 

from the cytosol to the· outer mi_tochondrial membrane by a carrier protein. 

Possible candidate protein.s for the la~ter function . are.·. the steroidogenesis 

activator ·polypeptide (SAP), a 3.2 kDa peptide, and the· sterol carrier 

protein -2 (SCP-2), a ~13 kDa protein. Both have been found to increase total 

cholesterol· content in · the mitochondria and · to promote steroidogenesis 

(Vahouny G.V., et al·, 1987 and Pedersen, R.C., 1987).· 

Once transported to the mitochondria, cholesterol easily diffuses through · 

this ~very hydrophobic outer membrane only to find a. water barrier_ in the space 

between the outer and inner mitochondrial membranes. · This barrier must be 

crossed in order for cholesterol to reach the inner mitochondrial membrane 

where the enzymes that catalyze the first step of cholesterol's conversion to a 

steroid hormone are located. Since the aqueous diffusion ·of 



Fig. 1: Schematic representation of the events involved in 
steroidogenesis. A) Upon stimulation, a steroidogenic cell undergoes an 
internal rearrangement of the organelles· that brings lipid droplets and 
mitochondria in close proximity to each other. B) This rearrangement af/ows for 
a more efficient transfer of cholesterol from the lipid droplet to the mitochon~dria 
by the sterol carrier protein. Cholesterol readily diffuses into the . outer 
mitochondrial membrane and is carried through· the water filled 
intramembranous space into the inner mitochondrial membrane ·by the StAR 
protein. · 
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Legend: y Hormone Receptor ..... Sterol Carrier Protein 

v Hormone D Free Cholesterol 
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cholesterol is .extremely slow, this process could not provide sufficient substrate 

to account for the rapid and large increase _in steroid. production observed in 

stimulated steroidogenic ·cells. Successful stimulation of steroidogenesis 

requires .the activation of a rapid transport system to move cholester<?l across 

this barrier. The evidence ga~hered to date suggests that this transfer of 

cholesterol from the outer mitochondrial membrane to the inner mitochondrial 

mem~rane is the critically regulated step, since cells stimulated in the pre.sence 

of cycloheximide contain significantly higher levels of cholesterql in the outer 

mitochondrial membrane when compared to the .unstimulated controls,. but 

show no increase in cholesterol content in the inner m'itochondrial membrane 

(Privalle, C.T., et al, 1983 and Ohno Y., et al, 198~). _In addition, when 

hydroxylated analogs of cholesterol such as 22R.-hydroxycholesterol, 20a-

hydroxycholesterol, or 25-hydroxycholesterol, hydrophylic analogs which can 
., 

readily diffuse across both mitochondrial membranes, are ·incubated with 

steroidogenic cells, high levels of steroid hormones can be formed in the 

absence of hormone stimulation of any kind (Lambeth J.D., et al, 1982, Tuckey 

R.C., et al, 1984, Tuckey R.C., et aJ, 1989, and Tuckey R.C., 1992}. The current 

. model . of cholesterol transport· from the outer mitochondrial membran~ . to· the 

inner mitochondrial membrane ·. proposes t~e· . form~ti~n of "contact sites" 

between these two 'mitochodrial . membranes that· facilitates the transport of 

cholesterol. across the aq'Ueous barrier (Brdiczka D., ·1991 )~· Twp. possible 
' ' 

candidate$ have been proposed to regulate the formation- of these contact sites. 

1he first is the mitochondrial · benzodiazepine receptor {mBZR) with its 

endogenous ligand diazepam bindin~ inhibitor {OBI). The second is the 

recently described steroidogenic acute aegulatory· {StAR) Protein. 
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SAP and SCP-2 

In the case of SAP, ·this peptide is still an· attractive candid~te for the 
·' . . '• 

transport of cholesterol to the mitoc~on~ri_a ·.-since it is found only.·. in 

·steroidogenic cells, its levels increase upon stimulation, and this increase is 

prevented by cycloheximide (Pedersen R.C. 1987, Mertz L.M., et al, 1989, and 

Frustaci J.', et at, 1989). However,. _-it is riot clear in __ w~i.ch sta~e of cholesterol 

transport this protein plays a role. · A mechanism whereby SAP can transport 

cholesterol from the outer mitochondrial membrane to the inner mitochondrial 

membrane has not been demonstrated, leading to the gene,ral belief that the 

role of SAP is probably that of transporting cholesterol from the storage sites 

into the outer mitochondrial membrane. Thus, more evidence is necessary to 

establish the role of SAP in steroidogenesis. 

In reference to SCP-2, it has been conclud~d that this protein does not 

fulfill the criteria for the acutely re.gulated, rapidly synthesized, highly labile 

protein, ,since it is expressed in a variety of. non-steroidogenic tissues, and· its 

level does no~ change rapidly in response to either acute stimulation or to 

treatment with cycloheximide (Vahouney G.V., et at, 1987). The synthesis of· -

SCP-2 has been shown to be under the regulation of ACTH in the adrenal, but 

this regulation only occurs after many hours of hormone stimulation (Trzeciak . 

W. H., et al, 1987). Regulation of SCP-2 by cAMP analogs in ~varian cells has 

also been demonstrated (MCLean M.P., et at,· 1989). However, its regulation is 

similar in a nonsteroidogenic granulosa . cell line indicating that SCP-2 

regulation is not obligatorily coupled to sterodogenesis (Rennert H., et at, 1991 )._ 

Moreover, in human fibroblasts, SCP-2 is capable of transporting rrewly 

synthesized cholesterol from the endoplasmic reticulum - to the plasma 
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membrane, suggesting that the role of SCP-2 may be that of a general 

cholesterol transporter within the cell (Puglielli L., et al, 1995). 
. ' 

niBZR, OBI, and StAR 

The mitochon'drial benzodiazepine receptor (mBZR), also known as the 

peripheral benzodiazepine receptor (PBR), with its endogenous ligand 

diazepam binding inhibitor (OBI), a _compound that belongs to the group of 

benzodiazepine receptors ligands known as endozepines, has been localized 

to mitochondrial membranes. The association of t~is receptor and ligand has 

been found to increase steroidogenesis in vitro (reviewed in Papadopoulos V., 

1993 and in Parola A.L., et al, 1993). The PBR has distinct pharmacological 

properties when compared ·with the central nervous · system (CNS) 

benzodiazepine receptor (Verma A., et al, 1989). PBR is an 18 kDa protein 

found in the mitochondrial outer membrane which is complexed with the 

mitochondrial voltage-dependent anion carrier (VDAC) and the adenine 

nucleotide carrier protein (Antkiewicz-Michyaluk L., et al, 1988 and Garnier M., 

et al 1993). - ·This .. multi-complex organization has been. visualized by . 

. transmission electron .and atomic force microscopy of MA-10 mouse Leydig 

tumor cell mitochondria in which PBR ·was immunolabeled ·with anti-PBR · 

antiserum ·and visualized by gold particle density (Papadopoulos V., . et al, 

1994). The res_ults of the study indicat.e; that ·four to six m·otecules of PBR 

associate with. VDAC, . which· is located ·in mitochondria·! membrane "cont~.ct 

sites", at a ratio of ·5:1. This association may potentially bridge the ()Uter and 

inner membranes of the mitochondria. On· the other hand, an 8.2 kDa protein 
. . ;, 

isolated from bovine adrenal cells has an amino .acid sequence identical to the 

endozepine isolated from bovine brain except for truncation of the carboxy- . 
. -

terminal two amino acids ·(Giy-lle), ha·s.--been shown to -bind .to this PBRNDAC 
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complex (Besman M.J., et al, 1989). Both the. brain and. adrenal forms of 

endozepines bind to the CNS benzodiazepine receptor. (Besman M.J., et al, 

1989) inhibiting diazepam binding.· Hence, the bovine brain endozepine ha.s 

been termed diazepam binding_ inhibitor or OBI, while · the bovine adrenal 

endozepine has been termed Des-(Giy-lle)-DBI. Interestingly, OBI and Des- · 

(Giy-lle)-DBI have been shown to have stimulatory effects on steroid production 

in adrenal and gonadal cells (Holloway C. D., et al, 1989) .. In· fact, addition of 

OBI increased .cholesterol levels in the inner membrane of isolated bovine 

adrenal mitochondria (Yanagibashi K., et al, 1989). Based on these 

observations, it has been suggested that the binding of OBI to. the mi-tochondrial 

· PBR complex forms a pore channel through which cholesterol can access the 

inner mitochondrial membrane. Several lines of evidence suggest that the PBR 

plus its endogenous ligand OBI . are required for steroidogenesis to occur. 

(reviewed in Papadopoulos V., et al 1997). First, inhibition of PBR-081 binding 

with flunitrazepan inhibits cholesterol transport and steroidogenesis. Second, 

targeted disruption of the PBR gene dramatically reduces the ability of the cells 

·to transpot1 cholesterol from the outer mitochondrial membrane to the inner 
( 

mitochondrial membrane. Third, in vivo reduction of adrenal PBR expression, 

by treating rats with a stanaarized extrapt of Ginkgo biloba leaves termed Egb 

761·, results in reduced circulating· _gluc-ocorticoid levels .(Amrf H, et al, 1996). . . 

Finally, antisf?nse ol_igonucleotides for OBI reduced both . OBI levels· and the 

ability to synthesize pregnenolone. However,, ,more· recent studies (Brown- A.$., 

et al 1992) have shown that OBI ·is. not acutely, regulated by trophic hormone 

treatment, and that its half-life is greater than. 3 hours. Thus, this p~otein does 

not meet the behavioral requiretnents··ot-the acute· regulator)! protein .. · 
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!he major candidate for the role of conveying cholesterol from the outer 

to the inner mitochondrial membranes is a recently described protein named 

steroidogenic- g_cute regulatory protein (StAR). It has been found to have all the 

properties necessary to act as an acute regulator of ~teroidogenesis (reviewed 

in Stocco D.M., et al, 1996a and in Stocco D. M., et al, 1996b). This protein, al'}d 

the correlation of its appearance with steroidogenesis, as well as its sensitivity 

to cycloheximide, was originally described in a series of studies by Orme

Johnson and colleagues, in· hormone-sthnulated rat adrenocortical suspensions 

(Krueger R.J., et al, 1983, Pon L.A., et al, 1986a, Alberta J.A., et al, 1989, and · 

Epstein L.F., et al , 1991 a). It was originally termed it), but is ·now known as 

pp30 in this system. Its presence and behavior were confirmed. in hormone

treated rat: corpus luteum cell suspensions (Epstein L.F., et al, 1991 b) and 

mouse adrenal and Leydig cell supensions (reviewed in Stocco D.M., et al, 

1996a and in Stocco D. M., et al, 1996b) . where it has been extensively 

characterized by Douglas Stocco and collaborators. The StAR proteins are a 

family of proteins and phosphoproteins with molecular weights of approximateiy 

30 kDa, and pis ranging from 6.1 to 6. 7 in hormone-stimulated MA-1 0 cells 

(reviewed-in Stocco D.M.,.et al, 1996a and in Stocco D. M., et al, 1996b). StAR 

protein synthesis is ·increased upon hormonal stimulation, and is 

cy?loheximide-labile indicating that de novo StA~ protein synthesis is required . 

for steroidogenesis in both mouse Leydig_ cells (Stocco, D.M., et al 1988 and 

Stocco D.M., et al, 1991) and in adre-nocortical .cells (Krueger R.J., et al·~ 1983, 

and Pon, L.A., et al, 1986a). StAR has a half.;.life of..approximately·.5 minutes 

(Stocco et al, 1996b) and has been shown. to be localized. to the rnitochondrfa 

(Alberta et al, 1989, · Epst~in et al, 1989, and Clark· et al, .1995), ·where it 

increases the transfer of cholesterol from the . outer ·to the inner membrane 

(Clark et al,· 1994, and King et al, 1995), presumably by the formation of contact 
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sites. StAR protein has also been shown to be specifically expressed in 

steroidogenic cells (Clark, B.J., et al, 1995). The role of de novo transcription of 

the StAR message is not clear since there is conflicting evidence as to whether , 

or not actinomycin D inhibits steroidogenesis and whether the level of StAR 

message increases concomitantly with the levels of steroid produced (Garren 

L.D., et al~ 1966, Ferguson J.J., et al, 1964, Vernikos-Danellis J., et al, 1965, 

Mendelson C., et al, 1975, Schulster D., 1974a, Nakamura, M., et al, 1978, 

Cooke B.A., et al, 1979, and Schulster D., et al, 1974b). It is difficult to clarify 

the latter point in the ·systems in which this question has been addressed, since 

these systems must be stimulated for hours or. even days before the levels of 

steroid hormone secretion are seen to increase. 

The StAR ·gene .. encodes a 37 kDa precursor that possesses a · 

mitochondrial targeting amino acid sequence (Stocco ·D.M., 1991 ). This gene .. · 

has a high degree of homology (< 80°/o) in all the species in which it has been 

cloned, including mouse, rat, bovine, porcine, and h~man (reviewed in Stocco · 

D.M., et al, 1996b). Cytosolic precursor p~oteins of.StAR with ·molecular masses 

of approximately 37 kDa and 32 kDa have been identified and it is thought that 

the 32 kDa is the 37 kDa protein minus the mitochondrial targeting sequence. 

These precursor proteins are extremely labile, and can .only be detected after 

inhibition of the mitochondrial precursor-processing peptidase. A precursor

product relationship between these cytosolic proteins and the . 30 kDa 

mitochondrial proteins has been demonstrated by pulse-chase experiments 

both in mouse Leydig cells (Stocco D.M., 1991) and adrenocortical cells 

{Alberta, J.A., et al, 1989 and Epstein L.F., et al, 1991 a). In addition, the 

proteolytic peptide profile of the 37 kDa, 32 kDa, and 30 kDa proteins show the 

similarity of their primary structure (Stocco D.M. 1996b). Finally, the 30 kDa 
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protein is phosphorylated, yielding the presumably active form(s) of the StAR · 

protein (Chaudhary L.A., et al, 1991, and Stocco D.M., et al, 1993a). ,There are 

four 30 kDa StAR protein isoforms. lsoforms 1 and 2 are non-phosphorylated 

proteins and are direct products of the proteolytic processing of the 32 kD 

protein precursor. Treatment of the phosphorylated forms of StAR (isoforms 3 

and 4) with alkaline phosphatase shows that they are direct products of the 

phosphorylation of proteins 1 and 2 (Pon L.A., et al, 1986b and Stocco D.M.,. et 

al, 1993a). Thus, upor:J phosphorylation, isoforms 1 and 2 become isoforms 3 

and 4 respectively, the latter two with reported pis of approximately 6.3 and 6.5 

respectively (Pon L.A., et al,. 1986b and Chaudhary L.R., .et al, 1991 ). Since 

. isoforms 1 and 2 show identical primarY structures, the differences in migration 

patterns are believed to be post-translational modifications, such as ~ulfatation 

or glycosylation (Pon L~A., et al, 1985), but their relationship in this regard is not 

·known. 

Regarding the issue of the active form. of StAR, it has been shown that 

steroidogenesis is. dependent on the phosphorylation of a protein substrate(s) 

in response to hormone treatment since incubation of steroidogenic cells with 

amino acid analogs incapable of being phosphorylated, such as D,L-~-

hydroxynorvaline and L-homoserine, inhibits steroidogenesis (Stocco D.M., et 

al, 1993a). The phosphorylation of StAR is .believed to be critical· to its action. 

The evidence that supports this notion is that cells transfected with a StAR gene 

in which point mutations have been inserted to the phosphorylation sequences 

show decreased amounts of steroid production when compared to cells 

transfected with. the normal gene (Arakane F., et al, 1997}. In view of the above 

mentioned observations, Stocco and collaborators have assembled a model of 

the biology of StAR (Figure 2) where, upon stimulation, either a pre-existing or 



Fig. 2: Schematic representation of the current model of StAR 
behavior upon hormonal stimulation. Upon hormone stimulation either a 
pre-existing or de novo transcribed (A) StAR message is translated (B) into a 
37 kDa cytosolic protein precursor (C) containing a mitochondrial target 
sequence. This precursor moves to the mitochondria (D) where it undergoes 
proteolytic cleavage and ph~sphorylation (E) yielding the presumably active 
form of StAR. 
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Fig.. 2: Schematic representation of the current model of 

StAR behavior upon hormonal stimulation. 
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de novo transcribed StAR message is translat~d into a 37 kDa cytosolic protein 
"' . ·. ·. . 

precursor, containing a mitochondrial targeting sequence. This prote.in moves 

to, the mitochond._ria where it bin~s to its puter mitochondrial membrane receptor 

protein and induces ... the formation of a contact site lJYith the inner mitochondrial 

membrane. At this point, the protein is thought to undergo the first proteolytic 

cleavage by the matrix processing protease, to remove the target sequence, 
. ' ' . . . . 

yielding the 32 kDa protein precurs·oL At .the thne of processing, although this 

protein is attached to the mitochondria, most of it is outside of this organelle and 

can be recovered as cytosolic. The rryodel proposes that as the 32 kDa protein 

is transfered to the mitochondrial matrix, it holds the contact site in place, and 

that the cholesterol already accumulated in the outer mitochondrial membrane 

crosses to the ·inner mitochodrial membrane through· these contact sites. 

Finally, the 32 kDa precursor undergoes a second cleavage, this time by a 

mitochondrial intermediate processing peptidase, yielding two 30 kDa StAR 

products with identical primary structures but different pis. Both of these two 30 

kDa StAR. isoforms are phosphorylated ·and appear in the mitochondrial matrix 

where th~y persist for a considerable period of time -after agonist stimulation has 

ceased. This model raises the possibility that the 30 kDa species are not the 

active forms of the StAR protei~, . or that they play an additional role in -the . 
,• 

regulation of· steroid. hormone synthesis, e.g_., activation of the side-chain 

~leavage enzyme. 

The· postulated- role of the StAR protein in steroidogenesis was 

strengthened by a series of experiments in which. the temporal appearance and . 

quantity~·of;~these proteins was correlated with the appearance and quantities of .-;~" 

steroid production. Also, transient transfection with the StAR gene into a non

steroidogenic strain of mouse Leydig cells caused an increase in steroid 
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production even in the absence of agonist stimulation (Stocco D.M., et al 1993b 

and Clark B.J., et al, 1994)~- ~ven more. exciting is th~ discovery that a mutation . 

in the gene encoding for the StAR protein has been shown to'be the cause of a 
lethal condition called Lipoid Congenital Hyperplasia (LCAH), a 

condition that is characterized by a complete inability of the newborn infant to 

synthesize adrenaJ and gonadal steroids (Lin D., et al, 1995). This finding 

provides -strong support for the hypothesis that StAR is the . long ·sought-after 

acute regulatory protein in steroidogenesis. Although much information has 

been obtained regarding StAR protein function, there are many points that are 

·not yet clear. For example, it is not known whether the transfer of cholesterol 

occurs in a passive manner when contact sites are ·formed, or whether StAR 

acts as a cholesterol binding protein that carries cholesterol to the fnner 

mitochondrial membrane. Another aspect that requires further study is the type 

of covalent modifications that might affect the StAR protein. Although computer

band analyses of the StAR protein sequence have identified three putative PKA 

·-Ca2+/calmodulin-dependent (CaM) protein kinase II phosphorylation sites as 

well as one PKC phosphorylation site (Stocco D.M., et al 1996b), it is not 

known: i) which of these sites is actually phosphorylated in the activated cell; ii) 

at which site within the cell (cytosol or mitochondria) phosphorylation occurs: iii) 

. which kinases are responsible for StAR phosphorylation; iv) the physiological 

relevance of these phosphorylation events. ; v) how these events are temporally 

coupled to th~ cytoskeletal rearrangements induced· by hormonal treatment; 

and vi) whether de novo transcription of the StAR message is required for the 

initiation of the steroidogenic response or if translation of a pre-existing mRNA 

·occurs.· 
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The adrenal glands are small flattened endocrine glands with a half

moon shape, located on the upper pole of each kidney (Junqueira L.C., et al., 

1 995; Burkitt H. G., et al, 1 993). In mammals, the adrenal gland contains two 

functionally and morphologically different types of endocrine tissue: the outer 

yellow adrenal cortex and the inner reddish~brown adrenal medulla 

(Figure 3). These tissues are wrapped in a dense collagenous capsule of 

connective tissue. The adrenal cortex consists of three histological zones: the 

zona, glomerulosa is the outermost layer lying directly beneath the capsule 

and is the only source of aldosterone production, the intermediate zona 

fasciculata, where glucocorticoids are produced, and the zona reticularis, 

w~ich lies adjac~nt .to the medulla and produces adrenal androgens. 

Aldosterone secretion is induced by Angll, small increases in 

extracellular potassit,Jm concentration,· and/or by ACTH. The discussion which 

follows focuses on the· behavior of cells from bovine adrenal glands. When 

freshly isolated. bovine adrenal glomerulosa cells are exposed to any one of 

the three agonists, aldosterone secre~ion increases, in a dose dependent 

manner, within 2-5 minutes after exposure,· ~nd reaches a sustained plateau 

w!thin 15-20 minutes._ Bollag and collaborators (Bollag W.B.,_ et al, 1990, Bollag· 
. . . 

W.B.,et al, .1991, and.Bollag ·w.B., et al, 1992) have characterized th~ effects of. 

Angll on aldosterone . production in primary· cultures of bovine ·adrenal 

glomerulosa cells and found them to· be very similar to those seen in the freshly 

isolated cells. Interestingly, a,ltho~gh B:_ll thre·er·agonists induce. simil~r secretory 

responses, each of them act via differe~t signal transducho.n pathways (Barrett 

P.O., et al, 1988, Ganguly ~nd Davis, 1994, and Rasmussen H., et al, 1995). 



Fig. 3: Schematic representation of the internal anatomy of the 
adrenal gland. The adrenal gland is divided into two parts, the inn~rmost 
adrenal medulla and the outermost adrenal cortex. The latter consists of three 
layers, the zona reticularis, the zona fasciculata and the zona glomerulosa, 
which is the only source of aldosterone production. 
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Fig. 3: Schematic representation of.the internal anatomy of the 
adrenal gland. 
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Although all of these agonists stimulate Ca
2
+entry (Ganguly and Davis, 1994), · 

each acts to generate other intracellular· signals. that: are unique to each agent. 

The following discussio·n will review the evidence that supports the idea that 
' ' - , 

Angll acts via PKC activation whe·reas K+.and AGTH appear. to function through 

the cAMP pathway (BarrettP~Q., et al, 1988, Ganguly and Davis, 1994, Argawal, 

M.K., 1994, and Rasmussen H., et al, 1995). 

The Effects· of Angiotensin II 

In the case of Angll (reviewed in Barrett PQ., ~t al , 1988, and in 
. . ' 

Rasm·ussen H., et al, 1995), binding of this agonist to its receptor ac.tivates a G-

protein-linked receptor · coupled to a Phosphoinositide-specific 

Phospholipase C '(PLC). This enzyme ·acts on phosphatidylinositol 4,5.

bisphosphate (PIP2) causing its hydrolysis arid generating inositol 1 ,4,5-

trisphosphate (I.P3 ) and ·arachidonate-enriched diacylglycerol · (DAG). In 

turn, ·IP3 induces the release of Ca2+ from an intracellular pool leading . to an 

immediate and transient (0-5 min.) increase in the cytosolic Ca2+ concentration. 

The Angll-elicited Ca2+ transient initiates the secretory response via an 

activation of the calcium/~almodulin-dep.endent protein kinase II 

(Ca 2+/CaM-kinase II) yielding a set of phosphorylated proterns,. as assessed· 

by two dimensional (2D) gel ·analysis, that characterize the initial response 

(Barrett et al, ·1986a). ·The importance of Ca2+/CaM-dependent .protein kinase U~ 

mediated activation of ·the steroidogenic response is illustrated by the marked. 

inhibition of secretion induced by inhibitors of both this enzyme .(Pezzi et. al, 

1996) and calmodulin (Balla et al, 1982·, Wilson et al1984, and Ganguly e~ al,· 

· 1990 and 1992). The DAG arising as a result of PIP 2 h_ydrolysis, together with · 

the, increase in cytosolic Ca2+concentration and influx, causes the activation of 

Ca 2+-activated lipid-dependent protein kinase (PKC) whose activation 
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is believed to underlie the sustained response. Thus, the three major signals 

believed to support the sustained phase of Angll-induced aldosterone secretion 

are increases in Ca
2
+ entry, DAG. production, and PKC activation. 

The involvement of PKC in the Angll-induced response is supported by 

the observation that a combination of phorbol ester, a pharmacologic activator 

of PKC, together with an agent that increases Ca2
+ influx, such as A23187, 

induces a secretory response similar to that induced by Angll (Kojima 1., et al, 

1983). It has also been shown that a different set of phosphorylated proteins 

characterize the initial and sustained phases of the response (5 and 30 minutes 

respectively) to Angll. These findings support the notion that different protein 

kinases are involved in the two stages of the response (Barret P.O., et al, 

1986a). In addition, Lang and Valloton (1987) demonstrated translocation of 

PKC activity from the cytosolic to the membrane fraction of a cell homogenate 

upon stimulation with Angll. Also consistent with these findings is the fact that in 

rat adrenal glomerulosa fells the PKC inhibitor Ro 31-8220 inhibits Angll- · 

induced aldosterone secretion (Kapas S., et al, 1995). 

The role of Ca
2
+ in the Angll-induced response · has been extensively 

studied. In addition to the transient increase in cytosolic Ca2
+ due to an IP 3-

induced release of Ca2
+ from the intracellular Ca2

+ stores, a sustained inqrease 

in calcium influx into the glomerulosa cells occurs in ·response to each of the 

three agonists (reviewed· in Ganguly and Davis, 1994). Several lines of 

evidence suggest that binding of Angll to its receptor causes the activation of 

voltage-dependenF···calcium channels allowing a sustained influx of Ca
2
+ 

(reviewed in Barret P.Q., et al, 1989). The Ca2
+ channels whose functions are 

changed by the action of Angll are the T-type voltage-dependent Ca2
+ channels 
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(Cohen C.J., et al, ·1988, Barret P.Q. 1992, and McCarthy R.T., et al, 1993). 

Angll appears to alter the function of these channels by two pathways: one 

indirect and the other direct. The indirect pathway is through an Angll-induced 

alteration of the behavior of one or more types of K+ channels thereby causing 

plasma membrane depolarization and the voltage-dependent activation of the 

· T-type Ca2+ channels (Quinn S.J., et al 1987). T~e direct pathway is that of 

altering the properties of the T -channels themselves, i.e., by causing a shift to 

the left of its voltage-dependence of activation.· One of the molecular 

mechanisms by which· this latter event occurs is through the Ca2+/CaM

dependent kinase II phosphorylation of these channels (Lu H.K., ·et al, 1994, 

and Fern R.J., et al, 1995). Thus·, the initial Ca2+ signal activates a feedforward 

response to activate this class of channels to provide a sustained Ca2+ si.gnal. 

Maintenance of Ca2
+ influx seems to be required in steroidogenesis, as shown 

by the lack of steroid secretion in the absenc~. of extracellular calcium or in the 

presence of Ca2+ channel blockers (reviewed in Ganguly and Davis, 1994); 

This Ca2+ appears to be required not only to sustain PKC activation but also to 

maintain transport of cholesterol from the outer mitochondrial membrane to the 
•. ' 

inner mitochondrial membrane (Cherradi N., et al, 1 ·996). It is not clear whether 

or not PKC-dependent activa~ion of the Ca2+ channels. also occurs. 

There· is·an additional aspect to this Angll-ind~ced sustained increase tn 

Ca2+ entry. The increase in Ca2+ influx is balanced by a parallel increase in Ca2~ 

. efflux (Foster R. a·nd Rasmus$en· H., 1983, Kojima 'I., et al, t985a, Kojima 1., et al, 

1985b, and Kojima 1., et a:l, 1985c). This Ca2+ efflux occurs through .the plasm~ 

membrane Ca2
+ pump, i.e. the~::'Ca2+/2H+ ATPase (Hunyady L., et a.l, 1· 98f3, and 

van der Bent V., et al, 1993). There is evidence that an increase in Ca
2
+ brings 

about CaM-dependent activation of the pump, and that also PKC stimulates the 
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activity of this pump (reviewed in Ganguly and Davis, 1994). These events, 

taken together, lead to a constant increase in the rate of Ca2
+ cycling across the 

plasma membrane. 

Regarding the sustained production of DAG, as noted above, the initial 

increase is the result of activation of PI-PLC and the resulting hydrolysis of 

phosphatidylinositides (Kojima 1., et al, 1984, Balla T. et al, 1986, BaUa T., et al 

1988, Underwood R.H., et al, 1988, and Hunyady L. et al, 1990). This leads to . 

the production of arachidonoyl-rich DAG (Kojima 1., et al, 1984, and Bollag W.B., 

et al 1991 ). However, after Angll-stimulation followed by rem·oval of this agent, 

myristoyl-rich DAG remains significan'tly high while the levels of arachidonoyl

rich DAG seem. to de.cline (Bollag W.B., et al, 1991 ) .. Therefore, it has been 

proposed that the bulk of DAG synthesis during the sustained phase of the Angll 

response is produced. as a ·consequent;::e of :the action of phospholipase D 
. . . -

{~LD) acting on pho:phatidylcholine (Bollag W.B., et. 9.-l 1990). In this case, the· 

initial product of PLD action' is my~istoyl-rich pho.sphatidi~ ac~d. which, when 

acted upon by phosphatidate phosphohydrolase, generates myristoyl-rich 
' ' 

DAG. Hence, not only are the Ca2
+ ·signals. associated with the initial and 

· sustained phases of the response different, . but the species of DAG operative 

during the two phases differ. The functional s·ignificance of ·having these two 

different DAG signals is not presently understood. How Angll-receptor 
' ' 

activation initiates the activation of PLD is a.lso not clear, but there is evidence 

that the sustained activation of PLD is, af least in part, due to the increase in 

PKC activity (W.B. Bollag, unpublished observations). · Hence, two feedforward 

controls appear to operate in this system: a) the·. <:!Ja2
+ -dependent activation of 

Ca2
+ influx, and b) the PKC-dependent activation of PLD. 
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There is additional data that supports the role of PLD in the stimulation of 

aldosterone secretion. By treating glomerulosa cells with exogenous PLD it is 

possible to increase the DAG content of the plasma membrane. If this is done, 

an increase in aldoster9ne secretion occurs, and the magnitude of this increase 

is enhanced if the calcium channel agonist BAY K 8644 is present (Bollag W.B., 

et al 1990). These pharmacological studies also provide independent evidence 

that the combination of Ca
2
+ cycling and DAG production, presumably acting 

through PKC, are sufficient signals to stimulate a sustained increase in 

aldosterone secretion. 

In summary, the three major signals believed to underlie sustained 

aldosterone secretion in response to Angll are Ca
2
+ cycling across the plasma 

membrane, an increase in the DAG content· of this membrane., and an increase 

in the activity of membrane-associated isoform(s) of PKC. However, there are · 

phosphoproteins common to both phases, and these may include the StAR 

protein isoforms. 

The current model argues that the initial Angll-induced response involves 

a global intracellular transient calcium signal and the activation of Ca
2
+/CaM

dependent kinase II, leading to the phosphorylation of a subset of proteins. It 

can be hypothesized that these events induce the .cytoskeletal changes 

necessary for the initiation of the steroidogenic response. On the other hand, 

the sustained phase of the response depends upon a sustained increase in. 

plasma membrane DAG, and Ca2+ cycling across the plasma membrane which 

induce one or more isoforms of PKC to associate with the' plasma membrane 

and become activated. This leads to the phosphorylation of a second subset of 
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proteins, presumably involved in . the maintenance .. of the steroidogenic 

response. 

Angiotensin 11-inpuced time dependent potentiation· 

An aqditional ·aspect of Angll . action is the phenomenon of time-

dependent potentiation or "memory"; Memo.ry refers to the ability of these cells 

to "remember'' a prior exposure of at least 20 minutes to Angll (Barret P.Q., et 

al, 1986b). · That is, after a washout of the hormone or the addition of a· 

competitive inhibitor of Angll action, $UCh as saralasin, the secretory response 

decays rapidly (within 7-8 min). The repeated addition ofAngll within a 30 min 

period results in a potentiated ·secretory response (approximately 150°/o of the 

first hormonal addition). A similar potentiated response is obtained if within 30 

min of the washout, the cells are exposed to the calcium channel agonist BAY K 

8644 (Barret P .Q., et al, 1986b and Bollag w.s.,· et al 199·1 ). Interestingly, the 

secretory response does not decrease immediately when the Angll inhibitor i~ 

added together with the calcium channel agonist BAY K 8644. Bollag and 

· collaborators (Bolla~ W.B., et al 1991). have shown that this m~mory state is 

associated with persistent high levels of cellular DAG even after the removal ·or 

inhibition of Angll a?tion. . These data indicate that inhibitio~ of. Angll action 

leads to a rapid decrease in calcium influx rate, but a slower rate of relaxation of 

PKC from its active· membrane-associated form to its non-active, cytosolic form. 

Thus, a hypothesis ·has been ·put forward that a persistent association·· of PKC 

with the plasma membrane is the basis of m~mory .. 

The effects of increases in [K+le 

In reference to potassium, small increases in [K+]e (3.5-1 0 mM) are. 

known to cause membrane dep<?larization in freshly isolated · bovine 
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glomerulosa cells (Kojima 1., et al, ·1 985a, Cohen C.J., et al, 1 988, and Barret 

P.O., et al 1 991) to activate voltage-gated Ca2+ channels causing a dose

dependent Ca
2
+ influx and aldosterone secretion. Several lines of evidence 

indicat.e a need for extracellular Ca2+ in th~ secretory response to an increase in 

the [K+]e: reduction ·of extracellular :[Ca2+], replac~ment ~f Ca2+ with Ba2+, or 

exposure to Ca2+. channel. blockers, all i~hibit K+-induced secretion (r~viewed in 

Barret P.O., .et al, 1988, Barret P.O.,etal, ·1 989, and Ganguly and Davis, 1994) .. 
~ 

As with Angll, the K+-induced rises in intraqellular Ca2+ concentration are short 
' - . ' ' 

lived. Within 5 minutes of the initiation of activation,· intracellular Ca2+ ·quickly 

returns to basal levels, d~spite the·.fact that steroidogenesis,. remains stimulated 
. '' . 

(Capponi A.M., et al, 1984 and Capponi A.M., 1 987). Hence, as in the case of 

Angll, a new steady state is achieved such that an increase in Ca2+ influx is 

compensated for by an elevated Ca2+ efflux, so that an increase in intracellular 

Ca2+ within the bulk cytosol does not occur (Kojima, 1 985c). However, it is likely 

that Ca2+ within a restricted domain, possibly the submembranous space, is 

elevated as the result of a sustained K+ -induced increase in Ca2+ cycling across 

the plasma.membrane. Interestingly, this elevation in Ca2+ influx does not seem· 

to caus.e PKC activation, since no translocation of PKC activity from the cytosol'ic 

fraction to the membrane fraction was detected in bovine adrene11 glomerulosa 

· cells stimulated with el.ev~ted extracellular K+ levels (Lang· and VaUoton, 1987). 

This· result correlates with the finding that there is no increase in. PIP2 hydrolysis 

to generate DAG (Kojima 1., et al, 1985d and Hunyady L., et al, 1990), leading to 

the belief that there is no apparent PKC involvement in the K+ -induced 

response. However, more evidence is required to establish this point 

particularly because PKC activation has been s~en iri response to increases in 

Ca2+ influx induced by increases in extracellular K+ GOncentrations in other cell 

types (Haller H., et al, 1990, Wang J., et al, 1996, and Raisin M.P., ·et al 1997). 
' / 
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Also, as in the case of Angll, calcium influx induced by small increases in [K+]e 

appear to be via the voltage-gated activation of T-type Ca2+ channels due to a 

K+-induced _membrane depolarization (Cohen C.J., et al, 1988, and Barret P.Q., 

et al, 1992). A small increase in cAMP production has been reported to occur in c 

glomerulosa cells in ·response to K+ stimulation presumably via a Ca2+

dependent activation of an isoform of adenylyl cyclase (Kojima 1., et al, 1985d) . 
. . 

Thus, in summary, the two signals believed to be involved in the K+-induced· 

secretory response are Ca2
+ cycling and cAMP. 

The effects of ACTH 

Finally·, in the case of ACTH, as with Angll and K+ the presence of 

extracellular Ca2+ is critically important for -steroid secr~tion in adrenal cells 

(reviewed in Ganguly and Davis, 1994). ACTH causes a dose-dependent 

increase in Ca2+ influx together with an increase in Ca2
+ efflux (Kojima 1., et al, 

1985a, and Kojima 1., et al, 1985e). ACTH also increases cytosolic free Ca2+ 

concentration in bovine glomerulosa cells in a dose-dependent manner. This 

effect is reduced by the. removal of extracellular Ca2+ a~d further decreased by 

the addition .o~. EGTA, suggesting th~: ·Ca2+influx is the main det~rminan~ of the 

chan~es in the Ca2+signal. . The rol_a,· of extrac.ellular Ca2+ in ACTH-induced 

steroidogenesis. has also been· supported by experiments that. show that . Ca.2+ 

channel agonists, such as BAY K 8644, potentiate the ACTH response, and that 
!· I 

addition of Ca2+ channel blockers inhibit the ACTH-induced secretory response 

(Kojima 1., et al, 1985e). Similar to K+ and in contrast to Angll, ACTH does not 

induce phosphoinositide hydrolysis (Kojima:· 1., et al, 1985e), increased DAG 

content (Hunyady L., ~t al, .1990); '~=not .the redistribution of PKC .activity 

(Widemaier E.P., et al, 1985, and Nakano 8., et al, 1990). However, ACTH 

causes a significant increase in cAMP levels (Kojima 1., et al, 1985e). It has 
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been observed that the threshold of the steroid response occurs usually at 

about a ten-fold lower concentration of ACTH than does the cAMP response 

and that the EDso of the steroid response to ACTH is also less than that for 

cAMP. For example, in perfused calf adrenal glomerulosa cells, Kojima and 

collaborators (1985e) found that ACTH at a concentration of 1 o-11 M was able 

to stimulate a significant increase in aldosterone secretion, and an ED50 of 5 x 

1 o-10 was observed. However, the cAMP response to ACTH in this study was 

shifted to the right by an order of magnitude with an ED so of 5 . x 1 o~9. 

Compounds that stimulate increases in . cAMP, such as cholera toxin or 

forskolin, also stimulate aldosterone secretion, and ·the increase in steroid 

production correlates with th~ cAMP ·production, although the magnitude of 

steroid production, in comparison with that :~licited by ACTH, ·is less with these 

other agents. Interesting!~, this response- is potentiated by ·adding calcium 
. - : 

agonists to the medium (Kojima I. et al, 1985e)~ Thus, there is-little doubt tha~ 
. ' ' 

cAMP and Ca2
+ influx are the major mediators of ACTH-elicited aldosterone 

secretion and that the two signals are, in all likelihood, acting ·synergistically. 

Interestingly,· ACTH stimulation of "Ca2+-plamped"- adrenal cells generated more 

cAMP when the intracellular Ca2+ level was artificiafly increased (Kojima 1., et al, 

1 985e). These results indicate that the adenylyl cyclase in these cel.ls. can be 

·activated both by ACTH and by Ca2+. These observations support the contentio~ 

that calcium plays an interactive role with cAMP in the ~teroidogenesis induced 

.by ACTH in glomerulosa cells .. So, in summary, there is substa-ntial evidence to 

support the current models of agonist-induced. aldosterone secretion (Figure 4) 

·which arguE?s that Angll, ACTH, and K+ act via different sig~al transduction 

pathways, but have as a· common effect that ·of'~increasing Ca2+ influx. in a 

sustained fashion. 



Fig. 4: Current model of the different signal transduction pathways 
involved in agonist-induced aldosterone secretion. In summary, Ang/1 
acts via PKC activation, K+ induces membrane depolarization and ACTH 
induces an increase in intracellular cAMP levels. Calcium influx is a common 
component in all three responses. R = receptor, .G = GTP-binding protein, AC = 
adenylate cyclase, PKA = protein kinase A, PI-PLC = phosphoinositide specific 
phospholipase C, IP3 = inositol trisphosphate, DAG = diacylglycerol, CamPK/1 = 
calcium!calmodulin-dependeht kinase II. 
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The cell biology· of protein kinase C 

Protein Kinase C, originaily described by Nishizuka and collaborators as 

a calcium-dependent and lipid-activated protein kinase (Inoue M., 1977), is 

widely distributed in many tissues and is involved in a variety of cellular 

responses such as neurotransmitter release in neuronal synapses, insulin 

secretion in pancreatic islets, and smooth ·muscle contraction (reviewed in 

Rasmussen H., 1995 and ·Nishizuka Y., 1995). PKC contains two domains, a 

regulatory domain and a catalytic domain, the latter of which is kept- inactive by 

a pseudosubstrate region within the PKC structure. (reviewed in Nishizuka Y., 

1988a and Bell R.M, 1991). PKC is activated by DAG,· and requires ATP and 

phosphatidylserine, a common component of the inner leaflet of the plasma 

fTlembrane, to be activated (reyiewed in Bell A.M., .1991; Rando R.R., 1992, and 
. . 

Nishizuka Y., 1~92)~ Active -PKC is, believed· to be membrane bound and the 

redistribution of the inactive form. p"resent in the cy~osol to the. active form in the 

membran·e is believed to be regulated -by _calcium (Blackshear P.J., 1988). The 

original model of PKC activation _proposed that binding of calcium to PKC 

exposes a binding site for phosphatidylserine, allowing the enzyme to remain 
. . 

bound to the plasma membrane by this: inter~ction; .The fl:J_rther binding of DAG 

to PKC is thought to cause an allosteric change such that the pseudosubstrate 

region is displaced from the -active site of the kinase, rendering_ PKC catalytically . 

active (reviewed in Rasmussen H., 1995). Pho"rbol esters mimic the. action of 

DAG and in this way they can also activate PKC (Mosior · M., 1995).· However, 

more recent evidence suggests that either a Ca2
+ ~ignal or a DAG s.ignal by itself 

CB;Ii induce a translocation of some isoforms of PKC to the plasma membrane 

(Kojima 1., 1994 and Gopalakrishna R., 1986). It is also clear that PKC can "-o ... :·,~ •• 

translocate to other intracellular sites such as the nucleus or the cytoskeleton 

-(reviewed in Rasmussen H., 1995). Upon activation, PKC undergoes 
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autophosphorylation at three widely separate sites, but the rQie of these 'events 

is not known (Flint A.J., 1990 and Huang K.P., 19.86) 

Recent evidence shows that PKC is actually a family of proteins, with 

several isoenzymes (Nishizuka Y., 1988b and Ryves W.J., et al, 1991 ). The 

activation requirements of the different isoenzymes differ, making the original 

model an inadequate description of the activation of these different isoforms. 
' ' 

PKC isoenzymes are classified into three groups according to their activation 

requirements (Nishizuka Y., 1988b, Ryves W.J., et al, 1991 and Rasmussen H., 

1995).: the. classical PKCs (cPKC; a,pl,pll, and y), that are calcium 

dependent, require phosphatidylserine and DAG for their activation', and are 

activated by phorqol esters; -the new or novel PKCs (nPKC; 8,£,11, and 8) 

which are riot calcium dependent but are activated by phosphatidylserine, DAG, 

and phorbol esters; and the atypical PKCs (aPKC; s, t and A.), which· 

require- phosphatidylserine but are not affected by calcium, DAG- or phorbol 

esters. 

Several lines of evidence h~ve proven the original PKC activation model 
.. · ·. ,'' 

. ·. •'' 

to be too simple. Th~t model assumes that the membrane-associated enzyme 

is fully ·active and that Ca2
+ plays no other . role in-. its · regulation but that o! 

catalyzing its membrane association. However, iri many systems, an increase 

in Ca2
+ influx acts in a synergistic fashion with either an a~onist-induced 

increase in DAG ·or the. addition -of an active phorbol ester to· induce a sustained 
. . ' .. ' . 

. ' - . ': . . . 

response (reviewe·d in Rasmussen H.:~ 1-995).; Thus, it seems that the activity of 

the. membrane-associated 'PKC can be regulated in some way by the influx of 

Ca2+. This Ca2+-dependent. activation of PKC appears to occur in glomerulosa 

cells (Kojima L, 1994). In addition,· there are a variety of sources for ·DAG, in 
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addition to phosphoinositide turnover (Nishizuka, Y. 1992, Nishizuka Y.,. 1995, 

and Rasmussen H. 1995). For example, DAG can be generated via the activity 

of a phosphatidylcholine-specific PLC (PC-PLC) .or as the result of the 

sequential action of phospholipase D (PLD) on membrane lipids, yielding 

phosphatidic acid (PA) which in turn can be converted into DAG by 

phosphatidic acid phosphohydrolase. Moreover, it has been shown that . 

the different isoforms· of PKC .present in a particula·r cell can be differentially 

activated by stimulus (Nishizuka Y., 1988b). For example, in some systems 

(Shearman M.S., 1989, and Burns D.J., 1990) arachidonic acid has been 

shown to activate both PKCa and PKC~, without affectin'g PKCPII or PKC8, and 

during the adhesion of Hela cells to a gelatin substratum, translocation of ~KCc 
- - . 

but not a, y, s, 'A or t, occurs (Chun J.S.,· 1996). In conclusion, some of the 

isoforms .. of. PKC may be activated by non-classical signaling pa~hways, 

including pathways that operate indepe~dently of Ca2+. The Rhysiological 
- . 

relevance of such isoforms is not knowri; but the available data indicate the 

likelihood that different PKC isoform~ have unique .functions., 

MARCKS 

PKC is ·known to phosphorylate a range of cellular proteins. One of 

these, the myristoylated alanine-rich C-kinase substrate, MARCKS, is 

a specific PKC substrate in a variety of cell types (reviewe~ by Nairn and 

Aderem, 1992). This protein has been shown to be phosphorylated in intact 

cells from a variety of systems only in response to PKC activators such as 

Ca2+/phosphatidylserine, phorbol esters, synthetic diacylglycerols, exogenous 

phospholipase C, and a number of peptides and growth factor~ (Wu WiS., et al,. 

1982, Rozengurt E., et al, 1983 and Blackshear P.J., et al, 1985, and Blackshear 

P.J., et al, 1986). It has also been shown to be phosphorylated by PKC in vitro 
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(Albert K.A., et al, 1987). MARCKS has an apparent molecular weight of about 

80-87 kDa and a pi of 4.0-4.5. Given the specificity and the ubiquity of this 

protein (Albert K.A., et al, 1986), its· phosphorylation has been widely used as 

an endogenous marker for PKC activation (Rasmussen H., 1995). 

MARCKS has been purified to homogeneity (Albert K.A., et al, 1987), 

cloned, and sequenced (Graff J.M., et al, 1989a). It has an unusual amino acid 

composition with alanine, glutamate, and proline reported to be 29o/o, 16o/o and 

11 °/o of the residues, respectively. Comparison of the primary sequences of 

MARCKS from mouse, cow and chicken reveals that the· N-terminal domain and 

the phosphorylation domain are highly conserv.ed, whereas the remainder of 

. the protein is not (Nairn and Aderem, 1992). The N-terminal domain contains a 

myristoylation consensus sequence, and the second conserved domain found 

in the center of the molecule contains all the known phosphorylation sites of the 

protein (serines 152, 156, and 163), ·as well as a calmodulin binding site (Graff 

J.M., et al, 1989b, and Graff J.M., et al, 1989 c). 

MARCKS is a plasma membrane protein and is bound to the membrane 

by its amino-terminal myristoylated membrane-binding domain. This positions 

MARCKS close to the membrane-associated· PKC, facilitating its efficient 

phosphorylation. PKC-mediated phosphorylation displaces MARCKS from the 

membrane and its subsequent dephosphorylation is accompanied by its 

reassociation with the membrane (Aderem A., 1992). MARCKS is also an actin

binding protein believed to regulate actin-crosslinking (Hartwig J.H., 1992),. as 

well as a calmodulin-binding protein (Nairn and Aderem, 1992, and Aderem, A. 

1992). MARCKS will only bind calmodulin in the presence of Ca2+, and the 

phosphorylation of MARCKS by PKC prevents its binding to Ca2+/calmodulin. 
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_·Cross-linking of actin by Mf\RCKS can also be inhibited by its phosphorylation · 
. . 

as well as by its binding to Ca2+/calmodulin (Graff, J.M., et al, ·t9.89). Filament 

cross-linking requires MAR_CKS to dimerize or have· two actin~binding sites 

(Hartwig, J.H., et al, 19~2). -Accordingly, . phosphorylation or Ca2+/calmodulin 
' . ' 

binding of MARCKS presumably inactivates one of the actin-binding sites or 

dissociates the dimers. The _structure of the effector domain of MARCKS is an 

amphipathic alpha-helix that contains_ five lysine residues positioned on one. 

side of the helix. This alpha-h-elix constitute both the calmodulin and actin

binding site, hence ·the competition ·between these two ligands (Aderem A., 

1992). The three serine residues positioned at ~he opposite side of the helix are 

substrates for PKC, and their phosphorylation prevents _ the binding of 

calmodulin or actin, possibly because the negative phosphate groups influence 

the positively charge lysine residues. The proximity of the sites also explains 

why binding of Ca2+/calmodulin prevents the· phosphorylation of MARCKS by . 

PKC. Actin can still bind . to phophorylated MARCKS but does not become 

cross-linked. 

The current model of MARCKS actions on the actin cytoskeleton 

(reviewed in Aderem, 1992) presents an integration of the PKC .and calcium 

signals~ Non-phosphorylated MARCKS associates with the cytoplasmic face of 

the membrane, probably by binding to a receptor m61ecul·e, and cro~slinks actin 

creating a relatively rigid actin meshwork associated with the membrane. PKC

induced MARCKS phosphorylation releases MARCKS to the -cytosol, still 

associated with the actin filaments, but no longer mediating actin crosslinking~ 

The actin linked to phosphorylated MARCKS is likely to be spatially separated 

from the membrane and more plastic. Upon its dephosphorylation, -MARCKS 

returns to the membrane, where intracellular levels of Ca2+ wo_uld promote its· 
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biriding to calmodulin. This binding_ would also inhibit MARCKS ability to 

crosslink actin, resulting in a less rigid membrane~associated form of the actin 

cytoskeleton._ A decrease in intracellular free Ca2
+ would shift the equilibrium 

back to the initial state where MARCKS once again could crosslink actin at the 

membrane. Thus, MARCKS could. mediate cycles of actin crosslinking activity 
. ' 

at the membrane, mainly r·egulated by calcium leve·ls, while PKC activation 

would induce a local destabilization of the actin ___ cytoskeleton through the 

phosphorylation -of MARCKS. 

These alterations to the actin cytoskeleton have been prop<?sed to 

mediate several functions including c.ell locomotion, secretion and membrane 

traffic, mitogenesis, and transform~~ion (Aderem A., 1992). Interestingly, it has 

also been reported that DAG together with Ca2+, can· regulate actin structure, _ 

inducing the nucleation of actin filaments at the membrane (Shariff and Luna, 

1992). In terms o'f Angll action on glomerulosa cells, an attractive hypothesis is 

one in which the phosphorylation of MARCKS initiates the cytoskeletal changes 

involved in moving lipid droplets to the mitochondria. 



II. MATERIALS AND METHODS 

A. Materials 

Collagenase B, as well as protease inhibitors, such as aprotinin, 

leupeptin, pepstatin and PMSF, Were purchased from Boehringer· Mannheim 

Biochemicals (Indianapolis, IN) .. Dulbecco's Modified ~agles's Mediu.m-Ham's 

F-12 medium, horse serum, and fetal bovine serum were obtained from Gibco 

BRL (Grand Island, NY). Fal~on Primaria q_-well .and 24-well· dishes were. 

purchased from Fisher Scientific (Pittsburgh, PA). Human Angll, human ACTH, 

TPA, and foskolin were obtained from Sigma (St. Louis, MO). BAY K-8644 was 

obtained from Biomol Research. Products (Plymouth Meeting, PA). The solid

phase RIA kit to measure aldosterone was purchased from Diagnostic Products 

(Los Angeles, CA). Narrow range (pH 4-6) and broad range (pH-3.5-9.5) 

ampholines, were obtained from Pharmacia Biotech . (Piscataway, NJ). 

lmmobilon-P polyvinylidene fluoride (PVDF) membranes were purchased from 

Millipore (Bedford, MA). The anti-StAR rabbit polyclonal antibody was· a. 

generous gift from Dr. Douglas Stocco (Texas Tech University Health Sciences 

Center, Lubbock, Tx). The anti-MARCKS monoclonal antibody was a ·generous 

gift from Dr. Robe~o- Calle (Medical College of GA, Augusta GA) .. Goat anti-

. rabbit immunoglobulin conjugated to horseradish peroxidase was obtained 

from Prom ega (Madison, WI). Enhanced chemiluminescence· substrate 

(SuperSignal) was purchased from Pierce (Rockford, IL). The [125~]-conjugated 

goat anti-mouse antibody was obtained from Dupont NEN (Boston, MA). Other 

41 
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radiolabeled products such as [32P]-Iabeled H3P04 in H20 and Tran35S-Label 

metabolic labeling reagent were purchased from ICN (Costa Mesa, CA). All 

other reagents were from standard- suppliers and were of the highest purity 

available. 

B. Experimental Design 

The purpose of this research was to defin~ more fully the signal 

transduction events involved in agonist~iriduced. ·sustained aldosterone 

secretion from cu.!tured fetal bovine adrenal glomerulosa cells. The two major 

aspects of this work include an _examination of MARCKS phospborylation as a 

direct measure of_ PKC activation and of several aspects of the biology of StAR, 

as measured by specified increases in StAR protein synthesis and StAR protein 

phosphorylation.- Since aldosterone· .secretion·:in the .cultured· cell system has 
' ·' ,. 

not been completely characterized, we measured the secreto·ry response to the 

different agonists as well as to the pharmacologic agents that provide the 

intracellular signals characteristic of each physiologic agonist. A compariso"n of 

these responses with those of freshly -isolated cells was also performed._ 

First, we compar.e the aldosterone secretory responses induced by 1 0 

nM Angll, 10 nM ACTH or 10 mM K+ respectively, as t~ese concentrations have 

been reported to induce a_ maximal aldosterone secretory response in freshly 

isolated cells (Kojima 1., 1985c, Kojima, 1., 1985e, and Bollag W.B., 1991 ). The 

amount of aldosterone secreted by the · cells was determined -by RIA 

meas-urements of aldosterone released to the incubation buffer (see methods 

and techniques). We also characterized the responses of cultured cells to 

several of the pharmacologic· agents known to activate -different · signaling 

cascades. Specifically, we measured the aldosterone secretory response to the 



43 

PKC activator 12-0-tetradecanoyl phorbol 13-acetate (TPA), the Ca2+ channel 

agonist BAY K 8644, the adenyl ate cyclase activator forskolin, and a 

combination of TPA .+ BAY K 8644, in doses previously reported to induce 

significant secretory responses in the freshly isolated cells (Kojima 1., 1984, 

Kojima I. 1985d, and Kojima 1., 1985e). These experiments have served to 

characterize the secretory response of cultured glomerulosa cells. 

To address the first specific aim, to define the role of PKC in 

agonist-induced sustained aldosterone secretion, the following 

questions were posed: 1- Do Angll, K+, and ACTH differentially. activate PKC in 

adrenal glomerulosa cells and what is the time course of this activation? 2- Are 

the pharmacologic agents known to provide the signals involved in agonist

induced aldosterone secretion capable of reproducin·g their patterns of PKC 

activation? 

These questions were addressed by measuring the state of 

phosphorylation of an endogenous PKC specific substrate,. the myristolated 

alanine-rich C-kinase substrate (MARCKS), in cultureq adrenal glomerulosa 

cells prelabeled with inorganic [32P]-phosphate, followed by two-dimensional · 

electrophoretic analysis (see Methods and Techniques). The presence of 

MARCKS in cultured bovine adrenal glomerulosa cells was confirmed by 2-D 

gel electrophoresis followed by western-blot analysis using a peptide-specific 

anti-MARCKS antibody (see Methods and Techniques). We determined the 

time course of MARCKS phosphorylation in cultured adrenal glomerulosa cells 

stimulated for 5 and '30 min with physiological agonists (1 0 nM Angll., 10 nM 

ACTH, or 10 or 15 mM KCI) or pharmacologic compounds· (50 nM 12-0-

tetradecanoyl phorbol 13-acetate, 1 00 nM BAY K8644, 1 J.LM forskolin, or 
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combinations of these agents). According to our hypothesis, we predict that 

Angll, but not K+ or ACTH, will induce PKC activation as evidenced by MARCKS 

phosphorylation. In keeping with the model, the combination of TPA + BAY K 

8644 should induce a PKC activation response similar· to that induced by Angll, 

but forskolin should not. 

The role of PKC activation in Angll-induced aldosterone secretion was 

examined by determining the pattern of MARCKS phophorylation in the 

phenomenon of memory. Memory refers to the ability of these cells to 

"remember'' a prior exposure to Angll of at least 20 min (Barret P.Q., et 

al, 1986b). That is, after a washout of the hormone or the addition of a 

competitive inhibitor of Angll action, such as saralasin, the secretory response 

decays rapidly (within 7-8 min). The readdition of Angll within a 30 min period 

results in a potentiated secretory response to this second addition 

(approximately 150°/o of the first hormonal addition).. A similar potentiated 

response is obtained if within 30 min ·of the washout, the cells are exposed to 

the Ca2
+ channel agonist BAY K 8644 (Bar_ret P.Q., et al, 19.86 and Bollag W~B., 

et al 1991 ). According to the proposed model,· an Angll-induced. association of 

PKC with the plasma membrane that persists after removal of .the stimulus 

underlies this phenomenom (Rasmussen H., 1995). Activation of this 

membrane-associated PKC by a Ca2+ signal would rescue the secretory 

response. Thus, we predicted that MARCKS phosphorylation should decrease 

as a result of inhibition of the Angll stimulus, while it should remain up when the 

Angll stimulus is inhibited but the cells are provided with a Ca2+ signal. To test 

this prediction we used the following appr·oach: inorganic [32P].:.phosphate pre

labeled cultured cells were exposed for 30 min to 1 0 nM Angll and, at that time, 

some cells were spiked with the Angll-inhibitor saralasin (1 0 J..LM), while other 
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cells were spiked with a combination of 1 0 f..LM saralasi~ and 1 00 nM BAY K 

8644, and . the incubation was alloWed to continue for . another 30 min. A 

concentration of 1 0 mM saralasin, a competitive inhibitor of Angll, has been 

previously reported to inhibit the secretory response 9f Angll-stimulated, fully_ 

secreting cultured cells, bringing the secretory rate back to control levels· within 

30-50 min of addition. Interestingly, the addition of 100 nM BAY K .8644 has 

beeri reported to cancel the saralasin-ir1duced inhi~ition, allowing the secretory 

rate to remain elevated (Bollag W;B., 1.991 ). Unstimulated cells as well as cells 

exposed to 10 nM Angll alone for 60 minutes were used as controls. After the 

various treatments had been completed, the magnitude of PKC activity was 

determined by two-dimensional electrophoretic analysis and quantitation of 

MARCKS phosphorylation. 

To characterize the changes in StAR protein synthesis ·and 

phosphorylation during agonis.t-induced sustained aldosterone 

secretion we analyzed the magniti,Jde of agonist-induced StAR protein 

synthesis and phosphorylation at the earliest time at which sustained 

aldosteron~ response· is fully established (approximately 30 min). · Since the· 

current model_ of StAR protein action proposes· .that increases in StAR protein 

synthesis and phosphorylation are both required for StAR action (Stocco ·o.M., 

1996b), we predicted that they should .. ~e common components of the response 

to all three agonists. · However, since. our ·system is :unique. in that the three 

different agonists act through different signaling pathways, the possibility of 

finding heterogeneous mechanisms for the. regulation of StAR was considered. 

The presence of the StAR protein in cultured bovine adrenal glomerulosa 

cells was comfirmed by 2-D gel electrophoresis followed by western blot 
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analysis, using a peptide-specific anti-StAR_ antibody, as described in Methods 

and T~chniques. Regarding StA·R phophorylation, Wf? addressed the following 

questions: 1- Do Angll, K+, and ACTH differentially induce increases in StAR 

phosphorylation in adrenal glomerulosa .. cells? 2- Are the pharmacologic 

agents kn.own to provide the signals inyolved in agonist-induced aldosterone 

secretion · capable of reproducing their patterns of increase of StAR 

phosphorylation? 

To address these questions we carried out two-dimensional 

electrophoretic analysis and quantita~ion of StAR phosphorylation 5 and 30 min 

after physiologic~! (Angll, ACTH, or K+) and pharmacological stimulation {TPA , 

BAY K 8644, forskolin, and the combination of TPA +BAY K 8644) as described 

in m~thods and techniques. 

In reference to StAR protein expression~ we explored whether de novo 

translation of the StAR protein correlates temporally and quantitatively with 

StAR protein phosphorylation, and with the magnitude of aldosterone secretion. 
' ) 

De novo transcribed proteins were labeled .by exposing the cells to 200 J..LCi/ml 

of 35S-met/cys during the 30 min stimulation with 1 0 nM· Angll, 15 mM KCI, or 1 0 

nM ACTH. The cells were then .solubilized and subjected to 2-D gel 

electrophoretic analysis and quantitation of the StAR protein, as described in 

methods and techniques. In keeping with the model that argues· that an 

increase in StAR protein synthesis is a requirement for steroidogenesis, we 

predicted increases in StAR protein synthesis after treatment with each of the 

physiologic.agonists that induce ·aldosterone sepretion. 
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C. Methods and Techniques 

Preparation of cultured adrenal cells 

Bovine adrenal glomerulosa cells were isolated. as described previously 

(Kojima 1., 1983). Briefly, glomerulosa cell slices were prepared from near term 
. . 

fetal bovine adrenal glands obtained from a local slaughterhouse, and the cells 

were dispersed from collagenase-digested slices by mechanical agitation. 

Freshly isolated cells .were cultured overnight in Falcon Primaria dishes in ·a 

Dulbecco's Modified Eagles's Medium-Ham's F-12 m'edium· (1 :·1) containing 

1 Oo/o horse serum (vol/vol), 2°/o fetal bovine serum (vol/vol), ascorbate (1 00 J..LM), · 

a-tocopherol (1.2 J..LM), Na2Se03 (0.05 J..LM), butylated hydroxyanisole (50 J..LM), 

metyrapone (5 J..LM), penicillin (1 00 U/ml), streptomycin (1 00 J..Lg/ml), and 

amphoteriCin-8 (3 J..Lg/ml). After replacement. of the serum-containing medium 

with serum-free medium plus 0.2°/o BSA, the cells were incubated for an 

additional 20-24 hrs. Before stimulation, the medium was removed and the cells 

were washed three times with Krebs-Ringer Bicarbonate (KRB) .buffer (120 mM 

NaCI, 24.9 mM NaHC03, 3.5 mM KCI, 1.2 mM. MgS04 , 1.2 mM NaH2P04, 1.25 

mM CaCI2, 2.5 .mM NaC2H30 2 , 0.1 o/o dextrOS(3, and 0.2o/o BSA) and incubated at 

37°C in· KRB equilibrated with 5o/o C02, for 1 hr .. 

Measurement of agonist-indu·ced aldosterone secretion·· 

Approximately 300,000 cells/well (FaJcon-Primaria 24~well plates) were 

stimulated for 1 hour by the addition of the desired agen·t to 300 J..LI of KRB buffer. 

Aldosterone secretion was determined by measuring the amou~t of aldosterone 

released to the. incubation buffer using an aldosterone radio-immuno-assay 
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(RIA) kit. The amount of aldosterone secreted is expressed as pg of 

aldosterone/300,000 cells/hour. 

lmmunodetection of MARCKS and StAR 

A total of 2x1 o6 cultured cells/well (Falcon. Prim aria 6-well plates) of fetal 

bovine adrenal glomerulosa cells were c~ltured, equilibrated in KRB, and 

stimulated with the desired agent, as described above. Following stimulation, 

the reaction was stopped by placing the plates on ice and rinsing with ice cold 

PBS. The cells were homogenized in extraction buffer [2o/o SDS, Tris {20 mM

pH 8.0), OTT (40 mM), 50 J..LM leupeptin, 1 mM PMSF, 10 f..LM pepstatin A, 25 

f..Lg/ml aprotinin, 200 mg/ml sodium orthovanate, and 15 mM para-nitrophenyl 

phosphate], scraped off the plate, and the resulting_ cell suspension was boiled 

for 10 mins. Each sample was loaded by cell number and analyzed by 2-D gel 

electrophoresis (Laemmli U.K., 1970, and O'Farrel, P.H., 1975). On the first 

dimesion we obtained a pH gradient of between 4 and 8. This was 

accomplished by mixing one part of narrow range (pH 4-6) ampholines, with 3 

parts of broad range (pH 3.5-9.5) amphc>'lines. The second di~ension gel 

contained a 1 Oo/o acrylamide concentration ~nd was follows~· by protein transfer 
. . 

onto a polyvinylidene · fluodde (PVDF) memb~ane (Towbin, H.,: 1979). · ·This 

transfer was carried out overnight at 100 milliAmps· qonstant current. . After. the 

transfer the membranes were blocked in PBS-Tween (0.05°/o) containing 5°/o 

milk for an tiour and tested for the presence of either StAR or MARCKS by 

incubating each with a · 1:1.000 dilution · ·of an. anti-~tAR ·rabbit'- polyclorial 

antibody (a generous gift· from Dr. Douglas Stocco), or a 1 :tOO dilution of an 

anti-MARCKS monoclonal antibodyr(a generous gift from Dr. Roberto Calle), for 

two ·hours. The membranes were washed three times with PBS-Tween 

(0.05o/o). In the case of StAR, the membranes were incubated in a 1:10,000 
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dilution of goat-anti-rabbit secondary· antibody. Spots were detected by the 

chemoluminescence method (Pierce) followed by autoradiography. For the 

detection of MARCKS, the membranes were incubated with 1:1 000 dilution of 
I 

C251]-conjugated goat anti-mo~se antibody tor 30 minutes. The membranes 

were then air-dried and exposed to film tor autoradiography. -

Determinatio.n of MARCKS: and StAR-. phosp.horylation 
. . . 

For the phosphorylation exper!ments, 2x1·o6 cultureq cells/well were 
. . . . . 

equilibrated in KRI?, as described above, followed by incubation .. in low-

phosphate· (0.01 M NaH2P04) KRB tot ·:go min, (Barret P.Q., 1986). The buffer 

was then spiked with 250 1-LCi/ml of 'inorganic [32P]-phosphate for another 90 

min. The [32P]-containing medium was.Jhen removed and the cells stimulated 

for 30 min by addition of fresh buffer' containing the desired agent. This removal 

of the equilibrating medium followed by replacement with agonist-containing 

medium was performed since to stimulate by· increasing [K+]9 both the Na+ and 

K+ concentrations of the KRB have to b~ adjusted. Therefore, to keep uniformity 

throughout all ~he treatments, we also replaced the agent-containing medium 
/ 

for all other stimulations. Control experiments (not shown) in which [32P]

phosphate was included during the stimulation period showed no differences· in 

the -fold over control ratio obtained when co'mpared to the ratios of stimulations 

carried out in the absence of [32P]-phosphate. Following stimulation, ·reactions 

were stopped by placing the plates on ice and rinsing with ice cold PBS. The 

cells were scraped off the plate in extraction buffer, boiled tor 10 ,min, loaded by . 

cell number and analyzed by 2-D gel electrophoresis, .as described above. The 

gels were dried and exposed on Phosphorimager;: -screens. Phosphorimager 

quantitation of the spots was expressed as -fold over control. The data was. 
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normalized against an internal control, the phosphorylation of which was not · 

al.tered with treatment. 

Determination of StAR protein synthesis 

For the protein synthesis experiments, 2x1 o6 cells/well were cultured on 

6-well plates and equilibrated in KRB prior to stimulation; as described above. 

These cells were then stimulated with the qesired age~t in the presence of 1 00-

200 f..LCi/ml of 358-met/cys for 30 min (Elliot M.E.; ·-1993). The reactions were 

stopped by placing the plates on· ice and rinsing with ·ice cold PBS. The qells 

were scraped off .the plate• in extraction buffer, arid the resulting cell suspension 

was boiled for 1 0 min, loaded by cell number. and analyzed by 2-D gel 

electrophoresis, as described above~ A difference in this protocol from_ the one 

described for the phosphorylati~n ·e~periments was that th'e second dimension 

contained a 12°/o acrylamide concentration. The gels were dried and exposed 

on . Phosphorimager screens. Phospho_rimager quantitation of the spots was 

expressed as -fold 'over control. The data were normalized against an internal 

control in which the rate of protein synthesis, as measured . by sss-met/cys 

incorporation, was not altered with treatment. 

Statistical analysis of the data 

All experiments were statistically analyzed by. one way-A NOV A, with a 

-Student-Newmann-Keuls post test, using lnstat computer software, Graph Pad 

Software Inc., San Diego; CA. 



Ill. RESULTS 

A. Characterization of Physiological and Pharmacological 

Secretory Responses of Cultured Bovine Adrenal Glomerulosa 

Cells 

Cultured adrenal glomerulosa cells were stimulated with doses of Angll, 

ACTH, and K+ known to maximally stimulate freshly isolated cells (Kojima 1., 

1985c, Kojima 1., 1985e, and Bollag W.B., 1991 ). The data in figure 5 shows 

that 1 0 nM Angll and 1 0 nM ACTH yielded almost identical stimulatory 

responses. However, the magnitude of the secretory response to 1 0 mM K+ was 

significantly lower than that to 10 nM Angll and 10 nM ACTH (p<0.05). As a 

consequence, we performed a K+ dose-response experiment in order to identify 

a K+ concentration that yielded a secretory response comparable to that· 

.: induced by 10 nM An gil and 10 n~ ACTH. Th.e cultured cells did not respond to 
. / 

K+ concentrations lower than 10 mM (Fig. 6). This dose was the threshold 

concentration at which the first statistically significant response was detected. A 

concentr~ltion of 15 mM K+.was found to induce a response similar in magnitude 

to that of 10 nM An gil and 1 0 nM ACTH. 

It has been shown in the freshly isolated glomerulosa cells that the 

physiological secretory response can be reproduced pharmacologically with 

agents that provide the signals known to be involved in agonist-induced 

aldosterone secretion (Kojima 1., 1984, Kojima 1., 1985d, Kojima 1., 1985e). To 

determine if the cultured adrenal glomerulosa . cells behave similarly to the 



Fig. 5: Agonist-stimulated aldosterone secretion in cultured bovine 
adrenal glomerulosa cells. Glomerulosa cells were stimulated for one 
~our with the above agonists. The amount of aldosterone released. to the 
medium was measured by RIA as described in Methods. *=p<0.05, 
*~*=p<O. 00 1. 
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Fig. 5: Agonist-stimulated aldosterone secretion in cultured 
bovine adrenal glomerulosa cells. 



Fig. 6: KCI dose .response in cultured bovine. adrenal glomerulosa 
cells. Glomeru/osa cells were stimulated with·. increasing concentrations of 
KG/ for one hour. The amount of aldosterone released to the medium was 
measured by RIA as described in Methods. *;::p<O. 05, ***=p<O. 001, n=4~ · 
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, freshly isolated, aldosterone secretion was measured in cells stimulated with 

various concentrations of the PKC activator TPA, ·the calcium channel . agonist 

BAY K 8644, and the activator of adenylate syclase, forskolin. These 

pharmacologic agents have been previously shown to yield significant 

secretory responses in the freshly isolated system, similar in magnitude to that 

of Angll for the combination of phorbol esters and Ca2
+ agonists (Kojima 1., 

1984) and about 50% of the ACTH response when forskolin is added alone 

(Kojima 1., 1985e). Figure 7 shows that cultured cells secrete significant 

quantities of aldosterone_in response to either TPA or to forskolin (p<0.001 and 

p,0.01 respectively). Also, as in freshly isolated cells, addition of 100 nM BAY K 

8644 alone did not induce a secretory response, but it did potentia~~ that 

induced by TPA. In contrast, unlike the freshly isolated system, ·when the 

magnitude of . _the _ aldosterone secretory response . induced -by the 

pharmacologic agents was compared to that of the physiological" agonists, the 

former was found to be approximately 60°/o that of Angll for 'the ·combination of 

TPA plus BAY K 8644, and approxim~tely 20o/o that of ACTH for forskolin. 

Nonetheless, it is important to remember that in- the freshly isolated. adrenal 

glomerulosa c.ells the response to forskolin was only_· 50o/o that of .the ACTH-
' ' ·' ' 

induced secretory response· (Kojima i., et al, .1.985e)·. Thus, althou~h ~ultured 

cells were not as sensitive to the action of the pharmacologic agents as -freshly 

isolated ones, they still significantly responded to the action of these agents. 

B. The ·Role of PKC in Agonist-Induced Sustained Aldosterone 

Secretion 

The pattern of protein phosphorylation in unstimulated cultured adrenal 

glomerulosa cells is shown in Figure 8. Basal levels of the phosphorylated form 

of MARCKS were detected in untreated cells, migr~tirig at approximately 



Fig. 7: Pharmacologic stimulation of aldosterone secretion in 
cultured bovine adrenal glomerulosa cells. Glomerulosa cells were 
stimulated for one hour with pharmacologic agents that mimic the signaling 
pathways involved in agonist-induced aldosterone secretion. The a·mount of 
aldosterone released to the· medium was measured by RIA as. described in 
Methods. A) Secretory response to TPA and BAY K 8644, agents that activate 
PKC and that cause increased calcium influx. respectively. B)The effects of 
increasing concentrations of forskolin, an agent that increases intracellular 
cAMP levels, on aldosterone secretion. (Note differences in the scales of the 
responses in the two figu.res). **=p<0.01, ***=p<0.001~ n=4. 
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Fig. 8: Protein phosphorylation in untreated cultured bovine 
adrenal glomerulosa cells. Cultured cells were allowed to incorporate {'2P}
phosphate and analyzed .by 2-D gel electrophoresis as described in Methods. 
The arrow points to MARCKS. 
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Fig. 8: Protein phosphorylation in untreated .cultured bovine 
adrenal glomerulosa cells. 
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87 kDa with a pi of approximately 4.5. The molecular weight and pi agreed 

with values reported in the literature for MARCKS (Nairn and Aderem, 1992). In 

addition, this band was recognized by an anti-MARCKS antibody (Fig. 9). 

When cultured adrenal glomerulosa cells were stimulated for 30 min ·with 

10 nM Angll, MARCKS phosphorylation increased 3-fold (3.1 0 ± 0.38 fold over 

control) while 10 nM ACTH inhibited MARCKS phosphorylation (0.64 ± 0.08 

fold over control; Fig. 1 0). Since, as previously discussed, MARCKS is a 

specific substrate for PKC in a -variety of cell systems, appearing to become 

phosphorylated only when PKC is activated (Rozengurt et al, 1983 and 

Blackshear et al, 1986), these data support the current model, supplying direct 

evidence that PKC was activated in situ upon Angll-stimulation of glomerulosa 

cells whereas the enzyme did not seem to be activated by ACTH (Ganguly A., 

1994 and Rasmussen H., 1995). On the other hand, contrary to predictions 

based on studies reporting that ·stimulation of these cells with K+ does not 

involve PKC activation, i.e. no translocation of PKC activity·, from the cytosolic 

fraction to the ·membrane fraction (Lang and VaUoton, 1987) and no increase in 

PIP2 hydrolysis to generate DAG (Kojima 1., et al, 1985d and Hunyady L., et al, 

1990), 15 mM KCI caused a 3-fold increase in MARCKS phosphorylation (2.8 ± 

0.7 fold over control). This concentration of KCI was chosen since it yielded a 

secretory response similar in magnitude to that of 10 nM Angll and 10 nM ACTH 

(Fig. 5). Figure 11 shows that a lower concentration of K+ (1 0 mM) also induced 

significant MARQKS phosphorylation (1.9 ± 0.1 fold over control) although this 

concentration produced a significantly lower . magnitude of aldosterone 

production than that of 15 mM KCI (Fig. 6). It is also important to note that the 

15 mM KCI-induced MARCKS phosphorylation was not inhibited by saralasin 

(2.1 ± 0.3 for 15 mM KCI a·lone vs. 1.8 ± 0.1 for 15 mM KCI plus 10 J..LM 



Fig. 9: -Identification of the MARCKS protein ·,in cultured bovine 
adrenal glomeru/osa cells. The presence of the MARCKS protein in 
cultured bovine adrenal glomerulosa cells was determined by 20 gel 
electrophoresis/Western analysis using an anti-MARCKS monoclonal antibody. 
as described in Methods. · 
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Fign 9: Identification of the MARCKS protein in cultured bovine 
adrenal glomerulosa cells. 



Fig. 10: MARCKS phosphorylation in agonist-stimulated cultured 
bovine adrenal glomerulosa cells;. · Cells were allowed to incorporate. 
f2P]~phosphate followed by stimulation with either 10 nM Ang/1, 10 nM ACTH or· 
ts mM KG/ for 30 min, as described in Methods. A) Composite of 2-D gel 
analysis of MARCKS phosphorylation in agonist-stimulated cells. B) 
Quantitation of tyTARCKS phosphorylation is expressed as fold over control.and 
was normalixed against an internal control protein whose phosphorylation did 
not change upon agonist stimulation. *=p<O.OS, **=p<0.01, n=S. 
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Fig. 11: MARCKS phosphorylation upon stimulation with increasing 
concentrations of KCI in cultured bovine adrenal glomeru/osa cells. 
Cells were allowed to incorporate f 2 P]-phosphate followed by stimulation with 
10 mM KG/ and 15 .mM KG/ for 30 min. Samples were analyzed by 2-D gel · 
electrophoresis, as described in Methods. Quantitation of MARCKS 
phosphorylation is expressed as fold over control. *=p<O.OS, **=p<0.01, n=4. 
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Fig. 11: MARCKS phosphorylation upon stimulation with 
increasing concentrations of KCI in cultured bovine adrenal 
glomerulosa cells. 
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saralasin) excluding the possibility that local production of Angll induced by 

KCI treatment contributed to K+-elicited MARCKS phosphorylation (Fig. 12). 

Time course experiments . (Fig. 13) showed that MARCKS 

phosphorylation in cells stimulated with 10 nM Angll could be detected as early 

as 5 min after stimulation (2.85 ± 0.44 fold over control) and remained elevated 

for up to 60 min (3.85 ± 1.25 fold over control). However, in the case of 15 mM 

KCI, there was no increase in MARCKS phosphorylation at 5 min after 

stimulation (0.82 ± 0.21 fold over control), with phosphorylation occurring later 

and yielding a similar magnitude to that of 1 0 nM ·. Angll at 30 min ·after 

stimulation. These results are particularly intriguing since at 5 minutes after 

stimulation with KCI, the rate of Ca2+ entry,_ the major second messenger 

reported to be i~volved in stimulation of aldosterone secretion with this agonist, 

is already maximal (Kojima, 1985d). This raises the interesting possibility of an 

unidentified signaling event that occurs after the initial phase of stimulation with 

KCI and that triggers PKC activation during· the sustained phase of the 

response. On the .other hand, co"ntrary to the previous two agents and 

accordi~g to our predictions, 10 nM ACTH . induced no MARCKS 

phosphorylation. Interestingly, this agent almost completely inhibited basal 

MARCKS phosphorylation at 5 min (0.16 ± 0.08 fold over control) and 

phosphorylation was still significantly below control levels at 30 min. 

In conclusion, 10 nM Angll elicited an early and sustained· increase in 

MARCKS phosphorylation in adrenal glomerulosa cells while 1 0 nM ACTH 

caused an inhibition. Addition of t5 mM K+ did not induce a major change in 

MARCKS phosphorylation during the initial stage of the secretory response but 

caused a significant increase in the sustained phase. 



Fig. 12: Sara/asin does not inhibit KCI-induced MARCKS 
phosphorylation in cultured bovine adrenal glomeru/osa cells. Cells 

·were allowed to incorporate f 2P}-phosphate followed by stimulation with 15 mM 
KG/ or with 15 mM KG/ plus 10 J.lM saralasin for 30 min. Samples were 
analyzed by 2-D gel electrophoresis, as described in Methods. Quantitation of 
MARCKS phosphorylation is expressed as fo_ld over control. *=p<O. OS, n=3. 
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Fig" 13: . Time-course of MARCKS phosphorylation in agonist
stimulated cultured bovine adrenal glomerulosa cells. Cells were 
allowed to incorporate f 2P]-phosphate followed by stimulation with either ·10 nM 
Ang/1, 15 mM KG/, or 10 nM A.CTH for either 5, 30 ·or 60 min. Samples were 
analyzed by 2-D gel electrophoresis, as described in Methods. Quantitation of 
MARCKS phosphorylation is exprf?ssed as fold over control. (Note differences 
in the scales of the responses in the three panels). *=p<0.05~· **=p<0.01, n=4. 
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Fig. 13: Time-course of MARCKS phosphorylation in agonist
stimulated cultured bovine adrenal glomerulosa cells. 
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To explore if the pharmacologic· agents known to provide the signals 

involved in agonist-induced aldosterone secretion (Kojima 1., et al, 1984, Kojima 

1., et al, 1985d, and Kojima 1., et al, 1985e) were capable of reproducing the 

pattern of PKC activation induced by the physiologic agonists, we measured 
-. 

MARCKS phosphorylation in response to TPA, BAY K 864.4, forskolin, and the 

combination of TPA and BAY K 8644. The changes in MARCKS 

phosphorylation in cells ·stimulated with these pharmacologic agents ~re shown 

in Fig. 14. When cells were simulated with a combination. of TPA, a PKC 

activator, and the Ca2
+ channel agonist BAY K 8644, to increase Ca2

+ influx, to 

produce the two signals that characterize the Angll response, there was a 

significant increase in MARCKS phosphorylation (3.11 ± 0.34 fold over control}. 

This increase was similar to that induced by Angll (Fig.1 0) even though the 

secretory response t6 this combination of agonists caused only approximately 

60°/o of the aldosterone secretory response (Figs. 5 and 7). TPA alone also 

induced . a significant phosphorylation response (2.03 ± 0.41 fold over control) 

wt)ile BAY K 8644 alone significantly inhibited ·MARCKS phosphorylation (0.61 

± 0.14 fold over control). ·On the other hand, stimulation with forskolin, an 

activator of adenylate cyclase,. at a concentration known to provide an increase 

in intracellular cAMP levels similar in magnitude to that induced by 10 · nM 

ACTH (Kojima et. al, 1985e), did not increase MARCKS phosphorylation · (0.98 

+1- 0.06 fold over control)~ as predicted from our ACTH results and previous 

reports in the literature (Ganguly A., 1994 and Rasmussen H., 1995). 

C. Characterization of StAR Protein Synthesis and Phosphorylation 

in ··Agonist-Induced Sustained Aldosterone Secretion 

Unstimulated cultured bovine adrenal glomerulosa cells exhibited basal · 

levels of StAR phosphorylation as shown in Figure 15. These two spots 



Fig. 14: MARCKS phosphorylation in cultured bovine adrenal 
glomerulosa cells stimulated with pharmacologic agents. Cells were 
allowed to incorporate f 2 P]-phosphate followed by stimulation with 50 nM TPA, 
100 nM BAY K 8644, a· combination of 50 nM TPA + 100 nM BAY K 8644, or 
1 J.LM forskolin, . for 30 min, and analyzed by 2-D gel electrophoresis, as 
described in Methods. Quantitation of MARCKS phosphorylation is expressed_ 
as fold over control. *=p<O. 05, ***=p<O. 001 ,· n=4. 
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Fig. 14: MARCKS phosphorylation· in cultured bovine·adrenal 
glomerulosa cells stimulated with pharmacologic agents. 
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Fig. 15: Protein phosphorylation in untreated cultured bovine 
adrenal glomerulosa cells. CL,~Itured cells were allowed to incorporate f 2P]
ph6sphate and analyzed by 2-D gel electrophoresis as described in Methods. 
The arrows point to the phosphorylated isoforms of the StAR protein. 
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migrated at the reported molecular. weight (30 ·kDa) and pi (6.3 and 6.5) for 

StAR (Chaudhary L R., 1991) and were recognized by an anti-StAR polyclonal 

antibody using 2-D gel/western analysis (Fig. 16). ·1n fact, studies in which the 

cells were prelabeled with inorganic [32P] followed by two dimensional analysis 

and western bloting with the. anti-StAR antibody, showed that the 

phosphorylated spots and the spots recognized by the anti-StAR antibody co

migrated (data not shown). StAR phosphorylation increased upon agonist~ 

induced stimulation, although not as predicted (Fig. 17). . Both 10 nM Angll 

(2.76 ± 0.25 fold over control) and 15 mM KCI (2.50 ± 0.12 fold over control) 

induced large increases in StAR phosphorylation, while ACTH induced a 
. . 

smaller (1.47 ± 0.06 fold over control) but statistically significant increase in the 

phosphorylation of this protein. These re_sults were in contrast to the secretory 

response to these agents. Since at these concentrations all three agents have 

similar secretory magnitudes, these · results indicated t~at, contrary to 

expectations, there was no simple correlation between the extent of StAR 

. phosphorylation and the magnitude of aldosterone secretion. 

Time-course experiments (Fig. 18) showed that increases in StAR 

phosphorylation upon stimulation with Angll and KCI could be detected as early 

as 5 min after stimulation (1 ·.66 ± 0.07 fold over control and 1.38 ± 0.15 fold .over 

control, respectively} and continued to increase, reaching significance 30 min 

after stimulation. In the case of. K+, we did not observe a dose-dependent 

response of StAR phosphorylation at the concentrations used (Fig. 19). StAR 

phosphorylation appeared to have already reached a maximal level when the 

cells ·were stimulated with .a lower concentration (10 mM) of KCI (3.47 ± 0.73 

·fold over control) despite the fact that the secretory response was not maximal. 

These results again show that in our system ·there was no simple correlation 



Fig. ~16: Identification ·Of the StAR protein in cultured bovine adrenal 
glomerulosa cells.· The presence of the StAR protein in control and agonist
.stimulated cultured bovine adrenal glomerulosa cells was determined by 20 gel 
electrophoresis/Western analysis using an anti-StAR antibody as c{escribed in 
Methods. · . · 

... 
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Fig. 16: Identification of the StAR protein in cultured bovine 
adrenal glomerulosa cells. 
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Fig. 17: StAR phosphorylation in agonist-stimulated cultured bovine 
adrenal glomerulosa cells. Cells were. allowed to incorporate · f 2P}
phosphate followed by stimulation with either 10 nM Ang/1, 10 nM ACTH or 15 
mM KG/ for 30 min, as described in Methods. A) Composite of 2-D gel analysis 
of StAR phosphorylation in agonist-stimulated cells. B) Quantitation of StAR 
phosphorylation is expressed as fold over control.and was norma/ixed against 
an internal control protein whose phosphorylation did not change upon agonist 
stimulation. For simplicity, the quantitation of the 2 phosphorylated forms of the 
StAR protein has been combined. *=p<O. 05, ***=p<O. 001, · n=5. . 
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Fig. 17: StAR phosphorylation in agonist-induced cultured 
bovine adrenal glomerulosa cells. 



Fig. 18: Time-course of StAR phosphorylation in agonist-stimulated 
cultured bovine adrenal glomerulosa cells. Cells were allowed to 
incorporate f 2 P]-phosphate followed by stimulation with either 10 nM Ang/1, 10 
nM ACTH or 15 mM KG/, for either 5, 30 or 60 min. Samples were analyzed by 
2-D gel electrophoresis, as described in Methods. Quantitation of StAR 
phosphorylation is expressed as fold over control. For the sake of simplicity, the 
quantitation of the two phosphorylated forms of the StAR protein has been 
combined. ~=p<O. 05, **=p<O. 01, ***=p<O. 001, n=4~ · 
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Fig. 18: Time-course of StAR phosphorylation in agonist
stimulated cultured bovine adrenal glomerulosa cells. 



Fig. 19: StAR phosphorylation upon stimulation with increasing 
concentrations of KCI in cultured bovine adrenal glomerulosa cells. 
Cells were allowed to incorporate f 2 P]-phosphate followed by stimulation with 
10 mM KG/ and 15 mM KG/ for 30 min. Samples were analyzed by 2-D gel 
electrophoresis, as described in Methods. Quantitation of StAR phosphorylation 
is expressed as fold over control. For simplicity the quantitation of the two 
phosphorylated forms of StAR has been combined. *=p<O.OS, **=p<0.01, n=4. 
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Fig. 19: StAR phosph·orylation upon stimulation with 
increasing concentrations of KCI in cultured bovine adrenal 
glomerulosa cells. 
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between absolute increases in StAR phophorylation and the magnitude of the 

secretory response. On the other hand, there was no ·difference in the amount 

ofStAR phosphorylation between the control and cells stimulated for 5 minutes 

with 10 nM ACTH (0.98 ± 0.09 fold over control; Fig. 18). 

In an. effort to define further the signals involved in the; regulation of StAR 

phosphorylation, we measured this event in cultured bovine adrenal 

glomerulosa cells stimulated with pharmacologic agents (Fig. 20). Stimulation 

with 50 nM TPA alone alone caused a small but statistically significant increase 

in StAR phosphorylation (1.66 ± 0.1 fold over control) while stimulation with 1 00 

nM BAY K8644 did not induce a significant increase in the phosphorylation of 

this protein (1.41 ± 0.21 fold over control). Interestingly, the combination of 

these agents induced an additive increase in StAR phosphorylation (1.95 ± 

0.24 fold over control). However, 1 J.LM forskolin, which increases intracellular 

levels of cAMP, did not increase StAR phosphorylation (0.995 ± 0.21 fold over 

control), whereas it did induce a secretory response (Fig. 7). This observation 

indicates that an increase in StAR phosphorylation may not be required for an 

increase in secretion, showing again that ·there was no simple correlation 

between the extent of StAR phosphorylation and the magnitude of the 

aldoste.rone secretory response. However, these results agreed with those 

obtained following .. stimulation with the physiologic agonists, where Angll and 
. ' 

KCI, whose response·. is mainly characterized by PKC activation and increases. 

in calcium influx, yielded the highest levels of StAR phosphorylation, whereas 

ACTH, whose response is characteriz~d by increases in intracellular- cAMP a·nd 

Ca2
+ influx,· yielded a smaller increase in StAR. phosphorylation. These results 

. ' 

suggest that PKC, or a step beyond PKC activation, plays an important role in 



Fig. 20: StAR phosphorylation. in cultured bovine adrenal 
glomerulosa cells stimulated with pharmacologic agents. Cells were 
allowed to incorporate f 2P}-phosphate followed by stimulation with either 50 nM 
TPA, 100 nM BAY K 8644, a combination ~f 50 nM TPA t 100 nM ,BAY K 8644, 
or 1· J.LM forskolin, for 30 min, as described (n Methods. Quantitation of StAR 
phosphorylation is expr~ssed as fold over control. For the sake of simplicity the 
quantitation of the 2 phosphorylated forms of StAR protein has been . combined. 
*=p<O. 05, **=p<O. 01, n=4. 
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Fig. 20: StA-R phosphorylation in- cultured bovine adr_enal· 
glomerulosa cells stimulated with pharmacologic agents. 
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the phosphorylation of StAR, which is potentiated by an increase in Ca2+ influx. 

Our data also lead to the conclusion that thephosphorylation of StAR is not an 

accurate index of the magnitude of the. secretory response under all 

circumstances. 

The pattern of protein synthesis in unstimulated cultured bovine adrenal 

glomerulosa cells is_ shown in Fig. 21. ·These cells displayed basal leve!s of 

synthesis of the phosphorylated forms of StAR. ·Also, as in the phosphorylation 

experiments, cells prelabeled . with [35S]-met/cys _followed b'y 2-D a~alysis and 

western blot with the anti-StAR antibody, showed thaf the radiolabeled_ spots 
. ' 

and the spots recognized by the anti-StAR antibody co-migrated (data not 

shown). After a 30 min stimulation w'ith either 1 0 nM An gil or 10 nM ACTH (Fig. 

22), there was an increase in StAR protein synthesis (2.08 ± .20 and 2.45 ± 0.2 
.. . 

fold over control, respectively). On the other hand, 15 mM KCI -did not cause 

any changes in StAR protein synthesis (0.98 ± 0.13). These data further 

support the hypothesis that the different agonists differentially regulate· the 

expression, total content and phosphorylation of the StAR protein and provide 

additional evidence that in our experimental system, there is .no simple 

correlation between StAR protein synthesis and phosphorylation and 

aldosterone secretion. 

The above mentioned data Clearly suggest that there are multiple points 

of regulation in the control of agonist-induced aldosterone ·secretion in cultured 

bovine adrenal glomerulosa cells. These observations also suggest that the 

different signaling pathways can differentially· regulate these events.· Table 1 

summarizes. the effects of both physiologic and pharmacologic agents .~of 

aldosterone secretion on MARCKS phosphorylation, StAR phosphorylation, 



Fig. 21: Protein synthesis in untreated cultured bovine adrenal 
glomerulosa cells. Cultured cells were allowed to incorporate [35 S]
cysteine/methionine for 30 min and analyzed by 2-D gel electrophoresis as 
described in Methods. The arrows point to the StAR proteins. 
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Fig. 22: StAR protein .synthesis in agonist-stimulated cultured 
bovine adrenal glomerulosa cells. Cells were allowed to incorporate 
f 5S]-cysteine/methionine during stimulation with either 10 nfVT Ang/1, 10 nM 
ACTH or 15 mM KG/ for 30 min, as described in Methods. A) Composite of 2-D 
gel analysis of StAR protein synthesis in agonist-stimulated . cells. B) 
Quantitation of StAR protein synthesis is expressed as fold over control. For 
simplicity the quantitation of the 2 forms of the StAR protein has been combined. 
**=p<O. 01, ***=p<O. 001, n=3. 
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Fig. 22: StAR protein synthesis in agonist-stimulated cultured 
bovine adrenal glomerulosa cens. 
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Table 1: MARCKS phosphorylation, StAR phosphorylation, and StAR 
protein synthesis in agonist-stimulated bovine adrenal glomerulosa 
cells. This table summarizes the effects of different agonists on MARCKS 
phosphorylation and on StAR protein synthesis and phosphorylation in bovine 
adrenal glomerulosa cells pre-labeled either with· inorganic f 2P}, for the 
phosphorylation experiments, or f 5 B)-labeled methione!cysteine, for protein 
synthesis experiments. +, ++, and +++ = increased response compared to 
untreated control levels. - = inhibition of the response when · compared to 
untreated control levels. 0 = no change ·when compared· to untreated. control 
levels. N/A =non-applicable; this variable has not been tested. · 



r~···· 

10 nM Angll 1 0 nM ACTH 15 mM KCI 50 nM TPA + 1 mM Forskolin 
100 nM BAY K 8644 

MARCKS .+++ - +++ ++ 0 
Phosphorylation 

StAR 
Phosphorylation ++ ± ++ ++ 0 

StAR Protein 
Sythesis ++ ++ 0 N/A N/A 

Table 1: MARCKS phosphorylation, StAR phosphorylation, and StAR protein synthesis in 
agonist-stimulated bovine adrenal glomerulosa cells. 
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and StAR protein synthesis. 

D. The Involvement of MARCKS and StAR Phosphorylation in Angll

lnduced Time-Dependent Potentiation 

As described earlier, the phenomenon of time-dependent potentiation, or 

"memory" refers to the ability of bovine adrenal glomerulosa cells to "remember" 

a prior exposure of at least 20 minutes to Angll (Barret P.Q., 1986 and Bollag 

W.B., 1991 ). . That is, after a washout of the -hormone or the addition of a 

competitive inhibitor of Angll action, such as saralasin, the secretory response 

decays quickly to control levels (7 -8 min in the freshly isolated cells and 

approximately 30-50 min in the cultured cells). The readdition of Angll- or the 

. calcium channel agonist BAY K 8644 within a 30 minute period results in a 

potentiated secretory response to this second addition. ihese data have led to 

the hypothesis that inhibition of Angll action leads to a rapid decrease in the 

rate of calcium influx but to a slower rate of PKC relaxation from its active, 

membrane-associated form to its non-active, cytosolic form. In support of this 

hypothesis are the observations showing that there is a persistent increase in 

DAG content during the memory phase (Bollag W., et al, 1991 ). Accordingly, 

one W,ould predict that a persistent association of PKC with the plasma 

membrane would also occur, and, if so, this enzyme would, upon resumption of 

Ca2
+ influx, presumably b~ reactivated, with a concomitant -increase in MARCKS 

phosphorylation. A set of experiments was designed to test whether MARCKS 

phosphorylation, as a marker of PKC activity, is inhibited by the addition of the 

Angll inhibitor, saralasin, as the model proposes. Based on previous data 

(Rasmussen H., 1995), it was predicted that addition of 100 nM BAY K 8644~

which causes an increase in calcium influx, could act together with DAG, whiGh 

is known to remain high for a period of time even after removal or inhibition of 
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Angll, to maintain the levels of MARCKS phosphorylation at a similar or greater 

magnitude than that of cells exposed to Angll only. Addition of 10 J.LM saralasin 

to cells previously exposed to Angll did indeed markedly inhibit MARCKS 

phosphorylation from 3.10 ± 0.38 fold over control to 1.20 ± 0.~4 (Fig. 23). 

However, addition of 1 00 nM BAY K 8644, although it rescues the secretory 

response (Barret P.Q., 1986 and Bollag W.B., 1991 ), did not rescue MARCKS 

phosphorylation (0.65 ± 0.3 fold over control). This result argues. against the 

current hypothesis. Interestingly, 10 J..LM saralasin did not completely inhibit 

StAR phosphorylation (Fig. 24). Even 30 min after addition of saralasin, StAR 

·phosphorylation remained significantly elevated (1.90 ± 0.27 fold over control). 

This is- an important point regarding the biology of StAR. The simplest 

explanation is that the phosphorylated StAR accumulated within the· 

mitochondrial matrix space turns over slowly. Although addition of 1 00 nM BAY 

K 8644 did not potentiate StAR phophorylation (1.74 ± 0.09 fold over ·Control), 

Cherradi and collaborators (1996) have shown that elevations in the 

intracellular Ca2+ concentration increase the cholesterol supply from the outer 

mitochondrial membrane: to the inner mitochondrial membrane, providing an 

alternative explanation for , the role of Ca2+in memory. In other words, a 
persistent activation of StAR, a.nd not of PKC, may be the basis for memory. 

~upplying the Ca2+signal would 'restore. the transfer of chol~sterol from the outer 

. mitochondrial membrane to the inner ·mitochondrial .. memb~ane, reestablishing 

the aldo$terone ·secretory respon~e~ 



Fig. 23: The involvement of MARCKS phosphorylation in Ang/1-
induced time-dependent potentiation. f 2P]-phosphate pre-labeled cells 
were treated with 10 nM Ang/1 for 30 min to 'induce memory. This first treatment 
was fof/owed by removal of the Angll-containing media and replacement with 
medium containing either 10 nM Ang/1 (Ang/1-60), 10 f.lM saralasin, or 10 JlM 
saralasin plus 100 nM BAY K 8644 for another 30 min. Samples were analyzed 
by 2-D gel electrophoresis as described in Methods. Quantitation of MARCKS 
pt}osphorylation is expressed as fold over control. *=p<O. 05, n=4. 
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Fig. 23: The involvement of . MARCKS phosphorylation· in 
An gil-induced time-dependent potentiation. 
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Fig. 24: The involvement of StAR phosphorylation in Ang/1-induced 
time-dependent potentiation. f 2P}-phosphate pre-labeled cells were 
treated with 10 nM Ang/1 for 30 min to induce memory. This first treatment was 
followed by removal of the Ang/1-containing media and replacement with 
medium containing either 10 nM Ang/1 (Ang/1-60), 10 J.lM saralasin, or 10 J.lM 
sara1asin plus 100 nM BAY K 8644 for another 30 min. Samples were analyzed 
by 2-D gel electrophoresis as described in Methods. Quantitation of StAR 
phosphorylation is expressed as fold over control. For simplicity the quantitation 
of the two phosphorylated forms of StAR has been combined. *=p<O. 05, 
**=p<0.01, n=4. 
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Fig. 24: The involvement of StAR phosphorylation in Angll
induced time-dependent potentiation. 



IV. DISCUSSION 

A. Characterization of Physiological and Pharmacological 

Secretory Responses of Cultured Bovine Adrenal Glomerulosa 

Cells 

Primary cultured cells provide an _excellent opportunity to carry out 

experiments that otherwise would be difficult to perform in freshly isolated cells. 

However, it is important to characterize cultured systems to ensure that their 

characteristics remain similar to those displayed in vivo. Prior to this work 

Bollag ·and collaborators (1991) had characterized the- An gil response of. 

adrenal glomerulosa cells in primary culture and found that the rate and time 

course of agonist-induced aldosterone. secretion. was very similar to those seen 
' . .. . ' 

in the freshly isolated ce.Hs. ·· However, they did not .completely characterize this 
. . " 

system. Hence, before· beginning the present studies, a further characterization 

of the cultured cell'sy~_tem was requir~d. 

Similarly to the freshly isolated 'cells (Kojima 1., et al 1984, and Kojima 1., 

et al, 1985e.), cultured ad_ renal glomerulosa cells were stimulated by 10 nM 

ACTH to yield a secretory. response similar ·.in magnitude ·to that of 1 0 nM An gil 

(Fig. 5). However, 10 mM KCI, a dose. previously found to maximally stimulate 

freshly isolated cells (Kojima L, 1985d) yielded a lower secretory response. In 

fact, wher:' a dose-response experiment was performed (Fig. 6) this 

con_centration was found to be the lowest at which a statistically significant 

response was observed, but a concentration of. 15 mM was found to yield a 
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similar secretory response to that of 10 nM Angll and ACTH (Fig. 5). There are 

two possible explanations for this difference between cultured ·and freshly 

isolated cells. First, it has been observed that cultured cells have fewer Ca2+ · 

channels than freshly isolated ones· (Paula Barret, personal communication). 

Since, as previously discussed, it has been reported that KCI acts by causing a · 

membrane depolarization resulting in a dose-dependent influx of extracellular 

Ca2+, it is possible that cultured cells with fewer Ca2+ channels have a low_er 

influx <?f extracellular Ca2+ at a given extracellular K+ concentration. It is also· 

possible ·that these cells have fewer __ K+ channels, hence requiring a higher 

extracellular K+ concentration to c~use a membrane depolarization. In any 

case, 15 mM KCI was routinely _-employed in the present experiments to allow 

comparisons betwe.~n .the magnitude of the_ secretory response and the 

magnitqde· .of ·signaling events induced by concentrations. of these three 

'agdnists that elicit similar secretory r~sponses. 

Cultured cells were also· responsive to stimulation with 50 nM TPA, and 1 

J.LM forskolin. (Fig.· 7). In addition, TPA-induced aldosterone secretion ·was 

potentiated in response to 1 0~ nM B,AY K 8644. These concentrations of TPA 

plus BAY.-K8644 have been reported to Jnduce secretory responses similar in 

m~gnitude to those induced ~y physiologic agonists .in freshly isolated bovin·e 

adrenal glomerulosa cells .where-~s 1 J.LM forskolin has· been reported to be50°/o 

that of ACTH (Kojima 1., et al 1984 a_nd Kojima 1.,. et al 1985e). However, the 

magnitude· of aldosterone secretion seen in response to TPA plus BAY K 8644 

in the cultured cells is approximately 60°/o of that stimulated by the Angll and the 

secretory response to forskolin is approximate1},::;;::20o/o that of AGTH. Thus, 

cultured cells are not as sensitive to the· action of the· pharmacologic agents as 

are freshly isolated ones. For the action of BAY K 8644, the possibility that 
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these cells have fewer Ca2+ channels might explain why this agent is not 

inducing a stronger.secretory.response when combined with TPA. 

B. The Role of PKC in Ag.onist-lnduced Sustained Aldosterone 

Secretion 

Aldosterone secretion from adrenal glomerulosa cells is an elegant 

system in which three different agonists, Angll, ACTH, and small increases in 

[K+]e, bring about similar secretory responses via different signal transduction 

cascades (Barrett P.Q., et al, 1988, Ganguly and Davis, 1994, and Rasmussen 

H., et al, 1995). Extracellular ·Ca2+ influx is a common requirement of all three 

responses, but by itself is insufficient to induce a major increase in aldosterone 

secretion. In addition, there is evidence that supports the involvement of cAMP 

in the actions of ACTH ·and, to a lesser extent, in the K+ -induced responses, 

since· increases in the intracellular concentration of this cyclic nucleotide have , 

been reported in response to these two agonists (Kojima 1., et al, 1985d, and 

Kojima 1., et al, 1985e). On the other hand, PKC activation· is apparently an 

important component only in the response to Angll, since only in response to 

this agonist have increases in PIP 2 hydrolysis to generate DAG (Kojima 1., et al, 

1984 and Hunyady L., et al, 1990), and translocation of PKC activity from the 

cytosoli.c fraction to the membrane fraction (Widemaier E.P., et al 1985, Lang 

and Valloton, 1987, and Nakano S., et al, 1990) been reported. However, as 

previously discussed, a possible role of PKC in the· actions of ACTH and K+ 

cannot be excluded on the basis of present evidence. 

\~. ··~:.-. In an effort to define further the .role of PKC in agonist-induced 

aldosterone secretion, we measured the pho~phorylation of a specific 

endogenous PKC substrate (MARCKS) .. in response to each· physiological 



85 

agonist. This protein has been shown. t9 be phosphorylated in a variety of cell 

systems only when PKC is activated (Wu W.S., et al, ··1982, Rozengurt E., et al, 
·: " . '. : . . 

1983 and Blackshear P.J., et al; .. 1985, and Blackshe?tr P.J., et al, 1986). Thus, 

. an increase in MARCKS phosphorylation is regarded as a good indicator of 
. . 

P'KC activation (Nairn, A.C., 1992) .. 

We·-have,·-d.emonstrated the presence .of_ MARCKS in cultured· bovine 

adrenal . glomerulosa cells ·(Fig. · 8). The . protein migrated at the correct 

molecular ·weight and isoelectric point, and was recognized by a peptide

specific anti-MARCKS monoclonal antibody (Fig. 9). 

Effects of Angll on MARCKS phosphorylation 

As predicted, Angll induced a sustained increase in MARCKS 

phosphorylation (Fig.13). This increase was detected as- early as 5 min after 

stimulation. This early increase in MARCKs·· phosphorylation, and thus, of PKc· 

activation, correlates with the reported increases in PIP 2 hydrolysis to generate . 

DAG (Kojima 1., et al, 1984 and Hunyady L., et al, 1990), as well as incr~ases in 

. Ca2
+ influx. (Kojima I.; 1985) within this time frame. These results suggest that 

PKC activation ·in Angll-induced aldosterone .secretion may be the result..of 

Angll-ind~ced increases ,in Ca2
+ influx and DAG content. 

Effects of increases in extracellular K+ on MARCKS 

phosphorylation . 

Contrary to expectations, MARCKS phosphorylation was ·increased ·by 

the lowest concentration of ·KCI that stimulate$ aldosterone secretion ·(Fig. 11) ~,_-: 

suggesting that KCI-induced PKC activation occurs_ in these cells. Since it has 

been reported that in adrenal glomerulosa cells· increases in the concentration 



86 

of extracellular K+ do not induce PI hydrolysis (at least in the early stages of the 

stimulation-Kojima 1., et al., 1985d), increases in DAG content (Hunyady L, et al, 

1990), nor translocation of PKC from the cytosolic to the particulate fraction 

(Lang and Valloton., 1987), it is not clear how K* brings about MARCKS 

phosphorylation. One possibility is that increases in extracellular K+ induce . 

local Angll production in this cultured system, as has been observed in rat" 

adrenals (Chiou, C.Y., et al 1994). However, addition of saralasin, a 

competitive inhibitor of Angll, did not inhibit the K+-induced MARCKS 

phosphorylation in the cultured cells (Fig. 12). Thus our results indicate that, 

contrary to previous reports, PKC appears to be directly activated by a K+

induced signaling cascade. 

Since both Ca2+ and DAG are required to activate the Ca2+ -sensitive 

isoforms of PKC, it is necessary to look for alternate routes of DAG production in 

this system. We have found that there is no MARCKS phosphorylation early in 

the K+ stimulatory response (5 min; Fig. 13) and this correlates with the reports 

of a lack of increases in PI hydrolysis and DAG content within this time frame 

(Kojima 1., et aL, 1985d and Hunyady L, et al, 1990). However, PKC activation, 

as measured. by· increases in MARCKS phosphorylation, .is observed 30 

minutes after stimulation with K+. The simplest explanation for the present 

results is that the increase in DAG production in K+ -stimulated cultured bovine 

adrenal glomerulosa cells is activated slowly, and probably does not involve an 

activation of PI-PLC. 

-Recently, a wealth of ·information has been reported indicating that the 

biology of PKC, as well as that of lipid metaboli9m is not as simple as previously 

thought. In light of these new findings, several alternative explanations may 
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account for our observations. It is possible that -a DAG-generating 

phospholipase, .other than PI-PLC, is actiyated by K+. -An example of such a 

pho~pholipase is phospholipase. D (PLD) which hydrolyzes phospholipids, 

usually phosphatidycholine, to yield choline and phosphatidic acid (Cabot M.C., 

et al, 1988). The latter is then converted to DAG through the action of 

phosphatidic acid phosphohydrolase (Cabot M.C., et al, 1988). In fact,. current 

data has shown that there is indeed K+ -induced PLD activation in .these cells 

(Bollag W., et al, unpublished observations). The amount of DAG generated 

could be small and localized so that it would not be sufficient to change the total 

DAG content, but would be sufficient to trigger a loc~l signaling cascade. 

Another possibility is a K+-dependenf activation .of the Ca2+-sensitive 

isoform of. the ~nzyme phospholipase A2 (cPLA2) (Kojima: 1., ·et aJ, 1985f). 

Activation of this enzyme allows ·it to act on phospholipids. __ yielding a 
I . . 

lysophospholipid (LP) and a free fatty acid, usually arachidonic acid (AA). 

Some species of LPs, as· well as AA, have bee_n reported to activate PKC 
. ' 

(Natarajan R., et al, 1988). In addition, AA.- metabolites produced through the 

action of lipoxygenases, such as 12-hydroxyeicosatetraenoic acid (HETE), have 

also been reported to have a positive effect on PKC activity in adrenal 

glomerulosa · cells (Shib~ta and . Kojima, 1991 ). The above . ·mentioned. 

possibilities remain interesting hypotheses to be explored. 

} . ' ' 

The present results showing activation of PKC by high K+, is in contrast to 

previously published data · reporting that .12 mM KCI did· not induce the· 

redistribution of PKC to the plama membrane fractions of freshly isolated 

bovine adrenal glomerulosa cells_ (Lang and Valloton, 1987). One reason for· 

this discrepancy is that Lang and Valloton measured PKC redistribution 20. 
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minutes after stimulation, whereas we. mea~ured PKC activation by_ means of 

increases in MARCKS phosphorylation 30 ·min after stimulation. As mentioned 

earlier, this time was chosen_ because it is -the earliest at which the culture.d 

adrenal glomerulosa cells. reach:their rriaximal sec.ret'ory rate (Bollag, W., 1991 ). 

If, as discussed above, K+ elicits . ·slow increases in OAG, and thus, PKC 

activation, Lang a~d Valloton might have measured PKC redistribution too early 

in the secretory response. On the other hand, it is now ·clear that redistribution 

as a method for measuring PKC activation is not reliable under all 

circumstances (Rasmussen, 1995). In particular, recent studies of PKC 

activation by cholecystokinin in rat pancreatic islets show that both MARCKS 

phosphorylation and PKC a translocation to the plasma membrane, as 

determined by imm~nocytochemistry, occur but redistribution of PKC a t.o the 

particulate cell fraction does not occur in response to this agent (Anderson M., 

unpublished results).· In addition, a number of reports sho~ that high K+ can 

induce the redistribution of PKC to the particul~te cell fraction in a variety of 

different cells (Haller, 1990, Wang J., et al, 1996, and Raisin M.P., et al, 1997). 

Such changes have been presumed to be a result of Ca2+ entry. However, in 

most of these cases, clear evidence that this membrane-associated PKC is 

active is not available. 

Effects of- ACTH on MARCKS phosphorylation· 

As predicted, ACTH did not cause an increase in MARCKS 

phosphorylation, even after 30 minutes of stimulation (Figs. 10 and 13). 

Furthermore, ACTH caused a sustained inhibition of MARCKS phosphorylation 

detected as early as 5 minutes after· stimulation. Prior to discussing possibl_e 

explanations for this ·ACTH-induced inhibition of MARCKS phosphorylation it is 

important to rev~ew s·ome of the_ charact~risti_cs of MARCKS. 
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, . . . 

e As mentioned earlier,_ MAACK? has a molecular weight of ~pproximately 

86 kD and contains an actin binding domain, a PKC _phosphorylation site, a 

Ca2+-calmodulin binding site, ·and a ··membrane- binding- domain (Nairn and 

Aderem, 1992).-. In ·vitro studies have· ~hown -that MARCKS is capable of 

dim_erizing actin filaments and · that this -ability is -inhibited by both PKC 

phosphorylati'on and Ca2+-calmodulin binding of MARCKS (Adere_m A. 1992). 

Phosphorylation and calmodulin binding appear t~ be mutually exclusive, since 

it has been. reported that PKC phosphorylation_ of MARCKS inhibits Ca2+

calmodulin binding and vice versa. -The effects of PKC-mediated 

phosphorylation and, Ca2+-calmodulin ·binding are not identical (Aderem A., 

1992). Although both inhibit the ability of MARCKS to dimerize actin filaments, 

and both allow MARCKS to remain attached · to a single actin filament, PKC

mediated phosphorylation also causes the ·detachment of MARCKS from the 

plasma membrane, while Ca2+ -calmodulin binding does not. The data that 

. supports. this notion is the report showing that PKC activation by phorbol esters 

induces the translocation of MARCKS to the cytoplasm while increases in Ca2+ 

influx, which would activate calmodulin, allow MARCKS to remain in the 

· particulate fraction (Aderem, A. '1992). -Thus, these data have led to the 

hypothesis that cycles of PKC a~tivation and increased Ca2+ influx regulate 

MARCKS interaction with actin filaments and that' this association, in turn, 
'. 

regulates the plasticity of the actin cytoskeleton (Hartwig J.H. et al, 1992). 

It is possible that the ACTH-induced decrease in .MARCKS 
, . 

. ,_,,. ~, phosphorylation is due to Ca2+-calmodulin binding inhibiting phosphorylation ·-by 

PKC, whereas Angll and K+ induce the phosphorylation of MARCKS via PKC 

activation. However, the delayed nature of the K+ induced MARCKS 
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phosphorylation could also be attributed to . Ca2+ -calmodulin binding. It is 

possible that the init~a! absence of PKC-induced phosphorylation of MARCKS is 

due to Ca2+-c·almodulin binding brought about' py the K+-induced increase in 

Ca2+ _influx competing ·with phosphorylation by activated PKC. However, at this 
. ' ' . . 

. point we cannot totally exclude· the possibility that the ACTH-induced inhibition 

of MARCKS · phosphorylation or the delay ·in K+ -induced MARCKS 

phosphorylation i~ mediated through a cAMP/PKA inhibition of PI-PLC activity 
: .~ . -~ . 

and hence DAG--production. N'onethele~s,- our.data .. showing that forskolin did 

not cause a decrease in MARCKS phosphorylation (Fig.14) suggests that this 

explanation is unlikely. 

Effects of pharmacologic agents Qll MARCKS 

phosphorylation 

The effects of the different pharmacologic agents on MARCKS 

phosphorylation support the concept that ACTH acts differently than Angll and 

high extracellular -_K+ concentrations. TPA alone induced an increase in 

MARCKS phosphorylation that was potentiated by BAY _ K 8644 (Fig. ·14), 

indicating that activation of PKC, probably a Ca2+ -dependent isoform, is 

involved. In contrast, BAY K 8644 alone inhibited MARCKS phosphorylation 

.(Fig. 14). Again, this result could be attributed-. to Ca2+-calmodulin binding to 

MARCKS, known to inhibit PKC phosphorylation of this protein (Hartwig J.H., et 

al, 1992 and Aderem A., 1992),· as discussed above. The combination of TPA 

and BAY K · 8644 induced a level of MARCKS phosphorylation similar to 'that of 

Angll (Figs. 10 and 14). However, aldosterone secretion -induced by the 

combination ot-~these pharmacologic agents is only 60°/o of that induced by ' 

. Angll (Figs. 5 and 7). It is important to remember that stimulation of bovine 

adrenal glomerulosa cells with Angll induces a transient increase in cytosolic 
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free Ca2
+ that is not induced-by TPA or BAY K 8644 (reviewed in Barret P.O., et 

. . 

al, 1989). Tbus, Angll, is more efficient at activating. the different signals shown 

to play a role in stimulation of aldosterone secretion such ·as of·· PKC; Cam

Kinase II, and Ca2
+ influx. Therefore, although, as we discuss below, there may 

· be a potentially important role for MARCKS in aldosterone secretion, these data 

indicate th~t MA~~KS phosphorylation alone may not qe th_e only crucial signal 

-pathway i~volved in the actions.· of agonists of aldosterone secretio~. 

Finally, and as predicted, forskolin had no effect on the level of MARCKS 

phosphorylation (Fig. 14). Thus, we can conclude that,- at least in our system, 

increases in cAMP did not affect MARCKS phosphorylation. This result, 

together with our observation that BAY K 8644 · alone inhibited MARCKS 

phosphorylation (Fig. 14), indicates that the inhibitory effect of ACTH on 

MARCKS phosphorylation was not due to increases in cAMP~- Instead, we 

believe that this inhibition is due to an ACTH-induced increase in Ca2
+ influx 

arid a resultant increase in Ca2
+ -calmodulin binding to MARCKS which, as 

discussed above, inhibits the PKC-mediated phosphorylation of MARCKS. 

Possible role of MARCKS on agonist-induced aldosterone 

secretion 

Our original purpose for measuring MARCKS phosphorylation was to 

assess the extent of PKC activation in agonist-stimulated cultured adrenal_ 

glomerulos_a :cells. However, when our results are considered in li.ght of th~

present knowledge of MARCKS function; they favor the view that such changes 

in-the phosphorylation state··of<:·MARCKS could mediate cytoskeletal changes. 

mainly by ·regulating the nature of the association of MARCKS with actin. 

Regulation of MARCKS-actin interactions have been shown to play· a role in 
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phagocytosis, endocytosis, exocytosis, secretion and cell migration (reviewed in 

A de rem A., 1992). All of these events would require· changes in the actin 

cytoskeleton in precise. temporal and spatial patterns. The following discuss.ion 

explores ·the poss.ible role of .the state of MARCKS phosphorylation in the 

control of aldosterone secretion. 

As previously . discussed, MARCKS dimerizes actin filaments and 

attaches them to the plasma membrane, creating a rigid cytoskeletal 

configuration. When this protein is bound to calmoduiin, it no longer is able to 
' 

dimerize actin filaments but remains bound to single actin filaments and to the 

plasma membrane, creating a le~s rigid, or intermediate cytoskeletal 

configuration. Finally, when MARCKS is phosphorylated by PKC, it attaches to 

single actin filaments but no longer remains attached to the plasma membrane. 

This state of MARCKS creates a loose cytoskeletal configuration. The versatility 

of the MARCKS-actin associations allows for a tight ·regulation of the 

configuration of the actin cytoskeleton. 

Our cUrrent model· of the signaling events involved in. steroid hormone 

secretion is one in which· two critical steps are involved: a)· a. cytoskeletal · 

. rearrangement leading to an acceleration .. of the transport of cholesterol from 

lipid droplets to the outer mitochondrial membrane, and br the transport of 

cholesterol from the .. outer membrane of. the. mitochondria to the inner 

membrane of the mitochondria,· thereby giving it access to the cholesterol side 

chain cleavage complex of enzymes located on the inner surface of the inner 

mitochondrial membrane. 

. ) 



93 

In this view, stereoidogenesis is a process ·dependen~ on an initial 

cytoskeletal rearranger:nent of the actin cytoskeleton (Miller, W.L., 1988 and 

Feujlloley and Vaudry,· 1996). This rearrangement is required for both. the 

coupling of receptor and enzymes involved. in the regulation of steroidogenesis, 

as well as for the intracellular transport of cholesterol and of cholesterol 

metabolites. In the case of adrenocortical cells, these changes have been 

extensively studied in ACTH-stimulated cells (Lorenz S., et al,· 1987, Hall P.F., 

1979, Hall P.F., 1995, and Feuillol_ey and Vaudry, 1996) and, to a lesser extent, 

in Angll-stimulated cells (Feuilloley arid Vaudry, 1996). Although the literature 

_ is somewhat confusing, sinc_e reports regarding cytoskeletal changes vary. 'in 

such issues as cell homogeneity, the species· of animals from whiGh the cells 

are isolated, and whether the cells are freshly isolated or cultured, it appears 

that the cytoskeletal changes induced_ by An gil are not as dramatic as those of 

· ACTH (F~uilloley and Vaudry, :1996), but that both agonists have effects on this 

phas~ of the signaling ev~nts. 

·;.:· 
' ' 

Stimulation of adrenocortical cells with ACTH has been shown to induce 

a cytoskeletal rearrangement in which there is dissociation of actin stress fibers, 

cell rounding, approxiJ'Dation of lipid _droplets and mitochondria, . and the 
' ' • • I ·,, .' 

appearance· of membrane- ruffles (Lorenz S., et al, 1987). These changes are_ 

inhibited by. cytqchalasin B _which causes the depolymerization of · actiri 

filaments. In contrast,. Angll does not cause a visible rearrangement ·at the actin 

cytoskeleton (Feuilloley and Vaudry, 1996). However, cytochalasin 8 inhibits 

the Angll-induced activation .of PI-PLC ·and PLA2, as well as cholesterol 

transport to the mitochondria and the transpo_rt of cholesterol- metabolites · 

between orga~elles. Moreover, low concentrations of cytochalasin 8, which do 

not cause visible depolymerization of the actin filaments, have been shown to 
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increase steroidogenesis. Thus, it is clear that a rearrangement of the actin 

cytoskeleton is a requirement for steroidogenesis induced by Angll as well as 

ACTH. 

The question is, are these cytoskeletal rearrangents related to the state of 

MARCKS phosphorylation and, if so, how? Our observation that Angll induces 

a sustained increase in MARCKS phosphorylation, whereas ACTH causes a 

significant decrease in this event argues that the . state of MARCKS 

phosphorylation, and thus the nature of its interaction with actin, could play a 

role in the regulation ·of aldosterone secre.tion.· If the ACTH-induced decrease in 

MARCKS ph,osphorylation is indeed mediated by Ca2+-calmodulin binding,the 

resulting cytoskeletal rearrangement of. interme.diate rigidity (s~e above) could 

aid in the formation of the membrane ruffles and cell rounding reported in 

ACTH-stimulated adrenocortical cells. On the other hand, we have observed 

that the Angll-induced. activation of PKC increases the phosphorylated form of 
. . . .· 

MARCKS. This event should inhibit both the MARCKS-mediated actin filament 

dimerization and the MARCKS-mediated attachment of the filaments to the 

plasma -membrane (Aderem A., 1992). This loss of attachment, in turn, could 

increase the flexibility of the actin cytoskeleton without visible changes in cell 

morphology. 

Therefore, we propose that these . differences in cytoskeletal 

rearrangements in response to different agonists are related to the state of 

MARCKS phosphorylation. This differential alteration of the plasticity of the actin 

cytoskeleton could in turn . regulate organelle approximation,. coupling· of ·?!.--~:.u."'· 

membrane enzymes to G-proteins and receptors, and transport. of cholesterol to 

·the mitochondria. Thus, even though Angll, ACTH and K+ have different effects 
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on MARCKS phosphorylation, the changes in the state of MARCKS -

phosphorylation are likely to be components of the cascade of cellular events 

that culminates in aldosterone secretio.n. 

The role of CaM kinase. II and cAMP 

Although the. previous discussion argues in favor of a central role of 

MARCKS in the regulation of cholesterol transport to the mitochondria, it may 

not be the major pathway by which ACTH acts. Both ACTH and Angll induce 
' . 

similar increases in aldosterone secretion with opposite effects on the state of 

MARCKS phosphorylation. Sirice both agonists induce increases in Ca2
+ influx; 

there must be another · mechanism that can mediate cytoskeletal changes 

leading to cholesterol transport to the mitochondria.. There are a variety of 

reports that indicate that the enzyme Ca2
+ -calmodulin-dependent protein kinase 

II (CaM kinase II) plays a role in the stimulation of aldosterone. secretion by all 

physiqlogical agonists (Ganguly A., et al 1992, Fern R.J., et al, 1995, and Pezzi 

V., 1996). lntere~tingly, Pezzi and collaborators {1996) have shown that 

treatment of Angll-stimulated H295R cells with KN93, an inhibitor of CaM kinase 

II, did not · block the induction of StAR protein· synthesis, but inhibited 

steroidogenesis by o0-80°/o. The authors conclude that CaM kinase II may be 

involved in the process of cholest~rol mobilization to the mitochondria. Thus, it 

may .be activation of this enzyme, and not the state of MARCKS phosphorylation 

which plays a central role in the regulation of cholesterol transport to the 

mitochondria in agonist-induced aldosterone secretion. 

The importance of Ca2
+ in ACTH action is most easily illustrated by 

comparing the effects, of ACTH and forskolin: on increases in cAMP content in, 

and $ecretion of aldosterone from; glomerulosa cells (Kojima, et al 1985e). In 



\. 

96 

the case of forskolin, the dose response curves for increases in cAMP content 

and aldosterone secretion are nearly superimposable. On the other hand, at a 

dose of ACTH which induces a nearly maximal increase in aldosterone 

secretion, .there is only a small increase in the cell content of cAMP, i.~., the 

dose-response curve for aldosterone secretion is shifted to the left versus the 

curve for cAMP content. Nobody has yet explained in a satisfactory way what 

accounts for this shift. However, it has been shown that an inhibition of Ca2
+ 

influx inhibits ACTH-induced increases in aldosterone secretion, and that the · 

sensitivity of glomerulosa cells to forskolin is increased in the presence of 

·agents which increase Ca2
+ influx (Kojima 1., et al, 1'985e). In view of the 

present data, it seems apparent that a more detailed study of the role of Ca2
+ 

influx and the subsequent activation of CaM kinase II is important in defining the 

mechanism by which cytoskeletal changes are regulated. 

Finally, it has been shown that dibutyryl cAMP, as well as ACrH, induces 

changes in cytoskeletal organization (Lorenz S., et al, 1987). This result argues 

that PKA activation, as well as PKC activation, can lead to a change in the 
I 

cytoskeleton. However, our results show that forskolin did not affect MARCKS 

phosphorylation (Fig. 14). Thus, the cytoskeletal. rearrangements induced by 

increases i(1 cAMP may not be-mediated by MARCKS. Again, this supports the 

concept that there are alternative pathways that regulate changes in the 

cytoskeleton and may not involve changes in the phosphorylation of MARCKS. 

Given the fact that the cAMP and the Ca2
+ messenger systems interact in 

regulating particular cellular events, it is possible that ACTH-induced 

aldosterone se_cretion involves. both PKA and CaM· kinase II activation. 
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C. Characterization of StAR Protein Synthesis and Phosphorylation 

in Agonist-Induced Sustained Aldosterone Secretion · 

Once cholesterol is transported to the mitochondria, the next limiting step 

in steroid secretion is transport of cholesterol from the outer mitochondrial 

membrane to the inner mitochondrial.: membrane. As mentioned previously, this 
. . ' 

is an acutely regulated step found to be dependent both on . de novo protein' 
. . . 

synthesis as well as on prot'ein phosphorylation (Privalle, C.T., et al, 19.83, Ohno 

Y., et al, 1983 and Stocco and Clark,· 1993)'. The steroidogenic acute regulatory 

protein (StAR) has been shown·. to play a central' role in the regulati0n of 

cholesterol transport within ·the m.ito~hondria (review~d in Stocco and Clark, 

1996a). Upon ago_nist stimulation, the StAR precursor is acutely synthesized, 

proteolytically cleaved and phosphorylated. However, it is not clear how these 

changes in StAR behavior are regulated by the different agonists of aldosterone 

secretion. As discussed previously, the literature is confusing since the ·reports 

addressing . regulation of the biology of StAR vary depending on the cell type. 

employed (e.g. ~eydig cells vs. adrenal cells),. cell homogeneity (adrenocortical 

cells vs. glomerulosa cells), the species of animal from which the cells were 

isolated, and whether freshly isolated or cultured cells are employed (Pon L.A:, 

et al, 1986a, Stocco D.M.,·et al, 1988 and Elliot M.E., 1993). Another important 

difference among these reports is the time at which changes in StAR protein 

synthesis and phosphorylation are measured. These vary from as little as one 

hour to as much as 48 hrs after stimulation. However, it is known that 
{ 

aldosterone secretion upon agonist stimulation can be detected as early as 5 

minutes after stimulation and has already reached a···maximal secretory .rate by 

30 min (Kojima I, et al, 1984). Thus, truly acute changes in StAR protein 

synthesis. and phosphorylation have not been identified. The present 
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experiments were aimed at dete.rniining . the acute effects of the three agonists 

of aldosterone secretion on StAR protein· synthesis and phosphorylation. 

StAR phosphorylation 

Primary cultured bovine adrenal glomerulosa cells were found to exhibit 

basal levels <?f StAR phosphorylat!_on (Fig. _15 and 16). · Altho.ugh all three 

physiologic agonists were found to increase StAR phosphorylation, the effects 

were not identical (Fig. 17). Both Angll and K+ induced an increase in StAR 

phosphorylation that qould be detected as early as 5 minutes and was greater 

at 30 minutes after stimulation (Fig. 18). However, the ACTH-induced increase 

·in StAR phosphorylation was less than that of the other two agonists (Fig. 18), 

and this small increase was only detected during the. sustained phase of the 

response .(30 min ~fter stimulation). Taking into consideration that these 

experiments were performed with agonist concentrations that yielded similar 

secretory responses (Fig. 5), our results indicate that, at least in our system, 

StAR phosphorylation does not quantitatively correlate with aldosterone 

secretion. 

The action of the different . pharmacologic. agents provided additional 

ins_i_ghts into the events concerning StAR phosphorylation .. Both TPA and ·BAY K 

8644 alone caused small increases in StAR phosphorylation (Fig. 20). · The 

combination of these two agents yielded a larger .increase (Fig. ·20). This 

indicates that both the activation of PKC and a Ca2
+ signal play a rol~ in StAR 

phosphorylation. In fact, Cherradi and collaborators (1996) have shown that 

i::"".~!:r...-· increases in intracellular levels of Ca2+ stimulate intramitochondrial cholesterol 

transfer in bovine.· adrenal glomerulosa cells. Our results suggest that this. 
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stimulation could be occurring via increases . in the amount of the 

phosphorylated StAR protein, the presumed active form of StAR. 

On the other hand, StAR phosphorylation was not stimulated by forskolin 

even though aldosterone secretion increased in response to this agent. There 

are two possible interpretations of this result: 1) either StAR phosphorylation is 

not important for aldosterone secretion, or 2) there are other events occurring 

concurrently with StAR phosphorylation that are activated by cAMP and that act 

in concert with the phosphorylated form of StAR, making basal levels of 

phosphorylation more efficient. An obvious candidale for this role is- the 

peripheral benzodiazepine receptor or PBR. As previously discussed, the PBR 

and its endogenous ligand OBI are required for steroidogenesis, and they seem 

to act in some ~anner to increase ··cholesterol transport to the inner 

mitochondrial membrane (Papadopoulos V., 1993) ... J}owever, presently, there 

have been no_. reports of functional interactions between PBR-DBI and StAR. 

Very few reports have directly investigated StAR phosphor)tlation upon 

agonist stimulation via [32P]-Iabeling (Pon L., et. a! 1986, and Chaudhary and 

Stocco, 1991). Contrary.:to.ourreports, Chaudhary and Stocco (19.91) reported 
. . ' . ' ' 

increases in StAR phosphorylation in Leydig tumor cells treated with dibutyryl 

cAMP, and forskolin, but not to PMA. However, in this experiment cells were 

stimulated for 2 hours while we stimulate for 30 min. It is pos~ible that longer 

treatment with ACTH or forskolin could yield greater increases in· StAR 

phosphorylation, as reported by Pon and collegues (1·986b), in rat adrenal 

glomerulosa cells.. In addition, the authors do not consider the possibility that 

the two hqur treatment with PMA may downregulate PKC, causing a reduction 

-in StAR phosphorylation. 
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Other authors have reported increases in the phosphorylated forms of 

StAR induced by Angll, ACTH, and phorbol esters via measurements of [35S]

cysteine/methionine incorporation into these proteins (Hartigan J. A., et al, 

·1995, Elliot M.E., et al, 1993., and Elliot M.E., et al, 1997} Such experiments 

have been carried out on both adrenocortical and adrenal glomerulosa cells 

stimulated with these agents for 1-4 hours. Our results show that significant · 

increases in StAR protein phosphorylation (Fig. 18) can be detected at an 

earlier time (30 min). 

The data .on. agoni_st-induced increases in StAR phosphorylation 

obtained usin·g the two methods. described.· ~bove. may not be equivalent. 

·Given the rapid rate at which StAR precursors are synthesized, cleaved and 

processed, it is not yet clear if these precursors a,re phosphorylated prior to or 

after proteolytic cleavage. Thus, it is possible that the 30 kD phosphorylated 

form of· S~AR is~· in .. actuality, an_ ··end-pr~duct of StAR processing .that 

accumulates in the mitochondrial matrix and not the biologically active form of 

this phosphoprotein. If this is true, then th~. [32P]-Iabeled. StAR includes both 

newly synthesized and accumulated .StAR protein,· while the [35S]-Iabeled. StAR 

measures only the newly synthesized phosphorylated form of StAR .. Thus, the 

differential effects induced by agonists. -of aldosterone secretion on StAR 

phosphorylation, as measured by [32P] incorporation, might be due to differential 

effects on StAR protein synthesis, cleavage, and the rate of phosphorylation, as 

well as the rates of dephosphosphorylation and catabolism. 

Several studies have attempted to determine if StAR phosphorylation is a 

requirement for its activity (Stocco D.M. et. al, 1993a and Arakane F., et al, 
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1997). One su.ch study was recently published demonstrating that point 

mutations of the serine residues known to be part of the consensus sequence 

for phosphorylation by PKA inhibit. both the apperance of the phosphorylated. 

forms of StAR and steroid secretion (Arakane F., et al, 1997). The authors 

chose these consensus sequences based ·on the fact that in many steroid

producing systems, stimulation of steroid production is regulated mainly by the 

cAMP/PKA pathway (Stocco D.M., et al, 1996b). This result argues that 

phosphorylation is a requirement for StAR protein to be able to promote 

·steroidogenesis. In addition, since only the· 30 kD form ~f StAR seems to be 

phosphorylated (Stocco . D.M., et al, 1991 and Stocco D.M, 1993a), this 

supports the view that this is the active form of StAR. 

Another important point to consider is whether or not phosphorylation of 

the StAR protein is due to one or several kinases. If the first possibility is 

correct, then it is important to. determine if this phosphorylation is mediated by 

an already known kinase or by a specific "StAR" kinase: Our results show that 

forskolin did not increase StAR phosphorylation. This finding suggests that 

PKA may not act directly to bring about the phosphorylation of the StAR protein. · 

Our observations with TPA and BAY K 8644 suggest that in our system, PKC 

may have a more direct role in the regulation of this event. However, since all 

three. of. the agonists stimulated StAR phosphorylation to different extents, a 

StAR kinase common to all.th.ree agonists remains possible. Of known kinases, 

a possible car)didate for this role is CaM- kinase II, which h~s been .reported to 

be involved in the response to all three agonists (reviewed'" in Ganguly A., et al 

1994). However, it has been shown that inhibitors of CaM kinase II do not 

inhibit StAR protein synthesis (Pezzi V., et al, 1996)· and there are no reports 

addressing the roie of .CaM kinase II in St~R· phosphorylation. 
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StAR protein syn~hesis 

When we studied the effects of the different agonists on StAR protein 

synthesis, we found differential effects on this event as well. Both Angll and 

ACTH induced an increase in 35S-Iabeled StAR while K+ did not (Fig. 22). This 

is the first observation of an agonist capable of stimulating steroid synthesis· in 

.the absence of increased de novo StAR- protein synthesis. Again, contrary to 

previous reports in Leydig tumor cells (Stocco .D.M., 1992), there "Yas no simple 

correlation between increases in StAR pro~ein synthesis and increases in 

a·ldosterone secretion ·in this sys~em that responds acutely to these agonists. 

The fact that K+ induces increases in StAR phosphorylation but not StAR 

protein synthesis argues in favor of the view that phosphorylated StAR is the 

biologically active form of this protein. These results suggest that K+ induces the 

phosphorylation of the previously syn-thesized StAR precursor, which in turn 

accumulates in the mitochondrial matrix. 

Interestingly, regarding the induction of StAR protein synthesis, Angll 

and ACTH behave similarly, even though they work ·through different signaling 

cascades. The only known signaling pathway which they hav~ in common is an 

increase in Ca2
+ influx and even ·this they share with K+, which does not induce 

increases in StAR protein content. It seems. unlikely that this increase in StAR 

.Protein synthesis is directly related to PKC. activation or to .increases in cAMP 

since these ~ignals are also involved in the K+ response. There are at least two 

possibilities that could :e~plain these. differences: 1) induction of StAR protein 

synthesis, either by de novo transcription or de novo translation is due to 

agonist-r~ceptor endocytosis, or . ·2) there is ~nother and yet unidentified 

signaling event shared by Angll and ACTH but not activated by K+. 
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Our observations that ACTH induC"es large increases in StAR protein 

synthesis while it weakly _induces StAR·· phosphorylation suggest that this agent · 

may be inducing more dephosphoryiaHbn of StAR. No reports presently 

address the role of phosphatases ·in StAR behavior. In any case, our protein 

synthesis experiments, together with our phQsphorylation experiments, argue 
. . 

that there are heterogeneous mechanismsthrough which the regulation of StAR 

behavior -is achieved. In addition,. the fact that there is no simple correlation 

between either StAR sythesis or StAR phosphorylation and the rate of 
. . 

aldosterone secretion. induced by three different agonfsts suggests that StAR 

may not be the only factor regulating intramitochondrial cholesterol transport 

and steroid synthesis. 

Finally, Angll, the main physiologic agonist of aldosterone secretion, 

increases both StAR phosphorylation and protein synthesis. However, since 

the Angll-induced increase in both of these events does riot result in greater 

amou·nts of aldosterone secretion than with K+ or ACTH, it is possible to 

hypothesize that there is another limiting step. One possibility to explore would 

be the rate at which the activity of the enzymes involved in. the synthesis of 

aldosterone, such as the cholesterol side-chain ·cleavage· enzyme, are 

regulated directly .bY the phosphorylated StAR protein. However, the fact· that 

cells are able to produce much greater quantities of aldosterone when -provided 

the water soluble ·form of Gholesterol,_ 22-a-hydroxy-cholesterol than .when acted 

upon by .any of the three agonists (Calle R., unpublished observations), argues 

"·that the direct regulatipn of one or more of these enzymes is· not likely to be the , .. 

explanation. This form of cholesterol supplies unlimited amounts of subtrate ·to 

the enzymes involved in aldosterone synthesis, thus allowing measurement of 
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the maximum rate of activity of the aldosterone synthetic machinery (Kim C.H., 

et al 1997). These results return us to the fact that increases in StAR protein 

synthesis and StAR protein phosphorylation may not be the only events 

regulating intramitochondrial cholesterol transport. 

D. The Involvement of MARCKS and StAR Phosphorylation in Angll

lnduced Time-Dependent Potentiation 

The memory experiments have provided additional evidence as to the 

complexity of the regulation of aldosterone secretion. While saralasin 

dramatically inhibited MARCKS phosphorylation in cells previously exposed to 

Angll, it did not significantly inhibit StAR phosphorylation in these same cells. 

Thus it seems likely that StAR phosphorylation persists even after removal of 

the agonist. The most likely explanation/ is that the phosphorylated form of StAR 

accumulates within the mitochondrial matrix compartment, and once in this 

compartment, is inactive. If this is the case, then the rate of turnover of the 

matrix-located phosphorylated protein should affect the measured StAR 

phosphorylation. In any case, if the matrix-located StAR no longer functions to 

increase cholesterol transport, then the present results showing that the extent 

of StAR phosphorylation does not correlate with the magnitude· of change in 

aldosterone secretion would not be of functional significance. On the other 

hand, it is quite possible that only the matrix-located StAR protein is the active 

form, and this form of the StAR protein is only one component of a complex of 

proteins which differentially regulates the process of transporting cholesterol to 

the side chain cleavage enzyme. If this were the case, different agonists might 

act on other comp-onents of such a complex. As noted above, a possible 

candidate for acting within this complex is the PBR and OBI proteins because 
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these have been shown· to also play a role in cholesterol translocation in the 

mitochondrial compartment (Papadopoulos V., f993) .. 

Addition of. BAY K 8644 did not rescue MARCKS phosphorylation and 

did not increase StAR phosphorylation. However, this compound has been 

reported to induce a secretory response in. cells· previously exposed to An gil 

(Bollag, W., et al, 1991 ). This observation had been attributed to the persistent 

availability of increased levels of DAG required·. to · keep · PKC stimulated. 

Interestingly, our results· indicate that BAY K 8644 does not cause the 

reactivation of the PKC. Thus, a new explanation for, memory would be that 

StAR phosphorylation within the mitochondrial matrix remains elevated, at least 

for 30 min after the removal of Angll, and its interaction with a Ca2
+ signaling 

event activates the translocation complex to reinitiate aldosterone secretion. 

On the other hand, as previously discussed, CaM kinase II could 

also play a role in the control of cholesterol transport to the mitochondria in 

agonist induced aldosterone secretion. Thus, it is possible that addition of BAY 

K 8644 is re-activating CaM kinase .II which would provide more cholesterol to 

the mitochondria. Since there is a sustained increase in the phosphorylated 

and presumably active form of StAR, this would reinitiate the secretory 

response. Therefore, it is p<;>ssibl~ that the importan~ ·ca2
+ signaling pathway .is 

the activation of CaM kinase II resulting in ~ reactivation of the complex involved 

in cholesterol translocation into the mitochondria. 

In conclusion, the evidence discussed above has provided new 

insights as to the complexity of the regulation of agonist-induced aldosterone 

secretion. We have proposed new hypotheses as to how the different agonists 
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of aldosterone secretion might acutely regulate the two limiting steps in 

steroidogenesis: a) the transport of cholesterol to the mitochonqria and b) the 

transport of cholesterol from the outer mitochondrial membrane to the inner 

mitochondrial membrane. We hope that these hypotheses will provide new 

ideas to be explored which will increase our understanding of the events that 

control steroidogenesis. 



V. SUMMARY 

The aim ·of this work was to define more fully the signal transduction 

events involved in· agonist-induced sustained aldosterone secretion from 

cultured fetal bovine adrenal glomerulosa cells. The physiological agonists of 

aldosterone secretion, Angll,· ACTH, .. and small increases· in extracellular 

concentrations of K+, stimulate aldosterone secretion via different signal 

transductic:m pathways. The evidence gathered to date suggests that Angll acts 

mainly via the PKC pathway, ACTH acts mainly via the cAMP/PKA pathway, and 

K+ acts mainly via increases in Ca2
+ influx. However, increases in Ca2

+ influx, to 

a lesser extent, haye also been observed in response, to An gil and ACTH. 

Our main purpose was to understand how the different signaling 

pathways elicit similar secretory responses. Specifically, we examined at the 

role of protein kinase C in the regulation of the aldosterone secretory response. 

We also performed experiments to address changes in several aspects of the 

biology of the StAR protein, a mediator of cholesterol transport from the outer 

mitochondrial membrane to the inner mitochondrial membrane, upon agonist 

stimulation. The two major aspects of this work .are an examination of MARCKS 

phosphorylation as a direct measure of PKC activation, and the regulation of 

~,_ ... ,<.StAR, as measured by specified increases in StAR protein synthesis and StAB-Y. .. ~ .... 

protein phosphorylation, in agonist..:induced aldosterone secretion. Our results 

showed differential involvement of PKC in the actions of the three agonists. As 

107 
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predicted, stimulation .of bovine adrenal glomerulosa cells with 1 0 nM ·Angll 

induced an increase in MARCKS phosphorylation, while 10 nM ACTH induced 

a decrease in the phosphorylation of this protein. Interestingly, and contrary to 

our predicitions, stimulation of adrenal glomerulosa cells with 1 0 or 15 mM _K+ 

induced a significant increase in MARCKS phosphorylation. Thus, we conclude. 

that there was PKC activation in both Angll and K+-stimulated adrenal 

glomerulosa cells. However, while the activation. of PKC in Angll--stimulate~ 

cells, as measured by increases in MARCKS phosphorylation, was detected as 

early as 5 min, activation of PKC in K+-stimulated cells·was not detected untiL 30 

min after stimulation. The in\libition of MARCKS phosphorylation by ACTH was . ~ . ' . 

detected both at 5 min and 30 min a~er strmulation. Thus, our data support the 
. . 

current belief ·that· ?ctivation of P·Kc is . not ·involved in ACTH-induced 

aldosterone secretion. Stimulation of adrenal glomerulosa . c.ells with 

pharmacologic agents that mimic the· signaling pathW!lYS of the physiologic 

agonists elicited patterns of MARCKS phosphoryl.ation similar to those of the 

physiological ag<?nists· ·.- < · 

Regarding the effects. of Angll, K+, and ACTH on the. biolngy .of StAR, we 

observed that a 30 _min stimulation of aid renal glomerulosa cells with any. of 

these agonist· differentially: regulated StA·R protein synthesis . and ··protein 

phosphorylation. In the case· of Angll, this agent induced significan-t increases 

. both in StAR prote!n synthesis and StAR protein pho-sphorylation. On the other 

hand, K+ -stimulated cells ·displayed significant increases in StAR 

phosphorylation but the levels of StAR protein synthesis induced by this agonist 

remained near basal Finally, and in contrast to K+-stimulated cells, ACTH-. 

stimulated adrenal glomerulosa cells disp·layed a weak increase in StAR . 

· phosphorylation bur showed a significant increase ·in· StAR protein synthesis. 
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. .. . ' •. 

Thus, it has been difficult· to establish clear a. rel~fionship bet~~en a given 

signaling pathway· . and StAR protein synthesis and StAR protein 

phosphorylation. 

In addition, the observed. increases in StAR protein·. synthesis and StAR 

phosphorylation upon agonist stimulation did not correlate with the increase in 

the rate of aldosterone secretio'n; Thus, we have proposed that StAR may not 

be the only element regulating cholesterol transport from. the outer 

mitochondrial membrane· to the inner mitochondrial membrane. In conclusion, 

our results Jnc:licate that the regulation of agonist-induced. aldosterone secretion 

is more complex than previously expected~ 
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