
Mediatory Role of Calcium and Guanosine 3',5'-Monophosphate 
in Adrenocorticotropin-Induced Steroidogenesis by Adrenal Cells 

Abstract. When incubated in a calcium-free medium, isolated rat fasciculata cells 
showed neither an increase in the concentration of guanocine 3',5'-monophosphate 
(cyclic GMP) nor an increase in corticosterone production in response to adreno- 
corticotropic hormone (ACTH). In response to submaximum and maximum steroido- 
genic concentrations of ACTH, corticosterone formation was directly proportional 
to increases in calcium concentration ranging from 0 to 2.5 mM. Higher concentra- 
tions of calcium, however, inhibited maximal ACTH-induced steroidogenesis. In the 
absence of ACTH, calcium did not stimulate cyclic GMP accumulation and corticos- 
terone formation. ACTH-induced corticosterone synthesis, preceded by an increase 
in cyclic GMP, was restored when ACTH and calcium were both present in the medi- 
um. Cyclic GMP or dibutryl cyclic GMP-induced steroidogenesis was substantially 
reduced in the absence of calcium, but in contrast to the ACTH effect a significant 
amount of corticosterone formation occurred without calcium. It is proposed that at 
the physiological concentrations of the hormone, calcium regulates the transduction 
of information between hormone receptors and guanylate cyclase. 

Since the original observation of Bir- 
mingham et al. that calcium is required 
for stimulation of adrenal steroidogen- 
esis by adrenocorticotropic hormone 
(ACTH), several investigators have con- 
firmed this finding (1). The exact mecha- 
nism by which the ion exerts its action is 
still not clear. With the advancement of 
the proposal that adenosine 3',5'-mono- 
phosphate (cyclic AMP) is the mediator 
of ACTH-induced steroidogenesis (2), 
workers at several laboratories have ex- 
amined the effect of calcium on the cy- 
clic AMP system and have attempted to 
correlate these results with the process 
of steroidogenesis. Many of their data in- 
dicate that calcium is not necessary for 
the interaction of ACTH with the adrenal 
receptor (3). Other investigators have 
concluded that the major effect of cal- 
cium on ACTH-induced steroidogenesis 
is on the step or steps preceding the for- 
mation of cyclic AMP (4), thus implying 
the action of calcium at sites between the 
binding of ACTH to the receptor and the 
activation of adenylate cyclase. How- 
ever, evidence provided by Farese (5) 
has implicated calcium in the mainte- 
nance of optimal protein synthesis 
thought to be required for the steroido- 
genic effect of ACTH and cyclic AMP 
(6). 

Studies at this laboratory have demon- 
strated the important mediatory role of 
guanosine 3',5'-monophosphate (cyclic 
GMP) in ACTH-induced steroidogenesis 
in isolated rat adrenal cells (7). In the 
study described here, we investigated 
the role of calcium on the generation of 
cyclic GMP and corticosterone produc- 
tion when isolated adrenal cells were in- 
cubated with ACTH. We also have ex- 
amined the effect of calcium on the stim- 
ulation of corticosterone production by 
exogenous cyclic GMP and dibutyryl cy- 
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clic GMP. On the basis of these studies, 
we propose a model for the role of cal- 
cium and cyclic GMP in the ACTH-prop- 
agated signal for steroidogenesis. 

Figures 1A and 2 show that 100 ,tU of 
ACTH in the presence of 2.5 mM cal- 
cium induced maximum steroidogenesis, 
but no corticosterone production was 
observed in response to ACTH in con- 
centrations of up to 50,000 AuU when cal- 
cium was omitted from the incubation 
medium (Fig. 1A). This indicates that the 
requirement of calcium is absolute in 
ACTH-induced steroidogenesis. Corti- 
costerone formation was directly propor- 

tional to calcium concentrations ranging 
from 0 to 2.5 mM in the presence of sub- 
maximum and maximum steroidogen- 
ic concentrations of ACTH. However, 
higher concentrations of calcium inhib- 
ited steroidogenesis. These results are in 
contrast to earlier findings (4), where it 
was shown that 10,000 to 50,000 ,tU of 
ACTH caused steroidogenesis in the ab- 
sence of calcium. The discrepancy be- 
tween these results is not clear, but the 
steroidogenesis in calcium-free media 
observed at other laboratories could 
have been due to residual calcium pres- 
ent in the cells. Also, other commercial- 
ly available reagents added to the in- 
cubation media would have contained 
trace amounts of calcium. It is possible 
that calcium may not be titrated out com- 
pletely with EDTA from cell suspensions 
originally prepared by proteolytic diges- 
tion. 

Figure 1B shows that concentrations 
of up to 50,000 ,uU of ACTH did not 
stimulate an increase in the cyclic GMP 
concentration in calcium-free medium. 
This indicates that the requirement of 
calcium is absolute for the activation of 
guanylate cyclase. Calcium (0.25 to 5 
mM) alone neither increased the cyclic 
GMP level (data not shown) nor activat- 
ed the process of steroidogenesis (Fig. 
2). These data indicate that the presence 
of calcium is obligatory in the ACTH-ac- 
tivated formation of cyclic GMP, but cal- 

Ca 2+ Fig. 1. Concentration response curves for the 
1.2 A --""(2.5 mM) production of (A) corticosterone and (B) cy- 

clic GMP in isolated rat adrenal cells in- 
0,A ^ 2 cubated in the presence of 0 to 50,000 ,xU of 

0.8 / l-Ca2+ ACTH at varying concentrations of calcium. 
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. 2 / viously described (8), except that reagents 
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a / \ present studies, the dialysis buffer did not 
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< contain any calcium. The cells were trypsin- 

"^ . I 
\^^^ digested as usual (8), resuspended in calcium- 

A A ..I_K .Ca 2+ free Krebs-Ringer bicarbonate buffer, pH 7.4, 
a- 100- / -^*^ (2.5 mM) containing 4 percent albumin, 0.2 percent glu- 

/ /* \ 2+ cose (KRB-GA), lima bean trypsin inhibitor, 
? /|[ / 1* ^ C 

)a and 0.25 mM EGTA to ensure the removal of 

0 . O l -- ____o _ any residual calcium. The cells were in- 
0 2.55 10 25 100 1 50000 cubated for 15 minutes and centrifuged at 

l00 g for 45 minutes at 4?C. The cell pellet was 
ACTH (PU) suspended in 5 ml of calcium-free KRB-GA, 

pelleted by centrifugation as above, then 
resuspended in an appropriate volume of calcium-free KRB-GA. Each incubation mix- 
ture contained 2 x 106 isolated adrenal cells suspended in 0.8 ml; the reagents were 
dissolved in 0.2 ml of calcium-free KRB-GA. Exogenous calcium, when added, was 
in the form of calcium chloride. Experiments were conducted in quadruplicates; two 
of the samples were used for determination of corticosterone and two for the measurement of 
cyclic GMP (11). The samples used for cyclic GMP assays were incubated for 10 minutes, and 
those used for corticosterone assays were incubated for 2 hours. Results are expressed as the 
mean values of six separate determinations from three different experiments. Basal values (0.03 
.tg of corticosterone; and 2.0 pmole of cyclic GMP) have been subtracted from the experimental 

results. Arrows indicate the half-maximal ACTH concentration required for a specific response. 
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cium alone cannot stimulate either 
guanylate cyclase or corticosterone for- 
mation. 

Exogenous cyclic GMP and dibutyryl 
cyclic GMP were able to activate ste- 
roidogenesis in the absence of calcium 
(Fig. 3), although the maximal steroido- 
genic responses obtained with the cyclic 
nucleotides were significantly lower than 
those observed in the presence of cal- 
cium. This indicates that the presence of 
calcium is not obligatory to propagate 
the cyclic GMP steroidogenic response. 
These data also indicate that steroido- 
genic steps that occur after the formation 
of cyclic GMP are potentiated by cal- 
cium. 

Previous studies with isolated fascicu- 
lata cells (8) have demonstrated that 
physiological concentrations of ACTH 
stimulate the formation of cyclic GMP 
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Fig. 2 (left). Concentration-response curves , / /o 
showing the production of corticosterone in 0.2 / V 
isolated adrenal cells stimulated with 25 ,/U _ _ , _ _____ 
and 100 A/U of ACTH and incubated for 120 0 0.02 0.12 0.6 1.2 2.5 5 10 
minutes in the presence of 0 to 10 mM of cal- 
cium. The conditions of the experiment were Cyclic GMP or d-cyclic GMP (mM) 
identical to those in Fig. 1. Fig. 3 (right). Concentration-response curves for the p 
of corticosterone in isolated adrenal cells incubated for 120 minutes in the presence 
mM of (A) cyclic GMP or (B) dibutyryl cyclic GMP at varying concentrations of cal 
conditions of the experiment were identical to those in Fig. 1. 

Fig. 4. Postulated role of Ca2+ and cyclic GMP in ACTH-activated steroidoger 
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h corre- transformation of cholesterol to corticos- 
in kinase terone has been demonstrated (14). In- 
iesis (10, direct evidence has been provided that 
tion was the cycloheximide-sensitive translational 
P forma- control of the hormone mediated by cy- 
rticoster- clic GMP is at the entry of cytoplasmic 
little as 5 cholesterol into the mitochondria (14). It 
~rvations has been further demonstrated that the 
ponse is cycloheximide-sensitive step is after the 
h the cy- activation of protein kinase (10). Consid- 
ase. The ering these factors, our previously pro- 
specific- posed hypothesis (14) on the mechanism 
rotein ki- of the control of ACTH, as mediated by 
rtex has cyclic GMP, may be further extended. 
st to the According to the current proposal, 
n kinase ACTH binds to the hormone receptor lo- 
3MP-de- cated on the adrenal cell plasma mem- 
ssociated brane (15). At physiological concentra- 
subunits tions of the hormone, calcium regulates 
mulatory the transduction of information between 
P on the hormone receptors and guanylate cy- 

clase. This leads to the increase (9) in cy- 
clic GMP concentration, which in turn 

Ca 2+ activates the cyclic GMP-dependent 
(2.5 mM) protein kinase (10, 11), leading to the 

translation of a hypothetical preexistent 

Ca2 + messenger RNA (2, 16). The new pro- 
(0.25 mM) tein, thus synthesized, controls the entry 

of cytoplasmic cholesterol into the mito- 
No Ca chondrial precursor pool of cholesterol. 

This model is depicted in Fig. 4. Accord- 
ing to this proposal, calcium alone can- 
not substitute for ACTH or cyclic GMP 

Ca 2+ in promoting adrenal steroidogenesis. 
(0.25 mM) JEAN-PIERRE PERCHELLET 
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Present beliefs (1) about the mecha- 
nisms of pain and narcotic analgesia re- 
main virtually unchanged since the in- 
fluential reports by Beecher (2). Beecher 
distinguished between relatively in- 
variant "pain sensations" that relate to 
the intensity of noxious stimuli and var- 
ied "pain reactions" that reflect complex 
emotional and cognitive responses elic- 
ited by such stimuli. The latter are influ- 
enced by personality, past experience, 
and experiential context. He proposed 
that narcotics produce clinical analgesia 
primarily by altering the unpleasantness 
of pain reactions rather than by altering 
the intensity of pain sensations. This 
view, prevalent for the past 20 years, has 
de-emphasized the role of sensory pro- 
cesses in narcotic analgesia. 

We now report evidence from human 
subjects that fentanyl, a short-acting nar- 
cotic, can reduce the intensity of electri- 
cally induced tooth pulp pain sensations 
independent of the reaction, or unpleas- 
antness, that accompanies these sensa- 
tions. We asked subjects to rate the mag- 
nitude of sensory intensity and unpleas- 
antness by direct procedures, this having 
been done with other sensory modalities, 
such as taste, olfaction, and temperature 
(3). The subjects quantified painful elec- 
trical stimulation of tooth pulp by choos- 
ing words from randomized lists of 12 
words that described either the sensory 
intensity or the unpleasantness associat- 
ed with stimuli of varying magnitude (see 
Table 1). This method facilitates discrim- 
ination of a single dimension because it 
forces judgments based on word mean- 
ing rather than other cues in rating scales 
such as rank order or position in a rank- 
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ordered list of verbal or nonverbal cate- 
gories. 

The relative magnitudes of the words 
within a dimension are quantified re- 
liably by ratio scaling procedures (4). 
Standard testing criteria reveal a high de- 
gree of objectivity for both the sensory 
intensity and the unpleasantness scales, 
which indicates that an individual scale 
is predicted equally well by another scale 
from that individual or by a mean scale 
from another similar group (5). The va- 
lidity of using quantified verbal descrip- 
tors to discriminate between sensory in- 
tensity and unpleasantness has been 
shown in an additional study. Subjects 
rated either the sensory intensity or un- 
pleasantness of electrocutaneous stimuli 
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before and after the administration of 
diazepam, a minor tranquilizer. Diaze- 
pam altered only the unpleasantness 
scale, consistent with evidence showing 
that diazepam attenuates the aversive as- 
pect of stimuli but does not alter sensory 
magnitude (6). 

Forty dental patients scheduled for an 
oral surgical procedure (third molar ex- 
tractions) participated individually in 
two 1-hour sessions approximately 1 
week apart. Each subject was randomly 
assigned to either a sensory intensity or 
an unpleasantness descriptor group. Rel- 
ative magnitudes of the descriptors were 
determined in the first session by asking 
each subject to match the force of hand- 
grip strength and the duration of a button 
press to their perceptions of (i) the 
lengths of seven lines and (ii) the magni- 
tude of the sensory intensity or unpleas- 
antness implied by 12 descriptors pre- 
sented twice in randomized order for 
each response measure. With this meth- 
od, common responses (handgrip force 
or time duration) are made to both test 
(words) and standard (line lengths) stim- 
uli, and ultimately the test stimuli are ex- 
pressed in terms of the standard stimuli. 
Patient estimates of line lengths pro- 
duced mathematical power functions 
that were used to transform the mean re- 
sponse to each word from units of hand- 
grip force or time duration to common 
units of line length, referred to as units of 
relative magnitude. This procedure [for 
details see (7)] reduces bias that occurs 
in direct scaling experiments and permits 
the comparison of different response 
measures within individuals and the 
comparison of responses across individ- 
uals (8). After the descriptor scaling in 
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Table 1. The words used to describe the relative magnitudes of sensory intensity and unpleas- 
antness. Each magnitude was determined by cross-modality matching of perceived handgrip 
force or duration of a button press to the magnitude of the sensory intensity or unpleasantness 
implied by each descriptor. Additional cross-modality matches to physically measurable line- 
length stimuli produced calibration functions used to transform mean handgrip or time-duration 
responses to each descriptor from units of force or time to common units of line length, referred 
to as units of relative magnitude. 

Sensory intensity Unpleasantness 

Descriptor Relanitivude Descriptor Relative 
magnitude magnitude 

Extremely intense 59.5 Very intolerable 44.8 
Very intense 43.5 Intolerable 32.3 
Intense 34.6 Very distressing 18.3 
Strong 22.9 Slightly intolerable 13.6 
Slightly intense 21.3 Very annoying 12.1 
Barely strong 12.6 Distressing 11.4 
Moderate 12.4 Very unpleasant 10.7 
Mild 5.5 Slightly distressing 6.2 
Very mild 3.9 Annoying 5.7 
Weak 2.8 Unpleasant 5.6 
Very weak 2.3 Slightly annoying 3.5 
Faint 1.1 Slightly unpleasant 2.8 
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Narcotic Analgesia: Fentanyl Reduces the Intensity but 
Not the Unpleasantness of Painful Tooth Pulp Sensations 

Abstract. Forty subjects rated the magnitude of painful electrical stimulation of 
tooth pulp before and after the intravenous administration of eitherfentanyl, a short- 
acting narcotic, or a saline placebo. The responses were choices of verbal descrip- 
tors from randomized lists of either sensory intensity (that is, weak, mild, intense) or 
unpleasantness (annoying, unpleasant, distressing) descriptors. The fentanyl signifi- 
cantly reduced the sensory intensity without reducing the unpleasantness of the tooth 
pulp stimuli, indicating that the mechanisms of narcotic analgesia may include a 
significant attenuation in pain sensation in addition to effects on pain reaction. These 
results stress the importance of using multiple measures of pain. 
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