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A B S T RA C T Recent work suggests the existence of
a dual corticosteroid feedback mechanism of stress-
induced ACTH secretion in the rat. This possibility
led us to study the kinetics of suppression of ACTH
levels by corticosteroid administration in patients with
nonstress ACTH hypersecretion secondary to hy-
poadrenocorticism. Cortisol was administered accord-
ing to different protocols, which were chosen to pro-
vide extreme variations of the input signal. By this
means, two phases of suppression of ACTHlevels could
be differentiated. A first decrease occurred without
latency whenever, and as long as, plasma cortisol levels
were rising. There was a linear regression between
the logarithm of the increments in cortisol concentra-
tions and the decrease in ACTH levels per minute
(r = 0.951) (differential or rate-sensitive feedback
mechanism). Neither the absolute doses of cortisol, nor
plasma cortisol concentrations were closely correlated
with the degree of suppression of ACTHby this rapid
mechanism. A second decrease in ACTHlevels began
_30 min after corticosteroid administration. In this case
there was a significant linear regression between the
degree of inhibition of ACTH levels and the cortisol
doses (r = 0.997) (integral or dose-sensitive feedback
mechanism).

The dose-sensitive feedback effects of dexamethasone
were less than might have been predicted from its rela-
tive anti-inflammatory potency. No rate-sensitive ef-
fects were seen with dexamethasone doses of 1.0 or
1.25 mg.

INTRODUCTION

Since the hypothesis of glucocorticoid negative feed-
back in the hypothalamic-pituitary-adrenal axis was

Portions of the data have been reported at the XIth Acta
Endocrinology Congress, Lausanne, Switzerland, 19-23 June
1977, and were published in Acta Endocrinol. Suppl. 212:
259. (Abstr.)
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proposed in 1947 by Sayers and Sayers (1), many ex-
periments have tested this hypothesis. In 1961, Yates
et al. (2) set up the hypothesis that the plasma cor-
ticosteroid concentration was regulated by means of a
negative feedback controller which performed with a
variable set-point. More recently, it could be dem-
onstrated that after the administration of corticosteroids
there are two periods of inhibition of stress-induced
release of ACTH in the rat (3-9). The first was brief
and occurred immediately after the administration of
the steroid: this has been designated as "fast feedback."
It was characterized by rate sensitivity and saturability.
The second period of inhibition of stress-induced
ACTHrelease was much longer and did not occur until
an hour or more after steroid administration. The sec-
ond mechanism required larger doses than the first
and the duration of inhibition was prolonged with in-
creased dosage (proportionality). This feedback has,
therefore, been called "level-sensitive, delayed feed-
back." The time in between these two periods was
called the "silent period."

These concepts arose mostly from experiments in
which the inhibition of the stress-induced ACTHsecre-
tion in rats was used to test the state of the hypo-
thalamic-pituitary system. However, nonstress and
stress-induced ACTHsecretion may be dissociated on
the basis of sensitivity to negative corticosteroid feed-
back effects (10-12). Data from human subjects that
bear on the topic of rate-sensitive feedback are
scarce. These considerations led us to study the dy-
namics of suppression of ACTHlevels by corticosteroids
in patients with nonstress ACTHhypersecretion sec-
ondary to hypoadrenocorticism (primary adrenocortical
insufficiency). Different experimental designs for ad-
ministration of cortisol or dexarnethasone were chosen
to provide extreme variations of the input signal, i.e.
magnitude and time-course of cortisol plasma concen-
trations. The response of the system was evaluated by
measuring plasma ACTHconcentrations at short time
intervals.
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METHODS
20 patients with primary adrenocortical insufficiency partici-
pated in this study. Diagnosis was based on (a) clinical symp-
toms and signs, (b) demonstration of decreased urinary steroid
excretion and plasma cortisol concentrations, (c) failure to re-
spond to ACTHadministration on three consecutive days (8-h
ACTHstimulation test with 50 IU 1-24 ACTH [Synacthen,
CIBA AG, Wehr, West Germany]), and (d) elevated plasma
ACTHlevels. Despite adequate replacement therapy, hyper-
pigmentation to a more or less severe degree persisted in
all patients. In most patients, replacement therapy consisted
of 37.5 mgcortisone-acetate orally (Cortison CIBA, CIBA AG)
(25 mgin the moming and 12.5 mg in the aftemoon) and of 0.1
mg 9, a-fluorohydrocortisone (Astonin H, Merck AG, Darm-
stadt, West Germany) daily in the moming. Patients who
were treated with the mineralocorticoid deoxycorticosteron-
acetate-trimethylacetate (Percorten M, CIBA AG; intramus-
cular injection of 25 mg every 3 wk) were excluded from
this study for two reasons: (a) deoxycorticosteronacetate-tri-
methylacetate cannot easily be withdrawn because of its pro-
longed duration of action and (b) deoxycorticosteronacetate
has been shown to antagonize fast-feedback effects of cor-
ticosteroids (6). The duration of prior corticosteroid therapy
before the study varied from 3 wk to 15 yr.

All studies were performed in the moming hours, starting
between 8 and 9 a.m., 24 h after the last dose of the usual
replacement therapy. None of the patients experienced any
symptoms of corticosteroid withdrawal during this short
period. Cortisol (100 mg free alcohol in 20 ml 50% ethyl
alcohol; Hydrocortison zur Infusion, Hoechst AG, Frank-
furt, West Germany) was administered intravenously accord-
ing to different protocols: Protocol 1, constant rate infusion of
50 or 12.5 mgcortisol/h for 2 h, with a Braun perfusor; Protocol
2, infusion of 50 mg cortisol during 15 min at constant rate;
Protocol 3, infusion of 50 mg cortisol during 5 min at con-
stant rate; Protocol 4, bolus injection of 25 or 5 mg cortisol.
It must be stated that 50-100 mg of cortisol is a large intra-
venous dose when the normal, adult human subject is con-
sidered to secrete about 20 mg of cortisol in 24 h. In some
cases, dexamethasone-21-orthophosphate (Fortecortin-Mono-
Ampullen, Merck AG) was given intravenously, either at 1.25
mg/h at a constant rate for 2 h, or as a brief infusion of 1
mg during 15 min. Dexamethasone doses were chosen with
respect to their anti-inflammatory potencies; dexamethasone
was considered to be 30 times more potent than cortisol (13).
Venous blood was drawn from the arm through an indwell-
ing cannula, at 5- or 15-min intervals, for determination of
plasma ACTH levels.

Plasma-ACTH was estimated by radioimmunoassay after
extraction of ACTHfrom the plasma as previously described
(14, 15). Starting ACTH levels in all patients 24 h after the
last ingestion of corticosteroids were markedly elevated
(1,450.5±334.3 pg/ml; mean±SEM; normal range 0-150 pg/
ml). Because of the large variations of the starting levels, all
values have been calculated as percent of the individual mean
base line. Plasma-cortisol measurements were performed by
competitive protein-binding assay (16).

Statistical methods (17). To describe the time-course of
ACTHlevels in response to corticosteroids, two neighboring
points of each curve were selected and tested by Student's
t test for paired data. As only these segments of the curves
were important for generating a hypothesis, it was not at-
tempted to describe the whole curves by statistical analysis.
To analyse the relationship between corticosteroids and
ACTH levels, a regression analysis was performed for all
ACTHvalues 15 and 75 min after cortisol administration and
the corresponding cortisol doses, cortisol concentrations, and
changes in cortisol concentrations, respectively.

RESULTS

The amounts of alcohol necessary in these experiments
for dissolution of cortisol were shown to be without
effects on ACTHplasma levels. In six patients who re-
ceived vehicle only, ACTHlevel varied considerably;
however, on the average, there was a continuous slight
decrease in normalized levels from 100%, initially, to
80.2 +6.6% (mean+ SEM) at the end of the second hour.

When cortisol was infused intravenously at constant
rate for 2 h (Protocol 1), there was an immediate and
rapid decrease in ACTH levels, which continued
throughout the observation period (Fig. 1). The dif-
ference between ACTHvalues at 15 min and the start-
ing values was significant (P < 0.025). Plasma cortisol
rose rapidly during the first 15 min of infusion, and
then more slowly, reaching a final value of -60 ,ug/100
ml. With 12.5 mg cortisol/h, a similar time course of
ACTH levels was observed, but the degree of inhibi-
tion was less pronounced (data not shown).

When 50 mg cortisol were infused during 5 and 15
min (Protocols 2 and 3) a biphasic response of the ACTH
levels was observed. An initial, rapid fall in plasma
ACTH levels occurred while cortisol concentrations
were increasing as a result of the cortisol infusion
(Figs. 2 and 3).

Immediately after cessation of the cortisol infusions,
ACTH levels rose again, to a maximum 5 min later.
In the case of Protocol 3 (50 mg cortisol in 15 min) the
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FIGURE 1 Time course of ACTHlevels in response to a con-
stant rate infusion of cortisol in patients with Addison's dis-
ease. ACTHvalues are given as percent ofthe individual mean
starting levels. The difference between ACTH values at 15
min and the starting value was significant (P < 0.025).
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rising (rate-sensitive or differential mechanism). A sec-
ond mechanism with a delay time of -30 min may
depend upon the cortisol dose (dose-sensitive or in-
tegral mechanism). When cortisol was infused at con-
stant rate for 2 h, both mechanisms overlapped tem-
porally. This overlap resulted in a continuous fall in
ACTH levels throughout the 2 h. In experiments in
which cortisol was infused during short time intervals,
the two mechanisms were demonstrated sequentially

1 because of their temporal separation. When cortisol
was injected as a bolus, the time of increase in plasma

I cortisol was too short to activate rate-sensitive feed-
@ back elements. Thus only dose-sensitive feedback ef-

fects occurred.
To test this hypothesis, a regression analysis was

Q performed, which compared ACTHvalues 15 and 75
min after the cortisol administration with the cor-

I responding cortisol doses, cortisol concentrations, and
8 changes in cortisol concentrations. The 15-min values

represented the early phase of inhibition, and the 75-
min values the later phase. There was a significant
linear regression between the logarithm of the rate of
increase in cortisol concentrations per minute (cortisol
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FIGuRE 2 Time course of ACTH levels in response to in-
fusion of 50 mg cortisol during 5 min in patients with Addi-
son's disease.

paradoxical overshoot in ACTH levels from the 15th
to the 20th min was significant (P < 0.025). Later, a
second, continuous decrease in ACTH levels was de-
monstrable.

The ACTHvalues 15 min after injection of 25 mg
cortisol as bolus (Protocol 4) were not significantly dif-
ferent from the starting values (P > 0.25) (Fig. 4).
Plasma cortisol levels were extremely high during this
time and still 70+9 ,ug/100 ml (mean±SEM) at the 15th
min. By 30 min, a continuous decrease in ACTHlevels
had begun. With 5 mg cortisol given as a bolus, a sim-
ilar time course of ACTH levels was observed (data
not shown). The failure of bolus injections to suppress
ACTHlevels within 15 min was especially impressive
when compared with the significant inhibition ob-
served with Protocol 1 (50 mg cortisol/h) after 15 min.
In this case, only 12.5 mg cortisol had been infused
during this time and cortisol levels had just reached
40+5 ,ug/100 ml (mean+SEM) at the-end of this period.

From the findings described above, the following
hypothesis was generated: After administration of cor-
tisol to patients with Addison's disease, two phases of
inhibition of ACTHsecretion must be differentiated.
A first decline in plasma ACTHlevels occurred without
delay whenever, and as long as, cortisol levels were
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FIGURE 3 Time course of ACTH levels in response to in-
fusion of 50 mg cortisol during 15 min in patients with Addi-
son's disease. The difference between ACTHvalues at 15 and
20 min was significant (P < 0.025).
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tocol (r = 0.997; 2a < 0.001) (Fig. 6). There was a poor
correlation to cortisol concentrations at 75 min (r
= 0.855; 2a > 0.05) and obviously no correlation to the
rates of changes in cortisol concentration.

In Fig. 7, the effects of dexamethasone (1 mg/15 min)
on ACTH levels are demonstrated. There were no
definite effects on ACTHlevels during the first 15 min.
An almost identical time course of ACTHlevels was
observed with infusion of 1.25 mg dexamethasone/h
at a constant rate (data not shown). Apparently, these
doses of dexamethasone did not suffice to activate rate-
sensitive feedback elements. Whenthe inhibition ob-
served at 75 min, was compared with that obtained
with different doses of cortisol, it appeared that 1 mg
dexamethasone caused about the same dose-sensitive
inhibition of ACTHlevels as did 15 mg cortisol. Dex-
amethasone is believed to be 30 times more potent,
by anti-inflammatory effectiveness, than cortisol. Thus,
by dose-sensitive feedback potency, the two corti-
costeroids differed less than might have been predicted.
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tins (nmRtes)

FIGURE 4 Time course of ACTHlevels in response to bolus
injection of 25 mgcortisol in patients with Addison's disease.
Despite extremely elevated cortisol levels, no decrease of
ACTH levels occurred during the first 15 min after ad-
ministration.

concentration at the end of the infusion period minus
starting levels divided by the interval; A cortisol per

minute) and- the corresponding decrease in ACTHlevels
per minute (ACTH starting level minus ACTHlevels at
the end of the infusion period divided by the
interval; A ACTHper minute) (r = 0.951, 2a < 0.01)
(Fig. 5). When the cortisol infusion period ex-

ceeded 15 min (as with protocol 1), only the interval
between 0 and 15 min was considered. The minimal
effective rate of increase in cortisol levels was esti-
mated to be -(0.6 ,ug/100 ml)/min by plotting the data
observed with vehicle only on the regression line. Ac-
cording to the above hypothesis, the results with bolus
injections were omitted in this correlation. If it were

assumed that the ACTHdecrease during the first 15
min correlated with (a) the final cortisol levels or with
(b) the cortisol dose administered during this time,
there would be no reason for omitting the bolus data.
However, in these cases the correlations were less
strong ([a] r = 0.862, 2a > 0.05; and [b] r = 0.832,
2a > 0.05).

The second decrease in ACTHlevels, which began
_30 min after the corticosteroid administration, cor-

related with the cortisol dose only. There was a linear
regression between the decrease in ACTHvalues 75
min after cortisol administration and the cortisol dose
administered during this time, irrespective of the pro-
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FIGURE 5 Relationship between the logarithm of the rate in
increase in cortisol concentrations per minute (cortisol con-

centration at the end of the infusion period minus starting
levels divided by the interval) and the corresponding de-
crease of ACTHlevels per minute (ACTH starting level minus
ACTH level at the end of the infusion period divided
by the interval). When the infusion period exceeded 15 min,
only the interval between 0 and 15 min was considered. The
minimal effective rate of increase in cortisol concentration
was estimated to be -0.6 (,g/1O0 ml)/min by plotting the
data observed with vehicle only on the regression line.
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FIGURE 6 Relationship between the decrease in ACTH
values 75 min after cortisol administration (ACTH starting
levels minus ACTHlevels at the 75th min) and the cortisol
dose administered during this time, irrespective of the
protocol.

DISCUSSION

Our data, taken together, indicate the presence of two
separate processes for inhibition on nonstress ACTH
hypersecretion by corticosteroids in patients with Addi-
son's disease. A first decline in ACTHlevels occurred
without delay whenever, and as long as, cortisol con-
centrations were rising. The degree of inhibition of
ACTH levels correlated with the rate of increase in
cortisol concentrations. This mechanism may be desig-
nated differential or rate-sensitive glucocorticoid feed-
back mechanism. The results with bolus injections did
not show the expected rate-sensitivity. Webelieve that
a bolus may not produce a strong rate signal because
it can be too brief. If the half-life of plasma ACTH
is considered to be some minutes, even the strongest
signals will produce no measurable changes in ACTH
levels when the duration of the signal is only some
seconds. A second mechanism became manifest with a
delay time of -30 min; in this case, the degree of in-
hibition was proportional to the dose of cortisol, how-
ever administered. This mechanism may therefore be
designated integral or dose-sensitive feedback mech-
anism. Others have reported that the duration of in-
hibition is proportional to the dose as well (4, 6). This
assumption, however, has not been tested by us.

The concept that the inhibitory effects of cortico-
steroids act by two feedback mechanisms, which we
have found in man, is in good agreement with the re-
sults of experiments in which the inhibition of stress-
induced ACTHsecretion by glucocorticoids has been

ducamttmsols l15m in Lv.
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FIGURE 7 Time course of ACTH levels in response to in-
fusion of 1 mg dexamethasone during 15 min in patients
with Addison's disease.

studied in the rat (3-9). In these experiments, there
was a silent period of at least 1 h between the two
phases of inhibition. The absence of a silent period
in our experiments may be because nonstress and
stress-induced ACTHsecretion are dissociated on the
basis of sensitivity to negative corticosteroid feedback
effects (10-12). In more recent experiments, cortico-
steroid feedback mechanisms were investigated at the
hypothalamic level with the technique of the rat hypo-
thalamus in vitro (18, 19); both fast and delayed feed-
back effects on secretion of corticotropin-releasing
factor were demonstrated with doses of cortico-
steroids within, or near, the physiologic range. The
results suggested that the fast feedback mechanism
acted via the inhibition of release, whereas the delayed
feedback mechanism acted via inhibition of both syn-
thesis and release. Sato et al. (20) reached a similar
conclusion based on in vivo studies. These findings
provide a possible explanation for the paradoxical over-
shoot in ACTH levels immediately after cessation of
the corticosteroid infusion in our experiments. During
the period of rapid feedback, corticotropin-releasing
factor could have accumulated in the hypothalamus.
Whenthe rapid feedback mechanism stopped and the
delayed feedback mechanism was not yet effective,
more corticotropin-releasing factor was available to in-
duce an increase in ACTHlevels.
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The anti-inflammatory potency of dexamethasone is
30 times greater than that of cortisol in human beings
(13). In our experience, a dose of dexamethasone equi-
potent to 30 mg cortisol had no significant rate-sensi-
tive feedback effects on ACTHsecretion, and the dose-
sensitive feedback effects were less than expected
from the relative potency. The great potency of dex-
amethasone as an inhibitor of ACTH release may be
revealed only by studying the duration of inhibition.
Yates and Maran (21) found that dexamethasone failed
completely to inhibit ACTHrelease when it was given
to rats from 15 s to a few minutes before a stressor.
Dexamethasone-21-phosphate, used by these authors
and by us, is more water soluble than is corticosterone,
so it may not enter cells as rapidly as does the natural
corticosteroid, which dissolves readily in lipid com-
ponents of cell membranes. In these experiments,
dexamethasone had to be given 1-2 h before a stressor
to reveal its great inhibitory potency. On the other
hand, Jones and Hillhouse (19) classified dexametha-
sone as an agonist of fast feedback with the hypo-
thalamus in vitro.

Recently, we could demonstrate that in patients who
have been totally adrenalectomized for treatment of
Cushing's disease (hypercortisolism secondary to inap-
propriate ACTHsecretion by the pituitary) infusion of
cortisol induced a paradoxical rise in plasma ACTH
levels of _400% (22). This rise occurred only
during the first 15 min of an infusion of 50 mg/h cortisol.
Later, ACTHlevels decreased, but did not fall far be-
low starting levels. A more detailed examination of
feedback effects of cortisol on ACTH secretion with
similar protocols as in this study may provide a better
understanding of the disturbance of the corticosteroid
feedback mechanism characteristic for Cushing's
disease.

Finally, we want to point out that rate sensitivity is a
common property of many biological systems. Uni-
directional rate sensitivity was first discovered in a
number of biological reflex systems as described by
Clynes (23). There are striking similarities to the de-
rivative and static mechanisms for insulin infusion,
which are necessary to normalize glucose concentra-
tions in diabetics by artificial beta cell (24, 25).
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