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Summary. In an attempt to elucidate the signifi- 
cance of ACTH independent mechanisms in the 
regulation of cortisol secretion in man, the dynam- 
ics of plasma ACTH and cortisol levels were stud- 
ied in response to different stimuli. The cortisol 
response to small amounts of exogenous ACTH 
and to insulin induced hypoglycemia was preceded 
by an increase in ACTH levels appropriate to ex- 
plain the increase in cortisol. In contrast, after ad- 
ministration of methamphetamine, there was an 
increase in cortisol levels in the absence of any 
changes in ACTH concentrations. Apparently, the 
methamphetamine induced cortisol secretion was 
not mediated by radioimmunoassayable ACTH. A 
diurnal rhythm was observed for the responses to 
hypoglycemia and to methamphetamine with 
larger cortisol responses in the evening as com- 
pared to the forenoon. These changes were not 
accompanied by parallel changes in the ACTEI re- 
sponses. From these differences, additional evi- 
dence is provided for the importance of ACTH 
independent mechanisms in the regulation of cor- 
tisol secretion. 
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Introduction 

It is generally accepted that synthesis and release 
of adrenal corticosteroids are mediated by pitui- 
tary ACTH. However, there is a large number of 
animal studies suggesting important extrapituitary 
influences on adrenal morphology and function. 
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Already in 1959 Halasz and Szentagothai (see also 
[15]) provided evidence for the existence of a neu- 
ral pathway from the adrenal gland to the hypo- 
thalamus. Later on, it has been demonstrated that 
hypothalamic stimulation or neurogenic stress is 
capable of increasing adrenocorticat secretion in 
the absence of the pituitary gland [23, 36]. More 
recently, an increasing number of reports deals 
with extrapituitary influences on certain aspects of 
adrenocortical function in the rat: Engeland and 
Dallman (1976) demonstrated that adrenal growth 
after unilateral adrenalectomy is mediated by both 
afferent and efferent neural elements. Several au- 
thors reported about the existence of a nycthemeral 
rhythm in adrenal responsiveness to ACTH that 
is dissociable from the rhythm in ACTH [1, 8, 20, 
21]. After stress-induced activation of adrenocorti- 
cal secretion, a period of decreased response to 
subsequent stress has been observed and this al- 
tered response appeared to be mediated by a non- 
adrenocorticotropin mechanism [9]. Similarly, it 
has been shown that the rapid decreases in adrenal 
and plasma corticosterone concentrations after 
drinking are not mediated by changes in plasma 
ACTH concentrations [39]. According to Otten- 
weller and Meier (1982) adrenocortical rhythmicity 
can be maintained in hypophysectomized rats by 
extrapituitary mechanisms and can be suppressed 
by disruption of adrenal innervation (see also [25, 
29]). However, the significance of adrenal innerva- 
tion tbr rhythmicity has been doubted by several 
other authors [i6, 27, 38]. 

To our knowledge, in humans the exclusive role 
of ACTH in the regulation of cortisol secretion 
has never been questioned. We now provide evi- 
dence that the well known cortisoI response to 
methamphetamine is not mediated by radioim- 
muno-assayable ACTH by measuring plasma cor- 
tisol and ACTH levels at short intervals (5 and 
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10 min respectively). The results are compared 
with those obtained with other established stimuli 
of cortisol secretion, i.e. insulin induced hypoglyce- 
mia and administration of exogenous ACTH. Be- 
cause of the known circadian periodicity in the 
responsiveness of the pituitary-adrenal system to 
these stimuli, all examinations were performed in 
the forenoon and in the evening. 

Experimental Subjects 

32 healthy young men, aged 22-30 years, participated in the 
study as paid volunteers after giving informed written consent. 
The study has been approved by the human research committee 
of the University of Ulm. 

Material and Methods 

All studies were performed in the forenoon, starting at 9 or 
10 a.m., and in the evening, starting at 6 p.m. All subjects were 
at bedrest in a quiet environment for the duration of the study. 

Insulin Tolerance Test (ITT) 

Regular insulin (0.15 U/kg body weight) was administered in- 
travenously as a bolus. In each case blood glucose fell below 
40 mg/dt after 15 rain with the usual symptoms of hypoglyce- 
mia. 

A CTH Administration 

In an attempt to produce a rise in plasma cortisol levels compa- 
rable to ITT, small amounts of ACTH (0.01 I.U./kg body 
weight) were infused at constant rate during 15 rain. As human 
ACTH was not available, highly purified natural porcine 
ACTH (Acortan simplex®, Ferring Co., 62 U/mg) was used 
instead. To ensure comparable starting levels for plasma cor- 
tisol, the forenoon studies included pretreatment with dexa- 
methasone (1 mg orally 10 h before the test). 

Methamphetamine Administration 

15 mg methamphetamine-HC1 (Pervitin®, Temmlerwerke Mar- 
burg) were given intravenously. Blood pressure and heart rate 
were monitored during the procedure; untoward reactions were 
not observed. 

Blood was drawn through an indwelling cannula from a 
cubital vein at 5 or 10 min intervals. Plasma ACTH was esti- 
mated by radioimmunoassay after extraction of ACTH from 
the plasma as previously described [13, 37]. The antiserum em- 
ployed yielded identical displacement curves with human and 
porcine ACTH. Parallel displacement curves were obtained 
with synthetic ACTH 1-28 and ACTH ]-24. There was no 
cross-reactivity with ACTH 1-13 or ACTH 18-39, and a weak 
and incomplete cross-reactivity with ACTH 11-24. In order 
to prove whether ACTH precursor molecules were also recog- 
nized by the antiserum, rat pituitary extracts were subjected 
to SDS disc electrophoresis and ACTH-like immunoreactivity 
of the protein fractions was estimated. By this procedure several 
peaks with ACTH-like immunoreactivity were obtained, the 
largest having a molecular weight of about 31 K, thus corre- 
sponding presumably to pro-opiomelanocortin. From these 
characteristics of the antiserum it appears that all ACTH-re- 
lated peptides with known steroidogenic activity will be recog- 
nized by our radioimmunoassay system, whereas inactive 
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Fig. 1. Temporal pattern of plasma ACTH and cortisol levels 
in healthy subjects under basal conditions in the forenoon and 
in the evening (control groups) 

ACTH fragments will not interfere. Plasma cortisol was mea- 
sured by competitive protein binding analysis [28]. 

Results 

In 8 subjects without treatment (control group) 
plasma cortisol levels decreased continuously 
throughout the observation period (Fig. 1). As one 
would expect, there was a difference in starting 
values between forenoon and evening 
(10.2 + 1.5 gg/dl; 2 +  SEM and 4.4+ t.0 gg/dl, re- 
spectively). Individual plasma ACTH levels exhib- 
ited marked oscillations, in the mean they were 
uniform without any tendency to decrease in paral- 
lel to cortisol. 

Hypoglycemia induced an increase in plasma 
cortisol concentrations with an identical maximum 
of about 13.5 gg/dl in the forenoon and the even- 
ing group (Fig. 2). However, there was a pro- 
nounced difference in starting values (8.0 + 1.5 pg/ 
dl vs. 4.8 -+ 0.5 gg/dl). The rise in cortisol was pre- 
ceded in each case by a rise in plasma ACTH with 
similar slopes for increase and decrease in the fore- 
noon and evening groups. However, in the fore- 
noon a maximal value of 367 -+ 50 pg/ml was 
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Fig. 2. Responses of plasma ACTH 
and plasma cortisol to insulin induced 
hypoglycemia. Insulin was administered 
either at  10 a.m. (forenoon) or at 
6 p.m. (evening) 
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Fig. 3. Responses of plasma ACTH and 
plasma cortisol to administration of 
small amounts of exogenous ACTH. The 
forenoon group was pretreated with 
1 mg dexamethasone per os to ensure 
comparable starting values of plasma 
cortisoI 

achieved after 35 min, corresponding to a value 
of 271 _+ 35 pg/ml at 30 min in the evening group. 
Analysis of  variance with repeated measures re- 
vealed a significant interaction between the factors 
daytime and cortisol concentrations (p<0.05,  
Fs. 9 = 2.26). The corresponding ACTH values did 
not differ significantly; however, there was a trend 
towards lower ACTH responses in the evening 
(p=0.22;  F3,1s=l.31).  Thus in the forenoon the 
cortisol response to hypoglycemia was smaller in 
the presence of  a larger ACTH response as com- 
pared to the evening. 

Administration of  small amounts of  porcine 
A C T H  at 6 p.m. induced an increase in plasma 
cortisol levels from 5.3 + 1.0 lag/dl to 15.2 ± 0.8 lag/ 

dl (Fig. 3). In the forenoon - after pretreatment 
with dexamethasone - starting levels were slightly 
lower (2.3_+2.3 gg/dl) and the maximal value to 
a similar extent (13.3 _+ 0.8 gg/dl). When the differ- 
ences in starting values were taken into account it 
appeared that the cortisol responses to exogenous 
ACTH were almost identical in both groups. The 
same was true for the maximal ACTH values at 
the end of the infusion period (about 400 pg/ml). 
After cessation of  the ACTH infusion, plasma 
ACTH levels fell rapidly reaching starting levels 
within about  40 min. 

After M A  administration in the evening cortisol 
levels rose immediately to a plateau of  9.2 + 0.4 lag/ 
dl (starting value 3 .7±0.5gg/d l )  after 20min  
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Fig. 4. Plasma cortisol responses to methamphetamine in the forenoon and in the evening. The increase in cortisol values occurred 
in the absence of  an appropriate increase in radioimmunoassayable ACTH 

(Fig. 4). However, this clearcut cortisol response 
was not preceded by an adequate increase in plas- 
ma ACTH levels; in fact, the values never exceeded 
90 pg/ml. MA administration in the morning in- 
duced only a slight increment in cortisol levels; 
again, plasma ACTH concentration exhibited no 
significant changes. 

Discussion 

Our results pertaining to the behavior of cortisol 
in healthy recumbent subjects revealed a continu- 
ous decrease in plasma levels. Under these resting 
conditions no secretory bursts could be observed. 
This confirms recent reports by Quigley and Yen 
(1979) and Brandenberger and Follenius [4, 14]. 
This uniform decrease in cortisol levels was not 
paralleled by a corresponding decrease in ACTH 
levels. 

The responses of plasma ACTH and cortisol 
to insulin induced hypoglycemia are in concor- 
dance with many other authors [10, 24, 34]. Ichik- 
awa et al. (1972) reported similar diurnal varia- 
tions in the cortisol responses to hypoglycemia 
which were not reflected by appropriate changes 
in the ACTH responses. When the maximal ACTH 
and cortisol levels after ACTH administration and 
ITT are compared, it appears that the ACTH levels 
obtained by insulin induced hypoglycemia were 
sufficient to explain the cortisol increments. How- 
ever, ACTH unrelated mechanisms must be postu- 

lated to explain the inverse relationship of ACTH 
and cortisol responses to ITT in the forenoon and 
the evening. 

By administering small amounts of exogenous 
ACTH it was possible to produce increments in 
plasma cortisol which can be called '"physiologi- 
cal", when magnitude and duration of the in- 
creases are considered. There were no marked dif- 
ferences in the cortisol responses between forenoon 
and evening. The plasma ACTH levels necessary 
to induce such a "physiological" rise in corfisol 
levels were unexpected high (about 400 pg/ml). 

The acute plasma cortisol response to MA in 
humans has been studied by Besser and coworkers 
[2, 3, 32] and Checkley [6]. These authors reported 
consistently that in normal subjects, intravenous 
doses of 15 mg MA stimulate cortisol secretion. 
The response was most pronounced when the drug 
was administered in the evening. Comparable re- 
sults were obtained with dextroamphetamine [5, 
7, 18, 33]. The interest in the neuroendocrine ef- 
fects of these drugs was renewed by the observa- 
tion that the cortisol response to MA or dextroam- 
phetamine was absent in a group of endogenously 
depressed patients [6, 33]. The amphetamines are 
believed to affect cortisol secretion by their cate- 
cholaminergic influences on neuroendocrine path- 
way [12, 26]. This implicates that the cortisol re- 
sponse to amphetamines is mediated by pituitary 
ACTH. However, adequate data concerning the 
plasma ACTH response to these drugs are lacking. 
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As far  as the cortisol  response to M A  is concerned,  
our  data  are in good agreement  with the earlier 
work  cited above.  However ,  we were unable  to 
find a cor responding  increase in plasma A C T H  
levels. In compar i son  to the A C T H  response to 
1TT and to the adminis t ra t ion  o f  small amoun t s  
o f  A C T H ,  the complete  absence o f  an A C T H  peak  
after  M A  must  be taken to indicate that  the M A  
induced cortisol secretion was no t  media ted  by ra- 
d io immunoassayab le  A C T H .  

The mechanism of  the act ion o f  M A  upon  the 
adrenal  cor tex remains obscure.  Several possibili- 
ties have to be considered:  

1. M A  m ay  stimulate certain brain centers 
which influence the adrenal  cor tex via its au tonom-  
ic innervat ion.  Innerva t ion  o f  the adrenal  cortex 
by postganglionic sympathet ic  fibers has been de- 
scribed by Kiss (1951) and more  recently on the 
ul t ras t ructural  level by Unsicker  (1971). The physi- 
ological significance o f  the innervat ion of  the adre- 
nal cortex is not  known.  

2. M A  m ay  stimulate the release o f  a pi tui tary  
factor  or cofac tor  with steroidogenic propert ies  un- 
related to A C T H ,  which are not  recognized by our  
r ad io immunoassay  system. The  specificity o f  the 
A C T H  ant iserum employed  in our  studies is such 
that  it would  recognize all A C T H  fragments  with 
known  adrenocor t i co t rop ic  activity, and precursor  
molecules o f  A C T H  including p ro -op iomelanocor -  
tin. The  existence o f  addi t ional  pi tui tary peptides 
with s teroidogenic activity is very  unlikely. Never-  
theless, to exclude this possibility it would  be nec- 
essary to measure  the adrenocor t i co t rop ic  activity 
in the plasma by bioassay. 

3. M A  may  increase adrenocor t ica l  responsive- 
ness to A C T H  in such a way, that  " n o r m a l "  
A C T H  levels will s t imulate cort isol  secretion, The  
existence o f  an A C T H  independent  rhy thm in ad- 
renal responsiveness has been repor ted  by several 
au thors  [8, 20, 21]. The mechanisms which bring 
abou t  these changes in adrenal  responsiveness are 
unknown.  

4. M A  m ay  influence adrenocor t ica l  funct ion 
by a per ipheral  site o f  action. It may  either act 
on  the p resumed  peripheral  au tonomic  nerves sup- 
plying the adrenal  cortex,  or it may  act directly 
upon  adrenocor t ica l  cells. Ano the r  possibility 
would be that  the increase in cortisol secretion is 
the consequence o f  an augmented  adrenal  b lood  
flow or o f  changes in cortisol metabol ism and dis- 
t r ibut ion induced by MA.  

The M A  induced cortisol secretion st imulated 
speculations abou t  the role of  the catecholamin-  
ergic system in the control  o f  A C T H  secretion [2], 
and the disturbances o f  this system in depression 

[33]. In the light o f  our  findings these interpreta-  
tions have to be reconsidered.  It  is the main  conclu- 
sion f rom our  results that  it is not  allowed to infer 
f rom changes in cort isol  secretion to cor responding  
changes in A C T H  secretion. In studies o f  the sys- 
tem control l ing the activity o f  the adrenal  cortex 
the existence of  A C T H  unrela ted mechanisms must  
be taken  into account .  The  mechanism of  the ac- 
t ion o f  M A  on the adrenal  cor tex is enigmatic and  
remains a mat te r  o f  research. 
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