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A bstract. Arginine vasopressin (AVP) stimu-
lates ACTH release in man and acts synergistically with
synthetic ovine corticotropin-releasing factor (oCRF) in
vitro. This study was designed to examine in man the
combined effects of synthetic AVP (10 U intramuscularly)
and oCRF (1 gg/kg intravenously) on ACTH release.
Five normal male volunteers participated in five separate
experiments: (a) AVP alone; (b) oCRF alone; (c) AVP
followed by oCRF 15 min later; (d) simultaneous AVP
and oCRF; and (e) insulin-induced hypoglycemia. Plasma
immunoreactive ACTH (IR-ACTH) and IR-cortisol were
measured for 4 h after injection of each hormone; basal
levels for all subjects were .9±1.2 pg/ml and 4.9±0.4
,gg/dl (mean±SE), respectively. AVP and oCRF, when
given individually, caused rapid rises in IR-ACTH to
similar peak levels of 25±6.6 and 33±4.6 pg/ml, respec-
tively. AVP given 15 min before oCRF caused a 2.6-fold
potentiation ofthe oCRF response, with a peak IR-ACTH
of 85±4.6 pg/ml. AVP given at the same time as oCRF
produced a fourfold potentiation of the peak IR-ACTH
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response to 132±11 pg/ml. These ACTH responses were
far greater than those previously observed after 30-fold
greater doses of oCRF alone. By way of comparison,
insulin-induced hypoglycemia caused a peak IR-ACTH
of 169±20 pg/ml. IR-ACTH returned to base line at 60-
90 min after AVP alone, whereas the prolonged effect of
oCRF was apparent whether it was given alone or in
combination with AVP. The mean peak IR-cortisol re-
sponses to AVP, oCRF, and AVP given 15 min before
oCRF were similar (16.5±0.9, 16.4±2.3, and 18.5±0.8
,ug/dl, respectively), but the peak IR-cortisol responses to
AVP and oCRF given simultaneously and to insulin-
induced hypoglycemia were 1.5 and 1.7 times greater,
respectively. IR-cortisol returned to base line within 2-
3 h after AVP alone, but remained elevated for at least
4 h after oCRF alone or in combination with AVP.

These results indicate that AVP acts synergistically
with oCRF to release ACTH in man and suggest that
AVP may play a physiologic role in modulating the ACTH
response mediated by corticotropin-releasing factor.

Introduction

Corticotropin-releasing factor (CRF),' a 41-amino acid peptide
isolated from ovine hypothalamic extracts (1, 2), is a physio-
logically important mediator ofACTH secretion (3, 4). In man,
ovine CRF (oCRF) is a potent stimulus to ACTH secretion (5)
and has a prolonged duration of action (6) that is probably due
to its prolonged circulating half-life in plasma (7).

Vasopressin (VP), which, like CRF, has been localized in
cells of the paraventricular nucleus of the hypothalamus (8),
also releases ACTH, albeit with less potency than CRF, from
anterior pituitary cells in vitro (1, 9-13) and in vivo in rats

1. Abbreviations used in this paper: AVP, arginine vasopressin; CRF,
corticotropin-releasing factor, IR, immunoreactive; oCRF, ovine cor-
ticotropin-releasing factor; VP, vasopressin.
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(14-16) and humans (17-18). Although shown to be an ACTH
secretagogue, the physiologic role played by VP in the regulation
ofACTH secretion is uncertain (3, 19, 20). Studies in Brattleboro
rats, which genetically lack VP but have ACTH-releasing activity
in extracts of their hypothalami and secrete ACTH in response
to stress, suggest that VP plays only a minor role (21-23).

Over the last decade, an hypothesis has emerged that VP
may modulate the ACTH response to CRF and may be only
one of several factors influencing ACTH secretion (3, 19, 23,
24). Early studies showed that low doses of VP potentiated the
ACTH-releasing activity of hypothalamic extracts in rats (25).
This work has been confirmed in vitro with hypothalamic ex-
tracts from Brattleboro rats as the source of CRF (21, 22) and
with synthetic oCRF (4, 13, 26). The mechanism of this syn-
ergistic effect may be through potentiation of cyclic AMP ac-
cumulation induced by CRF (26).

Based on this evidence, a role for VP as a physiologic mod-
ulator of ACTH secretion should be considered. We designed
this study to examine the effect ofVP and oCRF, administered
singly or in combination, on ACTH release in man, as assessed
by plasma immunoreactive-ACTH (IR-ACTH) and IR-cortisol
concentrations.

Methods

Subjects. Five healthy male volunteer subjects, aged 21-40 yr (mean,
30.4) and weighing 69-91 kg (mean, 77.2), who were taking no med-
ications and had normal physical examinations, unremarkable medical
histories, and normal blood cell counts, serum chemistry profiles, uri-
nalyses, and electrocardiograms, participated in five studies, each sep-
arated by at least 5 d.

Study design. The experiments were performed in the Vanderbilt
Clinical Research Center in late afternoon, a time when we anticipated
that basal pituitary ACTH secretion and, therefore, plasma ACTH and
cortisol levels would be relatively low. The study was conducted in a
single-blind fashion, with each subject participating in five experiments:
(a) synthetic arginine vasopressin (AVP) alone; (b) oCRF alone; (c) AVP
followed by oCRF 15 min later; (d) simultaneous AVP and oCRF; and
(e) insulin-induced hypoglycemia. Subjects were fasted after an early
light lunch. Each experiment was performed with the subjects supine.
At about 4:00 p.m., intravenous infusion lines were established in each
forearm through which sterile 154 mM NaCl solution was infused at a
rate to replace the blood volume withdrawn. At least 30 min after the
infusion lines were established, the first of two basal blood samples was
withdrawn. 15 min later, the second basal blood sample was obtained.
In the first three studies, an intramuscular injection of 10 pressor units
ofsynthetic AVP (Pitressin, Parke, Davis & Co., Detroit, MI) or a similar
volume of saline placebo was injected into the deltoid muscle of the
arm opposite that from which the blood samples were taken. 15 min
later, after two additional blood samples were obtained, an injection of
oCRF (1 tg/kg body weight) or an equal volume of vehicle placebo was
injected as an intravenous bolus into the same arm into which the AVP
was injected. Blood samples were obtained at intervals over the next 4
h. Blood pressure and pulse were recorded automatically every 2-5 min
for the first 30 min after AVP injection and every 5-10 min for the
next 2 h. In the fourth study, AVP and CRF were given simultaneously.

In the fifth study, 0.15 U/kg of regular insulin (Iletin, Eli Lilly & Co.,
Indianapolis, IN) alone was injected intravenously. Blood glucose levels
were measured at the bedside every 5 min with an automatic Beckman
glucose analyzer (Beckman Instruments, Inc., Fullerton, CA). All subjects
had glucose nadirs of <40 mg/dl and experienced typical symptoms of
hypoglycemia. On the day following each study, subjects returned for
a urinalysis, blood cell count, and serum chemistry profile.

The study protocol was approved under an Investigational Exemption
for a New Drug by the Food and Drug Administration, U. S. Public
Health Service, by the Vanderbilt University Committee for the Pro-
tection of Human Subjects-Health Sciences, and by the Salk Institute
Human Investigations Committee. Each subject gave his written informed
consent prior to commencing the study.

oCRF. Synthetic oCRF (Lot #96-116-20) was dissolved at a con-
centration of I mg/ml in 0.001 N HCl, 154 mM NaCl, containing 10%
(wt/vol) mannitol U.S. Pharmacopeia, 0.25% (wt/vol) human serum
albumin U.S. Pharmacopeia, and 0.9% (vol/vol) benzyl alcohol, was
sterilized by filtration through a 0.22-am filter (Millex-GS, Millipore
Corp., Bedford, MA), and was lyophilized and stored at -20°C in single-
dose vials until reconstituted with sterile 0.001 N HC1, 0.9% benzyl
alcohol immediately before use.

Hormone assays. Cortisol was measured in unextracted plasma by
solid-phase radioimmunoassay (Micromedic Systems, Inc., Horsham,
PA). ACTH was measured by radioimmunoassay in unextracted plasma
(27) by using antibody IgG-ACTH- I (IgG Corp., Nashville, TN), which
is directed at the ACTH-(5-18) sequence. The intraassay coefficients of
variation were 7.3 and 4.6% at 15 and 60 pg/ml, respectively (n = 5),
and the respective interassay coefficients of variation were 9.2 and 8.6%
(n = 5).

Statistical analysis. For the purpose of calculating mean values for
the increments in hormone levels, undetectable levels ofIR-ACTH (i.e.,
<10 pg/ml) were assigned a value half that of the detection limit (i.e.,
5 pg/ml). All IR-cortisol levels were at or above the limit ofdetectability,
which was 1.3 ug/ml. Mean peak responses were compared by analysis
of variance and Duncan's multiple range test (28).

Results

Plasma IR-ACTH levels. Basal plasma IR-ACTH for all subjects
was <9±1.2 pg/ml (mean±SE). AVP and oCRF, when given
individually, caused rapid rises in plasma IR-ACTH (Fig. 1) to
similar mean peak levels of 25±6.6 and 33±4.6 pg/ml, respec-
tively (Fig. 3). The peak response occurred 15 min after AVP
and 15-60 min after oCRF administration. The duration of the
IR-ACTH response to oCRF was longer than to AVP; IR-ACTH
levels returned to basal level within 75 min after AVP, but
remained elevated for up to 4 h after oCRF (Fig. 1).

When AVP was given 15 min before oCRF, the mean peak
IR-ACTH level (85±4.6 pg/ml) was only 2.6 times greater than
after oCRF alone (P < 0.01, Fig. 3). Compared with oCRF
alone, simultaneous administration of AVP and oCRF caused
a possibly more rapid rise in plasma IR-ACTH (Fig. 1) to a
fourfold greater mean peak of 132±11 pg/ml (P < 0.01, Fig.
3). Following either combination ofAVP and oCRF, IR-ACTH
dropped to levels seen after oCRF alone by 60-90 min and
remained elevated for up to 4 h (Fig. 1). Insulin-induced hy-
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Figure 1. Plasma IR-ACTH concentrations after admin-
istration of synthetic AVP and oCRF, alone and in com-

bination, or insulin-induced hypoglycemia. *, AVP, 10
pressor units given intramuscularly at time 0; o, oCRF, 1

Isg/kg body weight given intravenously at time 0; o,

AVP, given at time -15 min [AVP(-15)J plus oCRF
given at time 0; a, AVP plus oCRF, both given at time
0; and A, regular insulin, 0.15 U/kg intravenously given
at time -15 min. The same five normal volunteer sub-
jects participated in all five experiments. Symbols repre-

sent the mean of five values; brackets indicate SEM.

180

poglycemia caused the greatest rise in plasma IR-ACTH (Fig.
1) to a mean peak of 169±20 pg/ml (Fig. 3). This level was 5.1
times greater than after oCRF alone (P < 0.01), but only 1.3
times greater than after simultaneous oCRF and AVP (P
< 0.05). The duration of the response also appeared greater
than that to oCRF or AVP alone or in combination.

Plasma IR-cortisol levels. Basal plasma IR-cortisol for all
subjects was 4.9±0.4 ug/dl (mean±SE). AVP alone caused a

brief rise in IR-cortisol to 16.5±0.9 /Ag/dl at 30 min, followed
by a rapid decline to base-line level by 180 min (Figs. 2 and
3). oCRF stimulated a similar rise in plasma IR-cortisol to a

mean peak of 16.4±2.3 ,ug/dl (Fig. 3), but the level peaked later
and remained elevated for at least 4 h (Fig. 2). After simultaneous
AVP and oCRF, the mean peak IR-cortisol was 22.8±2.1 lug/
dl, 1.4 times greater than after AVP or oCRF alone (P < 0.05,
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Fig. 3). When AVP was injected 15 min before oCRF, the
combination resulted in an intermediate mean peak IR-cortisol
of 18.5±0.8 ug/dl, which was significantly less (P < 0.05) than
that after simultaneous administration, and did not differ sig-
nificantly from that after either AVP or oCRF alone (Fig. 3).
In all three studies in which oCRF was given, IR-cortisol re-

mained elevated for at least 4 h (Fig. 2). The mean peak IR-
cortisol concentration after insulin-induced hypoglycemia was

26.1±3.8 ,g/dl (Fig. 3), which was slightly but not significantly
greater than that after simultaneous AVP and oCRF admin-
istration; the levels also remained slightly higher for the duration
of the experiment (Fig. 2).

Signs and symptoms. All subjects who received AVP alone
or in combination with oCRF demonstrated a marked facial
pallor, but had no symptoms or changes in blood pressure or

Figure 2. Plasma IR-cortisol concentrations after admin-

240 istration of synthetic AVP and oCRF, alone and in com-

bination, or insulin-induced hypoglycemia. Data are plot-
ted as in Fig. 1.
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Figure 3. Peak concentrations of plasma IR-ACTH and IR-cortisol
after administration of synthetic AVP and oCRF, alone and in com-
bination, or insulin-induced hypoglycemia. The same five subjects
participated in all five experiments. Each bar represents the mean of
the peak concentration reached in each subject at any time after
AVP 10 pressor units intramuscularly, oCRF I gg/kg body weight in-
travenously, AVP given 15 min before oCRF [AVP(- 15)] plus oCRF
given at time 0, AVP plus oCRF given simultaneously, and insulin-
induced hypoglycemia (INS); brackets indicate SEM; a, P < 0.01
compared with AVP and oCRF; b, P < 0.01 compared with AVP,
oCRF, and AVP(-15) plus oCRF; c, P < 0.01 compared with AVP,
oCRF, and AVP(- 15) plus oCRF and P < 0.05 compared with AVP
plus oCRF; d, P > 0.05 compared with AVP, oCRF, AVP(- 15) plus
oCRF, and INS; e, P < 0.05 compared with AVP, oCRF, and
AVP(-15) plus oCRF.

pulse rate. Symptoms experienced by subjects receiving oCRF
alone were absent or minimal and consisted, when present, only
of mild facial flushing and transient dyspnea. There was no
difference in symptoms when AVP was given simultaneously
with or 15 min before oCRF. Analysis of blood cell counts,
serum chemistry profiles, and urinalyses of the subjects on the
day following each experiment showed no consistent changes
from base-line values.

Discussion

In this study, we have compared the plasma IR-ACTH and IR-
cortisol response in man to AVP and oCRF, given alone and

in combination. When these hormones were given individually
in similar doses (oCRF, 14.8-19.5 nmol, mean 16.5 nmol; AVP,
10 pressor units, or 23 nmol), they caused similar rates of rise
and mean peak levels of plasma IR-ACTH and IR-cortisol. In
contrast, the ACTH-releasing potency ofoCRF has been found
to be 5-10 times greater than that ofAVP on a molar basis in
rat anterior pituitary cells (1) and in intact rats (29). This dis-
crepancy could be due to different routes of administration,
species differences in rates of metabolism, or species differences
in pituitary responsiveness to these hormones. Another expla-
nation is that AVP might cause release of endogenous CRF in
addition to having a direct action on the pituitary (30). The
subjects in the present study had no signs or symptoms of stress
after AVP injection, so a nonspecific stress response appears to
be an unlikely explanation for their IR-ACTH and IR-cortisol
responses to AVP.

Simultaneous administration of AVP and oCRF caused a
synergistic effect on ACTH secretion, resulting in a fourfold
greater plasma IR-ACTH response than after either agent alone.
This response is similar to that described in intact rats (25) and
rat anterior pituitary cells (4, 13, 26), and adds further support
to the hypothesis that AVP is an important physiologic mod-
ulator of ACTH secretion.

Maximum ACTH secretion occurred when AVP and oCRF
were administered simultaneously. When oCRF was given 15
min after AVP, which is the time of maximum plasma IR-
ACTH response to AVP, the plasma IR-ACTH peak was reduced
to only 2.6 times the response to oCRF alone. Thus, it appears
that the corticotroph must be exposed to both agents simul-
taneously to produce a maximal synergistic effect. The mech-
anism of this synergistic effect may be related to potentiation
by AVP of intracellular cAMP levels stimulated by oCRF (26),
but it is not clear why a synergistic rather than an additive effect
is observed.

In the experiments in which oCRF was administered, IR-
ACTH levels remained elevated for at least 4 h. In contrast, the
effect of AVP was brief, with IR-ACTH returning to base line
within 75 min. This prolonged effect of oCRF has been noted
before (6) and is probably due to its slow metabolic clear-
ance (7).

For comparison, another potent stimulus toACTH secretion,
insulin-induced hypoglycemia, was studied. The peak IR-ACTH
level following insulin was 1.3 times greater and of longer du-
ration than that observed after simultaneous administration of
AVP and oCRF. This finding could reflect the fact that the
pituitary was exposed to less than maximally stimulating con-
centrations ofoCRF and/or AVP or that the duration ofexposure
was less. Doses ofoCRF up to 30 times greater than those used
in this study cause still higher plasma IR-ACTH responses (5).
Alternatively, hypoglycemia might cause the release ofadditional
ACTH secretogogues, whose combined effect might be greater
than that of oCRF and AVP.

The IR-cortisol response to these agents reflected the peak
IR-ACTH responses, although the differences were not as
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marked. AVP, oCRF, and AVP given 15 min before oCRF
caused similar peak plasma IR-cortisol levels, whereas simul-
taneous AVP and oCRF caused a 1.4-fold greater IR-cortisol
level. Insulin-induced hypoglycemia produced a still greater re-
sponse. The cortisol response to these agents was not directly
proportional to the IR-ACTH response, indicating that plasma
ACTH levels ofonly 25-50 pg/ml produce near maximal, acute
stimulation of adrenal steroidogenesis.

The sequence for human CRF has recently been deduced
from the nucleotide sequence ofthe gene (31). It differs in seven
amino acid residues from oCRF, but is identical to rat CRF
(32). Until synthetic oCRF and synthetic human CRF are tested
in man, one cannot assume that their activities are identical.

In conclusion, the ACTH response to oCRF in man is po-
tentiated by AVP, suggesting a physiologic role for AVP as a
modulator ofACTH secretion.
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