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Vasopressin Stimulation of Adrenocorticotropin Hormone (ACTH) in Humans
In Vivo Bioassay of Corticotropin-releasing Factor (CRF) which Provides Evidence
for CRFMediation of the Diurnal Rhythm of ACTH

R. A. Salata, D. B. Jarrett, J. G. Verbalis, and A. G. Robinson
Departments of Medicine and Psychiatry, University of Pittsburgh, Pittsburgh, Pennsylvania 15261

Abstract

The diurnal response of ACTH release to intravenously ad-
ministered arginine vasopressin was tested in normal volun-
teers given consecutively moderate doses of vasopressin every
15 min (0.1, 03, 1.0, and 3.0 IU) at 2200 h and again at 0700 h
(PM/AM). This protocol was repeated 4 wk later with the
times reversed (AM/PM). A dose-related increase in ACIH
secretion was observed in all subjects. Whenthe AMresponse
of the AM/PMprotocol was compared with the PMresponse
of the PM/AMprotocol, the release of ACTHwas greater in
the morning (P < 0.05) as evaluated by the following criteria:
peak value of ACTH (129.9±30.4 pg/ml in the AMvs.
57.1±20.2 in the PM), area under the curve (689 in the AMvs.
259 in the PM); and, sensitivity of the ACTHdose-response
curve (first significant increase in ACTHwith 1 IU of vaso-
pressin in the AMbut not significant even after 3 IU in the
PM). In addition, when the AMvasopressin testing followed a
previous evening stimulation (PM/AM protocol), there was a
blunted ACTHresponse compared with the AM/PMprotocol.
Corticotropin-releasing factor (CRF) is probably the major
ACTHsecretagogue, but since vasopressin acts synergistically
with CRFto produce an augmented release of ACTH, we sug-
gest that the ACTHresponse to administered vasopressin de-
pends upon the ambient endogenous level of CRF. Weinter-
pret our data and published data that CRFproduces a lesser
release of ACTHin the AMas follows: in the morning endoge-
nous CRFis high and administered CRFproduces little further
release of ACTH, but administered vasopressin acting syner-
gistically with high endogenous CRFcauses a greater release
of ACTH; conversely, in the evening endogenous CRF is low
and administered CRFcauses a greater release of ACHI, but
vasopressin (a weak secretagogue by itself) gives a low ACTH
response. Weconclude that vasopressin stimulation of ACTH
secretion can be used as an in vivo bioassay of endogenous
CRF, and that there is a diurnal rhythm of CRFin hypophy-
seal portal blood.

Introduction

ACTHsecretion by the corticotrophs in the anterior pituitary
is regulated by corticotropin-releasing factor(s) (CRE)' from
the hypothalamus (1, 2). CRF is probably the major ACTH
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1. Abbreviation used in this paper: CRF, corticotropin-releasing factor.

secretagogue, but administration of arginine vasopressin
(AVP) also stimulates the release of ACTH(3, 4). Vasopres-
sin-stimulated release of ACTHor cortisol has been described
in man (5), in rats with hypothalamic lesions (6), in rats in
which the pituitary has been transplanted to the kidney cap-
sule (7), in isolated pituitaries in organ culture (8), and in
dispersed anterior pituitary cells (9). It is unclear whether va-
sopressin has a physiological role in the regulation of ACTH
secretion (10, 1 1). CRFhas been shown to be a more potent
secretagogue of ACTHthan vasopressin (9, 12, 13), and the
greatest response of vasopressin to release ACTHoccurred
when vasopressin was co-administered with CRF(13-16). In
this situation there appeared to be a synergism between both
releasing factors to cause an augmented release of ACTH. It
was recently shown in humans that concurrent administration
of vasopressin and CRFproduced a 30-fold increase in the
release of ACTHas compared with administration of CRF
alone (14).

The well-known diurnal rhythm of plasma cortisol reflects
a similar diurnal rhythm of ACTH. ACTH is secreted in a
pulsatile fashion with more frequent bursts occurring in the
early morning which produce the early morning surge of cor-
tisol (17). Although CRF has not been measured in portal
vessels of man, it is hypothesized that the secretory bursts of
ACTHresult from pulses of CRFsecreted into hypophyseal
portal blood, with more frequent bursts of CRFoccurring in
the early morning (17). When CRFwas administered to
humans, the ACTHand cortisol response was reported to be
lower in the morning than in the evening (18-20), but the
mechanism of either the augmented sensitivity of the pituitary
adrenal axis in the evening, or of the blunted sensitivity in the
morning, is not known. Glucocorticoids have been shown to
blunt or abolish CRF-induced ACTHrelease (21, 22), and the
lower morning response may simply be due to negative feed-
back. Alternatively, if endogenous CRFis at or near its maxi-
mumlevel in the morning, exogenously administered CRF
may cause relatively little augmentation of release of ACTH.

Because vasopressin acts synergistically with CRFto pro-
duce an augmented release of ACTH(13-16), we hypothe-
sized that the ACTH response to administered vasopressin
might depend on the ambient endogenous level of CRF. Thus,
if there is a diurnal rhythm of CRF secretion, administered
vasopressin should cause a greater release of ACTH in the
morning, when endogenous CRFlevels would be high, than in
the evening, when CRFlevels would be low. To evaluate this
we measured the changes in plasma cortisol and ACTHin the
morning and in the evening after infusion of graded boluses of
vasopressin in normal human volunteers. Weused small
graded boluses of vasopressin to obtain a dose-related release
of ACTH, as has been described with CRF(23). By obtaining a
less than maximal ACTHresponse, synergism between endog-
enous CRFand exogenous vasopressin might be demonstrated
not only by a difference in the maximum level of ACTH, but
also by the threshold at which ACTHwas released.
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Methods

Five healthy volunteers (three females and two males) age 23 to 30
were studied twice at 4-wk intervals at the Clinical Research Center of
the University of Pittsburgh. All subjects were nonsmokers, were on no

medications, and abstained from alcohol for at least 24 h before each
study. None of the subjects were depressed as judged by the Beck
Depression Index, nor had any previous history of psychopathology.
The women were studied between days 3 and 12 of their menstrual
cycle. The study was approved by the Institutional Review Board for
Biomedical Research of the University of Pittsburgh, and informed
consent was obtained before each study.

In the first experimental design (PM/AM protocol), the patients
had a light dinner and then had nothing further by mouth until the
next morning. At 2000 h an intravenous line was inserted into an

antecubital vein for infusion of vasopressin and withdrawing of blood.
Normal saline, 0.9% NaCI solution, was infused at a rate sufficient to
keep the intravenous line patent. Aqueous pitressin (Parke, Davis &
Co., Detroit, MI, synthetic vasopressin, 20 U/ml) was diluted in sterile
5%dextrose and water to a final concentration of I U vasopressin per 5
cm3 before infusion. The patients remained supine until testing was

completed. At 2200 h, which was designated 0 time, the vasopressin
stimulation was initiated with 0.1 U vasopressin infused intravenously
over 1 min. At 1 5-min intervals thereafter, graded boluses of vasopres-

sin were infused intravenously over 1 min as follows: 0.3 U at + 15
min, 1.0 U at +30 min, and 3.0 U at +45 min. Blood samples for
ACTH, cortisol, and vasopressin levels were obtained at - 15 min, 0
time, every 5 min from 2200 through 2300 h, and then every 15 min
for the next 45 min. During the graded vasopressin infusion, blood
pressure and pulse were monitored before and after each dose increase.
At 0700 h the next day, the graded vasopressin infusion was repeated
after the same protocol as the previous evening infusion.

The second study (designated AM/PM) was performed 4-8 wk
after the first study. The experimental design was exactly as outlined in
the first study, except that the time of day of the vasopressin infusion
was reversed, with the subjects being tested first in the morning after an

overnight fast and then again in the evening of the same day.
Blood samples for assay of ACTHwere collected into chilled plastic

tubes containing EDTAand aproptinin and were immediately placed
on ice. Within 5 min of collection the blood was centrifuged at 10,000
g for 5 min at 4VC and the plasma supernatant transferred to plastic
tubes containing N-ethylmaleimide at a concentration of 0.01 M. The
plasma was rapidly frozen and stored at -70'C until assay, which was

always within 3 d. Before assay, the plasma samples were thawed at
4VCand extracted using 125 mg/ml silicic acid. The ACTHwas eluted
from the silicic pellet with acid methanol. This eluate was air dried and
then reconstituted in assay buffer. Recovery was monitored using a

standard plasma to which a known amount of [35S]ACTH had been
added and was 70-80%.

Blood for cortisol was collected in Vacutainer (Becton-Dickinson
& Co., Orangeburg, NY) tubes containing 143 U heparin, centrifuged,
and frozen as above until assayed. Plasma cortisol was measured by a

radioimmunoassay using an antibody specific for cortisol (Endocrine
Sciences, Tarzana, CA). Plasma was stored at -70°C until the cortisol
radioimmunoassay was performed. For assay, the samples were

thawed and an aliquot diluted 1:51 in 1 ml of a PBS, 0.1% gelatin
solution, pH 7. The diluted samples were capped and incubated in a

water bath at 85°C to destroy the endogenous cortisol binding globulin
and release the cortisol. The samples were then cooled and 50-Ml ali-
quots pipetted into 12 X 75-mm culture tubes. A standard response

curve was prepared with cortisol over the range 0 to 300 pg. These
tubes were air dried at 45°C and then 5 Ml of PBS-gelatin added. An
appropriate tracer solution (11 MCi, [1-2-6-7 3H]cortisol [100 MCi/
mM]) was air dried and diluted in PBS-gelatin; after mixing, an ap-

propriate volume of cortisol antiserum was added. The tubes were

mixed and incubated at room temperature for 2 h and then overnight
at 4VC. The bound cortisol was separated using 1 ml of a charcoal
dextran solution at 4VC. After addition of the charcoal, the tubes were

left for 15 min at 4VC and then centrifuged at 2,200 g for 15 min at
4VC. The assay tubes were decanted into scintillation vials into which
10 ml of a Triton X-100-based scintillation cocktail was added. The
vials were shaken for 1 h and then counted in an LS 8100 scintillation
counter (Beckman Instruments, Inc., Irvine, CA). Plasma cortisol
values were generated by computer from the standard response curve
using a log-dose-logit transformation which linearizes the standard
curve.

For ACTHassay we used an antibody provided by Drs. D. Gann
and D. Carlson that is a rabbit antibody directed against porcine
ACTHI,39. Synthetic human ACTHI,39 supplied by the National Insti-
tutes of Health (NIH), Bethesda, MD, was handled in the manner
suggested in their protocol. The original ACTHwas stored at a con-
centration > 200 Ag/ml in 0.01 NHCOand aliquots diluted in acidified
albumin saline solution (42.6 ml 12 N HC1, 1 g Cohn fraction V, and
8.5 g NaCl per liter of distilled water), and stored at -70'C. ACTHwas
iodinated with 125I to a specific activity of 200 MCi/Aug using lodo-
Gen (Pierce Chemicals, Rockford, IL) (24). The contents of the reac-
tion vessel were transferred to a 0.9 X 25-cm G-25 Sephadex column
equilibrated in 0.05 MNa acetate buffer, pH 5.0, with 1% BSA. Frac-
tions of 0.5 ml were collected from the column and the protein peak
pooled. Aliquots of 100 Ml were placed in 1.5 ml polypropylene micro-
fuge tubes which were stored at -20'C. Before each assay an aliquot of
'25I-ACTH was purified using HPLC. The '251-ACTH peak was then
diluted in assay buffer (0.3 MNa phosphate buffer, pH 7.4, containing
0.1% lysozyme and 15,000 kallikrein inhibitor units of aprotinin), to
give - 2,500 cpm/100 ul, which resulted in a tracer mass of 5 pg/in-
cubation. The assay was set up in 12 X 75 polypropylene tubes using a
final antibody dilution of 1:18,000 with standards over the range of 0
to 5,000 pg/ml in a final volume of 250 ul. The antibody and stan-
dards/unknowns were preincubated for 4 h at 4°C before the freshly
chromatographed `25I-ACTH was added. After overnight incubation at
4°C, a sheep anti-rabbit gammaglobulin second antibody, diluted
1:20 in 4% polyethylene glycol, was added and incubated for 4 h at
4°C. The bound hormone was separated by centrifugation at 10,000 g
for 3 min at 4°C. The supernatants were aspirated and the tubes
counted in a Gamma8000 counter (Beckman Instruments, Inc.). The
assay has a sensitivity of 5 pg/ml. As with the cortisol assay, the values
are generated by computer, using the log dose-logit plot (25).

Plasma AVPwas assayed as described previously (26). For statisti-
cal analysis, pretest values for ACTHand cortisol were defined as the
mean of the -15 min and 0 time values. However, when subtracting
baseline values of ACTHand cortisol the lowest point of the initial
sampling was used, because ACTHand cortisol values fell initially
after the pretest values in some subjects, reflecting the normal diurnal
fluctuations in these hormones. The area under the curve for ACTH
and cortisol responses were determined from each subject's individual
values after the baseline was subtracted. Student's paired t tests were
utilized to determine at which dose of vasopressin there was a response
significantly above baseline, and to analyze peak ACTHand cortisol
response and area under the curve. Overall differences between trials in
ACTH, cortisol, and vasopressin were analyzed using repeated mea-
sures analysis of variance. Correlations were determined with regres-
sion analysis by the method of least squares.

Results

Dose-response relationships of administered A VP and plasma
ACTHand cortisol. All subjects were monitored closely during
the graded vasopressin infusion. A slight but transient increase
in blood pressure and pulse was noted only after the 3-U infu-
sion of vasopressin. Additionally, several subjects noted sensa-
tions of acral flushing, increased gastrointestinal motility, or
nausea after the 3-U bolus, but these sensations all resolved
within 30 s.

Every subject had an increase of plasma ACTHand of
plasma cortisol during every test, and overall there was a sig-
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nificant relationship between the hormone level and the dose
of vasopressin administered both for ACTH, P < 0.01, and for
cortisol, P < 0.01. In all subjects there was no significant in-
crease in ACTHand cortisol with the lowest dose of vasopres-
sin administered (0.1 U).

The mean plasma ACTHin the morning of the AM/PM
protocol (Fig. 1) illustrates the observed stepwise increase in
ACTHwhich allowed definition of threshold response as well
as any shift of the dose-response curve to the left or the right. A
cumulative effect of administered vasopressin was observed,
with each subsequent and larger dose adding to the residual
ACTHresponse produced by the previous dose. The peak
ACTHconcentration occurred 5-10 min after each dose of
vasopressin, but was still elevated by 15 min when the next
dose of vasopressin was given. After the last dose of vasopres-
sin the subsequent decrease in the levels of vasopressin demon-
strate a physiologic half-life of - 20 min, which is consistent
with the observation that the 15-min bolus regimen produced
a cumulative effect on release of ACTH.

Effect of vasopressin infusion in the morning in comparison
with the evening. The vasopressin infusion in the morning of
the AM/PMprotocol was compared with the same infusion in
the evening of the PM/AM protocol, i.e., first exposure to
vasopressin in each case. Plasma ACTHlevels for each indi-
vidual subject are illustrated in Fig. 2. The mean pretest
ACTHlevel in the morning was 37.4±10.1 pg/ml and in the
evening 24.4±8.7 pg/ml. The morning level was greater than
the evening level in all subjects, although the mean levels were
not significantly different (P = 0.36). The mean pretest cortisol
levels were higher in the morning in every subject: morning
cortisol, 16.4±3.0 mg/dl, and evening cortisol, 2.7±0.6 mg/dl,
P < 0.01. Plasma levels of ACTHin response to the graded
vasopressin infusion are shown for each subject in Fig. 2, and
were greater in the morning (Fig. 2 A) than in the evening (Fig.
2 B). This difference was statistically significant by the follow-
ing criteria: the maximumincrease of ACTHover baseline was
99.6±25.8 pg/ml in the morning and 40.1±16.6 pg/ml in the
evening, P < 0.05; the area under the curve determined by
cumulative ACTHincrease in the morning was 654.4±168.3
and 229.7±82.3 pg/ml in the evening, P < 0.05; and there was
a shift in the dose-response increase in ACTH(Fig. 3), with the
first significant increase in ACTHnoted after 1 U of vasopres-
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Figure 1. Mean plasma ACTHresponse (±SEM) of five healthy sub-
jects after graded vasopressin infusion in the morning of AM/PM
protocol. The doses of administered vasopressin were submaximal
and the stepwise increase in ACTHallowed definition of a threshold
response. Dose of vasopressin: I, 0.1 IU at 0 time; 0.3 IU at +15
min; 1.0 IU at +30 min; and 3.0 IU at +45 min.
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Figure 2. Plasma ACTHfor individual subjects in response to ad-
ministered vasopressin for the morning of the AM/PMprotocol (A)
and for the evening of the PM/AMprotocol (B). Plasma cortisol
levels for the same subjects for the morning of the AM/PMprotocol
(C), and for the evening of the PM/AMprotocol (D). Vasopressin
doses as in Fig. 1.

sin in the morning (P < 0.05). In the evening, even the increase
in ACTHafter a 3-U dose just missed significance (P = 0.06)
(Table I).

The individual levels of cortisol are shown in Fig. 2, Cand
D. The maximum increase above baseline of cortisol in the
morning, 16.6±3.2 mg/dl, was greater than the maximum
level in the evening, which 11.2±1.5 mg/dl, but this was not
statistically significant. Similarly, the cumulative increment in
cortisol in the morning, 175.2±50.3 mg/dl, was greater than,
but not statistically different from the evening cumulative in-
crement in cortisol, which was 70.0±13.8 mg/dl. There also
was not a significant difference in the overall cortisol response

patterns between the two trials. There was, however, a shift in
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Figure 3. Dose-response increase of ACTHin the morning of the
AM/PMprotocol versus the evening of the PM/AMprotocol. Each
bar is the mean of the three ACTHsamples for each subject after
each dose of AVP. Baseline ACTHlevels subtracted for each subject
(see text). The ACTHresponse in the morning is shifted to the left
relative to the evening, with the first significant increase in ACTH
occurring with 1 U of AVPin the morning. The ACTHresponse in
the evening after 3 U of AVPwas P = 0.06. (* Significant increase in
ACTHcompared with baseline value, P < 0.05).
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Table L Levels of ACTHin Plasma during Each of Four Tests Described in Text

AM/PMProtocol PM/AMProtocol

AMresponse PMresponse AMresponse PMresponse

pg/mi

Pretest ACTH 37.4± 10.13 23.36±8.0 34.2±11.65 24.45±8.66
Basal ACTH 30.30±25.02 16.92±18.06 27.78±21.18 16.94±12.36
Maximum measurement in ACTH 88.8±35.37 34.0±31.24 33.58±15.36 40.12±37.38
Cumulative ACTH 654.38±376.93 189.16±126.65 223.14±108.15 229.68±185.40
Dose at which significant ACTH

increase occurred I IU None 0.3 IU 3 IU

the dose-response curve for cortisol similar to that found for
ACTH. A significant increase of cortisol above baseline was
noted after the 0.3-U dose of vasopressin in the morning (P
< 0.05), while in the evening a significant increase was not
observed until after a dose of 3 Uof vasopressin (P < 0.01, Fig.
4, Table II).

Effect of prior administration of vasopressin on subsequent
response to vasopressin stimulation. The pretest ACTHlevels
in the morning without prior exposure to vasopressin,
37.4±10.1 pg/ml, were not significantly different than when
vasopressin had been administered the previous evening
(34.2±11.6 pg/ml, Fig. 5, A vs. C). However, the ACTHre-
sponse to administered vasopressin was significantly blunted
in the morning (Fig. 5 C), when vasopressin had been admin-
istered the prior evening, as compared with the response with-
out prior exposure to vasopressin (Fig. 5 A). The differences
were significant by the same three criteria used to compare the
morning with the evening responses: (i) the maximumincrease
of ACTHabove baseline was 99.6±25.8 in the morning with-
out prior exposure to vasopressin and 33.6±6.9 pg/ml when
vasopressin had been administered the prior evening (P
< 0.05); (ii) the area under the curve determined by the cu-
mulative mean incremental ACTHin the morning without
prior exposure to vasopressin was 654.4±168.3 pg/ml, whereas
after exposure to vasopressin the previous evening the value
was 223.1±45.0 pg/ml (P < 0.05); and, (iii) the dose-response
curve for the morning without prior exposure to vasopressin
was shifted to the left relative to the response curve after expo-
sure to vasopressin, with the first significant increase in ACTH
after 1 U of vasopressin in the former and after 3 U of vaso-
pressin in the latter.

The ACTH response to administered vasopressin in the
evening when there was no prior exposure to vasopressin (PM
of the PM/AMprotocol, Fig. 5 B) was not significantly differ-
ent when compared with the ACTHresponse when vasopres-
sin was administered in the morning of the same day (PM of
the AM/PMprotocol, Fig. 5 D).

The baseline cortisol levels in the morning were similar in
both protocols: 16.4±3 mg/dl in the AM/PMprotocol, and
12.1±0.9 mg/dl in the PM/AMprotocol when vasopressin had
been administered the previous evening. Likewise, the baseline
cortisol levels in the evening were not different: 2.7±0.6 mg/dl
in the PM/AMprotocol and 3.2±0.8 mg/dl in the AM/PM
protocol when vasopressin had been administered the same
morning. However, similar to ACTH, the increment in serum
cortisol in the morning was significantly blunted by exposure
to vasopressin the previous evening in the PM/AMprotocol,
as compared with the morning response of AM/PMprotocol
when no vasopressin was administered previously (Fig. 6). It
can also be seen that prior administration of vasopressin in the
evening shifted the dose-response curve the next morning to
the right, when the morning response of the PM/AMprotocol
is compared with the morning response of the AM/PMproto-
col. Again similar to the ACTHresponse, there was no signifi-
cant difference in the cortisol levels in the afternoon whether
there had or had not been prior exposure to vasopressin within
the same 24 h (PM of AM/PMprotocol vs. PMof PM/AM
protocol, respectively, Fig. 6).

ACTHresponse in relation to basal plasma cortisol. When
the cumulative ACTHresponse for each individual on the two
morning trials were compared with the baseline levels of corti-
sol in plasma, there was a significant and positive correlation

Table II. Levels of Cortisol in Plasma during Each of Four Tests Described in Text

AM/PMprotocol PM/AMprotocol

AMresponse PMresponse AMresponse PMresponse

mg/dl

Pretest cortisol 16.36±2.98 3.25±0.78 12.2±0.88 2.73±0.64
Basal cortisol 14.02±6.69 2.6±1.29 11.78±1.7 2.94±1.69
Maximum increment in cortisol 16.64±7.21 13.42±5.54 9.54±5.80 11.24±3.37
Cumulative cortisol 175.24±112.76 87.98±34.50 78.70±45.23 69.98±30.83
Dose at which significant cortisol

increase occurred 0.1 IU 1 IU 1 IU 1 IU
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Figure 4. Dose-response increase of cortisol in the morning of the
AM/PMprotocol versus the evening of the PM/AMprotocol. Each
bar is the mean of the three cortisol samples for each subject after
each dose of AVP. Baseline subtracted as in Fig. 3. The dose-re-
sponse curve for cortisol is significantly shifted to the left in the
morning of the AM/PMprotocol when compared with the evening
of the PM/AMprotocol. Cortisol was significantly increased in the
AMof the AM/PMprotocol after 0.3 U of AVP(*P < 0.05, when
compared with baseline value). The increase was not significant until
3 U of AVP in the evening of the PM/AMprotocol (+P < 0.05,
when compared with baseline value).

(P < 0.05). However, there was no significant correlation be-
tween the ACTH response and the baseline cortisol in the
evening trials when the baseline cortisols were all low.

AVP results. When plasma AVP levels after each graded
bolus of vasopressin were compared for each of the protocols,
the mean values were not significantly different at any time
points except in two isolated samples, the 55-min sample for
the AMof the AM/PMprotocol and the 60-min sample for the
PMof the AM/PMprotocol. These small differences were not
felt to be meaningful because the samples immediately before
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Figure S. Effect of prior administration of AVP on subsequent
ACTHresponse to AVPfor individual subjects. The ACTHresponse
to vasopressin administered in the morning was significantly blunted
if vasopressin had been administered the prior evening, AMof the
PM/AMprotocol (C) versus AMof the AM/PMprotocol (A). There
was no difference in the response in the evening regardless of the
prior administration of AVP, PMof the PM/AMprotocol (B) versus
PMof the AM/PMprotocol (D).
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Figure 6. Effect of prior administration of AVPon subsequent corti-
sol response. Mean levels of cortisol (±SEM) for each of the four
trials are shown. The cortisol response in the morning of the
PM/AMprotocol (o) was significantly blunted and the dose-response
curve is shifted to the right when compared with the morning re-
sponse of the AM/PMprotocol (o) when no vasopressin was admin-
istered previously. There was no significant difference in the cortisol
response in the evening of the AM/PMprotocol (v) with prior expo-
sure to vasopressin when compared with the evening of the PM/AM
protocol (.) without prior vasopressin exposure.

and after these points, 50 and 75 min, showed no differences,
i.e., there was no trend. More importantly, significant changes
in ACTH and cortisol measurements preceded rather than
followed the only differences in plasma vasopressin described
above.

Mean plasma vasopressin after a 1-U bolus was
146.9±13.7 pg/ml while after a 3-U bolus the mean plasma
vasopressin was 372.7±31.8 pg/ml. These levels of vasopres-
sin, although much higher than physiological levels of periph-
erally measured vasopressin, are within the range of what has
been measured in monkey portal blood (26).

Discussion

The 4 1-amino acid peptide, CRF, is probably the most impor-
tant physiologic mediator of ACTHsecretion in man. How-
ever, even before the isolation of CRF it was recognized that
more than one physiologically active principle was present in
hypothalamic extracts that possessed ACTHreleasing activity
(3, 4). Recently the hypothalamic peptide that has received the
most attention as another potential physiological ACTHsecre-
tagogue is vasopressin. Vasopressin is localized anatomically
in the external zone of the median eminence in the area of
hormone secretion into long portal vessels that feed the ante-
rior pituitary (27, 28). High levels of vasopressin have been
measured in pituitary portal blood (27), and the content of
vasopressin in the external zone is increased during some
states of ACTH hypersecretion, i.e., after adrenalectomy in
experimental animals (28-32). In direct studies it has also been
demonstrated that vasopressin causes release of ACTH
(12-16). Whenused alone, vasopressin is inferior as a secreta-
gogue of ACTHin comparison with CRF(9, 12, 13). However,
both in the rat ( 13) and in man ( 14-16) there is clear synergism
between the ACTHreleasing activity of CRFand vasopressin,
with a greater than additive effect on ACTHrelease when the
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two are co-administered. While most of the studies that dem-
onstrated synergism between these two secretagogues used ex-
perimental protocols in which both secretagogues were ad-
ministered exogenously, it is reasonable to hypothesize that
the administration of one secretagogue would also act syner-
gistically with ambient concentrations of endogenous secreta-
gogues. Evidence in support of this has been reported. ACTH
secretion in response to administered CRFwas reported as
threefold greater during concurrent administration of hyper-
tonic saline, which caused elevated levels of vasopressin (33,
34). Wehypothesized that the converse might also be true; that
is, exogenously administered vasopressin would act synergisti-
cally with endogenous levels of CRF. Indeed, because vaso-
pressin is such a weak secretagogue by itself, the magnitude of
the ACTHresponse to administered vasopressin might depend
to a great extent upon the ambient level of endogenous CRFin
hypophyseal portal blood. This was given as a possible reason
for the greater release of ACTHobserved when vasopressin
was administered to freely moving rats as compared with rats
in which endogenous CRFwas blocked by chlorpromazine-
morphine-nembutal pretreatment or by anti-CRF antise-
rum (13).

To test this hypothesis in humans we used a protocol that
was designed to produce a dose-response relationship between
administered vasopressin and secretion of ACTH. Webegan
with a dose of vasopressin that was estimated to be too low to
produce any measurable increase in ACTH(0.1 U) and in-
creased to a maximum of 3 U, which was still considerably less
than the 5-10 U that have been used in other published studies
of synergism in man (14-16). Because the half-life of vaso-
pressin in man is 2-7 min (35, 36) and of ACTH15 min (37),
we increased the administered dose of vasopressin every 15
min. While administration of vasopressin every 15 min did
result in some cumulative effect on the level of ACTH, with
the response to one dose of vasopressin adding to the residual
response produced by the previous dose, nonetheless by start-
ing with a low dose it was possible to develop a dose-response
curve and to demonstrate shifts in the curve. There was a lower
threshold of ACTHresponse, shift to the left, when the sensi-
tivity of the axis was increased (morning vs. evening), and a
shift to the right with a greater threshold response when the
axis was dampened (morning response after exposure to vaso-
pressin the previous evening). However, because the effect of
the vasopressin doses on ACTHsecretion was cumulative, it
should not be anticipated that a single isolated bolus of vaso-
pressin would give results similar to those obtained here at any
point in the dose response.

To investigate whether endogenous hypophyseal portal
levels of CRF could be estimated by synergism with exoge-
nously administered vasopressin, we made use of the well-
known diurnal rhythm of cortisol and ACTH. It is assumed,
but not proven, that the diurnal rhythm of ACTHand cortisol
is initiated by a diurnal rhythm of CRF, with higher endoge-
nous levels of CRF in the morning and lower levels in the
evening (17). This assumption is supported by the results of
our studies, and of other recently published reports. In a report
in humans with CRFdeficiency, pulsatile administration of
CRFwith more frequent pulses in the morning produced a
diurnal pattern of ACTHand cortisol secretion similar to that
observed in normal subjects (38), and in another recent report,
higher levels of CRFwere measured in peripheral plasma in
the morning (39). In our study administration of synthetic

vasopressin produced a markedly enhanced release of ACTH
in the morning as compared with the evening, consistent with
synergism of vasopressin with high endogenous CRF in the
morning. Note that this result is opposite of that for adminis-
tration of graded boluses of exogenous CRF, where the greater
release of ACTHand cortisol was found in the evening
(17-20). In those studies there was a negative correlation be-
tween basal cortisol levels and both ACTHand cortisol re-
sponse to CRFstimulation (17-20, 40). In these previous stud-
ies the lesser response of ACTHto CRF in the morning was
thought possibly to be due to feedback inhibition at the pitu-
itary by the higher level of ambient cortisol levels in the morn-
ing. However, in our studies it was apparent that the pituitary
was not markedly inhibited in its ability to release ACTHin
the morning, because the release of ACTHin response to ad-
ministered vasopressin was greater in the morning. Thus, one
alternate explanation for the results obtained with CRF is that
endogenous hypophyseal portal levels of CRFare high in the
morning, possibly approaching maximal response, and addi-
tional exogenously administered CRFcaused little further re-
lease of ACTH. With this interpretation, the negative correla-
tion between the ACTH response to CRF and the ambient
level of cortisol would be explained, because the high level of
cortisol reflected a high level of endogenous CRF (40). In con-
trast, when vasopressin was administered we found the ACTH
release was positively correlated with the ambient level of
plasma cortisol. Weinterpret this to support the concept that
high levels of CRFare responsible for the high levels of cortisol
and that vasopressin acted synergistically with the endogenous
CRF in hypophyseal portal blood. Therefore, based on the
data above it would be reasonable to conclude that CRF is the
major hypothalamic regulator of the ACTHand cortisol diur-
nal rhythm. However, this leaves unexplained the observation
(41) that a diurnal rhythm of ACTHrelease persists even dur-
ing continuous administration of CRF. From that study (41) it
was suggested that other factors with corticotropin releasing
activity (i.e., vasopressin) also participated in the diurnal
rhythm of ACTHrelease. Neither our results nor other pub-
lished reports would necessarily negate any role of vasopressin
in the diurnal rhythm of ACTH, but only suggest that the
major secretagogue mediating the diurnal rhythm is CRF.

When the AMtrial was preceded by a graded vasopressin
infusion on the previous evening (PM/AM protocol), a
blunted response of both ACTHand cortisol were observed.
There are three possible mechanisms for this observation.
First, glucocorticoids are known modulators of CRF-mediated
ACTHrelease (40). They suppress pituitary responsiveness to
CRFand possibly also inhibit secretion of CRF through an
effect in the hypothalamus (42, 43). Second, it has been shown
in vitro that exposure of corticotroph cells to various concen-
trations of dexamethasone down-regulates the CRF specific
receptor on the cells in a dose-dependent fashion (44). Finally,
pituitary desensitization to AVP may occur (similar to what
has been shown for CRFin in vivo animal studies) indepen-
dently of any steroid feedback (45). The anterior pituitary
contains specific receptors for AVP which are distinct from
those for hypothalamic CRF(46, 47), and prior injections of
AVPmight cause down-regulation of the AVP specific recep-
tor on pituitary cells (47). To determine which, if any, of the
explanations is correct will require further study.

The site of action of vasopressin to enhance the effect of
CRFis presumed to be at the level of the pituitary cortico-
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troph. This assumption is based upon several observations. As
described above, vasopressin is localized anatomically within
the hypothalamic pituitary portal system in a manner that
would allow vasopressin to directly stimulate pituitary corti-
cotrophs (27, 28). Enhancement by AVPof the effect of CRF
to release ACTHhas been demonstrated in anterior pituitary
cell cultures (48) and in isolated pituitary cell lines (44). With
isolated cell lines, vasopressin increases the amount of cyclic
AMPgenerated by administered CRF(49). In addition, both
CRF and vasopressin receptors have been identified on rat
anterior pituitary cells, and these appear to be independent
receptors for which the alternate secretagogue is not competi-
tive (44). Initial studies characterizing the vasopressin receptor
on the anterior pituitary indicated that the corticotroph se-
creting activity was via a VI or pressor receptor (50). However,
subsequent studies have produced disparate results on this
point. In intact animals (e.g., dogs [51] and rats [unpublished
results from our laboratory]), the ACTHsecreting activity of
intravenously administered vasopressin was completely
blocked by a specific antagonist to the VI receptor, d(CH2)5
MeTyrAVP, and the effect of vasopressin was mimicked by VI
agonists but not by V2 (antidiuretic) agonists (50). But, in
studies of rat pituitary in vitro there was a poor correlation
between the corticotropin releasing activity of vasopressin ana-
logues and the VI receptor or pressor activity (52, 53). Like-
wise, the binding of vasopressin to rat anterior pituitary cell
membrane preparations was not displaced by a VI antagonist
(54). Baertschi and Friedli reported that the activity of vaso-
pressin to act synergistically with CRFto release ACTHfrom
suspensions of rat anterior pituitary cells was not blocked by
two antipressor antagonists (55). Thus, there is a discrepency
between studies done in vivo and studies in vitro. Studies in
vivo have uniformly demonstrated that the ACTHsecreta-
gogue activity of vasopressin was related to the pressor action
of vasopressin and was inhibited by antipressor antagonists. In
vitro, while the enhancement of CRFaction could be obtained
with vasopressin, that action of vasopressin was not uniformly
related to the pressor effect and was not inhibited by antipres-
sor antagonists. It has been suggested that the vasopressin re-
ceptor on the anterior pituitary is distinct from both the VI
and the V2 receptors, and is a new class (V3) of receptor (54,
55). Until these issues are resolved, studies such as ours that
use the natural hormone, AVP, may provide the most physio-
logically relevant information.

Weshould emphasize that we used vasopressin as a test
substance which gave data to support a diurnal variation of
CRFsecretion. These observations provide no further insight
into the role of vasopressin (or CRF) as a physiologic regulator
of ACTHrelease in adrenal insufficiency or in the variety of
stresses that stimulate ACTHrelease. This subject has recently
been reviewed in detail (56). However, one can use the knowl-
edge of the diurnal variation in the ACTHresponses to vaso-
pressin and to CRFto interpret other studies in which stimula-
tion of the hypothalamic-pituitary-adrenal axis was produced
by more physiologic stimuli. Both administration of a pyrogen
(57) and of insulin (hypoglycemia) (58, 59) have been shown
to produce a greater release of cortisol in the evening than in
the morning. Because this pattern of response is similar to that
obtained with administered CRF and opposite to that ob-
tained with administered vasopressin, we would suggest that
CRF is the more likely mediator of these stress responses in
humans.

In our study each test was done once in each subject and
there was a considerable range in the response from subject to
subject. This variability in response is probably intrinsic to the
subject because (as can be seen from Figs. 1 and 2) the rank
order of the subject's response was rather constant among the
four times of testing. Because of the variability from person to
person, more useful data might be obtained by comparison of
the response to administered vasopressin with the response to
administered CRFin the same subject. A heightened response
to vasopressin coupled with a lower response to CRFwould
indicate that CRFwas the important modulator of the in-
creased ACTHin that particular setting. Such studies might be
useful, for example, in defining subsets of Cushing's disease in
which CRFhypersecretion was important, or in defining ab-
normalities of CRFsecretion as might occur in certain patients
with depression.

In summary, this study confirmed that vasopressin stimu-
lates secretion of ACTH, and demonstrated that exogenously
administered vasopressin acts synergistically with endogenous
CRF in the release of ACTH. The morning and evening re-
sponses of ACTHto administered vasopressin are the opposite
of those to administered CRF (17-20). The greatest ACTH
response was not in the morning after vasopressin infusion,
but in the evening after CRF infusion. These data provide
indirect evidence that the diurnal rhythm of ACTHand corti-
sol is secondary to a diurnal rhythm of CRFsecretion. The
protocol demonstrates that a vasopressin stimulation test may
be useful in determining the relative level of CRFsecretion,
and may be applicable to future research on the pathophysiol-
ogy of disorders of ACTHsecretion.
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