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Research on mammalian antidiuretic hormone
(ADH) has been seriously limited by the lack of
techniques for detection of physiological levels of
ADH in blood and plasma.

The bioassay of Jeffers, Livezey, and Austin
(1), using the ethanol-anesthetized rat for ADH
in mammalian plasma, was significantly refined by
Dicker (2), who was able to detect as little as 2
#U ADH per ml of plasma. More recently, Hel-
ler and Stulc (3), using rats with exteriorized
urinary bladders, could detect as little as 0.65 uU
per ml of plasma. With this technique Heller
and Stulc (4) found mean levels of 1.67 pU per
ml of ADH in the plasma of “normally” hydrated
men.

The present study was undertaken to evaluate
Heller’s procedure and, if possible, to utilize it to
study the release, turnover, and action of ADH.

Methods
A. Assay method for ADH

1) Euxteriorization of the urinary bladder. Female rats
of the Sprague-Dawley strain, weighing 100 to 120 g,
were anesthetized with ether. After shaving the skin
about 1 cm above the symphysis pubis, the linea alba was
incised and the peritoneum was opened. The top of the
bladder was drawn out with fine forceps. The upper
half of the bladder was cut off, and the edges were su-
tured with thin catgut (5-0) to the edges of the skin
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incision. Eight sutures were utilized, the first two be-
ing placed at the superior and inferior margins in the
mid-line of the bladder. The mid-line can be identified
by a fine dorsal or posterior mesentery. Care was taken
not to twist the bladder during suturing. Distortion of
the trigone could lead to ureteral obstruction. Four to
five days after surgery the rats could be used for the
assay. The same rats could be used twice at an interval
of 4 to 6 days. After this period there frequently de-
veloped ascending pyelitis and pyelonephritis.

2) Assay. The rats were hydrated .as well as anes-
thetized by giving 12% ethanol in water by stomach tube.
The rats were given two doses, each equal to 3% body
weight, at 30-minute intervals; a third dose, given after
20 minutes, was about 2% of the body weight. The
amount of ethanol given with the third dose varied ac-
cording to the state of the individual animal. Some
rats were completely anesthetized by the first two doses,
and in this case only tap water was administered as the
third dose; others were quite awake and therefore
needed an additional dose of 12% ethanol. Infrequently,
in-between doses were given. Care was taken not to give
larger amounts of ethanol than necessary to anesthetize
the rats as this could bring on shock and even death.

When anesthesia was sufficiently deep, at the longest,
10 to 15 minutes after the third dose, a little vaseline was
applied around the exteriorized bladder, and the animal
was laid prone on a table-like board. A small funnel
that fitted through a hole in the board was put in con-
tact with the skin around the exteriorized bladder so that
the urine flowed directly through this funnel into grad-
uated tubes that could be read to 0.05 ml. These tubes
were made from 5.0-ml serological pipettes. By means
of a constant infusion pump, 0.12 ml per minute of a
solution containing 0.3% NaCl, 1.67% glucose, and 1.2%
ethanol was infused into a tail vein, through a 25-gauge,
2-inch needle. The hub of the latter was broken off, and
1 of its length was inserted into the distal end of a 5-inch
piece of polyethylene tubing (i.d., 0.023 inch; od. 0.038
inch).! The proximal end was attached to an adapter
into which the tubing from the constant infusion pump
fit. The dead space of the needle, polyethylene tubing,
and adapter was 0.05 to 0.08 ml. The glucose in the in-
fusion solution did not cause a detectable glycosuria.

1 Intramedic polyethylene tubing, catalogue no. PES50,
Clay-Adams Co., Inc.,, New York, N. Y.
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TABLE I

Percentage of reduction in urine flow after administration of different amounts of antidiuretic hormone
(ADH, arginine-vasopressin)

Weight of rats
No. of

Basal urine flow

Per cent reduction SD expressed as

per cent of

ADH rats Range Mean Range Mean Range Mean SD the mean
ulU/ml g ml/10 min

0.25 8 100-120 105 1.0-1.3 1.05 3.3- 6.7 4.4 1.43 36
0.50 11 100-120 107 1.0-1.2 1.03 12.5-15.1 14.0 0.98 7
1.00 18 100-120 110 1.0-1.35 1.1 28.6-32.0 30.0 0.92 3
1.50 13 100-120 105 1.0-1.2 1.05 44.8-48.2 47.0 1.35 3
2.00 5 100-120 100 1.0-1.4 1.1 53.3-57.7 54.7 2.74 S
2.50 5 100-120 104 1.0-1.25 1.07 61.2-64.0 62.0 2.74 4.5
5.0 0 100-120 106 0.9-1.25 1.1 92.0-96.5 93.7 1.50 0.2

Urine volumes were measured every 10 minutes. In
approximately 50% of the operated animals a suitable di-
uresis (> 0.8 ml per 10 minutes) could be achieved after
30 to 60 minutes of the infusion. Only these animals
were used for the assay. When the urine volumes were
constant for three 10-minute periods (usually between
1.0 and 1.3 ml per 10 minutes), the test solution was in-
jected into the tail vein in a volume of 1.0 ml immediately
after the end of the third 10-minute period.

The injection was given over a 30-second interval into
the proximal end of the polyethylene tubing attached to
the needle. During this interval the tubing from the
constant infusion pump was disconnected from the adap-
ter. The material in the dead space of the needle, tub-
ing, and adapter was delivered to the animal by the
reinstituted constant infusion. The procedure of discon-
necting, injecting, and reconnecting must be done in such
a way that air bubbles are not injected into the rat. Any
air injection will prevent a reproducible response and
the establishment of a stable base line. Test solutions
should be about isotonic to the blood (saline, plasma, se-
rum, etc.), and they were at room temperature when in-
jected. The urine volumes in the periods following were
observed till the excretion returned to the control level.
Then the animals were ready for injection of another
test substance. Usually 2 to 3 test substances, depending
on their ADH content, can be given to an animal in a
single run.

Rats to be used for assaying samples with unknown
ADH content were injected first with 1.0 ml saline con-
taining 0.5 to 1.0 uU of synthetic arginine-vasopressin.2
The dilutions of arginine-vasopressin were made from
a freshly opened 1-ml vial and used immediately. Resid-
ual undiluted standard was immediately frozen, to be di-
luted and used again at the end of the assay run. The
frozen undiluted arginine-vasopressin was stable for at
least 10 days. Longer periods of freezing were not eval-
uated. The potency of freshly opened samples of syn-
thetic arginine-vasopressin was compared with a sample
of the International Standard on three occasions over a

2 Synthetic arginine-vasopressin was obtained from the
Sandoz Co., Hanover, N. J., through the courtesy of Mr.
Harry Althouse.

6-week period and found to contain the labeled activity.3
In many cases a second standard dose was injected at
the end of the assay run. The response to the injected
standards was plotted on the dose-response curve.
Throughout these studies the range of response fell within
the limits noted in Table I. Unknown samples contain-
ing, before or after the initial dilution, greater amounts
than 1.5 to 2.0 uU per ml, were then diluted or rediluted
and injected again into another assay animal. The re-
sults agreed always within 0.5 xU per ml when calculated
for the original sample. The ADH content of the plasma
was read from the dose-response curve (Figure 1), which
will be described in greater detail in Results.

Three 0.9-ml samples of dog plasma containing at
least 40 U per ml of endogenous antidiuretic activity
were mixed with 0.1 ml of 0.1 M sodium-thioglycolate
(5, 6), or with 0.1 ml of normal saline as controls. Af-
ter standing 1 hour at room temperature, the control sam-
ples still contained between 30 and 40 uU of antidiuretic
activity, whereas those containing thioglycolate had no
antidiuretic activity. As none of the unknown human
samples were from pathologic or unusual studies, thiogly-
colate inactivation of other samples was not carried out.

B. Experiments on man

These were carried out on six normal male volun-
teers, ranging in age from 25 to 40. During the experi-
ments the subjects were comfortably seated in an easy
chair. After procaine infiltration, an indwelling needle
was inserted into a vein of the forearm. The first blood
sample was drawn about 15 minutes later. The sub-
jects remained in the sitting position during the whole
experiment, standing only to void. Blood samples werc
drawn at intervals of from 10 to 30 minutes into a heparin-
ized syringe and immediately centrifuged at 3,000 rpm.
Plasma was decanted and frozen by throwing in a few
pebbles of dry ice (see below). Urine samples were col-
lected at intervals of 15 to 30 minutes. Plasma samples
were assayed for ADH activity, and osmolality was de-

3 The authors are most grateful to Dr. Wilbur Sawyer,
Department of Pharmacology, Columbia University,
School of Medicine, for a generous supply of Interna-
tional Standard.
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termined on plasma and urine samples with the Fiske
osmometer.¢

The general plan of the experiments called for the
test subjects to arrive in the laboratory in various states
of hydration. After the first blood sample was collected,
an oral water load of 1,500 to 2,000 ml was given. In
some of the experiments this water load was sustained by
continued oral water intake. In four subjects, after a
sustained maximal water diuresis was achieved, an iv
injection of 15 to 25 mU arginine-vasopressin was given
and the experiment continued until maximal water diure-
sis was again attained. The dose injected was calculated
from the potency listed by the manufacturer on the label
of the ampoule. Portions of the injected samples were
not subjected to assay.

In two of the subjects participating in the latter type
of experiments, two additional tests were performed. In
the first, the subjects were tested after 3 days of “chronic
overhydration.” During these 3 days their fluid intake
was 1,000 to 1,500 ml in every 4-hour period around the
clock. Urines during the whole period were hypotonic
to their plasma, and the ADH activity of their plasma
was “zero.” After this period of overhydration, 15 mU
of arginine-vasopressin was again given.

In the second, the subjects were tested after a 3-day
period of ‘“chronic dehydration.” During these 3 days
they were allowed only 500 ml of fluid per day. Their
urines were continuously hypertonic to plasma (urinary
osmolality : 1,337 to 1,348 mOsm per L). After these 3

4 Fiske Associates, Inc., Bethel, Conn.

days they were given a water load, and plasma and urine
samples were collected and tested as before.

C. Protein binding of endogenous ADH

Forty milliliters of blood was drawn from six healthy
subjects after 15 to 24 hours of water deprivation.
Plasma was separated, and approximately 6 ml was
quickly placed in each Lavietes anaerobic ultrafiltration
unit (7). One unit, set up in such a way that no ultrafil-
tration occurred, served as a control. Two sets of units
(control and experimental) were kept at 4° C, 20° C,
and 37° C. The units at 4° were set up in the cold room,
while those kept at 37° were set up at room temperature
and immediately placed in the constant-temperature oven.
Approximately 10 minutes was required to set up a
filtering unit and its control. The time required to ob-
tain 2 ml of ultrafiltrate depended on the temperature
(2 hours at 37°; 4 to 5 hours at 20°, and 7 to 8 hours
at 4°). After 2 ml of filtrate was obtained, the ultrafil-
trates and the control plasma were assayed for ADH
activity, with the same animal used for both samples.
Two samples of plasma, obtained in a similar way as
above, were dialyzed against Ringer’s solution for 6
hours at 37°, by the technique described by Craig and
King (8). ADH concentration on both sides of the
membrane was determined.

In both ultrafiltration and dialysis, Visking mem-
branes 5 were used.

s Supplied as dialyzing tubing by the Division of Ameri-
can Hospital Supply Corp., Evanston, Ill.
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TABLE II

Typical protocol of a rat assay run with saline
containing known amounts of vasopressin

Elapsed Urine Dose % Creatinine
time volume injected Reduction excretion
min ml/10 min  pU/mlin mg/10 min

1 mlsaline
10 1.35
20 1.35
30 1.35 0.5 0.065
40 1.15 14.5 0.065
50 1.35 1.5
60 1.00 48.2 0.072
70 1.05 0.072
80 1.35 2.0
90 0.80 55.5 0.068
100 1.15 0.066
110 1.35 3.0
120 0.85 70.5 0.070
130 0.90 0.072
140 1.35
150 1.35 0.068
Results

A. Evaluation of assay method for ADH

1) Sensitivity and dose-reaction curve. The
minimal response, i.e., a reduction in urine flow
of 0.05 ml per 10 minutes, could be obtained con-
sistently with 0.25 uU of ADH. Very often the
same reaction could be elicited with 0.2 pU; 0.1
pU gave consistently negative results, i.e., no
change in urine flow could be observed. From 0.5
to 5.0 U, a reproducible dose-reaction curve could
be obtained (see below). The response to a given
dose was measured by the absolute amount by
which urine volume was lowered, expressed as a
percentage of the basic urine flow. If the reduc-
tion in urine flow extended over more than one

TABLE III

Typical protocol of a rat assay run with unknown
plasma samples

Elapsed Urinary Material injected Yo Creatinine
time volume (1.0 ml) Reduction excretion
min ml/10 min mg/10 min

10 1.2 0.053
20 1.2 0.057
30 1.2 0.5 U in saline 0.063
40 1.05 12.5 0.060
50 1.2 Plasma no. 1
60 0.8 33.3 0.059
70 1.2 Plasma no. 2
80 1.00 16.6 0.055
90 1.2 1.0 xU in saline
100 0.85 29.2 0.062
110 1.2
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10-minute period, the sum of the percentile re-
duction in each period was taken. Table I gives
the results of measurements for doses of ADH
(arginine-vasopressin), between 0.25 and 5.0 pU.
Tables IT and IIT give the results of a typical as-
say run. Creatinine excretion was measured (9)
in order to demonstrate that the reduction in urine
flow was not due to a lowering of glomerular fil-
tration rate (GFR). Identical results were ob-
tained by adding measured amounts of vasopres-
sin in 0.1 ml saline to 0.9 ml plasma (rat, human,
and dog), which showed on previous assay no
ADH activity. Table IV gives results of recovery
studies on human plasma. 0.5 ml of human
plasma was mixed with 0.5 ml of saline containing
a measured amount of vasopressin, or with 0.5 ml
of another plasma with previously assayed ADH
content. Calculated and actually assayed ADH
were compared. Similar results were obtained in
recovery studies performed with dog plasma.
Figure 1 gives the dose-reaction curve plotted on
logarithmic paper. As can be seen, the plot of the
logarithm of the percentile reduction in urine flow
against the logarithm of the dose gives one straight
line for concentration from 0.5 to 1.5 pU per ml
and a second straight line with a smaller slope for
concentrations from 1.5 to 5.0 pU per ml. The
equations of the two lines are, respectively : log %
reduction = 1.31 log dose + 1.477, and log % re-
duction = 0.545 log dose + 1.585. In almost all
of our experiments, plasma samples were suitably
diluted in order to stay in the first part of the dose-
reaction curve. This dilution saved time and en-
abled us to run more assays on one rat as the re-
duction in urine flow in response to this dose ex-
tends for one 10-minute period only.

2) Stability of endogenous ADH in plasma.
Blood was drawn into a heparinized syringe and
immediately centrifuged for 5 minutes at 3,000
rpm. Plasma was decanted and either assayed at
once for its ADH activity or preserved by the ad-
dition of dry ice, as described below. Samples of
the plasma were kept at room temperature
(+20°), at 4° C, and at —20° C. Table V
shows that the plasma maintained its original ac-
tivity at room temperature for 40 minutes after
blood was drawn, but there was a slight but sig-
nificant decrease in activity after 1 and 2 hours
even on refrigeration. Plasma frozen quickly
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TABLE IV
Recovery experiments of ADH in saline and plasma

ADH ADH ADH Experi-
in 0.5 ml in 0.5 ml in 0.5 ml  Theoretical mental
plasma 1 plasma 2 saline value value

mi ulU wU uwU/ml uwU/ml
0 2.0 2.0 2.0
1.35 2.5 3.85 4.0
1.4 0.5 1.9 21
0.6 0.6 1.2 1.1
0.6 0.4 1.0 0.9
0.7 0.5 1.2 1.4

by packing with dry ice also showed a fall in
activity. However, it was found that if the plasma
was divided into 1- to 2-ml samples in 18- X 160-
mm test tubes and pebbles of dry ice were dropped
into it, ADH activity could be maintained. To
avoid loss of activity during the thawing process,
CO, gas was bubbled through the samples. Each
sample was thawed just before injection. As
shown in Table V, under such conditions frozen
plasma can be kept at least 17 days. Once activity
was lost, enriching the plasma with CO, did not
return the ADH activity back to the original value.

B. Experiments on man

Plasma ADH levels in wvarious states of hy-
dration. Table VI shows the hours of water
deprivation and the plasma ADH levels from zero
to 22.0 pU per ml. The ADH level in a normally
hydrated state, i.e., where slightly hypertonic urine
is excreted, seems to be between 0.5 and 2.7 pU
per ml.

TABLE V
Stability of ADH under various storage conditions*

) CO: treatment,
kept at
Time +20°C +4°C —-20°C —-20°C
20 min 100 (8)
40 min 100 (8)
60 min 75 (8) 85 (8) 95 (5.5)
2 hrs 63 (8) 65 (8) 71 (5.5) 100 (3.2)
24 hrs 20 (8) 50 (8) 60 (8) 100 (8)
7 days 100 (5)
17 days 100 (5)

* Values expressed as percentages of original value.
Original value in microunits per milliliter given in paren-
theses. Stability study was carried out on six plasmas,
two with originafvalues of 8 uU per ml, two with 5 xU per
ml, and one each with 5.5 and 3.2 uU per ml. A given
sample was assayed in one rat. Three rats were used to
assay the plasmas with an original value of 8 uU per ml,
two rats for the plasma samples with 5§ uU per ml, and one
rat each for the 5.5 and 3.2 uU per ml samples.
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Disappearance curves of endogenous and ex-
ogepous ADH. a) Observed results. Figures 2
and 3 represent graphically an experiment with a
single water load and with sustained water-load
response. Table VII gives the details of a typical
experiment. In all cases basic plasma ADH levels
fell to less than 0.25 pU per ml in 70 to 120 min-
utes after the initial water load. In all experi-
ments maximal water diuresis coincided with low

TABLE VI
Plasma ADH levels in various states of hydration

Hours

of water Plasma ADH Urine

Subject deprivation* content osmolality

wU/ml mOsm/L
C.R.K ot 0 67
D. A. ot 0 65
R. B. 0t 0 74
J.W.C ot 0 128
J. B. ot 0 76
G.R. ot 0 60

J.W. C. 1 0.5 305t
J.W.C. 3 2.7 382
E.R. 3 1.7 343
E. C 3 1.5 370
S. L. 3 2.0 374
R. B. 3 2.2 365
J.W.C 4 3.2 383
R. B. 4 3.5 405
A.G. 4 3.6 428
C.R. K. 4 3.8 423
J.W. C. 12 5.6 940
C.R. K. 12 7.0 875
S. L. 12 7.0 798
R. B. 16 10.0 1,124
A. G. 16 10.5 956
G. R. 24 18.0 1,134
D. A. 24 18.5 1,124
D. A. 72 20.0 1,348
J.B. 72 ' 220 1,337

*This represents the time from the previous meal
(breakfast) during which liquids (coffee, water, and milk)
were taken ad libitum.
| 1;1 One to two hours after 1,500 to 2,000 ml oral water
oad.

t This was the only random sample taken 1 hour after
fluid ingestion. The urine collected at this time had been
in the bladder at least 2 hours before this voiding.

or unmeasurable levels of ADH in the plasma.
In the two individuals in whom the original water
load was not sustained, plasma ADH levels started
to rise again (Figure 2). Table VIII gives data
on ADH levels before the water load and at the
height of the water diuresis. Although Figures
2 and 3 demonstrate the general relationship be-
tween the water diuresis and the level of circu-
lating ADH, the relatively long collection periods



1630

J. W. CZACZKES, C. R. KLEEMAN, AND M. KOENIG

8
x_
oF .\
a3 " \
a$ .
§ 4 T~
5
b \. - _—
. \. //.'f
8 8
z
a
['4
<
i
-
V¢
xE+a
KE
2 L,
w
W
@
w [+ S—————— U
_2 L_A —
c
£
€ 10
¥
[4
2
2
(mOsmA) (394) 3y (67) 99) (288) (381)
20 40 60 80 50 n%?; 140 [7) 60 200 220 240

TIME IN MINUTES AFTER WATERLOAD

Fic. 2. RELATIONSHIP BETWEEN THE FALL IN THE CONCENTRATION OF ANTIDIURETIC HORMONE
(ADH) IN THE PLASMA AND THE DEVELOPMENT OF A WATER DIURESIS IN A NORMAL SUBJECT
AFTER THE ORAL INGESTION OF 1,500 ML OF WATER.

while the rate of urinary flow is changing rap-
idly do not allow a critical comparison of these
parameters.

b) Calculated results. Figure 4 illustrates the
semilog graph for the falling ADH concentrations
after water loading. The curves for endogenous
ADH are composed of two parts, an initial slower
and a second steeper part, both fitting fairly well
the general formula of C= Co-e¥T. The frac-
tional turnover (K) calculated from this equation
for the second part of the curve seems to be iden-
tical for all individuals tested and was found to
be 0.0433 per minute (t;, 16 minutes).®

The fractional turnover of the first part of the
curve apparently was related to the initial concen-
tration of ADH in the plasma (Table IX). This
relationship is illustrated in Figure 5. Although
the slope of the first part of the curve may also

6 In subject JWC the second part of the curve was rep-
resented by only two points, and in subject CRK the fit
of the points is poorer than in the others, thus decreas-
ing slightly the validity of these two curves as compared
to the others,

have been related to the rate of change of plasma
osmolality d P,em/dt after the intial water load,
the degree of accuracy of the freezing point meas-
urement of the plasma did not allow this rela-
tionship to be critically assessed. After the intra-
venous administration of vasopressin to individu-
als whose plasma activity was zero, the semilog
plots depicted in Figure 6 were obtained. In each
individual the disappearance of exogenous ADH
was slightly slower than the disappearance of en-
dogenous ADH. The mean fractional turnover is
0.0327 per minute as compared with 0.0433 per
minute, the t; being 20 to 22 and 16 minutes, re-
spectively (Table IX).

After intravenous injection of exogenous ADH
(arginine-vasopressin) during maximal water di-
uresis, ADH levels rose from zero to 4 to 10 pU
per ml of plasma and fell again to zero after 80
to 110 minutes.

After chronic dehydration the disappearance
curves of endogenous and exogenous ADH were
significantly steeper, whereas after chronic over-
hydration the curves for exogenous ADH were
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TABLE VII
The protocol of a typical water-load experiment begun after 24 hours of water deprivation on subject G. R.*

Time Elapsed time Blood no. Urine no. Urine volume Urine flow Osmolality ADH
min ml ml/min mOsm/L wU/ml
8:30 ot 10 1,134
8:49 0 302 18.0
8:53-9:10 Oral water load, 2,000 ml followed by sustained water ingestion
9:10 0 1 300 18.0 -
10 2 301
13 1 54 1.02 1,062
20 3 297 15.7
30 4 293 15.0
34 2 33 1.57 773
50 5 287 : 6.5
57 3 101 5.4 267
70 6 289 2.7
73 4 185 11.6 107
90 7 291 1.2
93 5 350 17.5 79
110 8 293 0
113 6 355 17.8 63
130 9 294 0
133 7 350 17.5 60
136 15 mU arginine vasopressin iv
146 10 295 5.0
156 11 288 3.45
157 8 142 5.93 137
166 12 282 2.3
176 13 281 1.75
178 9 32 1.52 586
196 14 286 0.5
201 10 124 5.4 185
216 15 288 0
221 11 220 11.0 75
236 - 16 292 0
241 12 275 13.75 63

* Water deprivation means no preformed liquids ingested and high water content foods, i.e., fresh fruit and gefatin,
were avoided for 24 hours.
t Represented a collection period of approximately 60 minutes.

less steep. (See below in calculated results, Ta- the injected amount of ADH and zero time con-
ble XII, Figures 7 and 8.) centration estimated by extrapolating the disap-

¢) Volume of distribution and ADH release. pearance curves to zero time. Table X gives the
After intravenous injection of vasopressin, the ap- results and expresses them as a percentage of body
parent volume of distribution was calculated by weight.

TABLE VIII
Plasma ADH levels during maximal water diuresis

Duration ADH at mid-point
of water Basal Maximal water Urine of maximal water
Subject Weight Height restriction ADH diuresis osmolality diuresis period
kg cm hrs wU/ml ml/min mOsm/L

C.R. K. 70.0 179.1 15 7.0 12.5 67 0.4*

J. W.C. 70.4 190.5 12 5.6 13.0 128 0.3*

R. B. 85.0 195.6 16 10.0 13.5 74 1.9t

J. B. 72.3 198.1 18 15.0 11.7 76 0

G. R. 68.2 177.8 24 18.0 17.5 60 1.2

D. A. 70.9 247.6 24 18.5 19.7 60 0

D. A. 70.9 247.6 72 20.0 28.4 87 0

J. B. 72.3 190.5 72 22.0 12.7 97 0

* Fell to undetectable amounts within the next 5 to 10 minutes.
t Fell to zero within the next 20 to 25 minutes.
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F16. 3. EFFECT OF A SUSTAINED ORAL WATER LOAD (2,000 ML), FOLLOWED
BY THE INTRAVENOUS INJECTION OF ARGININE-VASOPRESSIN, ON THE PLASMA
LEVEL OF ADH AND THE PARAMETERS OF A MAXIMAL WATER DIURESIS.

The correlation between the slope of the first
part of the disappearance curve and the initial en-
dogenous ADH concentration in plasma, despite
the extreme constancy of the second part of the
curve, suggests that the differences between the
various initial slopes may represent the quantity

of ADH released from the posterior lobe subse-
quent to water ingestion (see Discussion).

If we assume that in the steady state the basal
concentration of ADH in the plasma is relatively
constant, that the input and removal rates are
equal, that the volume of distribution of the hor-

TABLE IX

The half-time fractional turnover of endogenous and exogenous ADH in six normal subjects

Hours
of water Basal plasma
Subject deprivation Type of curve ADH Half-time Ki1in min™* Kz in min~1t
uwU/ml min
J. W 12 Endogenous 5.6 16.0 0.014 0.043
C. R. 15 Endogenous 7.0 16.0 0.0117 0.0433
R. B. 18 Endogenous 10.0 16.5 0.0099 0.0420
Exogenous 10.0% 22.0 0.0314
J. B. 18 Endogenous 15.0 16.0 0.00767 0.0433
Exogenous 5.0§ 20.0 0.0346
G. R. 24 Endogenous 18 16.0 0.00693 0.0433
Exogenous 5§ 20 0.0346
D. A. 24 Endogenous 18.5 16.0 0.00557 0.0433
Exogenous 4.4§ 23.0 0.0301
* K, = fractional turnover of initial part of curve.
t Kz = fractional turnover of second part of curve.

1 10 minutes after injection of 25 mU arginine-vasopressin.
§ 10 minutes after injection of 15 mU arginine-vasopressin.
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mone is the plasma volume, and that removal is
proportional to plasma concentration, then steady-
state secretion rate equals the fractional turnover
(K,, Table IX) X estimated plasma volume X
initial concentration. The results of these calcu-
lations are listed in Table XI.

d) The effect of chronic over- and dehydration.
Figures 7 and 8 compare the disappearance curves
of endogenous and exogenous ADH after 24
hours of water deprivation, 3 days of water re-
striction, and 3 days of overhydration in the same
individuals. Table XII compares the relevant

data. The turnover rate is significantly decreased

after chronic overhydration and significantly in-
creased after chronic dehydration. As a con-
sequence of the latter, the calculated “steady-state”

I
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F16. 4. SEMILOGARITHMIC DISAPPEARANCE oF ADH
FROM THE PLASMA OF NORMAL SUBJECTS, IN VARIOUS
STATES OF HYDRATION, AFTER AN ACUTE ORAL WATER LOAD.
Each curve represents a different subject. The straight
lines represent visual approximation to the points.
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F16. 5. RELATIONSHIP, AFTER VARYING PERIODS OF DE-
HYDRATION, BETWEEN THE INITIAL LEVEL OF ADH IN THE
PLASMA AND THE SLOPE OF THE FIRST PART OF THE DISAP-
PEARANCE CURVE. (See Figure 4.) The line represents
a visual approximation to the points.

secretion rate increased more than twofold in sub-
ject J.B. and almost twofold in subject D.A.
(Table XII).

C. Ultrafiltration and dialysis

Table XIII demonstrates that endogenous ADH
seems to be completely ultrafiltrable and dialyzable.
Values for ADH concentration in the ultrafil-
trate of 4°, 20°, and 37° C, as well as the di-
alyzate at 37°, are practically identical with the
control plasma.

Discussion

The present investigation not only confirmed
Heller and Stulc’s (3) observations but, by the
slight modification of maintaining hydration by
continuous intravenous infusion rather than by
stomach tube, detected as little as 0.25 pU of
ADH. Heller pointed out that the limitation of
the method was the difficulty of obtaining a con-
stant base line of urinary volume. In the present
study we found that by switching from discontinu-
ous oral to continuous intravenous administration,
the necessary constancy of base-line urinary flow
could be achieved. The disappearance of anti-
diuretic activity in all water-loaded subjects, the
accuracy of the recoveries from the diluted plasma
(Table IV), as well as inactivation by sodium-
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thioglycolate, strongly suggest that this assay
specifically detected ADH. Furthermore, the au-
thors (10) could find no antidiuretic activity in
the plasma of two dehydrated patients with vaso-
pressin-sensitive diabetes insipidus. The results
suggest that physiologic studies with a more elabo-
rate extraction procedure are unnecessary. How-
ever, to prevent partial or complete loss of activity
the special precautions described in the present in-
vestigation must be observed (see Table V).

The zero levels of ADH referred to in the pres-
ent study represent less than 0.25 pU per ml.
The justification for considering this as a physio-
logically meaningful term will be discussed below.

The two slopes in the dose-response curve of
Figure 1 indicate the complicated nature of the
response to ADH within this range of dosage.
It obviously involves all the multiple factors
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F16. 6. SEMILOGARITHMIC DISAPPEARANCE FROM THE
PLASMA OF INTRAVENOUSLY ADMINISTERED ARGININE-VASO-
PRESSIN IN NORMAL WATER-LOADED SUBJECTS. The straight
line represents the visual approximation to the points.
The line G.R. has not been drawn to incorporate the low-
est point (0.5 uU per ml) observed in this subject. The
reason for this marked deviation is unclear. Unfortu-
nately, a sample with a comparably low but detectable
concentration was not obtained from the other subjects
receiving arginine-vasopressin.
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ENDOGENOUS ADH
1. 15 hrs. dehydration
2. 72 hrs. dehydration

EXOGENOUS ADH
DURING SUSTAINED WATERLOAD

3. After 15 hrs. dehydration
4. After 72 hrs. overhydration
5. After 72 hrs dehydration

PLASMA A DH u units/mi

w
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Fic. 7. EFFECT OF VARIOUS STATES OF HYDRATION IN
SUBJECT J.B. ON THE DISAPPEARANCE FROM THE PLASMA
OF ENDOGENOUS ADH AND SYNTHETIC ARGININE-VASOPRES-
sIN (ExoGeNous ADH). The straight line represents
the visual approximation to the points.

necessary to convert the urine from that of maxi-

_ mal water diuresis to that of a significantly hyper-

tonic antidiuresis.

Basal ADH level in various states of hydration
(Table VI). The range of ADH concentrations
(0.5 to 2.7 pU per ml) detected in the plasma of
normally hydrated subjects (within 3 hours of
previous ad lib fluid ingestion) was similar to the
levels found by Heller and Stulc (4). Since
completion of this work, the paper on ADH as-
say by Yoshida, Motohashi, Ibayashi, and Okinaka
(11) has appeared. These authors extracted
ADH from human plasma with trichloroacetic
acid and XE-64 resin and found a mean concen-
tration of ADH in the plasma of normally hy-
drated humans of 19=+0.3 pU per ml. This
correlates with indirect observations that the nor-
mally hydrated subject generally excretes a mod-
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TABLE X
Apparent volume of distribution of injected ADH

Volume of distribution

Body Extrapolated Injected Volume of as percentage of
Subject weight zero value ADH distribution body weight
kg i uU/mi mU mil
R.B 7 14.5 25 1,770 2.5
J.B 80 7.1 15 2,120 2.6
G. R 71 7.3 15 2,030 2.9
D. A 99 5.9 15 2,550 2.6

erately hypertonic urine, and indicates that in this
state a continuous low level of ADH secretion is
taking place. Increasing degrees of dehydration
are associated with progressive increments in the
basal concentration of ADH. After 24 hours of
water deprivation ADH plasma levels reached
18.5 uU per ml, and after 3 days of chronic de-
hydration the levels rose to 22.0 U per ml. Our

ENDOGENOUS ADH
1. 24 hrs. dehydration

2. 72 hrs. dehydration
EXOGENOUS ADH
DURING SUSTAINED WATERLOAD
3. After 24 hrs. dehydration
0 4. After 72 hrs. overhydration
5. After 72 hrs. dehydration
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F16. 8. EFFECTS OF VARIOUS STATES OF HYDRATION IN
SUBJECT D.A. ON THE DISAPPEARANCE FROM THE PLASMA
OF ENDOGENOUS ADH AND SYNTHETIC ARGININE-VASO-
PRESSIN (EX0GENoUs ADH). The straight line repre-
sents the visual approximation to the points.

observed values closely approximate those indi-
rectly calculated by Lauson (12). The values ob-
served by others utilizing a large number of dif-
ferent assay techniques have been completely tabu-
lated by Lauson (12). Unfortunately, these val-
ues cannot be critically compared to those of the
present study because of the different levels of
sensitivity of the various assay procedures.
Turnover of circulating endogenous ADH af-
ter periods of dehydration up to 24 howrs. In
every subject the disappearance of endogenous
circulating ADH after administration of an acute
or sustained water load was characterized by two
distinct semilogarithmic curves (Figure 4). If
the basal plasma levels during the first 24 hours
of deprivation are a consequence of the degree of
dehydration (Table VI), this suggests that the
rate of release of ADH is a function of the de-
gree of dehydration. The direct measurements of
ADH activity in the hypothalamus and posterior
lobe of various animals with different degrees of
dehydration (13-19), suggesting both increased
production and increased release of antidiuretic
material, are consistent with the present observa-
tions. Although the slopes of the first part of the
disappearance curve were inversely correlated with
the basal ADH plasma level (Table IX, Figure
5), that of the second, in periods of dehydration
up to 24 hours, did not demonstrate this relation-
ship. As the second part of the curve probably
indicates peripheral removal of circulating ADH,
when no further hormone was entering the blood-
stream, the different slope of the first part may
represent the continued, but diminishing, release
of hormone from the posterior lobe. The dimin-
ishing release would be secondary to a diminish-
ing osmotic stimulation of the neurohypophysis
during absorption of the water load. Although
this explanation for the continued release of the
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TABLE XI

Calculated steady-state secretion rate during moderate dehydration

Hours of water Basal ADH

Steady-state

Subject deprivation plasma level Plasma volume* K2 in min™! ADH secretion

uU/mi ml pU/min
J. W. C. 12 5.6 3,660 0.0430 887
C.R. K. 15 7.0 3,200 0.0433 969
R. B. 18 10.0 3,220 0.0420 1,394
]. B. 18 15.0 3,600 0.0433 2,338
G. R. 24 18.0 3,200 0.0433 2,494
D. A. 24 18.5 4,450 0.0433 3,564

* Estimated as 4.59%, of body weight.

hormone is probably correct, we have recently
noted that the rapid iv administration of 2.5%
glucose solution, rather than oral ingestion of the
water load, did not change the form of the disap-
pearance curve in one subject (10). Examina-
tion of the second part of the disappearance curve
of endogenous ADH discloses a remarkable simi-
larity of turnover rates in all normal subjects
tested, the t; being 16 to 17 minutes. These ob-
served values confirm the t; calculated by Lauson
(12) from the data of Hollander, Williams, Ford-
ham, and Welt (20) and Lauson (21). From the

latter, a t; of 12 to 19 minutes, and from the
former, 10 to 12 minutes was calculated.

In the normal subjects of the present study zero
levels were attained 70 to 120 minutes after the
initial water load. Although the assay could not
differentiate between a true zero and 0.2 pU per
ml of ADH, each observed point so closely fell
on a straight line that we can reasonably assume
that the ADH levels truly approached zero.

Within the limits of urinary collections, peak
water diuresis was obtained when the plasma con-
centration of ADH was either zero or slightly

TABLE XII

The half-time fractional turnover rate of endogenous and exogenous ADH, the steady-state secretion as well as
maximal urine osmolality after injection of 15 mU arginine-vasopressin

Basal

Minimal

Maximal Steady-state

State of Type of plasma urine urine Plasma secretion Half-
Subject hydration curve ADH flow osmolality  osmolality K2/min rate time
nU/ml ml/min mOsm/L mOsm/ L wU/min min
J. B. 18-hr water Endogenous 15.0 0.4 1,126 300 0.0433 2,338 16
deprivation
72-hr dehy- Endogenous 22.0 0.8 1,337 336 0.0693 5,488 10
dration
18-hr water Exogenous* t 5.0 0.8 641 282 0.0346 20
deprivation
72-hr dehy- Exogenous* 5.0 1.2 812 293 0.0693 10
dration
72-hr over- Exogenoust 4.6 2.5 487 275 0.0173 40
hydration
D. A 24-hr water Endogenous 185 ?<0.2 1,124 310 0.0433 3,564 16
deprivation
72-hr dehy- Endogenous 20 0.25 1,348 332 0.0693 6,167 10
dration
24-hr water Exogenous™*t 4.4 1.9 560 290 0.0315 22
deprivation
72-hr dehy- Exogenous*:} 4.0 2.8 790 293 0.0693 10
dration
72-hr over- Exogenoust 4.0 4.7 327 282 0.0157 44
hydration

* After water load.

t 10 minutes after iv injection of 15 mU arginine-vasopressin.
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greater (Table VIII). This suggests that ADH
activity at the renal tubular site reaches zero simul-
taneously with or slightly before the zero level
in the plasma. Therefore one may conclude that
peak water diuresis in humans represents the point
where blood and tissue levels of ADH are mini-
mal. These observations suggest a weak or loose
“binding” of the hormone at its site of action on
the nephron. This is in excellent accord with the
in vitro observation on the toad bladder that vaso-
pressin can be immediately removed from the tis-
sue by simple washing with physiological solutions.

Exogenous disappearance curves and apparent
volume of distribution. Figure 6 illustrates the
disappearance curves of exogenous arginine-vaso-
pressin after rapid (2 to 3 seconds) intravenous
administration to normal subjects during a sus-
tained maximal water diuresis. It is apparent
that the slope of the disappearance curve is
slightly less steep than the curve for the disap-
pearance of endogenous ADH in the same sub-
ject in the same experiment, the mean fractional
turnover being 0.0342 per minute and 0.0433 per
minute, respectively, and the t;, 20 and 16 min-

utes, respectively. Schroder and Rott (22) fol-.

lowed the disappearance of antidiuretic activity
from the plasma of three normal adults subsequent
to the iv injection of 4 U of Pitressin.” After 10
minutes the semilogarithmic disappearance curve
was a straight line between approximately 200 pU
per ml and 40 pU per ml with a t; of 7 to 8 min-
utes. It is difficult to assess Schroder and Rott’s
(22) results properly. First, the 4 U of Pitressin
given intravenously was an extremely large dose
physiologically. The patients developed headaches
and abdominal cramps, and acute arterial vaso-
constriction probably occurred also. What effect
these physiologic changes would have on the dis-
posal of the hormone is unknown. Secondly, in
Figure 3 of their paper they have plotted the dis-
appearance of ADH after the Pitressin injection
from 100 pU per 0.5 ml down to 1 uU per 0.5 ml
of plasma; yet, the minimal amount of antidiuretic
activity that they could accurately detect was 20
pU. Their assay used the ethanol-anesthetized
rat. We have assumed from the text of their pa-
per that there was a 10-fold error in labeling the
ordinate in Figure 3.

7 Parke, Davis & Co., Detroit, Mich.
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TABLE XIII

Concentration of endogenous ADH in anaerobic ultrafilirate
and dialyzate compared with control plasma

ADH in

Tempera- filtrate or ADH in

Subject Method ture dialyzate control

°C uU/ml nU/ml
A. B. Ultrafiltrate 4 8.75 8.8
J.W.C. Ultrafiltrate 4 5.1 5.0
R. B. Ultrafiltrate 20 3.0 3.0
J. B. Ultrafiltrate 20 3.1 3.1
E. R. Ultrafiltrate 37 2.5 2.7
T.W. C. Ultrafiltrate 37 3.4 3.2
T. W. C. Dialysis 37 2.7 2.9
R. B. Dialysis 37 3.5 3.3

When the disappearance curve for exogenous
ADH is extrapolated to zero time through the 10-
minute point, and the zero time value divided into
the injected dose, an apparent volume of distribu-
tion is obtained (Table X). This volume ranged
between 2 and 3% of the body weight, a value less
than the generally accepted figure for plasma vol-
ume of 4 to 5% of body weight (23).

In recent experiments the authors (10) have ob-
served that the volume of distribution of exoge-
nous ADH in hydrated dogs and rats approxi-
mates the true plasma volume when calculated
from the “steady-state” concentrations of ADH
in the plasma collected during a continuous infu-
sion of the hormone and the fractional turnover
rate (K), estimated from the plasma disappearance
curve after the infusion was stopped. It is diffi-
cult to explain why the volume of distribution (2
to 3% body weight) calculated from the extra-
polated zero time concentration of ADH and the
injected dose should be less than the true volume.
The validity of this technique is based on the as-
sumption that an insignificant amount of the in-
jected ADH has left the volume of distribution .
during the mixing phase. However, the rapid
disappearance of the hormone, as indicated by the
steepness of the slope, may indicate that a sig-
nificant amount did leave the space before mixing.
This would be equivalent to injecting less than the
intended dose and then using the intended dose
in the calculation of the volume, an error that
should have overestimated the true volume of dis-
tribution. The figure of 2 to 3% of the body
weight could be due to injecting more hormone
than was intended or overestimating the concen-
tration of ADH in the plasma at each point on the
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disappearance curve. Although both of these pos-
sibilities are very unlikely, the authors do not be-
lieve that in the present study the extrapolation
technique correctly estimates the true volume of
distribution. If a figure of 4 to 5% of the body
weight is correct, then as others have suggested
(12) ADH distributes in a volume equivalent to
plasma volume. Most authors (24, 25) explained
this distribution by assuming binding of the active
peptide to plasma proteins. We, however, utiliz-
ing both anaerobic ultrafiltration and dialysis,
could not demonstrate any appreciable binding to
plasma proteins in witro (Table XIII). Similar
results were obtained by Bocanegra and Lauson
(26) and Lauson (27) in the dog, but Thorn and
Silver (25) concluded that the hormone was
bound in significant quantities to plasma proteins
in the rat. Although this suggests a species dif-
ference, the present authors found the antidiuretic
activity in rat plasma to be completely ultrafil-
terable and dialyzable (10).

If these observations indicate that there is no
ADH binding to plasma proteins in vivo and that
the volume distribution is equivalent to plasma
volume, then the capillary membrane must repre-
sent a significant barrier to the free diffusion of
ADH. These conclusions, plus the observation
that the effect at the renal tubular level (effector
site) disappears practically simultaneously with
the loss of the hormone from the circulation, must
mean that the interstitial concentration is at all
times very low relative to the plasma level and that
little or no barrier exists between the interstitial
compartment and the effector site.

Relationship of the previous state of hydration
to the turnover rate of ADH. As noted earlier,
the t; for disappearance of exogenous ADH ad-
ministered during a sustained water load was 20
to 22 minutes as compared with 16 minutes for
endogenous ADH in the same experiment (Table
XII). This indicated that either the turnover rate
of synthetic arginine-vasopressin was less rapid
than that of the individual’s own ADH or that
the absence of circulating ADH created by the
sustained water load decreased the disappearance
rate. If the latter were correct, the turnover of
ADH should be influenced by chronic dehydration
or overhydration, respectively, the former increas-
ing, the latter decreasing the rate. The results
tabulated in Table XII indicate that the state of
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previous hydration did indeed influence the rate
of disposal of the hormone in the manner pre-
dicted. Half-life of endogenous ADH of 16 min-
utes was decreased to 10 minutes after chronic de-
hydration, and the half-life of exogenous ADH
was increased from 20 to 22 minutes to 40 to 44
minutes after chronic overhydration.

The antidiuretic effect of ADH can be corre-
lated with the previous state of hydration, over-
hydration inhibiting, and dehydration enhancing
its action (28). This was confirmed in the pres-
ent study by comparing the maximal urinary os-
molality after injection of 15 mU vasopressin into
the same subject in different states of previous
hydration (Table XII).

The above observations indicate that either
chronic dehydration or an increase of ADH con-
centration in plasma both increase the turnover
rate and the kidney’s concentrating ability. Con-
versely, chronic overhydration or the absence of
circulating ADH decreases both these phenomena.
This suggests that the receptor sites for ADH are
influenced by the state of previous hydration
whether these sites are involved in a specific physi-
ologic action or only in inactivation of the hor-
mone. Sawyer, Chan, and Van Dyke (29) have
recently demonstrated that lysine-vasopressin is
less antidiuretic and less rapidly removed from the
circulation of the rat than arginine-vasopressin.

Secretion rates of endogenous ADH in different
states of hydration. Table XI lists the steady-
state secretion rates after moderate dehydration
as well as the observed data from which these were
calculated. In the normal state of hydration
(basal ADH level of 2 pU per ml) the calculated
rate of ADH secretion in these subjects (Table
XI) is approximately 275 to 380 wU per minute.
This is, as previously mentioned, associated with
the excretion of a slightly hypertonic urine. Un-
der the stimulus of dehydration this secretion rate
rises to 5,488 and 6,167 pU per minute after 3
days of water restriction (Table XII). The basal
level of circulating ADH is only 10 to 20%
higher at 3 days than after 18 to 24 hours of wa-
ter deprivation. Therefore, the main factor con-
tributing to the calculated increased secretion rate
is the accelerated rate of turnover. The plasma
osmolality after 3 days of dehydration was sig-
nificantly higher than that after 18 and 24 hours
(336 and 332 mOsm per L. as compared with 300
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and 310 mOsm per L, Table XII) and probably
reflected the main stimulus for the increased se-
cretion rate observed. Urinary osmolality, how-
ever, was only moderately higher (1,337 and 1,348
mOsm per L as compared with 1,126 and 1,124
mOsm per L, Table XIT) after 3 days. The cal-
culated secretion rate after 18 and 24 hours of de-
hydration probably represents the rate necessary
to maintain a nearly maximally concentrated urine
at physiological rates of solute excretion. Lauson
(12) calculated, for a blood level of 1 pU per ml,
a secretion rate of 87 pU per minute of ADH per
m2  With the fractional turnover of the present
study and a plasma level of 1 pU per ml, a secre-
tion rate of 140 pU per minute could be calculated.

The modification of Heller and Stulc’s (3) re-
liable bioassay for ADH, used in the present study,
has made it possible to investigate the normal physi-
ology of ADH. With this technique it will now
be possible to evaluate pathological states critically.

Summary

A sensitive and reproducible bioassay for anti-
diuretic hormone (ADH) in mammalian plasma
has been developed utilizing the hydrated ethanol-
anesthetized rat. Bladder exteriorization (3) and
a continuous intravenous infusion of hypotonic
solution made it possible to maintain constant wa-
ter diuresis. With this preparation as little as
0.25 pU of ADH per ml could be detected. At
this plasma level a maximal water diuresis was
always observed.

ADH disappeared from the circulation of wa-
ter-loaded normal humans in an exponential man-
ner with a t; of 16 to 17 minutes. The latter was
increased by chronic overhydration and decreased
by chronic dehydration. Calculation of the ap-
parent volume of distribution of exogenous ADH
from the extrapolated zero time concentration in
the plasma gave a value of approximately 2.5%
of the body weight. We felt that this technique
underestimated the true volume of distribution
and that the latter more closely approximated the
plasma volume. Despite this, no binding of ADH
to plasma proteins could be demonstrated. The
peak of maximal water diuresis coincided with, or
may even have preceded, the attainment of zero
(< 0.25 pU per ml) ADH levels in the plasma.
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