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RENALTUBULARREABSORPTIONOF WATER1

BY WALTERHOLLANDER,JR.,' T. FRANKLIN WILLIAMS,' CHRISTOPHERC.
FORDHAM,III,4 m LOUIS G. WELT

(From the Department of Medicine, University of North Carolina School of Medicine,
Chape Hill, N. C.)

(Submitted for publication December 26, 1956; accepted March 14, 1957)

There is little available information regarding
the quantitative relationship between the rate of
secretion of antidiuretic hormone (ADH) and
the rate of reabsorption of water by the renal
tubules. From the work of Shannon (1) and
Lauson (2) it has been suggested that in both
dogs and adult humans the rate of secretion of
ADHis equivalent to the intravenous adminis-
tration of vasopressin at rates varying from less
than 0.1 to more than 0.7 milliunit per hour per
kilogram of body weight. Utilizing the endoge-
nous creatinine U/P ratios as an index of the
renal response, these authors both demonstrated
a curvilinear relationship between the rate of
infusion of vasopressin and the response of the
kidney. The lowest rates of infusion of vaso-
pressin studied were sufficient to produce a
marked reduction in the rate of urine flow and
increase in the endogenous creatinine U/P ratios,
and there do not appear to be any data which
define the quantitative relationship between ADH
and the renal reabsorption of water in the range
in which the concentration of the urine is gener-
ally less than that of the plasma. The current
studies were designed to establish this relation-
ship with the additional hope that its character-
istics might provide some insight with respect to
the mode of action of ADH.

1 Work aided by Research Grant H-1301 (C3), from the
National Institutes of Health, United States Public Health
Service, and by a contract with the Office of the Surgeon
General, United States Army (DA-49-007-MD-369).

2 Work done while a post-doctoral research fellow of the
United States Public Health Service.

3Work done while a post-doctoral research fellow of the
Life Insurance Medical Research Fund.

4Work done while a trainee of the Institute of Arthritis
and Metabolism, National Institutes of Health, United
States Public Health Service.

PROCEDUREAND METHODS

Each experiment was designed to compare the rate of
urine flow (V) and the clearance of free water (Clao) (3)
during maximal water diuresis with the urine flow and
clearance of free water during the infusion of vasopressin,
at one or more constant rates.

The subjects were all apparently healthy young adult
men of ages twenty to thirty-five. No food or water was
allowed for 10 to 12 hours prior to all but three of the
experiments. In three studies (R.W., D.R., and E.D.,
1/10/55), an attempt was made to increase (R.W. and
E.D.) or decrease (D.R.) the rate of solute excretion.
R.W. and E.D. (1/10/55) received 25 grams of sodium
chloride per day added to their diets for two days prior
to the study, and a portion thereof on the morning of the
study upon arising. D.R. received only water ad lib. plus
200 grams of sucrose per day for two days prior to the
study. No smoking was permitted for 8 hours prior to or
during each experiment. All experiments were started
between 7:30 and 8:30 A.M. and lasted from 6 to 11 hours,
during which the subjects remained recumbent. Urine
was collected through an indwelling Foley catheter with
the aid of manual supra-pubic pressure. Venous blood
was collected under oil through a Cournand needle which
remained in an antecubital or forearm vein throughout
each study. Approximately 0.25 ml. of heparin (1:1,000)
was injected into the Cournand needle after each blood
sample was obtained. No food or water was ingested
during the experiments.

The basic design of the studies was as follows: In order
to suppress the endogenous secretion of ADH as com-
pletely as possible, a positive balance of water of approxi-
mately one liter was produced in each subject, usually
during the first hour, by the intravenous infusion of a
solution of 3j per cent dextrose, 31 per cent invert sugar,
or 5 per cent invert sugar, in water. This positive balance
was subsequently maintained by adjusting the rate of
infusion so that it approximated the rate of urine flow
(infusion controlled by an Omega Machine Company
"blood" pump which compresses the infusion tubing). In
some experiments a maximal water diuresis was observed
initially, followed by one or more constant infusions of
vasopressin. In other experiments this order was reversed,
and in a few studies an infusion of vasopressin was brack-
eted by periods of maximal water diuresis. In one subject
(R.S.), one rate of infusion of vasopressin (0.5 milliunit
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per hour) was compared with a preceding maximal water
diuresis; another rate of infusion (1.0 milliunit per hour)
was compared with a subsequent maximal water diuresis.
All infusions of vasopressin and all maximal water diureses
were continued until an equilibrium appeared to have been
achieved; i.e., an approximately constant rate of urine flow
for at least 2 to 3 collection periods of 10 minutes or more.
Venous blood was obtained through the Cournand needle
near the end of each such series of "equilibrium" periods,
usually at the start of the last period. Studies were elimi-
nated if emotional factors appeared to have influenced the
results, but it is obviously impossible to know that they
were not involved in those reported.

Two separate lots of Pitressin®' were used: the first
(RH-303 M, studies 1 through 5) was several years old but
was used only during a three-month period and was re-
assayed (pressor activity) by the Parke, Davis and Com-
pany laboratories during that period; the second lot (Pt
189750, studies 6 through 9) was generously supplied new
by Parke, Davis and Company and was assayed by them
before and after the experiments. The first lot apparently
had deteriorated by about 50 per cent, and this fact has
been incorporated in the rates of infusion reported. The
pre- and post-experimental assays on the second lot indi-
cated no significant decrease in pressor potency. The
appropriate dilutions of vasopressin were all prepared
from freshly opened ampoules in 5 per cent invert sugar and
water immediately before infusion, and were all admin-
istered intravenously at a constant rate of approximately
1 ml. per minute controlled by a Bowman finger-type
infusion pump. The constancy of this pump was studied
on several occasions and showed a variation of less than
0.1 ml. per minute over a period of 8 or more hours. The
rates of infusion were checked in each experiment by timing
the infusions and by weighing the bottles of vasopressin
before and after completion of the infusions.

Inulin was administered intravenously as a 2j per cent
solution in 5 per cent invert sugar and water at a constant
rate of approximately 1 ml. per minute. Because of tech-
nical difficulties subsequent to the experiments, most of the
analyses for inulin were unsatisfactory and clearances of
inulin cannot be reported.

The osmolal concentrations of the serum and urine were
measured on the day of the study with a Fiske Freezing
Point Osmometer which was calibrated to read osmolality
at the time of each set of determinations (4). A qualita-
tive test for glucose in the urine was performed by the
standard Benedict's method.

The osmolal clearance (CO.) (3) and the clearance of
free water (Ciao) (3) were calculated from the following
formulas:

Coam =lmC[Un
[P]la

CHO= V - Coam

where [U3,., = osmolal concentration of urine, [Plow =

5 Both lots were derived from an indeterminate mixture
of hog and beef pituitaries and were supplied through the
courtesy of Dr. A. C. Bratton, Jr., of Parke, Davis and
Company.

osmolal concentration of serum, and V = urine flow in ml.
per minute.

The change in free water clearance (ACa2o) associated
with each rate of infusion of vasopressin was calculated by
subtracting the average free water clearance observed at
"equilibrium" during the infusion of vasopressin from the
free water clearance obtained in the same experiment during
maximal water diuresis (CH,20a1 - CH20 = ACH2O). The
values for ACHo have all been corrected to a standard
surface area of 1.73 square meters (AC'p2o), the surface
area of subjects being estimated from their height and
weight. The change in flow of urine (A flow) and the
change in C.. (ACN.E) have been calculated in the same
manner as has ACHo.

The method of analysis of variance was utilized to exam-
ine the adequacy of the calculated regression equations.

RESULTS

The rates of excretion of urine, the osmolal
concentrations of the urine and serum, and the
rate of excretion of solutes for all "equilibrium"
periods are shown in Table I. The average values
during "equilibrium" of V, [Uosm, Cosm, CH1O,
'A flow, ACosm, ACHOand AC'H,o are presented
in Table II. The urine flow and free water
clearance during maximum water diuresis varied
significantly among subjects. Similarly, if all
subjects are considered, the urine flow and free
water clearance during an infusion of vasopressin
bore no absolute relationship to the rate of the
infusion. Except for three subjects (R.W. 10/
17/54, E.D. 1/10/55, and D.R. 2/23/55), all
values of Co.m during maximal water diuresis
(C ogm) were between 2.3 and 4.0 ml. per minute.
The exceptions (Co0om= 7.0, 7.2, 1.9, and 1.7
ml. per minute) were produced intentionally as
explained under "methods" in an effort to ex-
amine the effect of the rate of solute excretion on
the quantitative behaviour of vasopressin. In
twelve of the seventeen observations, ACosm was
no greater than 0.5 ml. per minute. There was
no demonstrated glycosuria during the "equilib-
rium" periods of most studies; in a few, during
the relatively higher rates of infusion of vaso-
pressin, slight glycosuria was detected but never
exceeded approximately 1 gram per cent. It is
therefore unlikely that glucose was ever a major
constituent of the urinary solutes.

The data in Table II show a considerable
degree of biologic variation, despite which it can
be seen that there was a graded curvilinear rela-
tionship between the rate of infusion of vaso-
pressin and the renal response. The relationship
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TABLE I

The effects of various rates of infusion of vasopressin-Measured and derived data during all
"equilibrium" collection periods

Subject Urine Serum
Date
Weight Rate of Rate of
Height infusion of Solute solute Solute
Est. s.a. vasopressin Time Flow concentration excretion concentration

R. S.
8/22/54
75.80 Kg.
180 cm.
1.93 sq. M.

D. D.
8/26/54
70.05 Kg.
190 cm.
1.96 sq. M.

J. A.
9/20/54
92.20 Kg.
187 cm.
2.18 sq. M.

E. D.
9/30/54
74.55 Kg.
177 cm.
1.90 sq. M.

R. W.*
10/17/54
74.70 Kg.
181 cm.
1.94 sq. M.

mu./hour
0
0
0

0.5
0.5
0.5

1.0
1.0
1.0

0
0
0

9.8
9.8
9.8

2.5
2.5
2.5

1.4
1.4

0
0

9.3
9.3
9.3

4.7
4.7
4.7

0
0

7.2
7.2

2.1
2.1
2.1

0
0
0
0

0
0
0
0

0.4
0.4
0.4

mita
156-168
169-178
179-191

248-263
264-278
279-292

355-373
374-391
392-416

46 484
485-507
508-518

155-169
170-183
184-199

241-260
261-274
275-289

409-422
423-437

485-499
500-508

186-206
207-225
226-247

384 404
405-426
427-449

553-565
566-575

113-137
138-158

280-300
301-317
318-333

478-495
496-511
512-526
527-538

57-98
99-110

111-125
126-136

216-233
234-253
254-273

w2./miu.
14.2
14.6
14.6

11.5
11.7
11.6

13.6
13.7
13.5

16.4
17.6
17.0

7.0
7.1
7.0

13.1
13.8
14.2

15.0
16.6

19.3
19.4

1.7
1.7
1.9

2.9
2.5
3.8

15.1
14.0

6.6
6.3

11.8
11.8
12.1

22.2
24.5
20.5
19.6

24.7
23.7
22.9
23.7

18.6
18.3
18.7

mniosmolal
48.0
47.0
45.0

55.0
57.0
63.0

60.0
60.0
57.0

46.0
44.0
45.0

100.0
97.0
99.0

56.0
54.9
51.9

43.0
48.0

39.0
37.0

318.0
293.0
313.0

144.0
205.0
141.0

43.1
43.0

190.0
177.0

60.8
60.8
66.1

52.0
48.0
44.0
46.0

88.7
80.1
72.9
62.8

48.8
47.9
48.0

micro-osmoles/
mins.

682
686
657

632
667
731

816
822
770

754
774
765

700
689
693

734
758
738

645
798

753
718

540
498
594

417
513
536

652
602

1,254
1,115

718
718
800

1,155
1,176

902
900

2,192
1,900
1,670
1,490

909
878
899

milliamwial

272

271

269

265

275

273.5

270.5t
269

269

269

270

271

270

266

276

270
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TABLE I-Continued

Subject Urine Serum
Date _ _ _
Weight Rate of Rate ofHeight Infuion of Solute solute Solute
Eat. s.a. opresin Time Flow concentration excretion concentration

W. M.
1/3/55
76.65 Kg.
190 cm.
2.06 sq. M.

E. D.*
1/10/55
75.90 Kg.
177 cm.
1.92 sq. M.

D. R4t
2/23/55
73.97 Kg.
182 cm.
1.94 sq. M.

T. C.
5/6/55
82.65 Kg.
188 cm.
2.1 sq. M.

,u./1mi.
9.9
8.5

10.9

milidsmo"
85.5

102.0
87.8

1.85 397.0
1.1 436.0

12.1
10.9

5.3
4.9
4.9

4.4
4.2
4.0

28.8
28.7
28.8
29.8

9.5
11.2
10.0

78.9
70.0

167.0
175.0
171.0

501.0
542.0
565.0

72.9
67.9
64.0
59.9

53.0
51.9
52.7

3.4 112.0
3.3 117.0
3.7 109.0

9.1 55.1
8.3 53.7
8.5 52.0
9.6 50.7

1.2 475.0
0.9 584.0
0.9 600.0

13.0
12.9
13.2

55.0
51.8
51.0

* High sodium chloride intake prior to study (see text).
t Low solute intake prior to study (see text.
* An interpolated value.

may be expressed by at least three simple re-

gression equations, the renal response being
expressed as AC'HO since it appears reasonable
to assume that the change in free water clearance
represents the increase in the reabsorption of
water by the renal tubules which results from
each particular infusion of vasopressin (see Dis-
cussion). If ACo.m were zero, ACHOwould of
course equal A flow. The equations (1, 2, and 3)
and the results of analysis of variance are shown
in Table III-A. All three equations are highly

significant in a statistical sense, but at such
extremely high values of "F," statistical consid-
erations alone cannot determine which expression
most accurately defines the relationship. Fur-
thermore, the derivation of these particular
equations is in no sense intended to imply that
they represent the only expressions which will
describe the data, since it is certain that many
other more complex equations involving two or

more constants would do so as well.
In order to minimize any effect which a change

mU./how
1.9
1.9
1.9

1.8
1.8

0
0

1.8
1.8
1.8

15.5
15.5
15.5

0
0
0
0

0
0
0

1.7
1.7
1.7

0
0
0
0

10.7
10.7
10.7

0
0
0

minuts
383-402
403-422
423-439

161-187
188-223

373-395
396-415

493-507
508-523
524-540

130-152
153-172
173-192

360-376
377-399
400-417
418-427

149-168
169-189
190-207

328-349
350-369
370-389

461-479
480-499
500-519
520-530

305-324
325-344
345-364

497-511
512-526
527-540

miaoosmolcs/
min.

847
867
958

734
480

955
763

884
856
838

2,205
2,278
2,258

2,102
1,951
1,844
1,786

504
582
527

382
385
402

502
446
442
487

570
526
540

715
669
674

miliosmoial

266

276t

268

265

274

268

278

270

271

271

275

102
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TABLE II

The effects of various rates of infusion of vasopressin-Average "equilibrium" values

Urine
Rate of

Subject infusion of Solute
Date vasopressin Flow conentration C..m Caso A Flow ACQW ACHIO ACH0O

mU./kr. i/miu. al ml./min. mL./min. ml./min. mt./mi. ml./min. ml./min.
R. S. 0 14.5 47 2.5 12.0

8/22/54 0.5 11.6 58 2.5 9.1 2.9 0 2.9 2.6

0 17.0 45 2.9 14.1
1.0 13.6 S9 3.0 10.6 3.4 -0.1 3.5 3.1

D. D. 0 19.4 38 2.8 16.6
8/26/54 1.4 15.8 45 2.7 13.1 3.6 0.1 3.5 3.1

2.5 13.7 54 2.7 11.0 5.7 0.1 5.6 4.9
9.8 7.0 99 2.5- 4.5 12.4 0.3 12.1 10.7

J. A. 0 14.7 43 2.3 12.4
9/20/54 4.7 3.1 163 1.8 1.3 11.6 0.5 11.1 8.8

9.3 1.8 309 2.0 -0.2 12.9 0.3 12.6 10.0

E. D. 0 21.9 48 3.9 18.0
9/30/54 2.1 11.9 62 2.8 9.1 10.0 1.1 8.9 8.1

7.2 6.5 184 4.4 2.1 15.4 -0.5 15.9 14.5

R. W.* 0 24.1 81 7.0 17.1
10/17/54 0.4 18.5 48 3.3 15.2 5.6 3.7 1.9 1.7

1.9 9.7 92 3.3 6.4 14.4 3.7 10.7 9.5

W. M. 0 11.5 75 3.2 8.3
1/3/55 1.8 1.4 419 2.1 -0.7 10.1 1.1 9.0 7.6

0 11.5 75 3.2 8.3
1.8 5.0 171 3.2 1.8 6.5 0 6.5 5.5

E. D.* 0 28.9 67 7.2 21.7
1/10/55 15.5 4.2 534 8.2 -4.0 24.7 -1.0 25.7 23.4

D. R.t 0 10.2 53 1.9 8.3
2/23/55 1.7 3.4 113 1.4 2.0 6.8 0.5 6.3 5.6

0 8.7 53 1.7 7.0
1.7 3.4 113 1.4 2.0 5.3 0.3 5.0 4.5

T. C. 0 13.0 53 2.5 10.5
5/6/55 10.7 1.0 553 2.0 -1.0 12.0 0.5 11.5 9.5

* High NaCi diet (see text).
t Low solute diet (see text).

TABLE III

Regression equations and the results of analysis of variance

Analysis of variance

Variation in data
"removed" by
the equation

Equation MF"*(% of total)

(A) All data
(1 AC'H2O = 3.89 + 9.39 log (vasopressin rate) 32.0 68.1
(2 log AC'ino = 0.570 + 0.564 log (vasopressin rate) 63.6 80.9
(3 1 /C'Hso = 0.071 + 0.196 (1/vasopressin rate) 108 87.8

(B) Data associated with AC. of 0.5 ml. or less
(4) AC'HsO = 3.44 + 7.58 log (vasopressin rate) 37.9 79.1
(5) log AC'nHo = 0.542 + 0.519 log (vasopressin rate) 70.6 87.6
(6) 1/AC'Hso = 0.098 + 0.173 (1/vasopressin rate) 42.1 80.7

* The probability of "F" occurring by chance is less than 0.001 for each of the equations.
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0
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FIG. 1. THE RELATIONSHIP BETWEENAC'H,0 (ML. PER MINUTE) ANDTHE RATEOF INFUSION OF

VASOPRESSIN (MILLIUNITS PER HOUR) EXPRESSED AS A LoG-LoG TYPE OF FUNCrION
The dotted lines represent the 95 per cent confidence limits for the mean values of log AC'Ho (not

for individual values).

in the rate of excretion of solutes might have on

ACH2O, the data have been reconsidered after
eliminating the five studies associated with a

AComof more than 0.5 ml. per minute. This
also eliminates four of the five studies in which
C~oom was greater than 3.5 ml. per minute. The
resulting regression equations (4, 5, and 6) are

shown in Table III-B. Equations 5 and 6 are

also illustrated in Figures 1 and 2. Again, sta-
tistical analysis revealed that the three types of
equation are very well approximated by the data.
It will also be noted that, if the one point repre-

senting a rate of infusion of vasopressin of 0.5
milliunit per hour were omitted, the data would
describe a regression equation of the type shown
in Figure 2 (Equation 6) with considerably less
variation about the line.

That these three types of mathematical ex-

pression should all provide such excellent de-

scriptions of the data is not surprising because,
as shown in Figure 3, these three equations
approximate each other quite closely throughout
most of the dose range involved in their deriva-
tion (0.5 to 10.7 milliunits per hour). Obviously,
it would be extremely difficult to differentiate
between them in this range on the basis of data
as variable as that provided by most biological
studies.

It should be emphasized that in all but one

study (E.D. 1/10/55) the rates of infusion of
vasopressin were less than that required to pro-
duce a significantly hypertonic urine and the
relationships defined may not be applicable at
higher rates of administration of vasopressin.

The method of analysis of variance was utilized
to examine the influence of the rate of excretion
of solutes on the renal response to vasopressin.
The variable considered was the value of C..

x

x

-0.3 -02 -0.1 1.2 13
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l 0.45

Cs

0.40

0.35

0.10

*0.05

' 0.098 + 0.173( )
ACH2 PitressinHo

I

Pitressin Rate

FIG. 2. THE RELATIONSHIP BETWEENAC'H20 (ML. PERMINUTE) ANDTHE RATEOF INFUSION OF
VASOPRESSIN(MILLIUNITS PERHOUR)EXPRESSEDAS A RECIPROCALTYPEOF FUNCTION

The dotted lines represent the 95 per cent confidence limits for the mean values of I/AC'Hao.

ACHEo 2

ml. per min.I
20~~~~~~~~~~~~~~~~~..A@5)

18

14
12

(5) LOG MHo '0.542- 0.519 LOG (VASOPRESSIN RATE)

6 . (4) ACU 3.44 + 7.58 LOG (VASOPRESSIN RATE )

4 -t (5) LOS \C&H2 - 0.542 + 0.519 LOG (VASOPRESSIN RATE)

2J (6)t~~~~~0 s0098 +0.173 (AORSI AE
nr1.. . . . ~AC'. O. . . .

- t 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
i VASOPRESSIN(milliunits per hour)

FIG. 3. EQUATIONS4, 5, AND6 EXTRAPOLATEDIN BOTHDIRECTIONS
FROMTHE RANGEOF THE ACTUALDATA

I

I

I
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Log &CV 1.3

1.2

1.1
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0.

0s

0.7

0.6

0.5

O4

0.3

o0

0

0

Log Aol a 0542 + Q519 Log (Pikesa Roet)
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0
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FIG. 4. SAMEAs FIGURE 1 BUT ALSOSHOWINGTEE FIVE DATAFROMSTUDIES IN
WHICHACO. WASGmATERTAN0.5 ML. PERMINUTE

Points designated with a circle represent the six studies associated with C0oo= > 3.5 ml.
per minute and/or AC > 0.5 ml. per minute. An augmented effect of vasopressin
is apparent in five of the six.

during maximal water diuresis (C'.), and it
appeared that with increasing values of C'0.m
there was a slight increase in the AC'H2o for any
particular rate of infusion of vasopressin. How-
ever, of the five experiments with the highest
values of C°sm (>3.5 ml. per minute), four were
associated with values of ACosm greater than 0.5
ml. per minute. Therefore, either Com, &ACom
or both (or some other related variable) appeared
to have a significant effect on the renal response
to vasopressin. This is illustrated in Figure 4.

One significant complication occurred in rela-
tion to these experiments. During a number of
studies which are not included in the results
reported, reactions occurred which were charac-
teristic of those due to intravenous pyrogen
(shaking chills or chilly feelings, temperature
elevations from 100 to 103° F. by mouth, and
variable associated symptoms such as headache,
nausea, vomiting, and muscular aches). These
reactions were ultimately shown to be the result
of the infusion of large volumes of commercially
produced "pyrogen-free" parenteral fluid. This
fluid was always found to be bacteriologically

sterile and it is presumed that it contained minute
amounts of pyrogenic material, which were suffi-
ciently small to escape detection by the standard
U.S.P. rabbit test (5, 6) and which would not
cause reactions when infused in the volumes of
solution commonly used for clinical purposes, but
which would be capable of producing reactions
if infused in large volumes at a rapid rate (5, 6)
as in the studies recorded here (5 to 9 liters at
15 to 40 ml. per minute).

"Pyrogenic" reactions did occur during the 12
hours after completion of the study in four of the
experiments included in this report (R.S. 8/22/
54; R.W. 10/17/54; E.D. 1/10/55; and D.R.
2/23/55). One subject (D.D. 8/26/54) became
nauseated and vomited several times during the
6 hours after completion of the study but did not
develop fever.

DISCUSSION

Vasopressin (Pitressing) is assayed in terms
of pressor activity, but since vasopressin and
antidiuretic hormone are probably identical (7),
the pressor and antidiuretic activities should
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bear a consistent quantitative relationship to
each other. It is therefore reasonable to com-
bine results obtained from two lots of Pitressin®,
the pressor activity of each lot being known.
Obviously, there is no particular significance in
the absolute values of the rates of infusion since
these necessarily have been assigned in terms
of the biologically assayed "pressor" activity.
Also, these calculated rates of infusion of vaso-
pressin are only approximations, since the assay
method is not accurate to better than I7 per
cent (8), and since the measurements involved
in preparing the dilutions are subject to a small
error.

Infusions of vasopressin at rates even consid-
erably greater than those used in the current
studies do not cause any large or consistent
changes in the rate of glomerular filtration (clear-
ance of inulin) (9) and cause slight if any altera-
tion in total effective renal plasma flow (clearance
of para-amino-hippurate) (9). Hence, it is un-
likely that hemodynamic effects were involved
in the current results, although such effects can-
not be as clearly eliminated in the four experi-
ments in which a pyrogenic reaction developed
subsequent to (but not during) the study.

There are three fundamental assumptions im-
plicit in the experimental design of these studies,
the validity of which cannot be known: 1) That
there was no significant secretion of endogenous
ADHduring "equilibrium" periods of what has
been called "maximal water diuresis"; 2) that
the changes in CHOobserved with the infusions
of vasopressin were due entirely to the adminis-
tered vasopressin; and 3) that when vasopressin
is being infused at a constant rate, and when
CHO is constant, the amount of vasopressin
acting on the appropriate site in the renal tubules
is also constant. These assumptions are, at least,
supported by the approximate constancy of CHO
during the "equilibrium" periods.

If the volume of distribution of vasopressin
does not alter, and if the rate constant8 of bio-
logical decay of vasopressin is independent of
concentration (as Ginsburg and Heller (10) found
it to be in the rat), the concentration of vaso-
pressin in the blood at equilibrium would be a

6 The rate constant is the proportion of the total quantity
of ADHpresent in its volume of distribution which leaves
that compartment by any route in unit time.

linear function of the rate of infusion. Further-
more, if the blood flow to the affected portion of
the renal tubules does not alter, the concentra-
tion of vasopressin in the critical region would
be expected to be a linear function of the concen-
tration in the blood and therefore of the rate of
infusion. Within the context of these and the
aforementioned assumptions, one of the three
types of derived regression equations may be a
plausible expression of the physiologic process. by
which ADHeffects the abstraction of water from
the renal tubular urine. Unfortunately, estab-
lishment of such mathematical relationships can-
not of itself prove the existence of any particular
mechanism, and in the discussion which follows
several general concepts with respect to mecha-
nism will be examined without intending to
suggest that those mentioned in any sense repre-
sent an inclusive list.

Equations 1 and 4 express an exponential type
of relationship which can be presented in the
form 1OAC'H2o = A (Vasopressin rate)B. This, of
course, is a commonly used type of dose-response
equation, and if appropriate for the current data,
it does not provide any particular insight with
respect to possible mechanisms. Since this form
of mathematical expression predicts unlimited
values of AC'Ho at ever increasing rates of infu-
sion of vasopressin, it obviously cannot be ap-
plicable much above the range actually studied.
Furthermore, this type of equation predicts the-
oretically negative values for AC'H20 (which
approach minus infinity as a limit) as the rate of
infusion of vasopressin approaches zero as a limit,
which is almost certainly not in conformity with
reality.7

Equations 2 and 5 express an exponential rela-
tionship of the type AC'HO = A (vasopressin
rate)B and, since the exponent is approximately
0.5, imply that the reabsorption of water is pro-
portional to approximately the square root of the
rate of infusion of vasopressin. This is remi-
niscent of Schuitz's Law (11, 12) which states

7 It is implicit in the experimental design of these studies
that a rate of infusion of vasopressin of zero evokes a zero
response (AC'HO = 0). Although the semi-logarithmic
form of equation appears valid within the range of the
actual experimental data, such an expression cannot define
accurately the theoretical dose-response relationship in the
range where the dose is approaching zero and when AC'H2o
also would be expected to be approaching zero.
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that the rate of certain enzymatic reactions is a
function of the square root of the enzyme con-
centration,8 thereby suggesting the possibility
that ADHmay act as an enzyme or apo-enzyme
for a chemical reaction effecting the reabsorption
of water. Since this type of equation also pre-
dicts unlimited values of AC'HO at ever increas-
ing doses of vasopressin, it (like equations 1 and
4) cannot be applicable much above the range
studied.

Relationships of the type represented by equa-
tions 3 and 6 can be derived from several hypo-
thetical modes of action of ADH. One such
derivations has been suggested by Dr. Hans
Ussing (13) who proposes that each molecule of
ADHis potentially able to combine reversibly in
some way with a "site" in the renal tubular cell
or on its membrane, thereby creating a "pore"
through which water can flow at a constant rate.
The actual mechanism causing the flow of water
is immaterial; the term "pore" merely indicates
the rate-limiting element of the process. It is
further assumed that the total number of poten-
tial "pores" is constant, that all potential "pore"
sites have the same affinity for ADH, and that
the rate of movement of water is proportional
to the number of "pores." From these assump-
tions it is possible to derive the following equa-
tion:9

1 1 k (I\
AW Moa Moa HI

where

AW= rate of reabsorption of water resulting
from ADH.

H = number of available ADHmolecules.
k = the dissociation constant for the com-

bination of vasopressin with the so-
called "pore" sites.

Mo = total number of potential "pores" (con-
stant).

a = constant.

Assuming that AWrepresents AC'Ho and that
H is proportional to the rate of infusion of vaso-
pressin, this is comparable to equations 3 and 6.

The conceptual approach suggested by Ussing

8 There appears to be considerable uncertainty with
respect to the validity of this "law" for any enzymatic
reaction.

9 See Appendix A.

would apply to any mechanism which satisfied
the same general assumptions; i.e., the reversible
combination of ADHwith some "receptor" in
or on the renal tubular cells, a limited number of
receptors, and a linear relationship between the
number of ADH-receptor combinations and the
rate of reabsorption of water. Furthermore, it
is apparent that these assumptions and the re-
ciprocal type of equation derived from them are
essentially analogous to the Lineweaver-Burk
expression of the Michaelis-Menten theory of
enzyme kinetics. The possible usefulness of this
approach to the physiologic interpretation of
hormone dose-response relationships has also
been recently suggested by Stetten (14).

Another concept from which it is possible to
derive a relationship of the type expressed in
equations 3 and 6 is that the effect of ADH is,
in some unknown way, to raise the osmotically
effective concentration in the renal tubular cells
(thus promoting the osmotic reabsorption of
water), and that each molecule of ADH results
in a constant increment of that effective concen-
tration up to a maximum.10

It will be noted that equations of the type just
discussed, unlike equations 1, 2, 4, and 5, predict
that at increasing rates of infusion of vasopressin,
AC'H20 will approach a maximum (Moa) asymp-
totically. It might therefore be implied that the
process effected by ADHis limited by a maxi-
mumrate, an implication which is consistent with
the current hypothesis (3, 15, 16) in which the
"facultative" reabsorption of water by the renal
tubules is considered to be a dual process in-
volving: 1) TdHIO, the rate of reabsorption of
water in the distal tubule, under the influence of
ADHbut limited by the rate of reabsorption of
solutes since its maximum is that which will
produce a concentration isosmotic with the glo-
merular filtrate; and 2) TCHIO, the rate of reab-
sorption of solute-free water at some site distal
to that of TdHo0 presumably not influenced by
ADH, approximately constant and maximal
(TmcH,o) at relatively high rates of solute excre-
tion or whenever the final urine formed is hypo-
tonic to plasma. If such a dual mechanism were
in fact operative, the measured values of ACHO
in the current studies could be represented as
follows: ACH,O = ATdH2o + ATHO. Since the

4 See Appendix B.
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final urine was almost always hypotonic to the
plasma, TCH,O should equal TmOH,O, and as the
latter is presumably constant, it could be assumed
that, within the range studied, ACH.O = ATdH,O.
For this reason, it might be appropriate to con-

sider the derived regression equation as a de-
scription of the relationship between the rate of
infusion of vasopressin and ATdHO. In this re-

gard, it is interesting that the maximum values
of the dependent variable predicted by equations
3 and 6 (14.1 and 10.2 ml. per minute," respec-

tively) are of the same order of magnitude as

that anticipated for ATdH,O from calculations
based on the dual mechanism hypothesis12 (15.8
ml. per minute11). Thus, although there is no

particular basis for assuming that the relation-
ship between ADHand ATdHOmust be described
by a single continuous regression equation, it
appears that the reciprocal form (equations 3
and 6) is the only one of the three simple types
discussed here which might reasonably be ap-
plicable much above the range of the current
data.

The renal response to vasopressin or to an

extract of the posterior pituitary gland has been
examined in many animal studies (1, 2, 17-22).
Most of these cannot be readily compared with
the present experiments because of differences in
technique and because the dose-response rela-
tionship often is uncertain. Nonetheless, at least
two studies do allow the derivation of a quanti-
tative relationship between several sub-maximal
doses of injected material and the renal response.

Ginsburg and Heller (22) examined the anti-
diuretic action of individual doses of vasopressin
injected intravenously into unanesthetized rats.
Table IV is based on Figure 1 of their report.
Change in urine flow has been calculated from
the flows shown before, and for varying periods
after, injection of vasopressin. Maximumchange
in flow, A flowme,, is based on the lowest urine
flow during any single period following the injec-
tion. A flow,0 and A flown0 are based on aver-

11 All figures corrected to body surface area of 1.73 square

meters.
"'From Zak, Brun, and Smith (16) Tmomfo in water-

loaded adults = 4.1 ml. per minute. The average maxi-
mumCHo in the current studies - 11.7 ml. per minute.
The theoretically maximum ATd"Ho is the sum of Tmyp.o
and the maximum CHo = 4.1 + 11.7 = 15.8 ml. per

minute.

TABLE IV

Renal response of rats to vasopressin (from Ginsburg
and Heller E22] Figure 1)

Dose of
vrasopressin A 1lOWMAz* A flowut a flow,4
(miliuxnits) mi./1O mix. m./10 min. Ri/do mim.

0.1 0.6 0.4 0.4
0.2 1.0 0.85 0.6
0.4 1.4 1.3 0.9
0.6 1.8 1.65 1.3
0.8 1.8 1.75 1.3

* A flow.. = Difference between pre-injection flow and
minimum flow during any ten-minute period following
injection.

t A flown, = Difference between pre-injection flow and
the average flow during first twenty minutes following
injection.

$ A flow,, = Same as a flow,, except post-injection flow
averaged for thirty minutes.

ages obtained by including the urine flows for 20
and 30 minutes, respectively, after the injection
of vasopressin. As the authors state, a plot of
the logarithm of the dose against the response is
well described by a straight regression line. As
shown in Figure 5, the data (using A flow3o) are
also well defined by either a log-log or reciprocal
relationship. The regression coefficients are
quite similar to those reported here: 0.601 for
the log-log (compared to 0.564 and 0.519 in
equations 2 and 5); 0.215 for the reciprocal rela-
tionship (compared to 0.196 and 0.173 in equa-
tions 3 and 6). Jeffers, Livezey, and Austin (19)
studied the dose-response relationship of vaso-
pressin injected intravenously (as individual
doses) into water-loaded rats receiving alcohol,
the response being defined as the difference be-
tween urine flow for 20 minutes after and 20
minutes before injection. Again, the results are
well expressed by either a semi-logarithmic or a
log-log type of regression equation, and some-
what less well by one involving reciprocals. The
studies of Lauson (2) on a normal man and those
of Shannon (1) on dogs with diabetes insipidus
have been mentioned in the introduction. Both
of these investigators utilized a technique which
was similar to the one employed in the current
experiment but the range studied generally was
higher than in the current studies.

SUMMARYANDCONCLUSIONS

An attempt has been made to define the quan-
titative relationship between antidiuretic hor-
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mone (vasopressin) and the renal tubular re-

absorption of water in continuously water-loaded
young adult men. The vasopressin was infused
at various constant rates, almost all of which
were less than that required to produce an hyper-
tonic urine. The difference between the clear-
ance of free water during maximal water diuresis
and the clearance of free water during an infusion
of vasopressin (ACHo) was considered to repre-

sent the rate of reabsorption of water resulting
from the particular rate of infusion of vaso-

pressin. The results indicate that there is a

graded curvilinear relationship between the rate
of infusion of vasopressin and the renal tubular
reabsorption of water. The relationship can be
expressed by at least three simple regression
equations, the possible physiologic significance of
which has been discussed. It is suggested that
an equation of the form 1/ACH2o = A + B (1/
vasopressin rate) may be the most physiologi-
cally meaningful expression of the data.
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APPENDIX A

Derivation of equation based on "pore" theory of Ussing
(13). Let:

H = Available ADHmolecules.
Mo = Total number of "sites" potentially able to com-

bine with ADHto form "pores."
M = Number of "sites" not combined with ADH.

HM= Number of "pores" (H and Mcombinations).
AW= Rate of reabsorption of water resulting from

ADH.
a = Constant.

Assume:
1) That combination of Hand Mis reversible and obeys

the law of mass action;
2) That AWis proportional to the number of "pores."

Then:
Mo=M+HM
H +M-HM
H X M k
HM

AW= a (HM)

Substituting from (I) and (IV) in (III):

H(Mo-Y) _
a _=kAW

a
Rearranging (V):

(I)
(II)

(III)

(IV)

(V)

(VI)

APPENDIX B
Let:

H = Available ADHmolecules.
AW= Rate of reabsorption of water resulting from

ADH.
A osm = Increased osmolality of renal tubular cells re-

sulting from ADH.
a = Effective osmolality of renal tubular cells in

absence of ADH= constant.
b = Rate at which renal tubular urine is delivered

to site where ADHis effective = constant.
k = Constant.

Assume:
1) That renal tubular urine will always become isosmotic

with the renal tubular cells = a + A osm;
2) That the rate of reabsorption of solutes is constant;
3) That A osm is proportional to H.

Then:
AW=b - ab

a + Aosm
Rearranging (I):

1 1 +a 1I
AW b b\Aosm,

From assumption (3):
1 1 ak 1I

AW b b\ H/

(I)

(II)

(III)
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