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(From the Aero Medical Laboratory, Wright Air Development Center,
Wright-Patterson Air Force Base, Ohio)

(Submitted for publication June 10, 1952; accepted October 21, 1953)

It is known that changes of blood volume are
associated with changes of urine flow. Moderate
bleeding not sufficient to result in a drop of arterial
blood pressure leads to oliguria. Mild plethora as
induced by small transfusions of plasma (1), iso-
oncotic aibumin (2), whole blood (3), or washed
red cells (4) leads to diuresis. A possible ex-
planation of this phenomenon could be sought in
a hypothetical volume regulatory mechanism using
nervous elements in the vascular walls to sense
"the fullness of the blood stream," which accord-
ing to Peters (5) "may provoke the diuretic re-
sponse on the part of the kidneys." It was hoped
that, by giving due regard to the elastic properties
of the circulatory system and hence to the dis-
tribution of induced volume changes, a study of
the distribution of sensitive end-organs in the
vascular bed might yield some hints as to the prob-
able nature and location of a volume regulatory
mechanism. While the arterial tree, due to its
high volume elasticity coefficient, has to be ruled
out as a potential reservoir, there is evidence that
from the viewpoint of their pressure volume rela-
tions the pulmonary and venous circulation form
an appropriate unit for such a function (6-8).
A volume change could be measured most ac-
curately if the whole system or one compartment
of average or greater than average distensibility
had stretch receptors intercalated in its walls.
While little is known about stretch receptors in
the peripheral veins, a variety of sensitive nervous
end-organs similar to those in the carotid sinus
have been found in the intrathoracic circulation,
particularly in the walls of the venae cavae, the
pulmonary vein and both auricles (9, 10). The
complex physiology of the sensitive nervous end-
organs in the thoracic viscera has recently been

1 Present Address: Department of Physiology and
Pharmacology, Duke University School of Medicine, Dur-
ham, North Carolina.

discussed in detail (11, 12). Centripetal nervous
impulses from these regions are represented by a
whole variety of signals conducted in the A, B,
and C fibers. If one or a combination of several
groups of these signals indicate volume sense and
share in the office of moderating the kidney func-
tion, it should be possible to increase and decrease
urine flow by artificially increasing or decreasing
the blood content of the compartments in which the
sensitive end-organs are located.

Change of the filling of the intrathoracic cir-
culatory organs can easily be achieved by applica-
tion of constant positive or negative pressure
breathing. Drury, Henry, and Goodman (13)
have already found that positive pressure breath-
ing impairs urine flow. They interpreted this
finding as a sign of general circulatory stress.
Since it is known that many kinds of stress may
lead to oliguria, the evidence of any experiments
which depend solely on reduction of urine flow
was felt to be ambiguous. The authors, therefore,
focused their efforts on the design and evaluation
of an experiment which uses as the critical end
point production of diuresis. This can be achieved
by application of constant negative pressure breath-
ing (NPB) at pressures of the order of 10 cm.
H20. Even if a more direct approach to test the
validity of the hypothesis which stimulated these
experiments were to fail, the results seemed in-
teresting enough to merit publication.

METHODS

Over seventy experiments were performed on forty
dogs, most of them females. The animals were pre-
medicated with 0.7 to 1 mg. per Kg. of morphine and
then anesthetized with approximately 60 mg. per Kg. of
chloralose (1 per cent solution in .6 per cent saline).
After the catheters of the pressure gauges for recording
various intravascular pressures had been inserted, the
narcosis was maintained at the lightest level compatible
with quietude by intravenous injection of 5 mg. per Kg.
chloralose every ten minutes. In order to maintain
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FIG. 1. EFFECT OF REPEATEDAPPLICATIONS OF NPB ON URINE FLOW, PULSE RATE, AND RESPIRATION

Note the slow onset of diuresis and the long after-effect. In this experiment marked increases in urine flow were
observed without any substantial change in pulse and respiration rates.

proper hydration enough saline was added to the chlora-
lose to make up a total injection of 1 cc. per Kg. per 10
minutes of an isotonic solution. The animals were placed
on their sides without restraint.

Urine was collected through an indwelling catheter in
the bladder. Females were catheterized with an S
shaped glass tube of 5 mm. inside diameter; males with
a tapered plastic catheter 3 mm. inside diameter. Both
catheters had several side holes around the tip. The suc-

tion of the fluid column of about 50 cm. in the rubber tube
connecting the catheter to the measuring burette on the
floor was usually sufficient to keep the bladder empty at
all times. In a few animals it was occasionally neces-

sary to provoke contraction of the bladder by moving the
catheter at due intervals. The urine was measured in
a vertical 10 cc. narrow lumen glass burette.

Negative, and in a few instances positive, pressure

breathing was accomplished in the following way. Im-
mediately after induction of anesthesia a tracheal intuba-
tion was performed. By the use of valves close to the
mouth the respiratory dead space was reduced to a mini-
mum. The inspiratory and expiratory tubes were con-

nected to a 20 liter container which was ventilated with
fresh air by a suction pump at a rate of 160 liters per

minute. As an added precaution, a CO2 absorbing cart-

ridge was introduced in the air path. The amount of
suction as indicated by a water manometer could be set

by a screw clamp at the air intake. The same equipment
was used for positive pressure breathing by replacing the
suction pump with a source of air pressure. In one ex-

periment for determination of cardiac output under NPB,
the low breathing pressure was obtained by adding an

appropriate extra weight to the counter weight of the
bell of a basal metabolic spirometer (14).

Pulse rate and respiration were counted at ten minute
intervals throughout all experiments. During episodes
of special interest one or several of the following pressure
recordings were taken continuously in individual experi-
ments: Arterial pressure in the carotid or femoral artery
with Statham gauge P23A 0-75 cm. Hg (15): Venous
pressures in the vena cava superior and abdominal vena

cava with Statham gauge P23B 0-5 cm. Hg using record-
ing galvanometers of Heiland Type E with no damping
resistance. All mean pressures were determined by
planimetry. Two cardiac output determinations by the
Fick method were made in one experiment. Hematocrit
changes were checked in six experiments.

It was soon suspected that the management of the ani-
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NEGATIVE PRESSUREBREATHING AND URINE FLOW

mals before the experiments and their state of hydration
may influence constancy of urine flow during the control
period and their sensitivity to NPB. The animals were
kept for a minimum of three weeks on a liberal constant
diet of dog food and horse meat. Water was offered ad
libitum. They were fed for the last time on the afternoon
before the experiment. The first 25 to 30 animals of the
series, started early in Spring, received no prehydration.
Later the animals were offered thin meat broth after the
last feeding. They took about 2 liters of this broth during
the evening. An alternative procedure was the addition
of 1 Gm. salt per day to the regular diet With the onset
of hot summer weather urine flow became rather high
and more variable when the animals were brought from
the hot kennels to the air conditioned laboratory. In re-
trospect, it is not possible to decide whether this was due
to the change of climate or to the change in experimental
regime. It appears desirable, however, to avoid exposing
the animals to extremes of temperature and to significant
temperature differences between kennels and laboratory.
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RESULTS

Figure 1 is the record of a typical experiment.
After a control period of constant urine flow, ap-
plication of negative pressure breathing episodes
of - 8 cm. and - 5 cm. water produce an increase
in urine excretion of between 100 and 200 per
cent. The diuresis starts slowly and reaches a
peak after thirty to forty minutes. After cessa-
tion of the negative pressure the urine flow re-
turns gradually to control level. In the average
animal urine flow increased from 4.4 cc. per 10
min. to 9.9 cc. per 10 min. or from .030 cc. per Kg.
per min. to .066 cc. per Kg. per min. Maximum
urine excretion was usually observed at the end
of the NPB period. In 6 of 21 experiments in
which NPB was maintained for more than 50

CONTROL URINE FLOW cc/min/Kg x 1o-2
FIG. 2. EFFFCT OF CONTINUOUSPREssuRE BREATHINGON URINE FLOw
Abscissa: Arithmetic mean of control flow before onset and 30 to 40 minutes

after cessation of pressure breathing. Ordinate: Maximum urine flow obtained
during the 30 to 40 minute pressure breathing period. Dotted line: Average
urine flow with NPB. Although the sensitivity of the animals, as expressed
by the ratio of urine flow with NPBover control flow, is independent of con-
trol flow, the better hydrated summer animals o show much greater absolute
changes of urine flow than do the spring animals *. Positive pressure breath-
ing v results consistently in a decrease of urine flow.
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TABLE I

Mean pressure changes with 10 cm. water NPB*

Arterial pressure Central venous pressure Peripheral venous pressure
mm. Hg cm. HsO cm. H20

Date Before During After Before During After Before During After

5/20 124 125 119 10.3 + 4.7 10.4 13.8 7.9 11.5

5/25 126 124 140 9.2 + 2.7 9.3 9.7 6.6 9.9

6/5 89 89 106 0.5 - 8.3 2.2

6/12 89 90 - 3.1 - 1.9 -

6/18 124 138 142 4.5 - 4.0 1.3

6/27 95 95 95 4.0 - 6.0 2.0

6/29 140 132 120 10.4 + 5.7 9.1
132 140 126 8.9 + 1.4 9.8

7/3 80 88 87 5.7 - 0.7 5.6
98 105 111 7.5 - 1.6 7.1

7/19 112 129 126 8.8 0 7.8

7/20 95 90 100 6.2 - 1.3 5.4 8.1 4.5 6.9
(a) 100 96 100 5.4 - 8.2 6.8 6.9 3.7 9.1
(b) 84 106 124 0.6 -14.8 2.7 7.8 3.2 4.0

7/23 121 126 128 5.5 + 1.4 1.2 5.8 2.1
(a) 128 128 - 1.2 - 6.5 - 1.8 0.9

7/25 128 135 124 7.4 - 3.6 2.7 8.9 3.9 6.5

Mean 111 115 117 6.6 - 0.8 5.7 7.9 4.1 8.0

MeanAP.t +1 - 7.0 -3.9

* In three cases higher pressures were used, (a) 15 cm. H,O and (b) 20 cm. H20. The data from these experiments
were not included in the calculation of the mean Central Venous Pressure. Comparison of individual figures shows
that an increase in suction beyond 10 cm. H20 is not reflected by a further fall of Peripheral Venous Pressure.

t AP = Pressure during NPB _ pressure before + pressure after NPB
tAP=Pressureduring NPB2

minutes, urine flow started to decline after a
maximum was reached at about 30 to 40 minutes.
However, at the end of the NPBperiod urine flow
was still considerably higher than the control level
and fell sharply when the NPBwas discontinued.
In 24 experiments, urine flow did not return to
normal with cessation of NPBbut remained about
30 per cent above control level. In four cases it
remained equal to or went even higher than the
highest value with NPB. This response pattern
cannot, of course, be distinguished from a spon-
taneous diuresis.

Figure 2 is a survey of 70 NPB tests and 5
positive pressure breathing (PPB) applications.
The abscissa indicates control flow in cc. per min-
ute and 1 Kg. of dog weight. It represents the
arithmetic mean of the control flow before onset
of pressure breathing and control flow 30 to 40
minutes after cessation of pressure breathing. The

ordinate gives maximum urine flow during pres-
sure breathing. There is only one experiment with
no change and two with a very slight decrease of
urine flow with NPB. These figures stem from
the above-mentioned four experiments in which
urine flow continued to rise after cessation of NPB.
The average urine flow during NPB is expressed
by the dotted line whose relative linearity indi-
cates that the per cent increase remains approxi-
mately constant regardless of control flow. It is,
however, obvious that the control flow and abso-
lute change of urine flow during NPB is much
greater in the summer animals. Since the degree
of prehydration was changed between the seasons
it is not possible to decide whether this increase
was due to the change of climate or to the experi-
mental regime. The application of positive pres-
sure breathing in five experiments resulted in a
marked decrease of urine flow.
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The average blood pressure was 114 mm. Hg.
It did not change with NPB (Table I). The aver-

age pulse rate was 71. The majority of the ani-
mals showed marked respiratory arrhythmia of
the heart. Immediately following onset of NPB,
heart rate increased almost instantaneously and
established a higher level at an average of 92. The
individual per cent increases of heart rate ranging
from 0 to 92 per cent were plotted against per cent
increase of urine flow. No quantitative relation
between the two sets of observations could be es-

tablished. There was also no relation between the
individual increase of urine flow and the increase
of the rate of respiration, which on the average,

tripled with the onset of NPB.
Application of 10 cm. NPB decreased central

venous pressure by an average of 7.0 cm. H20.
The pressure in the abdominal veins fell only 3.9
cm. H20 (Table I).

Two determinations of cardiac output with the
Fick method yielded an increase of 7.7 and 12 per

cent. The hemotocrit was unaltered by NPB.

DISCUSSION

The relatively slow heart rate and marked re-

spiratory arrhythmia of the pulse which is char-
acteristic of the normal resting dog was maintained
in the majority of the animals. Thauer and
Wezler (16) showed that chloralose reduces but
does not abolish this sign of near normal circula-
tory reactivity while other anesthetics, especially

TABLE II

Acute procedures changing urine flow *

Urine Filling of intra- Filling of extra- Pressure in renal
Procedure flow thoracic circulation thoracic circulation veins

Hemorrhage (1) Reduced Reduced (7, 8) Reduced Reduced

Pos. pressure breathing Reduced Reduced (38) Increased (38) Increased, partly
in humans (13) counterbalanced by

intra abd. pressure

Pos. pressure breathing Reduced Reduced (37) Increased Increased (14)
in anesth. dogs 10 cm. H20
Balloon in inf. v. cava Reduced Reduced Increased in legs Increased (29)
above renal veins and lower abd. 26 cm. H20

Balloon in inf. v. cava Reduced Reduced Increased in legs Reduced
below renal veins (29) and lower abd.

Orthostasis (41, 42, 43) Reduced Reduced (44) Increased in legs Increased

Sequestering of blood Reduced Reduced (47) Increased in limbs Reduced
by cuffs (46)

Sequestering of blood by Normal > Normal ? Increased in limbs, > Normal ?
cuffs plus infusion of normal or slightly
1500 cc. of blood (48) increased in abdomen

Blood transfusion (1, 2, 3) Increased Increased (7, 8) Increased Increased

Neg. pressure breathing Increased Increased Reduced Reduced
in humans (35)

Neg. pressure breathing Increased Increased (37) Reduced Reduced
in anesth. dogs -4 cm. H20 (14)

Head down tilt (45) Increased Increased Reduced Reduced

Immersion of trunk in Increased Increased Reduced Increased,
warm bath (40) counterbalanced by

intra abd. pressure

Exposure to cold (49) Increased Increased (50) Reduced Increased

* Only those statements with a reference number have been substantiated by direct experiments. The other state-
ments have been deduced from the physiology of blood distribution, blood reservoirs (6) and pressure volume relation-
ships in the extra-arterial circulation (7, 8).
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the barbiturates, usually produce a fast, unvary-
ing pulse. With regard to its effect on the kidney,
chloralose does not share in the antidiuretic ac-

tion of other anesthetics and H. Smith (17) re-

cently pointed out that when chloralose anesthesia
was employed in water diuresis experiments "ap--
parently maximal diuresis could be obtained with
no complications." In the present work, 0.7 to 1.0
mg. per Kg. morphine given early in the morning
was sufficient to prevent chloralose hyper-reflexia
for the duration of the experiment. This dose is
considerably less than the 2.5 to 5 mg. per Kg.
usually employed to demonstrate the antidiuretic
effect of this drug (18) and approximates the
minimal dose necessary to produce antidiuresis
(19). The control urine flow of .030 cc. per Kg.
per minute for the average 15 Kg. dog is nearly
double the normal urine flow as determined in
conscious animals (20). It may still appear low
in view of the hydration induced by the experi-
mental regime. However, the spring animals re-

ceived no prehydration. Further, the injection of
isotonic solutions, an unavoidable necessity for the
induction and maintenance of anesthesia, has no

direct effect on urine flow (17).
The first negative pressure breathing episode of

Figure 1 is not only representative with regard to
the average increase of urine flow in our 70 ex-

periments, but also shows the characteristic pat-
tern. While central venous pressure, heart rate
and respiration, change immediately with the on-

set and usually stay constant for- the period of
NPB, urine excretion may increase only a little
in the first ten minutes, then rise faster and finally
level off to a maximum after 30 to 50 minutes.
The return to normal is gradual and takes about
20 to 30 minutes. The slow onset of the diuresis
and the long after effect could be explained on the
theory that impulses from receptors in the thoracic
region are transmitted to the central nervous svs-

tem. There they would cause an inhibition of
secretion of antidiuretic hormone with a resultant
diuresis of the type observed. The experiments
of Brun, Knudsen, and Raaschou who adduced
strong evidence that the oliguria of orthostasis is
due to release of ADH, support such a hypothesis
(21). Before a rather involved reflex mechanism
of this kind can be given more serious considera-
tion, it is necessary to determine whether hemo-

dynamic or respiratory changes, brought about by
NPBcould directly cause the increased urine flow.

Rein (22) showed in 1931 that gross disturb-
ances of the systemic circulation such as those in-
duced by carotid sinus stimulation did not affect
renal blood flow, although the femoral and splanch-
nic arteries simultaneously showed strong con-
striction. Subsequently, numerous investigators
with different methods and approaches have found
that marked changes of cardiac output or arterial
pressure had relatively little effect on kidney blood
flow and urine excretion (23-26). C. Heymans
(27) recently commented that the renal circula-
tion does not participate in the moment-to-moment
homeostasis of general blood pressure. But even if
moderate changes of cardiac output or peripheral
resistance were to affect urine excretion, the
changes of hemodynamics of the arterial system
with the degree of NPB employed in our experi-
ments were so small that they could not be held
responsible for our results. The opinion that con-
stant NPB should increase venous return and
hence cardiac output has been disproved by Holt
(14). He showed that the resultant great pres-
sure gradient towards the heart is due to an in-
creased flow resistance caused by a partial col-
lapse of the upper abdominal vena cava rather than
an increased venous flow. Using both the Fick
principle and the dye injection method, he found
with 16 cm. H2ONPBan increase of cardiac out-
put of 13 ± 16 per cent and 4 ± 6 per cent, respec-
tively, the dye figures seeming to be the more
reliable ones. No perceptible change of cardiac
output could be detected when using 8 cm. H2O
NPB. Although there was no doubt of the validity
of Holt's careful studies, two Fick determinations
were made. Yielding an increase of 7.7 per cent
and 12 per cent, they were in full agreement with
his findings.

The heart rate, as the most sensitive circulatory
parameter, may almost double in some experi-
ments, but nro quantitative relationship between the
change of heart rate and urine excretion could be
established. The question has been raised whether
the drop of the peripheral venous pressure may not
be in part responsible for the increased urine flow.
Although specific evidence on the effect of a re-
duction of renal venous pressure is not available,
the data on the effects of obstructing outflow from
the renal veins show a remarkable insensitivity of
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the kidney to this parameter (28, 29). In other
studies (30) of the effect of local venous conges-
tion on renal function, only one case showed a
small response to pressures of the order of 10 to
20 cm. H2O. It required an elevation of renal
venous pressure by 30 to 40 cm. H2O to reduce
the urine flow by 25 per cent. If we accept the
hypothesis of Swann, Montgomery, and Lowry
(31) that the remarkably "high setting" of the
renal interstitial,pressure of approximately 30 cm.
H2Oguards the kidney against the effects of ran-
dom changes of vena cava pressure unless they ex-
ceed this value, it seems unlikely, that the fall of
peripheral venous pressure of 3.9 cm. H2O ob-
served in our experiments was connected with the
average increase of urine flow of more than 100
per cent.

The contrast between the almost instantaneous
adjustment of circulation and respiration to NPB
and the sluggish response of urine excretion can
be taken as added evidence against the assump-
tion that a change of renal circulation is the im-
mediate cause of the observed phenomenon. On
the other hand, a change of blood chemistry due
to the changes of respiration, which were observed
in many NPBexperiments, could induce this same
characteristic pattern of urine excretion. It is
known that a decreased arterial oxygen saturation
as well as hyperventilation may lead to diuresis.
However, the threshold of these effects is far in
excess of that which can be anticipated in our ex-
periments. Stickney, Northup, and Van Liere
(32) had to reduce the oxygen content of the in-
spired air to 9 to 11 per cent before urine excretion
increased by 50 per cent. Collip and Backus' (33)
subjects doubled their urine output during forced
respiration, which led to tetanus and dizziness and
resulted in a gross increase of urine alkalinity.
In the experiments of McCance and Widdowson
(34) on hyperventilation in humans, sodium and
potassium excretion were greatly increased. There
was no relationship between the change of re-
spiratory rate and urine flow in our experiments
and it should be noted in Figure 1 that marked
diuresis could be observed repeatedly with slight
or inconsistent changes of respiration. Proof that
alkalosis from hyperventilation was not the cause
of diuresis with NPB was furnished by human
experiments. It was found that unanesthetized
subjects may respond to NPB with a ten-fold in-

crease of urine flow without any alteration in re-
spiratory rate, in the urine pH or in the total
sodium and potassium excretion (35). Further
evidence that alkalosis is not the causative agent
is seen in recent findings (36) where in humans
a marked diuresis was observed resulting from
hyperventilation of a 5 per cent CO2 mixture.
These authors agree that this diuresis may well
be initiated by a mechanical stimulus rather than
a chemical one.

The most obvious effect of NPBon the circula-
tion consists of an engorgement of the heart and
lung region (37-39). Directing our attention to
the combination of increased filling of the intra-
thoracic circulation with increased urine flow and
decreased filling of the pulmonary circulation with
oliguria, we find that the described phenomenon
is only one of a large number of observations in
which this concurrence can be observed as a re-
sult of very different physiological events. Such
events which lead to a change of urine flow have
been listed in Table II. The similarity of the
effects of different experiments quoted is well ex-
pressed by Adolph and Molnar (49) who state
that "the diuresis can be turned on and off either
by change of exposure from cold to comfortable or
by change of posture from lying to standing"
(Table II).

When looking for the probable nature and loca-
tion of the sensitive end-organs of a mechanism
linking changes of blood volume or blood distribu-
tion with urine flow, the coincidence of reduced
urine flow with reduced filling of the intrathoracic
organs and of engorgement of these regions with
increased urine flow, is striking. On the other
hand, the behavior of urine flow is not consistently
related with the filling of the extra-thoracic vascu-
lar bed or the behavior of local renal venous pres-
sure or renal congestion. It is intriguing to specu-
late that the apparently fortuitous similarity of
reaction of the kidney to stimuli as different as
gravitation and cold stress may eventually be traced
back to the same hemostatic reflex originating from
the circulatory organs within the chest.

There are more examples of the rule that en-
gorgement of the pulmonary circulation coincides
with increased urine flow in normal subjects. The
fact that this relation is grossly disturbed in con-
gestive heart failure could tentatively be inter-
preted as an impairment of sensitivity of the
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proposed volume regulatory mechanism. This
concept concurs with the view held by McLean
(51) who considered edema to be a problem in
physiological regulation and described it as "a
perversion of the regulatory mechanism of vol-
ume." Such an assumption that a circulatory
reflex mediated through stretch receptors may

change its sensitivity and eventually result in a

"perversion" of its normal function has been
proved for the carotid sinus reflex by Palme (52,
53). He found that dabbing of the pressure sensi-
tive area with dilute adrenaline solutions or stimu-
lation of a sympathetic fibre running into the
carotid sinus reduced the sensitivity of the reflex
and finally abolished it. Recent investigations
(54-56) confirmed this important observation and
concluded that the state of contraction (sym-
pathetic tone) of the vascular walls which carry

vaso-sensitive elements determine their mode of
action. Since it is generally believed that vascu-

lar tone is increased in congestive failure (57-59)
one may consider that the sensitivity of the vol-
ume regulatory mechanism is decreased leading
to fluid retention in spite of pulmonary congestion.

SUMMARY

1. In seventy experiments, forty dogs were ex-

posed to periods of constant negative pressure

breathing of the order of - 10 cm. H20. This
stimulus consistently increased urine flow from
an average of .030 cc. per Kg. per min. to .066
cc. per Kg. per min.

2. Physiological factors such as mean arterial
pressure, heart rate, cardiac output, venous pres-

sure and respiration, which are affected by nega-

tive pressure breathing or considered to influence
renal function, were surveyed. No relation be-
tween urine flow and any one of these parameters
could be found.

3. The most outstanding effect of negative pres-

sure breathing is a disturbance of blood distribu-
tion. With regard to this hemostatic imbalance,
diuresis with negative pressure breathing is only
one of many conditions in which, in normal sub-
jects, an engorgement of the intrathoracic circula-
tory organs, no matter how induced, coincides with
increased urine flow.

4. As a working hypothesis, it is suggested that
stretch receptors in the pulmonary circulation and/

or the chambers of the heart and the great veins
may represent the sensitive part of a mechanism
linking hemostatic events with urine excretion for
the control of plasma volume.
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