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A B S T R A C T Recent studies have demonstrated that
the water diuresis associated with intravenous infusion
of norepinephrine is mediated primarly by suppression
of antidiuretic hormone (ADH) release. To investigate
whether the increase in cerebral perfusion pressure with
intravenous norepinephrine (0.5 jg/kg/min) is directly
responsible for suppression of ADHrelease, the carotid
circulation of dogs was pump-perfused bilaterally to se-
lectively increase cerebral perfusion pressure. In six
experiments cerebral perfusion pressure was increased
from a mean of 125 to 151 mmHg and then returned to
120 mmHg. This maneuver was not associated with a
reversible increase in renal water excretion. The possi-
bility was also examined that norepinephrine exerts a
direct central effect to suppress ADHrelease. In 12 ex-
periments norepinephrine was infused into the carotid
artery in a subpressor dose (0.12 ,tg/kg/min) estimated
to equal the amount of the catecholamine reaching the
cerebral circulation with intravenous norepinephrine.
The urinary osmolality (Uosm) was not significantly
altered with intracarotid norepinephrine (932 to 959
mosmol/kg H20. The possibility was also examined that
changes in autonomic neural tone from arterial baro-
receptors is responsible for suppression of ADHrelease
with intravenous norepinephrine. In sham-operated
animals intravenous norepinephrine diminished Uosm
from 1,034 to 205 mosmol/kg H20 (P < 0.001) whereas
in animals with denervated arterial baroreceptors intra-
venous norepinephrine was not associated with a signif-
icant alteration in Uosm (1,233 to 1,232 mosmol/kg)
H20. These different effects on urinary osmolality oc-
curred in the absence of differences in plasma osmolality
and volume status. The results therefore indicate that
norepinephrine primarily suppresses ADHrelease by al-
tering autonomic baroreceptor tone rather than by a di-

Received for publication 9 July 1973 and in revised form
29 August 1973.

rect central or pressor effect of the catecholamine. This
same mechanism may be the primary pathway for other
nonosmotic influences on ADHrelease.

INTRODUCTION
The effect of intravenous norepinephrine to increase
renal water excretion has been well documented in both
humans (1-3) and animals (4, 5). Recent experimental
evidence has demonstrated that this effect of norepine-
phrine is primarily related to its alpha adrenergic-stimu-
lating properties (4, 5). Moreover, studies from our
laboratory have shown that this effect of norepinephrine
on -renal water excretion is mediated primarily by sup-
pression of vasopressin release rather than a direct effect
on the water permeability of the renal tubular epithelium
(6). The mechanism, however, whereby alpha-adrenergic
stimulation with norepinephrine may suppress endoge-
nous vasopressin release remains to be elucidated.

The possibility exists that norepinephrine may depress
vasopressin release by a direct action on the cells of the
hypothalamo-neurohypophysial tract. Alternatively, some
consequence of the systemic hemodynamic alterations
associated with the intravenous administration of nore-
pinephrine may be involved in the suppression of vaso-
pressin release. Such an effect may primarily involve the
increase in systemic arterial pressure which occurs dur-
ing intravenous norepinephrine. This pressor effect could
potentially suppress vasopressin release directly or in-
directly by altering afferent baroreceptor neural tone
(7, 8).

The present investigation was therefore undertaken to
examine the mechanism whereby alpha-adrenergic stim-
ulation with intravenous norepinephrine is associated
with suppression of vasopressin release independent of
changes in plasma osmolality and volume status. The
results demonstrate that the intracarotid infusion of sub-
pressor doses of norepinephrine, in an amount compar-
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able with or greater than that reaching the cerebral cir-
culation during the intravenous infusion of norepine-
phrine, failed to increase renal water excretion. An in-
crease in cerebral arterial pressure using a pump-perfu-
sion method also failed to alter renal water excretion,
even though the rise in cerebral arterial pressure in these
experiments was comparable with that observed during
the intravenous infusion of norepinephrine. Studies were
therefore performed to examine whether an alteration in
baroreceptor tone is involved in the effect of intravenous
norepinephrine on renal water excretion. These studies
demonstrated that alpha-adrenergic stimulation with in-
travenous norepinephrine was associated with a con-
sistent water diuresis in sham-operated animals but not
in animals with denervated arterial baroreceptors. These
results therefore indicate that the effect of intravenous
norepinephrine on vasopression release is mediated via
baroreceptor neural pathways rather than a direct effect
of either the catecholamine or arterial pressure on the
hypothalamo-neurohypophysial tract.

METHODS
29 experiments were performed in 19 mongrel dogs of
either sex weighing 20-30 kg. In these animals food was
withheld 18 h before study, but water was allowed ad lib.
On the day of study the animals were anesthetized with
intravenous pentobarbital (30 mg/kg), intubated, and ven-
tilated with a Harvard respirator (Harvard Apparatus
Co., Inc., Millis, Mass.). Light anesthesia was maintained
throughout the experiment by the intermittent administra-
tion of pentobarbital. All animals received 5 mg of de-
oxycorticosterone acetate intramuscularly. Polyethylene
catheters were placed in both ureters and renal veins
through bilateral flank incisions. Denervation of kidneys
was performed by stripping and severing the renal nerves
and then applying 100% alcohol to the renal pedicle. In 12
animals an adjustable Blalock clamp was placed around
the aorta above the origin of both renal arteries. In all
animals catheters were inserted into the aorta via the
brachial artery for the continuous measurement of arterial
pressure with Statham transducers (Statham Instruments,
Inc., Oxnard, Calif.) and a direct writing Gilson recorder
(Gilson Medical Electronics, Inc., Middleton, Wis.). In
the animals with the Blalock clamp around the aorta, the
arterial pressure also was measured in the aorta below
the clamp via a catheter inserted in the femoral artery.
For the studies in animals with denervated baroreceptors,
bilateral cervical vagotomy was performed and the carotid
sinus was denervated by stripping and cutting the nerves
surrounding the carotid artery at its bifurcation and apply-
ing 100%o alcohol to this site. In another group of animals,
a sham operation was performed bilaterally in the cervical
region with dissection and manipulation of the carotid
artery, vagus, and the other surrounding tissues. In the
studies in which norepinephrine was infused into the carotid
artery, a 23 gauge needle was placed in the left carotid
artery and kept patent by a continuous infusion of a 2.5 %
solution of glucose and water at 0.5 ml/min. In the caro-
tid artery-perfusion studies a catheter was placed in the
abdominal aorta via the femoral artery, passed through a
roller pump system and then inserted into the respective

carotid artery. With this method, arterial pressure in the
carotid arteries was pulsatile and could be altered by
adjusting the rate of the perfusion pumps. The carotid
sinus baroreceptors were also denervated in these studies
so as to prevent reflex baroreceptor-mediated changes in
systemic arterial pressure. After completion of surgery,
an intravenous infusion of 0.9% saline (0.5 ml/min) was
begun through a catheter in a foreleg vein which con-
tained sufficient inulin and p-aminohippuric acid (PAH)
to maintain blood levels of these substances between 15
and 25 and 1 and 3 mg/100 ml, respectively. A solution
of 2.5%o glucose and water was infused into a peripheral
vein for 20-30 min at 20 ml/min and then maintained at
2-3 ml above urine flow. After stabilization of urine flow,
the experiment was started. Urine was collected at 5- or
10-min intervals throughout the experiment, and arterial
and renal venous blood samples were collected at the mid-
point of alternate urine collections. The experiments were
carried out according to the following protocols.

Bilateral carotid artery perfusion. After adjustment of
mean carotid pressure to equal mean systemic pressure,
three to five control collections were taken. Carotid arterial
pressure was then raised by 20-30 mmHg by adjustment
of the pump rates. After a 30 min equilibration period,
three to five experimental urine collections were made. The
pressure was then returned to control and after another
equilibration period postcontrol collections were made.

Intracarotid administration of norepinephrine. The doses
of norepinephrine infused into the carotid artery ranged
from 0.10 to 0.13 /Ag/kg/min. This dose (20-25%o of the
intravenous dose) was chosen to deliver a concentration
of the drug to the cerebral circulation which was at least
as high as the concentration reaching the head during the
studies with intravenous administration of the drug but
would not alter systemic hemodynamics. After three to five
control periods, norepinephrine was infused into the carotid
artery and after an equilibration period of 30 min, three to
five experimental urine collections were made. The in-
fusion of norepinephrine was then discontinued and after
an equilibration period of 20-30 min, three to five post-
control urine collections were made.

Intravenous administration of norepinephrine. The same
studies were performed in a group of animals with dener-
vated baroreceptors and in a group of sham-operated ani-
mals. Except that the drug was infused into the peripheral
vein, the experimental protocol was the same as in the
studies with intracarotid infusion of norepinephrine.

The analytical procedures used in the present experiments
have been referred to elsewhere (9). The following abbre-
viations will be used: glomer-ular filtration rate (GFR),
renal plasma flow (RPF), renalvascularresistance (RVR),
filtration fraction (FF), free-water clearance (CH2o), and
urinary osmolality (Uos~m). For statistical analysis, the
paired t test was used to evaluate changes in the same
animal and the unpaired t test was used to evaluate differ-
ences between groups of animals.

RESULTS

Bilateral carotid artery perfusion studies (Table I,
Fig. 1). The purpose of these experiments was to ex-

amine whether increases in carotid arterial pressure,
such as occur during the intravenous infusion of nore-

pinephrine, are associated with a significant effect on

renal water excretion. Results of preliminary investi-
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gations indicated that baroreceptor denervation was nec-
essary to avoid changes in systemic arterial pressure in
these studies. As is shown in Table I the bilateral carotid
pump-perfusion method was used to increase and decrease
carotid arterial pressure by 26 and 31 mmHg respec-
tively as systemic arterial pressure measured in the
brachial artery was not significantly altered. The mean
values for the six experiments including the effects on
renal hemodynamics, electrolyte and water excretion are
shown in Table I. The increase in carotid arterial pres-
sure was not associated with either reversible or sta-
tistically significant changes in GFR, RPF, or calculated
RVRand FF. Urinary sodium and potassium excretion
were also not altered by the changes in carotid arterial
pressure. Small and progressive decreases in CHEo and
Uosm occurred throughout the experiment. The effects
on Uosm and CH20 in individual kidneys are plotted in
Fig. 1.

Intracarotid norepinephrine studies (Table II). The
purpose of these experiments was to investigate whether
increased cerebral arterial levels of norepinephrine di-
rectly suppress vasopressin release in the absence of
alterations in systemic hemodynamics. Norepinephrine
was thus infused into the carotid artery in subpressor
doses, which were estimated to deliver the same or
greater amount of the drug to the cerebral circulation
as delivered during previous studies in which intravenous
norepinephrine was associated with an increase in renal
water excretion (6). In these studies, the systemic
arterial pressure was not significantly different before,
during, or after the intracarotid infusion of norepine-
phrine. A reversible increase in arterial hematocrit was,
however, observed during the norepinephrine infusion,
thus suggesting perhaps some systemic effect of the
catecholamine. The mean values for the 12 experiments,
including the effects on renal hemodynamics, electrolyte
and water excretion are shown in Table II. There was
no significant alteration in RPF or calculated RVRand
FF during the infusion of norepinephrine into the carotid
artery. A significant increase in GFRdid occur during
the infusion but this effect was not reversible on cessa-
tion of the norepinephrine infusion. The intracarotid in-
fusion of norepinephrine was not associated with signif-
icant changes in urinary sodium or potassium excretion.
The Uosm and CH2o were also not significantly altered
during the intracarotid infusion of the catecholamine.

Intravenous norepinephrine studies in sham-operated
and baroreceptor-denervated animals (Tables III and
IV, Fig. 2). The purpose of these experiments was to
examine the effect of intravenous norepinephrine on
renal water excretion in sham-operated animals and
animals with cervical denervation of baroreceptors. The
results of the effects of intravenous norepinephrine on
systemic and renal hemodynamics, electrolyte and water
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FIGURE 1 Absence of effect of increased carotid arterial
pressure on renal water excretion in dogs with denervated
baroreceptors. Each point represents the mean value of
three to five urine collections for a single kidney. The re-
sults of 10 kidneys in 6 animals are shown since 2 kidneys
were lost due to surgical mishap while inserting renal
venous catheters. The mean level of carotid and systemic
arterial pressure for each period is shown in Table I.

excretion in the sham-operated dogs are shown in Table
III. These animals responded to norepinephrine infusion
in a similar manner as in previous studies in the dog (6).
The catecholamine infusion was associated with a marked
fall in Uosm from 1,034+127 to 205±25 mosmol/kg
H20 (P < 0.001) which increased to 771±62 mosmol/
kg H20 (P < 0.001) after cessation of the infusion. At
the same time CH2o increased from -0.85±0.11 to
+ 0.7(00.25 ml/min during the infusion (P < 0.001)
and decreased to - 0.61±0.05 ml/min after the norepine-
phrine was discontinued (P < 0.001). Mean systemic
arterial pressure increased 26 mmHg during the intra-
venous infusion of norepinephrine and decreased 34 mm
Hg after cessation of the infusion. Renal perfusion pres-
sure was maintained constant throughout these experi-
ments. A small but significant and reversible increase in
GFR occurred during the infusion of norepinephrine.
RPF decreased during the norepinephrine infusion thus
an increase in FF occurred. In spite of the increase in
GFRa significant decrease in sodium and potassium ex-

cretion occurred which returned toward control values
after cessation of the infusion. This decrease in electro-
lyte excretion could be related either to a direct or renal
hemodynamic effect of the catecholamine but in either
case this change in solute excretion was in the opposite
direction to explain the observed water diuresis.

The effects of intravenous norepinephrine on systemic
and renal hemodynamics, electrolyte and water excretion

Mechanism of Effect of Norepinephrine on Water Excretion
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TABLE I

The Effects of Increased Carotid Arterial Pressure on Systemic

Systemic arterial pressure Carotid arterial pressure GFR

Pre- Increased Post- Pre- Increased Post- Pre- Increased Post-
control CAP control$ control CAP control control CAP control

mmHg mmHg mil/min
Mean 124 129 133 125 151 120 41.2 41.2 41.0
±SE 411 ±12 411 46 ±6 ±6 ±6.2 ±6.3 ±6.6

P value NS§ NS <0.001 <0.001 NS NS

* The results are the mean values from six experiments; the values for renal hemodynamics and electrolyte and water excretion are expressed
per kidney.
$ Precontrol, increased CAP, postcontrol values represent periods before, during,' and after increased carotid arterial pressure (CAP),
respectively.
§ NS = not significant (P value >0.05).

in dogs with denervated baroreceptors are shown in
Table IV. In contrast to the results in the sham-operated
animals the intravenous infusion of norepinephrine was
not associated with significant alterations in Uosm or
CH20 in the animals with denervated baroreceptors
(Fig. 2). Uosm was 1,233±111 mosmol/kg H20 before,
1,232±110 mosmol/kg H20 during, and 1,275+87
mosmol/kg H20 after the norepinephrine infusion re-
spectively. At the same time CH2O decreased signifi-
cantly from -0.705+0.06 to -0.533±0.04 ml/min
(P < 0.001) but remained unchanged at - 0.530±0.04
after cessation of the infusion. The mean systemic ar-
terial pressure increased 33 mmHg during the intra-
venous infusion of norepinephrine and then decreased
44 mmHg after cessation of the infusion. As in the
sham-operated animals renal perfusion pressure was
maintained constant throughout the experiment by ad-
justment of the suprarenal aortic clamp. GFR and
RVR remained unchanged; however, as in the sham-
opergated animals, FF increased with the norepinephrine
infusion and returned to control values after cessation
of the infusion. There were no significant changes in
sodium or potassium excretion associated with the nore-
pinephrine infusion. The mean systemic arterial pres-
sures in the sham-operated and baroreceptor-denervated

animals were also not significantly different. The dif-
ferent effect of intravenous norepinephrine on Uosm and
CH20 in the sham-operated and baroreceptor-denervated
animals also appeared to be independent of differences in
volume status or plasma osmolalities. Hematocrit values
were used as a reasonable index of volume status in the
two groups of dogs. In the sham-operated animals
the mean hematocrits were 45, 50, and 45% before,
during, and after the norepinephrine infusion, respec-
tively, whereas in the baroreceptor-denervated animals
the mean hematocrits during the same periods were
45, 52, and 48%. Although norepinephrine signifi-
cantly increased hematocrit in both groups, none of the
values were significantly different between the groups.
Significant differences in plasma osmolality also did not
account for the different effects of norepinephrine on
water excretion. In the sham-operated animals the mean
plasma osmolalities were 281, 281, and 278 mosmol/kg
H20 before, during, and after the norepinephrine infu-
sion. The water diuresis that occurred during the nore-
pinephrine infusion in these sham animals was thus not
related to a decrease in plasma osmolality. Similarly,
any potential diuretic effect during the intravenous in-
fusion of norepinephrine in the baroreceptor-denervated
animals was not obscured by an increase in plasma

TABLE I I
The Effects of Intracarotid Infusion of Norepinephrine on Systemic

Systemic arterial pressure GFR RPF

Pre- Post- Pre- Post- Pre- Post-
control Norepi control* control Norepi control control Norepi control

mmHg ml/min ml/min
Mean 119 119 117 59.5 64.2 66.9 201 196 223
±SE 45 ±3 44 ±2.8 ±2.7 ±2.2 ±20 ±17 ±i16

P value NS NS <0.02 NS NS NS

* Precontrol, norepi, postcontrol values represent the mean values for six experiments before, during, and after norepinephrine infusion
respectively. The values for renal hemodynamics, electrolyte and water excretion are expressed per kidney.
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and Renal Hemodynamics, Electrolyte and Water Excretion*

RPF Urinary sodium excretion CH20 U0SM

Pre- Increased Post- Pre- Increased Post- Pre- Increased Post- Pre- Increased Post-
control CAP control control CAP control control CAP control control CAP control

ml/min ueqlmin ml/min mosmol/kg H20
142 139 134 27 22 20 -0.95 -0.80 -0.76 766 664 650

4:19 417 420 4:10 ±9 48 4:0.20 ±0.19 ±0.20 ±74 ±60 466
NS NS NS NS <0.05 <0.05 <0.05 NS

osmolality during the infusion. The plasma osmolalities
in this latter group of animals were 277, 272, and 268
mosmol/kg H20 before, during, and after the norepine-
phrine infusion.

DISCUSSION
There is considerable evidence that catecholamines exert
an important influence on renal water excretion. The
intravenous infusion of norepinephrine has been known
for several years to be associated with a water diuresis
in both man (1-3) and animals (4-6) and the results of
recent experiments indicate that this diuretic effect is
due to the alpha-adrenergic stimulating properties of
norepinephrine (4, 5). Although norepinephrine has
been shown to interfere with the in vitro effect of vaso-
pressin on water movement (10), the primary in vivo
effect of intravenous norepinephrine appears to be medi-
ated by suppression of endogenous vasopressin (6). This
conclusion is derived from recent findings in the dog
which demonstrated that intravenous norepinephrine in-
creases renal' water excretion in intact dogs but not in
acutely hypothesectomized dogs receiving an exogenous
infusion of vasopressin (6). Moreover, the direct infu-
sion of norepinephrine into the renal artery of animals,
in a dose comparable with that reaching the kidney dur-

ing the intravenous studies, does not increase renal water
excretion (6).

The purpose of the present investigation was to further
investigate the mechanism whereby norepinephrine in-
creases renal water excretion and specifically to attempt
to delineate the pathway whereby alpha-adrenergic stim-
ulation with norepinephrine suppresses endogenous vaso-
pressin release. An increase in systemic arterial pres-
sure, such as occurs during the intravenous infusion of
norepinephrine, could alter renal water excretion by
increasing renal arterial pressure, GFR, or solute ex-
cretion rate. Previous experiments in similarly prepared
animals, however, have demonstrated that the increase in
renal water excretion during intravenous norepinephrine
can be disassociated from alterations in these parameters
(6). The results of these previous experiments, however,
do not exclude the possibility that the increase in sys-
temic arterial pressure at some extrarenal site might be
important in the effect of intravenous norepinephrine on
renal water excretion. In an effort to investigate whether
an increase in cerebral arterial pressure might directly
suppress vasopressin release, a pump-perfusion method
was used to increase the pressure in both carotid arteries
by a magnitude similar to that observed in the studies in
which intravenous norepinephrine was administered to

and Renal Hemodynamics, Electrolyte and Water Excretion

Urinary sodium excretion CH2o Uosm

Pre- Post- Pre- Post- Pre- Post-
control Norepi control control Norepi control control Norepi control

jseq/min ml/min mosmol/kg H20
44 48 27 -0.57 -0.62 -0.51 932 959 905

±21 ±14 ±7 ±0.09 ±0.15 ±0.14 ±182 +158 ±135

NS' <0.05 NS NS NS NS
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TABLE III
The Effects of Intravenous Norepinephrine on Systemic and Renal Hemodynamics,

Systemic arterial pressure Renal perfusion pressure GFR

Pre- Post- Pre- Post- Pre- Post-
control Norepi control* control Norepi control control Norepi contro l

mmHg mmHg ml/min
Mean 139 165 131 120 120 118 62.4 68.0 63.4
4SE ±7 412 48 ±3 43 44 ±3.6 ±3.7 ±3.6

P value <0.005 <0.005 NS NS <0.005 <0.025

* Precontrol, norepi, postcontrol values represent the mean values for seven experiments before, during, and after norepinephrine infusion respec-
tively. The values for renal hemodynamics and sodium excretion are expressed per kidney.

the animals. These studies were performed in animals
with denervated baroreceptors so that the reflex hypo-
tensive effect of elevating arterial pressure below the
level of the aortic and carotid baroreceptors would not
occur and thus not complicate the interpretation of any
effects on renal water excretion. This experimental de-
sign thus allowed for the elevation of cerebral arterial
pressure as systemic and renal hemodynamics remained
unchanged. The results of these experiments failed to
demonstrate arf effect of increasing carotid arterial pres-
sure on renal water excretion thus suggesting that cere-
bral arterial pressure per se is not a direct determinant
of vasopressin release. These results, however, did not
exclude the possibility that some other cerebral hemo-
dynamic consequence of the norepinephrine infusion
might alter vasopressin release or alternatively that the
increase in systemic arterial pressure might alter arterial
baroreceptor tone in such a manner as to affect vaso-
pressin release. Still another possible mechanism for the
effect of intravenous norepinephrine on vasopressin re-
lease was that increased cerebral arterial concentrations
of norepinephrine might directly suppress vasopressin
release.

Someexperimental evidence is available suggesting that
an increase in norepinephrine concentration in the area
of the hypothalamus might alter vasopressin release (11 ).
In this previous study, norepinephrine was injected using

micropipettes into the area of the supraoptic nuclei of
the rat hypothalamus and a significant decrease in the
neurosecretory activity of the cells of these nuclei was
observed. Whether this diminution in neurosecretory
activity was due to a decrease in vasopressin synthesis,
a decrease in vasopressin release or a combination
thereof cannot, however, be ascertained. Moreover, it is
difficult to compare the norepinephrine concentrations
achieved in these microinjection studies with the nore-
pinephrine concentrations reaching the supraoptic nuclei
during the intravenous infusion of norepinephrine in
the present or previous studies (1-6). If an increase in
cerebral arterial concentration of norepinephrine during
the intravenous infusion of the catecholamine is pri-
marily responsible for the suppression of vasopressin
rather than any systemic hemodynamic consequence of
alpha-adrenergic stimulation, then subpressor doses of
norepinephrine infused directly into the carotid artery
should suppress vasopressin release and produce a water
diuresis. In the present studies, if approximately 25% of
cardiac output is distributed to the cerebral circulation,
then the dose of norepinephrine infused directly into the
carotid arteries should have at least equalled that amount
reaching the cerebral circulation during the intravenous
norepinephrine studies. This amount of norepinephrine
which was infused into the carotid arteries was found
to be a subpressor dose of the catecholamine, thus elimi-

TABLE IV
The Effects of Intravenous Norepinephrine on Systemic and Renal Hemodynamics,

Systemic arterial pressure Renal perfusion pressure GFR

Pre- Post- Pre- Post- Pre- Post-
control Norepi control* control Norepi control control Norepi control

mmHg mmHg ml/min
Mean 128 161 117 121 120 114 46.7 49.7 51.5
±SE 48 ±9 ±8 ±7 ±7 ±7 ±4.1 ±3.4 ±3.6

P value <0.001 <0.001 NS NS NS NS

* Precontrol, norepi, postcontrol values represent the mean values for 10 experiments before, during, and after norepinephrine infusion respectively.
The values for renal hemodynamics and sodium excretion are expressed per kidney.
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Sodium and Water Excretion in Sham-Operated Dogs

RPF Urinary sodium excretion CHio Uoun

Pre- Post- Pre- Post- Pre- Post- Pre- Post-
control Norepi control control Norepi control control Norepi control control Norepi control

ml/min peq/min ml/min mosmol/ki H20
179 156 169 69 6 17 -0.85 +0.70 -0.61 1034 205 771

413 415 414 ±16 ±1 44 40.11 ±0.25 40.05 ±127 ±25 462
<0.05 NS <0.025 <0.005 <0.001 <0.001 <0.001 <0.001

nating any effects of norepinephrine relating to an in-
crease in systemic arterial pressure. The finding that
renal water excretion was unaltered in these intracarotid
studies suggested that the effect of intravenous nore-
pinephrine on renal water excretion was not likely to
be mediated by any direct or vasoconstrictor effect of in-
creased concentrations of norepinephrine in the cerebral
arterial circulation.

The results of the carotid artery perfusion studies
and the studies in which norepinephrine was infused
into the carotid artery supported the hypothesis that
the primary effect of norepinephrine on vasopressin
release involved a reflex mechanism initiated by changes
in systemic hemodynamics. In this regard, barorecep-
tor pathways seemed to be the most likely reflex mecha-
nism whereby norepinephrine might alter vasopressin
release. Although the results of earlier studies using
bioassay techniques to measure vasopressin levels were
somewhat conflicting (12-14), more recent investiga-
tions indicate that parasympathetic afferent pathways
are intimately involved in vasopressin release (8). Ex-
periments were therefore performed in the present in-
vestigation to examine whether innervation of aortic
and carotid arterial baroreceptors is necessary for the
demonstration of the effect of intravenous norepi-
nephrine to increase renal water excretion in animals
with an intact hypothalamo-neurohypophysial tract.

The results demonstrated that the effect of intravenous
norepinephrine to increase renal water excretion was
not demonstrable in animals with denervated barore-
ceptors. The possibility existed, however, that some
nonspecific consequence of the denervation procedure
was responsible for the abolishment of the diuretic
effect of norepinephrine. A group of sham studies was
therefore undertaken in animals in which bilateral cer-
vical operations had been performed. These sham-
operated animals demonstrated the same increase in
renal water excretion during the intravenous infusion
of norepinephrine as previously observed in dogs in
which no cervical surgery had been performed (6).
It is possible that the animals with denervated baro-
receptors had endogenous levels of vasopressin which
were higher than the sham-operated animals and there-
fore could not be suppressed by the norepinephrine in-
fusion. However, since both groups of animals received
400-600 ml of fluid before the experiments, and thus
did not have maximal urinary osmolalities during the
control periods, profound differences in endogenous
vasopressin levels should have been associated with sub-
stantial differences in urinary osmolalities. The control
urinary osmolalities in the sham-operated and barore-
ceptor-denervated animals were, however, not signifi-
cantly different. Taken together, the results of the
present studies therefore indicate that the effect of

Sodium and Water Excretion in Dogs with Denervated Baroreceptors

RPF Urinary sodium excretion CH20 UOam

Pre- Post- Pre- Post - Pre- Post- Pre- Post-
control Norepi control control Norepi control control Norepi control control Norepi control

ml/min peq/min mi/min mosmol/kg H20
127 109 120 20 4 4 -0.71 -0.53 -0.53 1233 1132 1275

±11 ±8 ±8 ±7 ±1 42 ±0.06 ±0.04 ±0.04 ±111 +110 +87

<0.05 NS <0.02 NS <0.001 NS NS NS
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FIGURE 2 Effect of intravenous norepinephrine on Uosm (above) and CHO (below) in animals

with cervical sham operation (left) and denervation of baroreceptors (right). Denervation of
baroreceptors abolished the diuretic effect of intravenous norepinephrine. Each point represents
the mean value of three to five urine collections for a single kidney. The broken lines represent
results from denervated kidneys and the solid lines represent results from innervated kidneys.

alpha-adrenergic stimulation with intravenous norepi-
nephrine to suppress vasopressin release and increase
in renal water excretion (6) is dependent primarily on

intact baroreceptor pathways.
It is interesting to note that most circumstances

which are associated with an increased release of nor-

epinephrine such as hemorrhage (15) and cardiac
failure (16), are most frequently associated with a

diminution, rather than an increase, in renal water
excretion. Thus, the diuretic effect of intravenous nor-

epinephrine (1-6) has heretofore seemed rather para-

doxical. However, since on the basis of the present
results the primary effect of norepinephrine on renal
water excretion appears to be dependent on a pressor-

mediated alteration in baroreceptor tone, circumstances
such as hemorrhage and cardiac failure in which nor-

epinephrine is released as systemic arterial pressure is
either constant or diminished would not be expected
to increase renal water excretion. In this regard, the
antidiuretic effect of beta-adrenergic stimulation with
isoproterenol (17) may more closely approximate the
situation of impaired water excretion as observed dur-
ing congestive heart failure and hemorrhage. This
effect of beta-adrenergic stimulation with isoproterenol
is associated with considerable systemic hemodynamic

alterations and is primarily mediated by an increased
release of vasopressin (17).

It should also be emphasized that in addition to a

role of arterial baroreceptors, an importance of venous

stretch receptors may he involved in the diuretic effect
of intravenous norepinephrine, since the bilateral cervi-
cal vagotomy performed in the present studies inter-
rupted afferent pathways from the left atrium (18).
The water diuresis with intravenous norepinephrine
(1-6), however, is quantitatively much more pro-

nounced than that observed during the left atrial dis-
tention (18-20). Moreover, the water diuresis asso-

ciated with left atrial distention may not be mediated
by suppression of endogenous vasopressin since exoge-

nous infusions of vasopressin have failed to abolish
this effect (19, 20). Bilateral cervical vagotomy in
animals with denervated (21) and innervated hearts
(8) have also been shown to similarly diminish renal
water excretion, thus suggesting that the important
afferent vagal pathways which influence vasopressin
release may not involve left atrial stretch receptors.

In summary, the present investigation was designed
to examine the mechanism whereby alpha-adrenergic
stimulation with intravenous norepinephrine suppresses
the endogenous release of vasopressin and thereby
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causes an increase in the renal excretion of solute-free
water. No evidence could be obtained that an increased
arterial concentration of norepinephrine in the cerebral
circulation, either directly or indirectly by a vascular
effect, suppresses vasopressin release. Bilateral carotid
pump-perfusion studies were also performed to inves-
tigate whether an increase in cerebral arterial pressure
per se may lead to an increase in renal water excretion
and no such diuretic effect was observed. The results
of another group of studies, however, did demonstrate
that the diuretic effect of intravenous norepinephrine is
dependent on intact cervical parasympathetic pathways.
These same pathways may be involved in most, if not
all, of the nonosmotic influences on vasopressin release.
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