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Abstract. This study was to determine whether the presence or absence of renal nerves 
and vasopressin altered the diuretic and natriuretic responses to acute volume expan- 
sion. Two forms of volume expansion were used: (i) inflation of a small balloon in the 
veno-atrial junction and (ii) an infusion of isotonic saline at a rate of 1 ml/min for a 
period of 15 min, approximately 7% of body weight. Balloon inflation produced a 
significant diuresis from both the intact and denervated kidneys but only produced a 
significant natriuresis from the intact kidney. Volume expansion (infusion of saline) 
produced a significant diuresis and natriuresis from both intact and denervated kidneys. 
Blocking the V, receptor for vasopressin with a V,-specific receptor blocker d(CH&[o- 
Ile2,Va14]AVP (40 Mg/kg bolus dose followed by infusion of 4 pg/kg/min) did not alter 
the diuretic and natriuretic responses to volume expansion. However, the absence of 
renal nerves or the absence of actions of vasopressin produced a significant reduction 
in the capacity of the kidneys to increase the relative amount of diuresis or natriuresis, 
thus losing the control over output; i.e., absence of renal nerves only allowed 12-fold 
increase in diuresis to volume expansion compared with 25-fold in the intact state and 
absence of vasopressin only allowed 4.6-fold increase in diuresis to volume expansion 
compared with 25-fold in the intact state. 

Examining the “volume reflex” in terms of a control system trying to regulate fluid 
balance, the presence of either renal nerves or actions of vasopressin allows the volume 
regulating system a greater range in which to control the diuresis and natriuresis (making 
it possible to fine tune the output to much greater extent). [P.S.E.B.M. 1991, Vol1961 

here is ample evidence showing that volume ex- 
pansion produces a diuresis and natriuresis (1, T 2). However, the role of the renal nerves and 

vasopressin in these responses remains controversial. 
Volume expansion, either by stretching the veno-atrial 
junction or saline infusion, has been shown to produce 
renal sympatho-inhibition (3-5). Furthermore, renal 
denervation abolished the increased diuresis and natri- 
uresis to stretching of the veno-atrial junction ( 5 ) .  In 
contrast, Kaufman and Stelfox (6) have demonstrated 
that veno-atrial stretch in Brattleboro rats (rats that lack 
endogenous vasopressin) produces diuresis and natri- 
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uresis regardless of the presence or absence of renal 
nerves. In addition, Kappagoda et al. (7) showed that 
destruction of the posterior pituitary in the dog did not 
prevent the diuresis elicited by distention of the pul- 
monary vein and left atrium. Thus, they have argued 
that although renal nerves and vasopressin may be 
important in the volume reflex (diuresis and natriuresis 
produced in response to volume expansion), they are 
not crucial in the operation of the volume reflex (7). 

All of these studies examined the volume reflex 
with different stimuli (veno-atrial distention or saline 
infusion) or in different animal models (Brattleboro 
rats or Sprague-Dawley rats). The present study was 
conducted to elucidate the precise role of renal nerves 
and vasopressin in the volume reflex (diuresis and 
natriuresis to acute volume expansion) using both types 
of volume stimulus: (i) balloon inflation in the veno- 
atrial junction stimulating a select and limited group of 
volume receptors, or (ii) volume loading with saline 
presumably stimulating all of the volume receptors. In 
addition, with the use of VZ receptor blocker, the va- 
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sopressin component of the volume reflex was elimi- 
nated. The advantage that this approach has over the 
use of Brattleboro rats is the possible inherent differ- 
ences between the control strain and the Brattleboro 
rats (8). In addition, with the present design the control 
rats with vasopressin action intact can also be exam- 
ined. 

Materials and Methods 
General Protocol. Male Sprague-Dawley rats 

(200-250 g) were placed in individual cages in a room 
with a controlled 12-hr light cycle and maintained at 
20-22°C. Food and water were available ad libitum. 

On the day of the experiment, rats were anesthe- 
tized with Inactin (0.1 g/kg ip). Body temperature was 
maintained between 36°C and 38°C via external warm- 
ing by a heated stage. After tracheal intubation, the 
animals were allowed to breathe independently. The 
left femoral artery was cannulated with PE-50 polyeth- 
ylene tubing and connected to a pressure transducer 
(Gould P23 ID) for the continuous recording of arterial 
pressure. Heart rate was triggered from the arterial pulse 
wave and recorded along with the arterial pressure on 
a Grass polygraph (model 7D). The left femoral vein 
was cannulated with PE-50 tubing and a constant in- 
fusion (20 pl/min) of isotonic saline was started. 

Renal Denervation and Ureteral Cannulation. 
The kidneys were exposed through an abdominal inci- 
sion and left renal denervation was performed by strip- 
ping the sheath and adventitia from the exposed left 
renal artery and vein. To destroy any remaining nerve 
fibers, the renal vessels were painted with 95% ethanol. 
Previously, these techniques have been shown to de- 
crease renal norepinephrine concentration to less than 
5% (9). In addition, the urine output from the denerv- 
ated kidney was consistently greater than the contralat- 
era1 intact kidney. It is recognized that such a prepara- 
tion will have increased renal nerve activity in the intact 
kidney because of both Inactin anesthesia (10) and the 
reno-renal reflex ( I  I). However, this effect is not ex- 
pected to alter the renal sympatho-inhibition that 
should occur in response to volume expansion. 

Subsequently, both ureters were cannulated with 
PE-10 tubing. Surgery was completed within 75 min 
and an additional 30-min stabilization period was al- 
lowed before the start of the first urine collection. 

Experiment 1. Renal responses to acute balloon 
inflation. To test whether stimulation of specific volume 
receptors (in the veno-atrial junction) alters the diuretic 
and natriuretic response in the presence and absence of 
renal nerves, we examined the renal responses to bal- 
loon expansion at the veno-atrial junction in unilater- 
ally denervated rats.A small inflatable balloon was in- 
troduced into the right superior vena caval-right atrial 
junction via the right jugular vein as previously reported 
by Kaufman and Stelfox (6) and Kaufman (12). Briefly, 

a small inflatable balloon was fashioned from a fine 
rubber membrane tied over the flared end of a piece of 
polyethylene binding (PE-50). This was passed into the 
right jugular vein and advanced down the right superior 
vena cava so that the tip lay at the vein-atrial junction. 
The peculiar anatomy of the rat, whereby blood from 
the left jugular vein enters the inferior vena cava via a 
left superior vena cava, enables one to inflate the bal- 
loon without interfering with venous return from the 
head. The balloons were inflated with 100 pl of isotonic 
saline. Hemodynamic parameters are reported to be 
unaltered due to this maneuver (1 2). Arterial pressure 
did not change significantly due to the introduction of 
the balloon into the veno-atrial junction or during the 
balloon inflation in the present experiment. The posi- 
tion of the balloon was confirmed at the end of the 
experiment. 

The diuretic and natriuretic responses to acute 
balloon inflation were measured in all rats. Urine was 
collected in preweighed tubes from each of the kidneys 
separately and urine volume was measured gravimet- 
rically. After two 15-min control collection periods, 
urine was collected during a period of acute balloon 
inflation ( I  5 min). Subsequently, sodium (ion selective 
electrode, Beckman Ion Analyzer) of each of the urine 
samples was analyzed. 

Experiment 2. Renal responses to acute volume 
expansion. To test whether stimulation of “all volume 
receptors” throughout the cardiopulmonary system al- 
ters the diuretic and natriuretic responses in the pres- 
ence and absence of renal nerves, we examined the 
renal responses to volume expansion in unilaterally 
denervated rats. 

The diuretic and natriuretic responses to acute 
volume expansion by the intravenous infusion of iso- 
tonic saline ( I  .O ml/min) for 15 min were recorded for 
all rats. Urine was collected and analyzed as described 
in Experiment 1. 

Experiment 3. Renal responses to acute volume 
expansion in the presence of the vasopressin V, antag- 
onist. To test whether vasopressin is involved in the 
diuretic and natriuretic responses to volume expansion, 
we examined the renal responses to volume expansion 
in unilaterally denervated rats pretreated with vaso- 
pressin Vz receptor blocker d(CH2)5[~-Ile2,Va14]AVP 
(40-pglkg bolus dose followed by infusion of 4 pg/kg/ 
min; Peninsula Lab Inc., Belmont, CA). Preliminary 
studies in our laboratory demonstrated that the diuresis 
dose-response curve for this antagonist plateaus at a 
dose of 10 pg/kg bolus injection for approximately 2 
hr. Subsequently we used d(CH2)5[~-Ile2,Va14]AVP at a 
dose of 40 pg/kg bolus injection followed by infusion 
of 4 pg/kg/min to ensure blockade of the Vz receptors 
during the length of the present experiments. In the 
preliminary studies it was determined that the plateau 
phase of the diuresis was achieved 30 min after the 
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administration of the V2 antagonist. Volume expansion 
was performed during the plateau phase of the diuresis 
curve, i.e., 30 min after the bolus dose. This dosage 
regimen is consistent with previous reports of the V2 
receptor antagonist activity ( 13- 15). An infusion of 100 
pl of isotonic saline/min was maintained during the 
vasopressin VZ receptor blockade to compensate for 
fluid loss during the blockade. 

The diuretic and natriuretic responses to acute 
volume expansion by the intravenous infusion of saline 
(1.0 ml/min) for 15 min was performed in all rats. 
Urine was collected and analyzed as described in Ex- 
periment 1. 

All of the urine flow and sodium excretion data 
were expressed as microliters or microequivalents per 
min per gram kidney weights. The kidney weights were 
similar between groups as well as between the intact 
and denervated kidneys within groups. 

Statistical Analysis. All data are reported as mean 
& SE. A paired t test was used to detect differences 
between (i) control and balloon inflation and (ii) control 
and volume expansion in the intact kidneys and the 
denervated kidneys. A P < 0.05 was considered to 
indicate statistical significance. 

Results 
Mean Systemic Blood Pressure. Acute volume 

expansion or balloon inflation did not produce a sig- 
nificant change in mean arterial pressure (averaged over 
the total intervention period) in any of the groups. In 
addition, the mean arterial pressure did not change 
significantly after the administration of the V2 receptor 
blocker in Experiment 3 (Table I). 

Experiment 1. Renal responses to acute balloon 
inflation. Urine flow and sodium excretion before and 
during balloon inflation from intact and denervated 
kidneys are shown in Figure 1. Basal (control) urine 
flow and sodium excretion were greater from the de- 
nervated kidneys compared with those from the intact 

Table 1. Basal Mean Arterial Blood Pressure Before 
and After Either Balloon Inflation or Volume Expansion 

Arterial pressure (mm Hg) 

Basal Treatment 

Balloon inflation 101 f3” 9 8 + 2 ”  
(n = 13) 

(n = 6) 

+ volume expan- 
sion 
(n = 8) 

Volume expansion 125+5 1 2 3 2 5  

Vasopressin antagonist 11 9’ f 6 11 3 f 6 11 3 f 5 

a Values represent mean ? SE. No significant differences between 
basal and treatment. 

Indicates the pressure before the administration of vasopressin 
antagonist. 

12 A * 0 Control 
El Bolloon 

inflation 
( n = 1 3 )  

B ’.’( 

* 
T 

Figure 1. Urine flow (A) and sodium excretion (B) before and during 
balloon inflation from intact and denervated kidneys. Values represent 
mean value for each group & SE. ‘P < 0.05 versus control, +P < 
0.05 versus intact (control) (n = 13). 

kidneys (Fig. 1). Balloon inflation produced a greater 
diuresis in both the intact and denervated kidneys (Fig. 
1A). Although there was a significant increase in so- 
dium excretion from the intact kidney, there was no 
significant change from the denervated kidney after 
balloon inflation (Fig. 1B). 

Experiment 2. Renal responses to acute volume 
expansion. Urine flow and sodium excretion before and 
during volume expansion from intact and denervated 
kidneys are shown in Figure 2. Basal (control) urine 
flow and sodium excretion were greater from the de- 
nervated kidneys compared with those from the intact 
kidneys (Fig. 2). Volume expansion produced a signif- 
icantly greater diuresis and natriuresis in both the intact 
and denervated kidneys (Fig. 2). Note that the rise in 
urine flow from 1 to 25 pl/min in the intact kidneys is 
a 25-fold increase, whereas an increase from 5 to 60 pl/ 
min in the denervated kidneys of control rats is ap- 
proximately 12-fold, although the absolute increase is 
greater in the denervated kidney ( 5 5  pl/min) compared 
with the intact kidney (24 pllmin) (Fig. 2A). The “fold” 
changes as well as absolute changes were significantly 
different between the intact and denervated kidneys (by 
paired t test). 

Experiment 3. Renal responses to acute volume 
expansion in the presence of the vasopressin V, antag- 
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Figure 2. Urine flow (A) and sodium excretion (6) before and during 
volume expansion from intact and denervated kidneys. Values rep- 
resent mean value for each group f SE. *P < 0.05 versus control. 
+P c 0.05 versus intact (control) (n = 6). 

onist. Basal (control) urine flow and sodium excretion 
were greater in this experiment compared with those in 
Experiment 2 because of V2 receptor blockade (Fig. 3). 
Basal urine flow and sodium excretion were greater 
from the denervated kidneys compared with those from 
the intact kidneys (Fig. 3). Volume expansion produced 
a significantly greater diuresis and natriuresis in both 
the intact and denervated kidneys (Fig. 3). Note that 
the rise in urine flow from 1 to 25 pl/min in the intact 
kidneys is a 25-fold increase (Experiment 2, vasopressin 
action intact; Fig. 2A), whereas an increase from 25 to 
1 15 pl/min in the intact kidneys of rats with V2 receptor 
blockade is approximately 4.6-fold (Fig. 3A), although 
the absolute increase in volume is greater in the V2 
receptor-blocked rats (90 pl/min) compared with that 
in the rats without V2 receptor blockade (24 pllmin). 
The fold changes as well as absolute changes were 
significantly different between the intact kidneys and 
intact kidneys treated with V2 receptor blocker (by 
paired t test). 

Discussion 
These experiments demonstrate that stimulation of 

a few discrete atrial volume receptors at the veno-atrial 
junction or all volume receptors due to volume expan- 
sion does produce a diuresis and natriuresis. Further- 

. 0 Control 
1 an 

70 
B * 

0- 

Figure 3. Urine flow (A) and sodium excretion (B) before and during 
volume expansion from intact and denervated kidneys of rats treated 
with an vasopressin V p  receptor blocker. Values represent mean 
value for each group & SE. *P < 0.05 versus control. +P c 0.05 
versus intact (control) (n = 8). 

more, this systematic study shows that there was in- 
creased diuresis and natriuresis in response to volume 
expansion in the absence of renal nerves and/or block- 
ade of V2 receptors for vasopressin. It should be noted 
that the absence of renal nerves and/or blockade of V2 
receptors for vasopressin produced a reduction in the 
capacity of the kidney to increase urine flow and so- 
dium excretion (relative to basal output) for a given 
volume load. 

Previous studies by Kaufman and Stelfox (6) have 
shown that renal denervation in conscious Brattleboro 
rats does not affect the diuresis and natriuresis produced 
by inflation of a balloon at the veno-atrial junction. 
The results of the present studies are not in disagree- 
ment with these observations, since we also observed 
an increased diuresis and natriuresis to volume expan- 
sion in rats treated with vasopressin V2 receptor antag- 
onist. However, the comparison between rats with and 
without vasopressin in the present study shows that 
there was a 25-fold increase in diuresis from intact 
kidneys of rats with vasopressin action intact compared 
with a 4.6-fold increase from rats with V2 receptor 
blockade. These results suggest that vasopressin may be 
important in the gain of the volume reflex. Similarly, 
an absence of renal nerves produced an attenuated 
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response from the denervated kidney since volume 
expansion in the intact kidney produced a 25-fold 
increase in diuresis whereas the similar volume expan- 
sion produced a 12-fold increase in diuresis from the 
denervated kidneys. These data show that the absence 
of either the antidiuretic activity of vasopressin or loss 
of renal nerve activity reduces the capacity of the kid- 
neys to conserve fluid and electrolytes, thus losing the 
gain of the control mechanism over output. Examining 
the volume reflex in terms of a control system trying to 
regulate fluid balance, the presence of either renal 
nerves or actions of vasopressin allows the volume- 
regulating system a greater range in which to control 
the diuresis and natriuresis (making it possible to fine 
tune the output from the kidney more precisely, to a 
given volume load). This concept is also consistent with 
the overall goal of the kidneys to regulate fluid balance 
by controlling the output. These data show that both 
renal nerves and vasopressin may allow the kidney to 
have a better control (i.e., higher gain of the input- 
output relationship) of the capacity to conserve over a 
wider range of outputs. Such an enhancement of the 
capabilities of the kidney multiplies its power to regu- 
late the fluid balance much more precisely. 

An alternate explanation of these data could be 
that in the absence of either renal nerves or the antidi- 
uretic actions of vasopressin, although the basal urine 
flow was increased, the maximum urine flow possible 
is a constant. Therefore the “fold changes” in urine 
flow (expressed relative to the basal flow rates) were 
smaller. However, this is not quite true since the max- 
imum urine flow was 60 pl/min in the absence of renal 
nerves but it went up to 115 Fl/min in the absence of 
the antidiuretic action of vasopressin. Second, even if 
we assume that there is a maximum urine flow for each 
circumstance (i.e., renal denervation or V2 receptor 
blockade) then it would suggest that the renal response 
curve (volume expansion versus diuresis, sigmoid 
curve) was at a plateau phase and, therefore, the slope 
of the curve (i.e., the gain of the stimulus-response 
curve-volume expansion versus diuresis) was substan- 
tially reduced. Therefore the reduced capacity of the 
kidneys to conserve fluid and electrolytes in the present 
study can be attributed to a reduced gain of the volume 
reflex control system. 

Consistent with the observations in the present 
study, Kopp et al. ( 5 )  have demonstrated that right 
atrial balloon inflation results in a decrease in efferent 
sympathetic activity. In addition, in a limited group of 
rats ( n  = 3) they observed that renal denervation abol- 
ished the diuresis and natriuresis to right atrial balloon 
inflation. They concluded that diuresis and natriuresis 
to atrial balloon inflation was due to renal sympatho- 
inhibition. Since the renal responses (i.e., diuresis and 
natriuresis) to balloon inflation are relatively small 
compared with volume expansion, results from such 

limited data can lead to possible errors in conclusions. 
In the present study, there was an increase in diuresis 
and natriuresis to atrial balloon inflation stimulus in 
spite of renal denervation, although the increase in 
natriuresis to balloon inflation from the denervated 
kidney did not reach statistical significance ( n  = 13). 
The purpose of this study (Experiment 1) was primarily 
to examine whether renal nerves are totally responsible 
for the diuretic and natriuretic responses to balloon 
inflation. The results indicate that renal nerves are 
partially involved in the diuretic and natriuretic re- 
sponses to balloon inflation. One of the reasons for the 
difficulty of interpretation of data is the relatively small 
diuretic and natriuretic responses to balloon inflation 
compared with volume expansion. It should be noted 
that volume expansion (stimulation of all volume re- 
ceptors) is a more potent stimulus compared with the 
right atrial balloon inflation (discrete group of volume 
receptors located in the veno-atrial junction). 

At the same time it is recognized that both right 
atrial balloon inflation and volume expansion do in- 
crease diuresis and natriuresis regardless of the presence 
or absence of renal nerves or the action of vasopressin 
(6). This fact can allude to the possibility of humoral 
factor(s) other than vasopressin. One likely candidate 
is atrial natriuretic factor. With its rapid release and 
onset of action, it has been implicated in the renal 
responses to volume reflex (16). Both atrial distention 
(17) and volume expansion (18) have been demon- 
strated to elevate the circulating levels of atrial natri- 
uretic factor. Until a specific antagonist for ANF is 
obtained, this possibility will remain to be examined. 

This study demonstrated that the relative diuresis 
and natriuresis produced in the absence of either renal 
nerves or antidiuretic action of vasopressin was smaller 
than in their presence. Thus, we conclude that absence 
of either renal nerve activity or the antidiuretic actions 
of vasopressin produces a loss of fine control of diuresis 
and natriuresis by the kidney to a given volume load. 
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