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Mechanism of Preservation of Glomerular Perfusion and Filtration
during Acute Extracellular Fluid Volume Depletion
Importance of Intrarenal Vasopressin-Prostaglandin Interaction for Protecting

Kidneys from Constrictor Action of Vasopressin
Aida Yared, Valentina Kon, and lekuni Ichikawa
Laboratory of Renal Physiology, Department of Medicine, The Children's Hospital and Department of Pediatrics,
Harvard Medical School, Boston, Massachusetts 02115

Abstract

Glomerular circulatory dynamics were assessed in 60 adult
anesthetized rats, which were either deprived or not deprived
of water for 24-48 h. Water-deprived rats (a = 21) were char-
acterized by a depressed level of single nephron glomerular
filtration rate (SNGFR) when compared with nonwater-deprived
controls (a = 8) (23.2±1.3 vs. 44.8±4.1 nl/min). This was
primarily due to decreased glomerular plasma flow rate (71±5
vs. 169±23 nl/min) and glomerular capillary ultrafiltration
coefficient (0.028+0.003 vs. 0.087±0.011 nl/Is-mmHgj). In-
fusion of saralasin to these water-deprived rats resulted in
significant increases in plasma flow rate and ultrafiltration
coefficient, and decline in arteriolar resistances. Consequently,
SNGFRincreased by .50% from pre-saralasin levels. When
water-deprived saralasin-treated rats were given a specific
antagonist to the vascular action of arginine vasopressin (AVP),
d(CH2)5Tyr(Me)AVP, a fall in systemic blood pressure oc-
curred, on average from 102±5 to 80±5 mmHg,unaccompanied
by dilation of renal arterioles, so that both plasma flow rate
(129±8 vs. 85±13 nl/min) and SNGFR(31.0±2.9 vs. 18.2±4.4
nl/min) decreased.

This more selective extrarenal constrictor action of AVP
was further documented in additional studies in which cardiac
output and whole kidney blood flow rate were simultaneously
measured. In water-diuretic rats, administration of a moderately
pressor dose of AVP (4 mU/kg per min) resulted in a
significant rise in kidney blood flow rate (from 8.8±1.2 to
9.6±13 ml/min). The higher kidney blood flow rate occurred
despite a fall in cardiac output (from 111±7 to 98±9 ml/min),
and was associated with a significant increase in the ratio of
systemic vascular to renal vascular resistance (on average from
0.083±0.014 to 0.106±0.019). Furthermore, infusion of
d(CH2)ATyr(Me)AVP to water-deprived animals (a = 6) to
antagonize endogenous AVP resulted in systemic but not renal
vasodilation, so that kidney blood flow rate fell (by -30%),
as did systemic-to-renal resistance ratio (by -30%). When the
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above two experiments were repeated in indomethacin-treated
animals, exogenous AVP administration in water-diuretic rats
(a = 6) and antagonism of endogenous AVP in water-deprived
rats (a = 7) caused, respectively, parallel constriction and
dilation in systemic and renal vasculatures. The net effect was
unaltered systemic to renal vascular resistance ratio in both
cases. These results indicate that (1) unlike angiotensin II,
AVP maintains glomerular perfusion and filtration in acute
extracellular fluid volume depletion by a more selective con-
striction of the extrarenal vasculature. (2) The relative renal
insensitivity to the vasoconstrictor action of AVP appears to
be due to an AVP-induced release of a potent renal vasodilator,
sensitive to indomethacin, presumably prostaglandins.

Introduction

Recent evidence indicates that arginine vasopressin (AVP),' in
plasma concentrations within the physiological range, exerts a
critically important role in the maintenance of blood pressure
and systemic circulatory dynamics (1-4). The availability of
several forms of synthetic analogues to the vascular action of
the hormone (1-7) has allowed experimental demonstration
of this role.

In addition to its systemic effect, AVP possesses a direct
vasoconstrictor action on the glomerular microcirculation. A
non-pressor dose of AVP leads to a profound fall in the
glomerular capillary ultrafiltration coefficient (Kf) (8), presum-
ably by inducing mesangial cell contraction (9). Moreover, in
our recent experiments with two-kidney Goldblatt hypertension,
an experimental model characterized by a high circulating
level of AVP (10), a specific AVP antagonist was shown to
markedly raise Kf.

Of related interest are the observations (11-13) that the
renal vasculature is less sensitive to the constrictor action of
exogenous AVP than are some extrarenal vascular beds. The
present study aims at defining the role of endogenously released

1. Abbreviations used in this paper: All, angiotensin II; AP, mean
systemic arterial pressure; TA, systemic plasma oncotic pressure; AVP,
arginine vasopressin; CA, systemic plasma protein concentration; CE,
efferent arteriolar plasma protein concentration; CO, cardiac output;
ECF, extracellular fluid; TE, efferent arteriolar plasma oncotic pressure;
Kf, glomerular capillary ultrafiltration coefficient; non-WD, nonwater-
deprived rats; PE, efferent arteriolar hydraulic pressure; PGC, mean

glomerular capillary hydraulic pressure; PT, proximal tubule hydraulic
pressure; AP, mean glomerular transcapillary hydraulic pressure differ-
ence; QA, initial glomerular plasma flow rate; RA, afferent arteriolar
resistance; RBF, whole kidney blood flow rate; RE, efferent arteriolar
resistance; RVR, renal vascular resistance; SNFF, single nephron
filtration fraction; SNGFR, single nephron glomerular filtration rate;
SVR, systemic vascular resistance; WD, water-deprived rats.
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AVP in determining the prevailing levels of renal perfusion
and filtration during acute extracellular fluid (ECF) volume
depletion. The overall functional effect of AVP on renal
circulation under a given set of physiological circumstances is
not readily predictable, since renal circulatory dynamics are
determined by the balance between intrinsic renal and extrare-
nal vascular tones, as well as the level of cardiac output (CO).
Wetherefore studied the effects of specific antagonism to the
vascular action of AVP, by measuring various renal and
systemic circulatory indices in water-deprived animals. To
document the uniqueness of AVP action, the results were
compared with the vasodilatory influence of angiotensin II
(AII) inhibition, as well as that of hydralazine, a drug known
to dilate both renal and extrarenal vascular beds ( 14). It should
be noted that, although the sympathetic nervous system and
circulating catecholamines likely contribute to the prevailing
renal hemodynamics in volume-depleted animals, their role
will not be addressed in the present study.

Methods

General. Experiments were performed in nine groups of adult male
rats. Munich-Wistar rats were used for the experiments involving
micropuncture (groups 1-5), and Sprague-Dawley rats in studies
without micropuncture (groups 6-9). Before study, the animals were
maintained on standard rat pellet chow. In groups 1-4, 6, and 7, acute
ECF depletion was induced by withholding drinking water 24-48 h
before experiment. Rats in groups 5, 8, and 9 were allowed free access
to water until the time of study.

At the time of study, the animals were anesthetized with Inactin
(Byk, Federal Republic of Germany; 100 mg/kg, i.p.), placed on a
temperature-regulated table, and subjected to tracheostomy. Indwelling
polyethylene catheters were inserted into the left and/or right jugular
veins for infusion of various intravenous solutions as specified below.
The left femoral artery was also catheterized for periodic blood
sampling and estimation of mean arterial pressure (AP). The AP was
monitored with an electronic transducer (model p23Db, Statham
Instruments Div., Gould, Inc., Oxnard, CA) connected to a direct-
writing recorder (model 2200, Gould Inc.). In group 6-9 animals, a
catheter was inserted into the left ventricle through the left carotid
artery for injection of radioactive microspheres. Correct placement of
the catheter tip was confirmed by pressure tracing. The left kidney was
exposed through a left subcostal incision and gently separated from
the adrenal gland and the surrounding perirenal fat. In group 1-5
studies, the kidney was suspended on a Lucite holder, and its surface
illuminated with a fiberoptic light source and bathed with isotonic
NaCl solution heated to 350-370C. A 0.5-ml bolus intravenous injection
of 10% inulin in 0.9% NaCl was given, followed by a continuous
infusion at the rate of 0.6 ml/h (groups 1-4) or 1.2 ml/h (group 5).

Since the plasma volume of rats prepared surgically in the above
fashion is substantially reduced from the level prevailing in the
conscious state (14), estimated plasma losses were replaced in group
1-9 animals with use of the formula described in detail previously
(15). The amount of iso-oncotic plasma used was -1% of body weight
in group 5, 8, and 9 animals, and 0.5-0.7% in group 1-4, 6, and 7
animals.

Micropuncture measurements. In group 1-5 animals, micropuncture
measurements were carried out as follows: exactly timed (1-2 min)
samples of tubule fluid were collected from surface proximal convo-
lutions of two or three nephrons for determination of flow rate and
inulin concentration. These measurements permitted calculation of
single nephron glomerular filtration rate (SNGFR). Coincident with
these tubule fluid collections, two or three samples of femoral arterial
blood were obtained in each period for determination of arterial
hematocrit and plasma concentrations of protein and inulin. Time
averaged hydraulic pressures were measured in surface glomerular

capillaries (PFc), proximal tubules (PT), and surface efferent arterioles
(PE) with a continuous recording, servo-null micropipette transducer
system (model 3, Instrumentation for Physiology and Medicine, San
Diego, CA). Micropipettes with outer tip diameters of 1-2 gm and
containing 2.0 Msodium chloride were used. Hydraulic output from
the servo-nulling system was coupled electronically to a second channel
of the recorder.

Colloid osmotic pressure (7r) of plasma entering and leaving glo-
merular capillaries was estimated from values for protein concentration
(C) in femoral arterial (CA) and surface efferent arteriolar (CE) plasma
samples by using the equation derived by Deen et al. (16). Values for
CA, and thus systemic plasma oncotic pressure (rA), in femoral arterial
plasma were taken as representative of values for C and wr at the
afferent end of the glomerular capillary network. These estimates of
preglomerular and postglomerular plasma protein concentrations per-
mitted calculation of single nephron filtration fraction (SNFF) and
initial glomerular plasma flow rate (QA). Kf, as well as resistances of
single afferent (RA) and efferent (RE) arterioles, were calculated by
using the equations given elsewhere (17).

Cardiac output and whole kidney blood flow rate (RBF) measure-
ments. These two indices were measured in group 6-9 studies.

CO was determined with carbonized microspheres (3M Co., St.
Paul, MN), 15±0.6 Mmin diameter, labeled with 5"Cr. An isotonic
saline solution in a volume of 50 til, containing -35,000 microspheres
was placed into an 8-cm length of Silastic tube (ID 0.04 in., Dow
Chemical Co., Midland, MI). The tube was capped at both ends. Its
radioactivity was measured immediately before use in a Packard Tri-
Carb solid crystal gammaradiation counter. At the time of study, the
microspheres were disaggregated and flushed (with 0.3 ml isotonic
saline) into the left ventricular cavity through an indwelling catheter
over a 20-s period. Concurrently, arterial femoral blood (-1.5 ml)
was collected for 30 s by unclamping the femoral arterial catheter and
allowing the blood to flow freely into a graduated test tube. Replacement
transfusion was simultaneously performed, using whole blood obtained
from littermates of the experimental animals. For group 8 and 9
studies, the blood was diluted with 0.9% NaCl to achieve a low serum
protein concentration (4.5-5.0 g/dl) comparable with that of the
recipient animals, while keeping the hematocrit unchanged. No fluc-
tuation of arterial pressure occurred during the procedure. Residual
radioactivity in the Silastic tube and its caps was measured. Cardiac
output was calculated as: CO = (counts injected into left ventricle)/
(counts collected in femoral arterial blood X femoral arterial blood
flow rate).

Left renal arterial blood flow rate was measured with an electro-
magnetic flow probe (model FP402, Carolina Medical Electronics, Inc.,
King, NC, 2.0 mmin circumference) connected to an electromagnetic
flow meter (model 501, Carolina Medical Electronics, Inc.). This flow
meter system was calibrated in vivo (16) before use. Systemic (SVR)
and renal (RVR) vascular resistances were calculated as the ratio of
AP to COand RBF, respectively.

Experimental groups. Animals were divided into nine groups.
Groups 1-5 underwent micropuncture studies as described above,
groups 1-4 being deprived of water for 24-48 h, while group 5 was
allowed free access to water until the time of study. Groups 6-9 had
simultaneous measurement of AP, CO, and RBF; again, groups 6 and
7 were water deprived for 24-48 h, while groups 8 and 9 were allowed
free access to water until the time of study. Individual protocols are
described in detail below, and summarized in Table I.

Group 1 (seven Munich-Wistar rats): The time course of renal
microcirculatory and systemic dynamics of acutely water-deprived rats
(WD) was examined by micropuncture. The micropuncture measure-
ments and collections were obtained 90 and 120 min after induction
of anesthesia, and completed within 30 min. These measurements and
collections were repeated =70 min later, which was a timing similar
to the third study period in group 2-4 animals.

Group 2 (eight Munich-Wistar rats): In WDof group 2, the effect
of AVP inhibition after All blockade was studied. Baseline micro-
puncture measurements and collections were performed as in the first
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Table I. Summary of Individual Protocols for Group 1-9 Experimental Animals

Fluid intake before study First study period Second study period Third study period

Group 1 24-48-H water deprivation No treatment No treatment
(7 MWrats)

Group 2 24-48-H water deprivation No treatment Saralasin Saralasin
(8 MWrats) + d(CH2)5Tyr(Me)AVP

Group 3 24-48-H water deprivation No treatment d(CH2)5Tyr(Me)AVP d(CH2)5Tyr(Me)AVP
(6 MWrats) + saralasin

Group 4 24-48-H water deprivation Saralasin Saralasin + hydralazine
(6 MWrats)

Group 5 Free access to water No treatment Saralasin
(8 MWrats)

Group 6 24-48-H water deprivation Teprotide Teprotide
(6 SD rats) + d(CH2)5Tyr(Me)AVP

Group 7 24-48-H water deprivation Indomethacin + teprotide Indomethacin + teprotide
(7 SD rats) + d(CH2)5Tyr(Me)AVP

Group 8 Free access to water No treatment AVP
(6 SD rats)

Group 9 Free access to water Indomethacin Indomethacin + AVP
(6 SD rats)

Dosages employed are 0.3 mg/kg per h (saralasin), 20 ,g (d[CH2]5Tyr[Me]AVP), 0.05 mg (hydralazine), 4 mU/kg per min (AVP), 6 mg/kg per
h (teprotide), and 2 mg/kg (indomethacin, group 7) and 2 mg/kg + 2 mg/kg per h (indomethacin, group 9). Munich-Wistar and Sprague-
Dawley rats are abbreviated as MWand SD rats, respectively.

period of group 1 animals. At the end of this first study period, an
intravenous infusion of saralasin (0.3 mg/kg per h), an All antagonist,
was started and continued throughout the rest of the experiment. After
a 40-min equilibration period, measurement of the SNGFRand its
determinants was repeated. Immediately after completion of this
second study period, each rat received a 20-tg i.v. bolus injection of a
long acting specific vasopressin vascular antagonist (7), [1 -((-mercapto-
f,(,-cyclopentamethylenepropionic acid) 2-(o-methyl) tyrosine] AVP,
or d(CH2)JTyr(Me)AVP, and micropuncture measurements and collec-
tions were again repeated in the subsequent 30 min.

Group 3 (six Munich-Wistar rats): In group 3 WD, we first studied
the effect of d(CH2)5Tyr(Me)AVP alone, followed by the addition of
saralasin in the third study period. In these rats, the first study period
was carried out as in group 2. Subsequently, d(CH2)5Tyr(Me)AVP was
injected as in the third study period of group 2. 20 min later,
micropuncture was repeated during the next 30 min. Immediately
after this second study period, infusion of saralasin was begun at a
rate identical to group 2. After a 40-min equilibration period, mea-
surements and collections again were performed and completed in 30
min (third study period).

Group 4 (six Munich-Wistar rats): In this group of WD, the effect
of a nonspecific vasodilator on renal microcirculatory hemodynamics
was compared with the effect of AVP antagonist-induced vasodilation
(group 2). In this group of animals, the time course described for
group 2 was duplicated, except that hydralazine (0.05 mg i.v.) was
substituted for the AVP antagonist, and that measurements and
collections before saralasin infusion were omitted.

Group 5 (eight Munich-Wistar rats): In order to identify the
specificity of endogenous All action in WDanimals, the effect of
saralasin on the systemic and renal cortical circulations was examined
in eight Munich-Wistar rats allowed free access to tap water until the
time of the study. In these rats, the protocol for the first and second
study periods of group 2 animals was duplicated.

Group 6 (six Sprague-Dawley rats): In these WD, the effect of AVP
antagonism in the presence of renin-angiotensin inhibition was studied.
An intravenous infusion of teprotide (6 mg/kg per h), an angiotensin
I converting enzyme inhibitor, was started immediately after induction
of anesthesia, and continued throughout the duration of the experiment.
Measurement of AP, CO, and RBFwas begun '90 min after surgical
preparation, and completed within 15 min. At the end of this first
study period, rats received 2O-,g i.v. bolus injection of
d(CH2)5Tyr(Me)AVP. 20 min after injection of the AVP antagonist,
measurement of AP, CO, and RBFwas repeated (second study period).

Group 7 (seven Sprague-Dawley rats): Seven additional WDwere
used to examine the effect of prostaglandin inhibition on the AVP
antagonist-induced changes in AP, CO, and RBF. In this group, the
protocol described for group 6 was duplicated except that, in addition
to continuous teprotide infusion, group 7 rats received a 2-mg/kg i.v.
injection of indomethacin at the start of surgical preparation.

Group 8 (six Sprague-Dawley rats): In these water-diuretic rats, the
effect of a moderately pressor dose of exogenous vasopressin on
systemic and renal circulatory dynamics was examined. In order to
achieve hyposthenuria and suppress endogenous AVP release, the rats
were given a continuous hypotonic fluid infusion. Immediately after
restoration of the surgical plasma loss, an intravenous infusion (0.83%
dextrose, 0.3% NaCl) was started at a rate of 60 ml/kg per h. We
previously found this regimen to effectively maintain urine hypotonicity
(osmolality below 170 mosmol/kg or specific gravity below 1.005)
without significantly changing the serum level of glucose (8). Approx-
imately 2 h after surgical preparation, measurements of AP, CO, and
RBF were begun and completed within 15 min. At the end of this
first study period, a continuous intravenous infusion of AVP (4 mU/
kg per min, Pitressin, Parke, Davis & Co., Detroit, MI) was started. 5
min later, after a steady state was reached for AP, the above-mentioned
measurements and collections were again performed within a 15-min
interval (second study period).
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Group 9 (six Sprague-Dawley rats): Using additional water-diuretic
rats, the influence of prostaglandin inhibition on the vasopressin-
induced changes in AP, CO, and RBF was examined. The protocol
described for group 8 was duplicated, except that group 9 animals
received indomethacin (2-mg/kg i.v. bolus at the start of surgical
preparation, followed by 2 mg/kg per h continuous infusion).

Analytical. The volume of fluid collected from individual proximal
tubules was estimated from the length of the fluid column in a
constant-bore capillary tube of known internal diameter. The concen-
tration of inulin in tubule fluid was measured, usually in duplicate, by
the microfluorescence method of Vurek and Pegram (18). Inulin
concentration in plasma was determined by the macroanthrone method
of Fuhr et al. (19). CE and CA were determined, usually in duplicate,
by the fluorometric method of Viets et al. (20).

Analysis of variance was used to determine statistical significance
of differences in groups 1-5. Paired and unpaired t test was used for
groups 6-9. Statistical significance was defined as P < 0.05. Significance
values are given at the levels of <0.05 and <0.01.

Results

Base-line renal microcirculatory indices, measured in 21 water-
deprived rats (groups 1-3) and 8 nonwater-deprived rats (non-
WI) (group 5) are presented in Table II. The body weight of
group 1-3 animals averaged 276±6 g before water deprivation,
which corresponded to a 12±1% loss of body weight during
the deprivation. At the time of study, therefore, there was a
significant difference in body weight between WDand non-
WDanimals. Mean arterial pressure was comparable in the
two groups. Mean glomerular capillary hydraulic pressure,
PGC, was significantly elevated after water deprivation, while
proximal tubule hydraulic pressUre, PT, was unchanged, leading
to a significantly higher value for the mean glomerular tran-
scapillary hydraulic pressure difference, AP. Efferent arteriolar
hydraulic pressure (PE) was comparable in the two groups.
Hemoconcentration after water deprivation was reflected by a
significant elevation in plasma protein concentration, CA, and
hence systemic plasma oncotic pressure, WrA, as well as an
increase in hematocrit. Both SNGFRand QA were decreased
to a similar extent (- 50%) after water deprivation, leading to
near-constancy in SNFF. The marked decrease in SNGFR
was, therefore, attributed largely to the marked decrease in QA
and a simultaneously observed marked decrease in the ultra-
filtration coefficient, Kf, as well as, but to a lesser extent, the
increase in systemic plasma oncotic pressure, WA. These changes
were partly offset by the increase in AP, the latter tending to

prevent an even greater reduction in SNGFR. The decrease in
QA, in turn, was attributed largely to a marked increase in RA
and RE. The increase in RE was proportionately more marked
than RA, thus accounting for the observed increase in PGC.

In the absence of pharmacologic intervention (group 1
rats), all hemodynamic and renal microcirculatory indices
remained essentially unchanged with time, as shown in Ta-
ble III.

Administration of saralasin in the second period to group
2 water-deprived rats led only to a slight decrease in AP, on
average by 6 mmHg(Table III). Saralasin treatment induced
profound changes in several renal microcirculatory parameters:
PGCdecreased while PT remained unchanged, leading to a fall
in AP. CA and 7rA were unaffected by angiotensin II inhibition,
while both CE and rE decreased. A dramatic increase in QA
was observed; its value doubled after saralasin infusion. SNGFR
also increased by 11 nl/min. The relatively greater increase in
QA than SNGFRwas reflected by a fall in SNFF. It is clear
from Table III that the increase in QAwas the consequence of
a profound fall in both RA and RE. The decrease in RA was
proportionately less than the decrease in RE, which accounted
for the observed decrease in PGCduring saralasin infusion. In
addition to the increase in QA, Kf was found to markedly
increase. Overall, saralasin treatment tended to partially correct
the abnormalities seen during water deprivation by modulating
the levels of Kf, RA, and RE-

After pretreatment with saralasin, administration of the
AVPantagonist d(CH2)5Tyr(Me)AVP to group 2 water-deprived
rats led to a substantial reduction in AP, on average by 22
mmHg(Table III). Both PGc and AP decreased, while PT
remained constant. CA and WrA remained unchanged, while
both CE and rE decreased. Marked reductions occurred in QA
as well as SNGFR, the latter primarily due to the decreases in
QA and AP, since values for Kf and CA were essentially
unaffected, as shown. Contrasting to treatment with saralasin
alone, afferent arteriolar resistance was unchanged after
d(CH2)5Tyr(Me)AVP addition, and RE increased slightly.

When d(CH2)5Tyr(Me)AVP, a specific vascular antagonist,
was given without simultaneous inhibition of All (group 3,
second period), the systemic hemodynamic and renal micro-
circulatory parameters were only minimally affected. Thus,
the AVP antagonist exerted only a mild depressor effect on
systemic circulation, as indicated by an average fall of AP of
7 mmHg,and was without effect on RA, RE, and Kf. Additional

Table II. Summary of Renal Cortical Microcirculatory Indices Measured Under Basal Conditions in WDand Non- WDRats

Hct
BW AP PuC PT AP PE CA CE HA H1E SNFF SNGFR QA RA RE Kf (Vol)

g mmHg mmHg mmHg mmHg mmHg gidl gidl mmHg mmHg nl/mi nl/min X10° dyn s* cm'n1/(s *mmHg) %

WDrats
(n = 21) 238 109 64 14 50 19 6.8 9.7 25 47 0.32 23.2 71 2.43 2.90 0.028 55.5
(±) 3 2 1 1 1 1 0.1 0.4 1 2 0.01 1.3 5 0.20 0.24 0.003 0.4

Non-WD rats
(n = 8) 264 111 48 12 36 18 5.8 8.1 19 32 0.28 44.8 169 1.68 0.97 0.087 48.2
(±) 8 2 2 1 2 1 0.1 0.2 1 1 0.02 4.1 23 0.18 0.14 0.011 1.0

P value* <0.01 NS <0.01 NS <0.01 NS <0.01 <0.01 <0.01 <0.01 NS <0.01 <0.01 <0.05 <0.01 <0.01 <0.01

Values are expressed as mean± 1 SE. Minimum Kf values were calculated when filtration pressure equilibrium was reached (i.e., HIE AP). Unique Kf values were
calculated when filtration pressure equilibrium was not reached (i.e., IIE < AP). To calculate mean Kf values, unique Kf values (14 in WDand 6 in non-WD rats)
were pooled within each group. * Calculated using variance analysis. NS denotes P > 0.05.
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Figure 1. Summary of
changes in mean systemic
arterial pressure, total renal
arteriolar resistances (RTA),
and QA in response to
administration of
d(CH2)5Tyr(Me)AVP
(group 2) or hydralazine
(group 4) in saralasin-
treated WD. Values are ex-
pressed as mean± 1 SE.
*, AVP antagonist (n = 8);
o, hydralazine (n = 6).

inhibition of All in these water-deprived rats pretreated with
the AVP antagonist (Table III, group 3, third period) led to a

decrease in AP by -20 mmHg, which indicated that antago-
nism of both AVP and All causes dramatic reduction in AP,
which is not achieved through inhibition of either vasopressor

hormone alone. As in group 2, PGC decreased while PT
remained constant, so that AP fell. CA and WA again remained
unchanged, while both CEand WrE decreased. The near-constancy
of SNGFRwas due to the opposing influences of increases in
QA and Kf, and a decrease in AP.

The effects of AVP inhibition were compared with those
resulting from administration of a systemically equivasode-
pressor dose of hydralazine in rats also pretreated with saralasin
(group 4, third period). Administration of hydralazine resulted
in a substantial decrease in AP, on average by -20 mmHg.
Values for PGC and AP decreased as well, leading to a decrease
in SNGFRby -40%. CA decreased slightly, and values for
both QAand Kf remained essentially unchanged (Table III and
Fig. 1). Both RA and RE decreased to a mild but significant
extent. This dilation of the afferent and efferent arterioles
served to maintain QA in the face of systemic vasodilation, the
latter evidenced by the profound fall in AP. Overall, the
decline in SNGFRwas primarily due to the marked fall in
PGC. In contrast to the changes seen in group 2 WDanimals,
saralasin treatment was essentially without effect in group 5
rats having had free access to water, as shown in Table III.

The effect of AVP inhibition on systemic and whole kidney
circulatory dynamics was studied in WDpretreated with an
angiotensin-converting enzyme inhibitor, teprotide (group 6)
(Table IV, Fig. 2). Injection of d(CH2)5Tyr(Me)AVP induced
a significant decrease in APby - 30 mmHgwithout a significant
change in cardiac output, so that calculated SVR significantly
decreased. Renal blood flow, on the other hand, decreased
significantly, on average by 0.9 ml/min, while RVRremained
unchanged. Thus, during AVP antagonism, the renal fraction
of cardiac output (RBF/CO ratio), or the ratio of SVR/RVR,
significantly decreased, from 0.100±0.013 to 0.074±0.015
(P < 0.05) (Table IV, Fig. 2).

The effect of AVP inhibition was also studied in WDwith
indomethacin in addition to teprotide (group 7) (Table IV,

Table IV. Summary of Hemodynamic Data for Group 6-9 Animals

SVR/RVR
AP HR USG Co RBF SVR RVR (RBF/CO)

mmHg per min mIl/min ml/min mmHg/(mi/mnin)

Group 6 (n = 6)
Pre-AVPA 112±5 - 51±3 4.9±0.5 2.3±0.2 25.2±2.8 0.100±0.013
Post-AVPA 80±10 62±9 4.0±0.5 1.4±0.2 23.6±4.6 0.074±0.015
P* <0.01 NS <0.01 <0.01 NS <0.05

Group 7 (n = 7)
Pre-AVPA 106±5 62±9 4.8±0.4 1.9±0.3 22.6±2.9 0.084±0.011
Post-AVPA 84±6 58±8 4.8±0.3 1.7±0.3 17.0±1.0 0.092±0.016
P* <0.01 NS NS <0.05 <0.05 NS
Pt NS - NS <0.05 <0.05 NS <0.05

Group 8 (n = 6)
Pre-AVP 118±5 398±20 1.003±0.000 111±7 8.8±1.2 1.1±0.1 15.7±2.0 0.083±0.014
Post-AVP 137±9 382±20 1.012±0.001 98±9 9.6±1.3 1.4±0.1 17.3±1.9 0.106±0.019
P* <0.01 NS <0.01 <0.01 <0.01 <0.01 <0.05 <0.01

Group 9 (n = 6)
Pre-AVP 115±4 385±21 1.003±0.000 103±5 9.3±0.8 1.1±0.1 12.7±0.9 0.090±0.005
Post-AVP 135±6 380±20 1.012±0.001 95±6 8.3±0.7 1.4±0.1 16.8±1.3 0.088±0.008
P* <0.01 NS <0.01 NS <0.05 <0.05 <0.05 NS
P§ NS NS NS NS <0.05 NS NS <0.05

Values are given as mean± 1 SE. HR, heart rate; USG, urine specific gravity. * Paired t test comparing absolute values for the two periods
within the same group. t Unpaired t test comparing the changes between the two periods for group 6 vs. group 7. § Unpaired t test compar-
ing the changes between the two periods for group 8 vs. group 9.
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Figure 2. Summary of changes in CO, RBF, and RBF/CO (or SVR/
RVR) in response to d(CH2)5Tyr(Me)AVP administration in tepro-
tide-treated WD. Animals were pretreated with either indomethacin
(group 7, shaded bars) or vehicle (group 6, open bars). * indicates
statistical significance of the changes seen, in each group, within the
same animals. When comparison was made between changes in
group 8 vs. group 9 animals, ARBFand ARBF/COwere statistically
different.

Fig. 2). In these rats, base-line AP and RBF/CO ratio tended
to be lower and COhigher than in nonindomethacin-treated
rats; however, the differences in these values did not reach
statistical significance. After administration of AVPantagonist,
a significant decrease in AP was again observed, on average

by -20 mmHg,without a significant change in cardiac output,
so that SVR significantly decreased. However, in contrast to
the pattern seen in group 6 rats, RVRsignificantly decreased,
so that both RBFand RBF/CO ratio remained unchanged.

The effect of exogenous AVPwas studied in water-loaded
rats (i.e., suppressed endogenous release of the hormone)
(group 8) (Table IV, Fig. 3). In these animals, the administration
of AVP led to a significant increase in AP, on average by -20
mmHg. Cardiac output significantly decreased in association
with an increase in SVR. RBF, on the other hand, increased,
on average by 0.8 ml/min, despite an increase in RVR. The
increase in RBF was due to a proportionately lesser AVP-
induced increase in renal as compared with systemic vascular
resistance, since RBF/CO or SVR/RVRratio increased signif-
icantly, on average from 0.083±0.014 to 0.106±0.019 (P
< 0.01).

In a separate group of water-diuretic rats, AVPwas admin-
istered while potential stimulation of prostaglandin release by
AVPwas blocked by pretreating the animals with indomethacin
(group 9) (Table IV, Fig. 3). In these animals, base-line
hemodynamic parameters were not significantly different from
those of group 8 animals (Table IV). Administration of AVP
induced an increase in AP, on average by -20 mmHg, a

magnitude similar to that seen in group 8 animals. Both SVR
and RVRincreased. However, in contrast to group 8 animals,
AVP induced a comparable increase in both SVR and RVR
in these group 9 indomethacin-pretreated animals, so that
RBF/CO or SVR/RVR ratio remained essentially unchanged.
In association with a uniform (though statistically insignificant)
reduction in CO, RBF significantly fell by 1.0 ml/min.

Figure 3. Summary of changes in CO, RBF, and RBF/CO (or SVR/
RVR) in response to a moderately pressor dose of AVP (4 mU/kg
per min) in water-diuretic rats. Animals were pretreated with either
indomethacin (group 9, shaded bars) or vehicle alone (group 8, open

bars). * indicates statistical significance for the changes seen, in each
group, within each animal. When comparison was made between
changes in group 8 vs. group 9 animals, both ARBFand ARBF/CO
were statistically different.

Discussion

Filtration rate of superficial nephrons during water deprivation
was found to be markedly depressed, almost to half the value
of control animals. Contributing to the decrease in SNGFR
during water deprivation were low levels of QA (- 50% of
normal controls) and Kf (-30% of normal controls), as well as

1 g/dl increase in systemic plasma protein concentration (Table
II). A qualitatively similar pattern was previously reported in
chronic forms of ECF volume depletion (21, 22), with the
difference that systemic plasma protein concentration, hence
IrA, was normal in the chronically volume-contracted state.
On the other hand, the glomerular capillary hydraulic pressure,

and hence the transcapillary hydraulic pressure difference, were

elevated in water-deprived rats, on average by some 15 mmHg
above the control levels. This rise in AlP partially offset the
changes in the other three determinants and tended to preserve

SNGFR.
The relative contribution of each determinant to the low

value of SNGFRin WDanimals was evaluated. Theoretical
values of SNGFRwere computed after substituting, succes-

sively, a normal value for each of the four determinants of
SNGFR, while using the other three values obtained during
water deprivation. These predicted values of SNGFRare given
in Table V. Not surprisingly, substituting a normal value for
AP yields a SNGFRvalue even lower than actually obtained
in the WDexperimental animals. Substituting normal values
for either CA, QA, or Kf partially restores SNGFR. None of
these individual substitutions, however, results in a SNGFR
value approaching 44.8 nl/min, as measured in non-WD
control animals.

Although selective changes in either QA or Kf alone appear
to have only minor influence on SNGFR, a dramatic improve-
ment in SNGFRis predicted should both of these determinants
be concurrently normalized. Thus, by using the values of QA
and Kf measured in non-WD, and those of AlP and CA from
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Table V. Theoretical Effect of Selective Normalization of
Determinants for SNGFRon SNGFRValue

Determinant selectively normalized Predicted SNGFR
in water-deprived condition value

nil/min

AP 10.9
CA 28.3
QA 31.2
Kf 25.2
Kf andQA 57.8

WD, SNGFRis calculated to be 57.8 nl/min, a value even
higher than that measured in control animals. This synergistic
effect of QA and Kf on SNGFRrelates to the hydrodynamic
character of glomerular filtration in both normal and WD.
That is, due to attainment of near-filtration pressure equilibrium
at the distal-most end of the glomerular capillary, an increase
in Kf alone (by merely shifting the equilibrium point toward
the afferent arteriole along the glomerular capillary) has little
influence on SNGFR, just as a marked rise in QA alone (by
achieving a profound filtration pressure disequilibrium) also
fails to raise SNGFRsubstantially. By contrast, when simul-
taneous changes occur in both of these terms, an increase in
Kf will allow SNGFRto increase linearly when QA increases,
without achievement of filtration pressure disequilibrium. An
increase in QA, in turn, is expected to allow an increase in Kf
to enhance local transglomerular flux, without having filtration
cease by the end of the glomerular capillary. Overall, the
markedly low levels of QA and Kf together account, almost
entirely, for the observed profound depression of SNGFRin
WDanimals. Nevertheless, it should be recognized that, al-
though QA is markedly low, and contributes to the low
SNGFR, both QA and SNGFRwould have been even lower
had the circulating level of AVP not been appropriately
elevated (see below).

To examine the functional role of the renin-angiotensin
system in the markedly altered glomerular microcirculatory
dynamics of acutely ECF-depleted animals, the effect of a
specific antagonist of All, saralasin, was studied (group 2).
Pharmacological blockade of All action led to modest reduc-
tions in both systemic arterial and glomerular capillary hydraulic
pressure, on average by 6 and 9 mmHg, respectively. In
addition, angiotensin inhibition led to reductions in both
afferent and efferent arteriolar resistances. This arteriolar va-
sodilation was sufficient to cause a significant and marked rise
in QA, despite the mild systemic vasodilation. Together with
a concurrent rise in the ultrafiltration coefficient, the saralasin-
induced rise in QAbrought about an increase in SNGFR, even
in the face of a marked fall in PGc. Qualitatively similar effects
were seen with All inhibition in volume-depleted animals
pretreated with a vasopressin antagonist (group 3). In contrast,
saralasin infusion exerted no discernible influence on these
parameters in nonvolume-depleted animals (group 5). Thus,
the acute form of ECF depletion is characterized by an
enhanced vasoconstrictor action of All on renal arterioles, and
presumably glomerular mesangium as well, as indicated by the
low level of Kf. Hypoperfusion and hypofiltration of glomeruli

under this circumstance can therefore be attributed, to a large
extent, to the direct constrictor actions of All on the renal
microvasculature. Using saralasin or angiotensin I converting
enzyme inhibition, previous investigators demonstrated pro-
found direct renal actions of All in the chronic forms of ECF
volume depletion (21) and other conditions characterized by
high levels of endogenous All (23-26).

Our experiments using a specific AVP antagonist demon-
strated that the influence of endogenous AVP on renal he-
modynamics is clearly different from the direct renal actions
of All mentioned above. In the present micropuncture studies,
inhibition of AVP action was carried out under two circum-
stances, without (group 3) or with (group 2) concomitant
inhibition of All. When All action was intact (group 3),
administration of a specific AVP antagonist caused mild
systemic vasodilation (indicated by a slight fall in AP). However,
no change was detected in renal arteriolar resistances, so that
QAand SNGFRremained essentially constant. Whenthe AVP
antagonist was given to AII-inhibited WD(group 2), renal
arteriolar resistance again remained unaffected, but a profound
systemic vasodilation occurred, which was evidenced by a
dramatic fall in AP. A similar selective influence of AVP
inhibition on systemic blood pressure was also demonstrated
in our recent study of two-kidney Goldblatt hypertension (23),
another condition characterized by a high circulating level of
AVP (10).

In the present experiments, simultaneous assessment of
cardiac output and whole kidney blood flow allowed further
documentation of this extrarenal specific effect of AVP inhi-
bition. In WDanimals (group 6), AVP inhibition indeed
decreased only systemic (or extrarenal), but not renal, vascular
tone. In keeping with this contention that high circulating
level of AVP has a preferential constrictor action on the
extrarenal vasculature, Heyndrickx et al. (13), studying con-
scious dogs, noted that the increase in renal vascular resistance
after infusion of a moderately pressor dose of AVP, was less
marked than the increase in the resistance of the mesenteric
and iliac vascular beds. Similarly, Liard et al. (12) reported
that the infusion of AVP to conscious dogs, achieving a serum
level within the physiological range, led to a marked decrease
in CO while renal blood flow remained unchanged, which
implied an increase in relative renal perfusion. Furthermore,
Schmid et al. (1 1), in their study of anesthetized dogs, noted
that a low dose infusion of exogenous AVP led to an increase
in the absolute value of renal blood flow rate.

That the selective extrarenal action of endogenously released
AVP is crucial for the maintenance of glomerular perfusion
and filtration in animals with acute ECF volume depletion is
readily appreciable from our additional findings using hydral-
azine. As depicted in Fig. 1, when this nonselective vasodilator
was given to volume-depleted animals (group 4), the resulting
fall in AP, comparable with that after AVP inhibition, was
accompanied by a parallel fall in renal arteriolar resistance, so
that glomerular plasma flow rate remained constant. In contrast,
when AVP antagonist was administered, no change occurred
in renal arteriolar resistance, which resulted in a marked fall
in QA. The systemic effect of AVP inhibition to reduce QA
was so profound that a simultaneous tendency for Kf to slightly
increase failed to sustain SNGFR.2

2. In our previous study in two-kidney Goldblatt hypertension (23),
AVP inhibition was shown to raise Kf when (but only when) All was
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In addition to the renin-angiotensin system and vasopressin,
the sympathetic nervous system is known to contribute to
maintaining the integrity of systemic circulation. Recently,
Paller and Linas (3) have demonstrated in conscious rats that,
even when two of these pressor systems are impaired, the level
of AP can be sustained as long as the third system remains
intact. Of note, however, is the evidence indicating that, under
barbiturate anesthesia, the ability of the sympathetic nervous
system to adjust AP is grossly compromised (27, 28). Indeed,
the rise in plasma catecholamines regularly occurring during
hemorrhage was found to be markedly blunted in pentobarbital-
anesthetized dogs (29). Thus, although we did not measure
catecholamine levels, the efficiency of the sympathetic nervous
system is likely to have been compromised by Inactin, thereby
accounting for the pronounced hypotension observed in our
studies after antagonism of All and AVP in WDanimals.3

AVP is known to stimulate the release of vasodilatory
prostaglandins (31-33). Renal tissues, including glomeruli, are
particularly rich in enzymes that participate in the biosynthesis
of prostaglandins (34-36). Oliver et al. (37) have recently
shown that, in dogs, direct intrarenal arterial administration of
AVPaugments the renal release of prostglandin E2. Moreover,
when the animals were pretreated with indomethacin, enhanced
renal constriction was noted during exogenous AVP adminis-
tration. Our results in water diuretic animals (groups 8 and 9)
confirm their findings: Thus, when a mildly pressor dose of
AVP was injected intravenously to rats undergoing water
diuresis (group 8), a significant increase in renal blood flow
and in RBF/CO ratio was seen. However, when potential
AVP-induced prostaglandin release was blocked by the cy-
clooxygenase inhibitor indomethacin (group 9), RBFdecreased
and RBF/CO was unchanged. These results suggest that, when
the intrarenal vasodilatory action of prostaglandins is elimi-
nated, exogenous AVP is equally vasoconstrictive on renal and
extrarenal vascular beds.4 Wepostulated that the absence of a
renal constrictor action of AVPreleased endogenously in water
deprivation, i.e., under physiological conditions, was similarly
a consequence of enhanced release of vasodilatory prostaglan-
dins, induced by AVP, and locally attenuating the direct
vasoconstrictor effect of the peptide hormone. Thus, adminis-
tration of AVP antagonist to WDanimals led to systemic
hypotension and a marked fall in the renal fraction of cardiac
output; pretreatment with indomethacin (group 7) essentially

simultaneously inhibited. In the present study, however, such a rise, if
any, could not be appreciated, due to achievement of filtration-pressure
equilibrium (i.e., AP HHE). This indicates that the Krraising effect of
AVP inhibition, even if it occurred, failed to affect SNGFR, due
to the profound systemic effect of AVP inhibition, which brought
about the fall in QA and AP, and attainment of filtration-pressure
equilibrium.
3. It should also be noted that the extent to which the differential
effect of AVPon systemic vs. renal vasculature affects the overall RBF,
depends on the renal capacity of "pressure" autoregulation, i.e., ability
to maintain RBF in the face of changes in AP. When this system is
compromised, as occurs in ECF volume depletion (30), the systemic
effect of AVP to maintain AP becomes a more crucial determinant for
the level of RBF.
4. Our observations with indomethacin also imply that the release of
AVP-sensitive prostaglandins, at least those having vascular actions, is
channeled through receptors occupiable by d(CH2)5Tyr(Me)AVP, i.e.,
vascular-type AVP receptors. This notion is supported by recent
findings in vitro (31, 38-40).

AVP |

EX TRARENA RENAL
r----------- ---------_i_______________

Vasoconstriction |PROSTA LANDINS Vasoconstriction

Vasodilatation

No Vascular Response

t RBF/CO
Figure 4. Schematic presentation of the hypothetical mechanism for
insensitivity of the renal vasculature to constrictor action of vasopres-
sin (AVP). In this hypothesis, it is proposed, based on the experimen-
tal observations, that vasopressin-stimulated local vasodilator actions
of prostaglandins are far more prominent in renal than extrarenal
vasculature as a whole.

abolished this preferential vasodilatory action of AVPantagonist
on the extrarenal vasculature, so that renal blood flow and
RBF/CO ratio failed to change significantly. Although it is
known (41) that All can similarly induce the release of
vasodilatory prostaglandins, our data indicates that the vaso-
constrictor action of All is far more profound than the
vasodilatory effect of prostaglandins induced by All. Thus,
pharmacological blockade of All was found, in our studies, to
induce a fall in the renal vascular resistance. In contrast, the
vasodilatory effect of prostaglandins released in response to
AVP in the dose we used, appears to be sufficient to balance
the direct renal vasoconstrictor action of the hormone, resulting,
overall, in unchanged renal resistance.

Based on these results, we propose the mechanism for the
renal hemodynamic action of AVPshown in Fig. 4: AVPmay
possess direct constrictor actions on both extrarenal and renal
vasculatures. However, due to the release of vasodilatory
prostaglandins, the effect of which is to counteract the direct
constrictive action of AVP, renal vascular resistance remains
unchanged. This scheme also provides an attractive hypothesis
for the role of endogenously released AVP. Thus, our results
in group 6 and 7 rats point to the notion that the vasodilatory
action of AVP-induced prostaglandins, by protecting the kidney
from the constrictor action of AVP, is critically important in
diverting to the kidney a higher fraction of the cardiac output,
the latter being profoundly depressed under conditions of
extracellular fluid depletion.5
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