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A B S T RA C T To determine whether renal pros-
taglandins participate in the regulation of renal blood
flow during acute reduction of cardiac output, cardiac
venous return was decreased in 17 anesthetized dogs
by inflating a balloon placed in the thoracic inferior
vena cava. This maneuver decreased cardiac output
from 3.69±0.09 liters/min (mean±SEM) to 2.15±0.19
liters/min (P < 0.01) and the mean arterial blood
pressure from 132±4 to 111±5 mmHg (P < 0.01) and
increased total peripheral vascular resistance from
37.6±2.5 to 57.9±4.8 arbitrary resistance units (RU) (P
< 0.01). In marked contrast, only slight and insignifi-
cant decreases in the renal blood flow from 224±16 to
203± 19 ml/min and renal vascular resistance from 0.66
±0.06 to 0.61±0.05 arbitrary resistance units (ru) were
observed during inflation of the balloon. Concomitant
with these hemodynamic changes, plasma renin activ-
ity and plasma norepinephrine concentration increased
significantly in both the arterial and renal venous
bloods. Plasma concentration of prostaglandin E2 in
renal venous blood increased from 34±6 to 129±24
pg/ml (P < 0.01). The subsequent administration of
indomethacin or meclofenamate had no significant ef-
fect on mean arterial pressure, cardiac output, and total
peripheral vascular resistance, but reduced renal blood
flow from 203±19 to 156±21 ml/min (P < 0.01) and
increased renal vascular resistance from 0.61±0.05 to
1.05±0.21 ru (P < 0.01). Simultaneously, the plasma
concentration of prostaglandin E2 in renal venous blood
fell from 129±24 to 19±3 pg/ml (P < 0.01). Administra-
tion of indomethacin to five dogs without prior
obstruction of the inferior vena cava had no effect upon
renal blood flow or renal vascular resistance. The
results indicate that acute reduction of cardiac output
enhances renal renin secretion and the activity of the
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renal adrenergic nerves as well as renal prostaglandin
synthesis without significantly changing renal blood
flow or renal vascular resistance. Inhibition of
prostaglandin synthesis during acute reduction of
cardiac output results in an increased renal vascular
resistance and reduced renal blood flow. Accordingly,
that data provide evidence that renal prostaglandins
counteract in the kidney the vasoconstrictor mecha-
nisms activated during acute reduction of cardiac
output.

INTRODUCTION

Acute decreases in cardiac output are accompanied by
substantial increases in total peripheral vascular resist-
ance. In patients with congestive heart failure with
edema, Merrill (1) demonstrated reduced renal plasma
flow. Although renal blood flow may also decrease in
acute heart failure (2), studies by Levy and Berne (3)
demonstrated that the renal circulation does not par-
ticipate to the same extent as the rest of the circula-
tion in the vasoconstrictor response. During acute de-
creases in cardiac output renal blood flow fell only
slightly or did not change (3, 4). More importantly,
the rise in the renal vascular resistance was con-
siderably less than the rise in total peripheral vascular
resistance (3). These results have been confirmed in
elegant studies in unanesthetized dogs by White et al.
(5) and Higgins et al. (6). These workers showed that
the reduction of cardiac output by bradycardia (5), or
by lowering venous return to the heart (6) induced
marked vasoconstriction of the mesenteric and iliac
beds, but failed to induce renal vasoconstriction.

The absence of an increase in renal vascular resist-
ance during acute heart failure is noteworthy since the
renin-angiotensin and sympathetic nervous systems
are known to be activated in this condition (7-9). The
high peripheral vascular resistance during acute heart
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failure is, at least in part, mediated by angiotensin II,
a potent renal vasoconstrictor; the administration of
the converting enzyme inhibitor during heart failure
reduces total peripheral vascular resistance and blood
pressure (7, 8). The sympathetic nervous system is also
likely to participate in the maintenance of the arterial
pressure since elevated levels of plasma norepineph-
rine have been found in patients with heart failure (9).

Work by several laboratories has recently demon-
strated that regulation of renal blood flow results from
the interplay of vasoconstrictor and vasodilator factors.
In particular, prostaglandins are known to be involved
in renal blood flow control in a variety of conditions
in which the renin-angiotensin system is activated.
Although inhibition of the synthesis of prostaglandins
has little or no effect upon renal blood flow during
control conditions (10-12), it elicits or augments the
reductions of renal blood flow that occur during hemor-
rhagic hypotension (13, 14), sodium depletion (15), and
in patients with cirrhosis and ascitis (16).

The purpose of the present study was to determine
whether the renal prostaglaindiins are involved in the
maintenance of renal blood flow during an acute de-
crease of cardiac output. The experiments were carried
out in anesthetized dogs in which cardiac output was
decreased by preventing cardiac venous return by
means of an inflatable l)alloon placed in the thoracic
iniferior vena cava. Simultaineous mieasurements of
arterial and rencal venous conceintratioins of prostaglain-
din ES (PGE2)' and of plasmiia renin activity, as well
as renal blood flow and systemic hemodynamics, were
performed in control conditions, during acute heart
failure and following the adimiinistration of inhibitors
of prostaglandiin synthesis.

METHODS

Experiniental preparationi. The experimlents were per-
formed( in 22 monigrel dogs of either sex weighing an average of
26.2±0.9 kg (mean±-SEM) that were fed a normnal chow diet
that providledl a sodliumn initake of 80-100 meeq/d. Anesthesia
was in(luce(l wvith sodiumil pentobarbital (30 mg/kg i.v.) andl
maintained with periodlic additional admiinistrationi. After
aniesthesia, each animilal receivedl anl infusion of Ringer's
lactate e(jliai to 4% of the bo(dx weight, followved by a
sustaininig inifusioni of 0.2 mIl/kg per min for the remiainider of
the experimiienit. After cannultilation of the trachea, the dogs were
mechanically ventilated. Through a femoral artery, a catheter
wNas initroduced into the aorta for blood pressure meeas-
ure ments (P23Db) Statham transducer [Stathamii Instrumllenits,
Inc., Oxnard, Calif:] and Grass i)olygraph recorder [Grass
Inistrumilenit Co., Quincv, NlassT) ancd for arterial bloo(1
collections. Via the right jugular vein, a catheter was
initrodticed into the right atriumiii for the admiinlistrationi of
indlocvanine (de solultioni. Cardliac outpult was determiinied its

'Abbreviation.s u.sed in thi.is pape)(r: PGE2, prostaglainliini E2;
PGSI, prostaglandin synthesis inhibition; PRA, plasma renin
activity; RBF, renal blood flow; TIVCO, thoracic inferior vena
cava obstruction.

previously described (15). In 17 dogs, a catheter with an
inflatable balloon at its distal end (Fogarty dilation catheter,
Edwards Laboratories, Santa Ana, Calif.) was introduced into
the inferior vena eava via the femoral vein. The catheter was
advanced under fluoroscopy and the balloon was positioned in
the thoracic portion of the inferior vena eava. Through the
other femoral vein, a catheter was introduced into the lower
portion of the abdominal vena eava for recording of the venouis
pressure (P23Db Statham transducer and Grass polygraph
recorder) caudal to the balloon. Through a left flank incision
and retroperitoneal dissection, the left renal artery was dis-
sected and fitted with a flow probe of appropriate diameter
(Carolina Medical Electronics, Inc., King, N. C.). Renal blood
flow was measured wvith an electromagnietic flowmeter as
previously described (17). The left ureter was cannulated with
a polyethylene catheter for collectioni of urine. Through the
left ovarian/testicular vein, a snmall catheter was introduced in
retrograde fashion into the left renial veil) for blood collectioin.
In all instances aortic and renal vein bloods were obtained
simultaneoislyv.

After 1 h of e(quilibrationi, hemiiodynamiiic measurements,
blood collections and three 10-min clearanices vere carried
out. Subsequently, the balloon placed in the thoracic iinferior
vena cava was in)flated until a slight reductioni of the meani
arterial blood pressure w as observed. 50-60 min later, repeat
hemodvnam ic determinations, blood collections, and three
10-mim clearances were performed. To inhibit prostaglandin
svI)thesis, 5 mg/kg of indomethaciin (nt = 11) prepared as
previouslv described (15) or 4 mg/kg of meclofeniamiiate (n = 6)
dissolved in 20 ml of 0.9% saline was administered as a bolus
ii)jectiol). Final hemodvnamic measurenmel)ts, blood collec-
tions, and three 10-mim clearances wvere performed 20-30 min
later. Because the results for all qjuantitiesi measured were
simiiilar for 1)oth prostaglandini inhibitors the data were pooled
for statistical evaluation. In five dogs, indomethacin was
adminiistered after control hemodyniamiiie measuremlielnts
without prior obstructioni of the inferior venla cava. 20-30 mIi
later the hemody,'namic ieasuremiients were repeated.

Alea.sureie Wts. The urinarv soditill) concenitration was
measured by flamiie photometry. Glomerular filtration rate was
measuired by the renial clearancce rate of ['251jiodothalamate
a(dmiinlistere(d as a bolus of 0.9 /.Ci/kg dlissolve d in 10 nml of 0.9%
saline, folloved by a sustaininig infusioni of 0.1 Ci/kg per mIi.
Blood samples were taken at the midpoint of each renal
clearanice period. V'alues expressed are the average of three 10-
milute clearancce periods. Plasmla reniin activity (PRA) in
arterial and rental venouis 1loo10 \w.-as mleastire'd as previously
described (15).

Plasmaiit norepiniephrinie vas measured by the procedtire
described by Peuiler anid Johnsoni (18). Both aortic and reAnal
veini blood (2 ml) were placedI in chille(d tubes containing
EGTA at(1 redutced glutathionie (3.6 and(i 2.4 mg, respec-
tivelv) and cenitriftuge d und(le r refrigerationi to separate
plasma fromii the cells. Plasmiia samples (500 ,l) were mixed
with 20 ,ul of 60% perchloric acidl an(l 50-/.I ali(qtuots of the
dleprotei nize(l supernatanit fractioni vere assayed1 for norepi-
nephirinie. Norepinephirine (100 pg) was added to one ali(quiot
fromii each sample to serve as an interl)al stanidard. Blanks,
preparre(d with 0.001 N HCI, were treate(1 in a fashioni simiiilar
to that of plasimia. A re actioni mixture was prepare(l ain(l 100 ,ul
of this mi.>xttire was pipetted into each san)ple to begin en-
zvmiatic 0-minethvlation. The finial concentrations of reactainits
in each sample were ats follows: 0.5 1AM, redtlce(l glutathiolle;
133 miM, NIgC126H2(0; 0.4 M, Tris; 18 mnM, EGTA; 10 mM
(lithiothreitol; 2.5 ACi, S-adellosyl-L-methioniine-([3H]olethtyl)
(9- 11 C(i/mmol); ain(d catechol-O-oietlil I tranisferase, 0.5 mgof
standlardized( enzyme preparationi (20.5 mig/mIn) (19). The pH of
the reatctioni miixtuire was 8.9. At the enicl of a 60-mimi incubation
at 38°(', the reaction was terminated by the (dditioni of 100-,l
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aliquots of 1 M sodium borate, pH 11.0, containing 2 mM
normetanephrine. The 3H-0-methylated products of the
reaction mixture were extracted into 3 ml of toluene-isoamyl
alcohol (3:2, vol/vol). At this and each extraction step, the
aqueous and organic phases were separated by centrifugation.
After freezing the aqueous phase in a mixture of dry-ice-
acetone, the organic phase was decanted into 150 gl of
0.1 M acetic acid solution that partitioned the normeta-
nephrine back into the aqueous phase. This phase was washed
once with 2.5 ml of toluene-isoamyl alcohol (3:2, vol/vol), and
the organic layer was aspirated and discarded. Absolute
ethanol (100 gl) was added to the acetic acid extract and
separation of [3H]normetanephrine from other 0-methylated
products was accomplished by thin layer chromatography on
250-jAm thickness silica gel plates (Analtech, Inc., Newark,
Del.). Plates were developed in tertiary amyl alcohol/toluene/
40% methylamine solution (21:7: 10). After drying, each plate
was scanned under ultraviolet light (254 nm) to visualize the
normetanephrine, and the corresponding zone was scraped
into a scintillation vial. To each scintillation vial was added in
succession the following solutions: 1 ml of 50 mMammonium
hydroxide solution to elute the methylated derivative from the
silica gel, 50 jul of 4% sodium periodate to convert
[3H]normetanephrine to [3H]vanillin and, after 5 min, 50 gl of
glycerol (10% vol/vol) to eliminate unreacted periodate. The
resulting solution was then acidified with 1 ml of 0.1 N acetic
acid and the [3H]vanillin was partitioned into 10 ml of toluene/
Liquifluor (20:1) with vigorous mixing. Radioactivity in these
samples was determined by counting in a Packard Tri-carb
Scintillation Spectrometer, model 3330 (Packard Instrument
Co., Inc., Downers Grove, Ill.). The accuracy of the assay was
assessed by the recovery of standard amounts (25-755 pg) of
norepinephrine added to a dog plasma pool. Linear regression
analysis of the recovered standard gave y = 1.04x - 1.3
(r = 0.998; n = 14) where y is the amount of standard
recovered (corrected for endogenous concentration) and x is
the amount of norepinephrine added. Reproducibility of the
assay was determined by the measurement of aliquots of the
same plasma pool. When aliquots were measured in eight
different runs, the mean±SD concentration was 440±20
pg/ml. The interassay coefficient of variation was 5%.

PGE2 was measured by radioimmunoassay. [3H]PGE2 was
obtained from Amersham Corp. (Arlington Heights, Ill.) (160
Ci/mmol) and PGE2 antisera was obtained from Boehringer
Mannheim Biochemicals (Indianapolis, Ind.). The percentage
of crossreactivity of various prostaglandins and the antibody is
<0.3% for PG Al, A2, Bl, B2, F2, and <3.4% for PGE1 and 6-
keto-F,.: (20). Blood was collected in heparinized, chilled
tubes containing 10 ,tg indomethacin/ml in blood. After
separation, the plasma was stored at -20°C until assay time. To
2 ml of plasma, -1,000 cpm of [3H]PGE2 were added for
recovery estimation. The samples were then acidified to pH
3.5 with formic acid and extracted with 5 ml of ethylacetate.
The organic layer was then collected and dried under N2. The
dried extracted samples were redissolved in 0.5 ml of 0.1 M
phosphate buffer (pH 7.40) containing 0.1 mg/ml Brij 35 to
facilitate PGE2 recovery. The mean±SD overall recovery of
[3H]PGE2 from plasma after extraction was 95+7% (n = 19).
After taking aliquots for recovery estimation, 100-,ul aliquots of
sample were added to assay tubes containing -8,000 cpm of
[3H]PGE2 (equivalent to 12 pg), dissolved in 100 ,ul of re-
distilled water, and 100 ,ul of diluted antisera in phosphate
buffer. Standards containing 3-708 pg of unlabeled PGE2
were treated in a similar manner. After incubation for 10 min at
room temperature followed by 2 h at 40C, the bound and free
PGE2were separated by a charcoal-dextran mixture. The final
antisera dilution resulted in an initial binding of -40%.
Nonspecific binding was 2.1±1.2% (mean-SD; n = 10).
Standard curves were analyzed by the method of Rodbard and

Hutt (21) which is a nonlinear transformation of the logitlog
relationship. A 10%decrease in bound counts was observed at
3.4±0.1 pg (mean+SD; n = 5). The mean+SD amount of
PGE2required to displace zero point binding by 50%o was 28+12
pg (n = 10). Extraction blanks averaged <2 pg. The accuracy
of the assay was assessed by the recoverv of standard amounts
of PGE2 (9.4-944 pg) added to a plasma pool. Linear
regression analysis of the recovery standards gave: y = 0.94x
+ 18 (r = 0.96; n = 28), where y is the amount of standard
recovered and x is the amount of PGE2 added. The
reproducibility of the assay was determined by measurements
of aliquots of the same plasma pool. Wheneight aliquots were
measured in the same assay run, the mean-SD concentration
was 81±11 pg/ml; the intraassay coefficient of variation was
13%. When aliquots of three separate plasma pools were
measured in different assay runs, the mean+SD concentra-
tions were: 15±3 pg/ml (n = 8); 43+8 pg/ml (n = 7); 95±20
pg/ml (n = 7). The interassay coefficients of variation wvere 20,
19, and 21%, respectively.

Statistical analysis. All values are expressed as mean±SE\I.
Data were analyzed by analysis of variance or a paired t test
(22). Differences wvere termed significant if the F or t value
exceeded the 5% level.

RESULTS

Table I depicts the effects of partial obstruction of the
thoracic inferior vena cava and subsequent inhibition
of prostaglandin synthesis upon systemic and renal
hemodynamics. Inflation of the balloon in the thoracic
inferior vena cava increased the venous pressure cau-
dal to the balloon from 2.9 to 12.5 mmHg (P < 0.01).
This resulted in a fall in the mean cardiac output from
3.69 to 2.15 liters/min (P < 0.01), a decrease in arterial
blood pressure from 132 to 111 mg Hg (P < 0.01) and
an increase in total peripheral vascular resistance from
37.6 to 57.9 arbitrary resistance units (RU) (P < 0.01).
The response of the renal circulation to inflation of the
balloon contrasted markedly with these changes; the
average renal blood flow decreased slightly but not
significantly from 224 to 203 ml/min and the mean renal
vascular resistance remained unchanged (0.66 vs. 0.61
arbitrary resistance units [rul). There was a small but
significant increase in arterial hematocrit after inflation
of the balloon (35 vs. 37%; P < 0.05).

Administration of inhibitors of prostaglandin syn-
thesis had no significant effect upon the inferior vena
cava and arterial pressures, cardiac output or total
peripheral vascular resistance (Table 1). In marked
contrast, however, renal blood flow fell from 203 to
156 ml/min (P < 0.01) and the renal vascular resistance
increased from 0.61 to 1.05 ru (P < 0.05) after adminis-
tration of the prostaglandin synthesis inhibitors. In the
group of five dogs that received indomethacin without
prior lowering of the cardiac output, there were no
significant changes in the average mean arterial blood
pressure (130+2 to 127+2 mmHg), cardiac output
(4.32 +0.40 to 4.10± 0.59 liters/min), or renal blood flow
(243±23 to 240+42 ml/min).

Table II depicts the changes in the renal plasma
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TABLE I
Effect of Obstruction of the Thoracic Inferior Vena Cava and Subsequent Inhibition of the

Prostaglandin Synthesis on Systemic and Renal Hemodynamics

IVCP MAP CO TPVR RBF RVR Het

mmHg liters/min RU mil/min ru S

Control 2.9+0.5 132+4 3.69+0.90 37.6±2.5 224+16 0.66±0.06 35+1
TIVCO 12.5+1.0 111+5 2.15+0.19 57.9±4.8 203±19 0.61+0.05 37±1
PGSI 11.2+0.9 107+6 2.36+0.24 52.4+5.1 156+21 1.05+0.21 38+2
P (2 vs. 1) <0.01 <0.01 <0.01 <0.01 NS NS <0.05
P (3 vs. 2) NS NS NS NS <0.01 <0.05 NS

n = 17. All values are mean+SEM. IVCP, inferior vena cava pressure; MAP, mean arterial
pressure; CO, cardiac output; TPVR, total peripheral vascular resistance in arbitrary resistance
units (RU); RVR, renal vascular resistance in arbitrary resistance units (ru); Hct, hematocrit.

flow, glomerular filtration rate, urine flow, and urinary
sodium excretion. Although the arterial hematocrit was
significantly higher (Table I), the average renal plasma
flow, like renal blood flow, was not significantly lower
than control during obstruction of the thoracic inferior
vena cava (Table II). The glomerular filtration rate fell
significantly from 49+3 to 36+9 ml/min in response to
caval obstruction (P < 0.01); the slight reduction in fil-
tration fraction was not statistically significant. Urine
flow rate, urinary sodium excretion and the fractional
excretion of sodium fell significantly in response to
acute heart failure. Inhibition of prostaglandin syn-
thesis during obstruction of the thoracic inferior vena
cava reduced renal plasma flow from 126 to 96 ml/min
(P < 0.01) but produced no significant changes in glo-
merular filtration rate, filtration fraction, urinary flow
rate, urinary sodium excretion rate, or fractional so-
dium excretion.

Table III depicts the values of PRA in arterial and
renal venous blood. During the control period, PRA
in the renal vein blood (2.5 ng/ml per h) was slightly
but significantly higher than arterial PRA (1.8 ng/ml
per h); the renal secretion rate of renin averaged 95
U/min. Inflation of the balloon in the thoracic inferior

vena cava resulted in significant increases in the PRA
in arterial and renal venous blood; the rate of renal
renin secretion increased from 95 to 1,795 U/min
(P < 0.01). The subsequent administration of the in-
hibitors of prostaglandin synthesis had no significant
effect upon the PRA in arterial or renal venous blood
or the rate of renin secretion by the kidney.

Table IV shows the plasma concentrations of nor-
epinephrine in arterial and renal venous blood. Un-
der control conditions, the concentration of norepi-
nephrine in the renal venous plasma was significantly
greater than that of arterial plasma (204 vs. 106 pg/ml;
P < 0.01); the calculated net rate of norepinephrine
overflow2 during control averaged 13,280 pg/min. After

2 Since norepinephrine is both metabolized and secreted by
the mammalian kidney (23), the calculated net rate of norepi-
nephrine overflow would be expected to underestimate that
fraction of neurotransmitter which is released in the kidney
and escapes into the circulation. The quantities of norepineph-
rine metabolized and secreted in a single passage through the
renal circulation is unknown; the term net rate of norepineph-
rine overflow as used in this paper carries no implications
about the exact influence of arterial norepinephrine concen-
tration upon renal venous norepinephrine concentration.

TABLE II
Effect of Obstruction of the Thoracic Inferior Vena Cava and Subsequent

Inhibition of the Prostaglandin Synthesis on Renal Function

RPF GFR FF v UN.+ V FEN?,

ml/min mil/min seqlmin %

Control 142+9 49+3 0.35±0.01 1.22+0.17 215±29 3.3±0.4
TIVCO 126+11 36+9 0.29±0.04 0.21±0.05 30+7 0.6+0.2
PGSI 96±12 31+8 0.35±0.05 0.20±0.06 23+6 0.4±0.1
P (2 vs. 1) NS <0.01 NS <0.01 <0.01 <0.01
P (3 vs. 2) <0.01 NS NS NS NS NS

n = 17. Values are mean±SEM. RPF, renal plasma flow; GFR, glomerular
filtration rate; FF, filtration fraction; V, urine flow rate; UNa+V, urinary excretion
rate of sodium; FENa+, fractional excretion of filtered sodium.
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TABLE III
Effect of Obstruction on the Thoracic Inferior Vena Cava and Subsequent Inhibition of

the Prostaglandin Synthesis on Plasma Renin Activity in Arterial and
Renal Venous Bloods and its Renal Secretion Rate

A RV A+SEM P RSR

ng/ml per h U/min

Control 1.8+0.3 2.5+0.5 0.7+0.2 <0.01 95+29
TIVCO 25.9+4.6 39.8+6.7 13.9+2.7 <0.01 1,795+432
PGSI 27.3+5.0 45.0+9.4 17.7+5.6 <0.01 1,099+286
P (2 vs. 1) <0.01 <0.01 <0.01
P (3 vs. 2) NS NS NS

n = 16. Values are mean±SEM. A, arterial; RV, renal vein; RSR, renal secretion rate
= (RV-A) [RBF (1-Hct)] in arbitrary units.

partial obstruction of the thoracic inferior vena cava, the
norepinephrine concentration in the arterial plasma in-
creased significantly from 106 to 316 pg/ml (P < 0.05);
the renal venous norepinephrine concentration also
increased from 204 to 496 pg/ml (P < 0.01). Despite
the fact that the average renal venous-arterial concen-
tration difference rose during caval balloon inflation
from 98 to 180 pg/ml, the increase in the net rate of
renal norepinephrine overflow (from 13,280 to 67,971
pg/min) was not statistically significant. Following ad-
ministration of the inhibitors of prostaglandin synthe-
sis, there was no significant change in the norepineph-
rine concentration in arterial plasma, but there was a
significant increase in the norepinephrine concentra-
tion in the renal venous plasma. This may have been
due to the marked fall in renal blood flow (Table I),
since the renal venous-arterial norepinephrine con-
centration difference and the net rate of norepineph-
rine overflow from the kidney were unchanged after
administration of the inhibitors of prostaglandin syn-
thesis (Table IV).

Table V shows the concentration of PGE2 in arterial
and renal venous plasma during obstruction of the
thoracic inferior vena cava and during subsequent ad-

ministration of the inhibitors of prostaglandin synthesis.
The control renal venous concentration of PGE2 was
not statistically different from the arterial PGE2 con-
centration. The calculated net rate of renal PGE2secre-
tion3 during the control period averaged 1,614 pg/min,
a value not significantly different from zero. In re-
sponse to obstruction of the thoracic inferior vena cava
there was no significant change in arterial PGE2; how-
ever, the renal venous plasma PGE2concentration in-
creased markedly from 34 to 129 pg/ml (P < 0.01). Con-
sequently, the net rate of renal PGE2 secretion rose
from 1,614 to 11,743 pg/min (P < 0.01). The subse-
quent administration of indomethacin or meclofena-
mate did not change arterial PGE2, but greatly reduced
the mean renal venous PGE2 concentration from 129
to 19 pg/ml (P < 0.01); the calculated net renal secre-
tion of PGE2was not different from zero after blockade
of the prostaglandin synthesis.

3Because the kidney is rich in prostaglandin degradating
enzymes (24), similar uncertainties exist about the exact fate of
arterial PGE2 entering the kidney, as in the case of norepi-
nephrine. Thus, the exact influence of arterial PGE2concen-
tration upon renal venous PGE2concentration is unknown.

TABLE IV
Effect of Obstruction of the Thoracic Inferior Vena Cava and Subsequent Inhibition

of the Prostaglandin Synthesis on Plasma Concentrations of Norepinephrine
in Arterial and Renal Venous Bloods and its Renal Secretion Rate

A RV A±SEM P Net overflow

pg/ml pg/min

Control 106±13 204±36 98±27 <0.01 13,280±3,834
TIVCO 316±44 496+62 180±40 <0.01 67,971+43,787
PGSI 489±131 674+97 185+75 <0.05 19,739+4,438
P (2 vs. 1) <0.05 <0.01 NS
P (3 vs. 2) NS <0.05 NS

n = 16. Values are mean+SEM. Net overflow = (V - A)-[RBF (1-Hct)]. See Table III
for abbreviations.
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TABLE V
Effect of Obstruction of the Thoracic Inferior Vena Cava and Subsequent Inhibition

of the Prostaglandin Synthesis on Plasma Concentration of PGE2 in
Arterial and Renal Venous Bloods and its Renal Secretion Rate

A RV A±SEM P Net secretion

pglml pg1mlWl

Control 25+2 34+6 9±6 NS 1,614±1,286
TIVCO 31±3 129±24 99±22 <0.01 11,743+2,213
PGSI 26±3 19±3 -7±3 NS -780±307
P (2 vs. 1) NS <0.01 <0.01
P (3 vs. 2) NS <0.01 <0.01

n = 16. Valuies are mean±SEM. Net secretion = (V - A) [RBF (1-Hct)]. See Table III
for abbreviations.

DISCUSSION

In the present study, the lowering of venous return
to the heart by inflation of a balloon placed in the tho-
racic inferior vena cava decreased the cardiac output
markedly (-42+4%; P < 0.01) and lowered the mean
arterial pressure (-16±+3%; P < 0.01). (Fig. 1). The
increase in the total peripheral vascuilar resistance
(57+-9%; P < 0.01) that accompanied these changes,
did not include the renal circulation; after inflation
of the balloon the renal blood flow fell only slightly
and insignificantly from 224 to 203 ml/min (-8±7%)
and the renal vascular resistance remained unchanged
(-3±6%). These results, with respect to the renal circu-
lation during an acute lowering of the cardiac output,
are in agreement with data obtained by others in an-
esthetized dogs with acute partial constriction of the
pulmonary artery (3, 4); and in unanesthetized dogs
with ventricular bradycardia (5), or with partial oc-
clusion of the thoracic inferior vena cava (6).

The absence of renal vasoconstriction during the acute
reduction of cardiac output is noteworthy because ar-
terial plasma renin activity and arterial plasma
concentration of norepinephrine were markedly ele-
vated in response to thoracic caval obstruction (Tables
III and IV) and because angiotensin II and norepineph-
rine are both renal vasoconstrictors (15). During acute
heart failure, the renal venous renin activity and renal
venous plasma norepinephrine concentration increased
above control values. Since we have previously shown
that changes in renal venous norepinephrine concen-
tration reflect changes in the frequency of renal nerve
discharges (25), the observation of enhanced renal
venous norepinephrine concentration during obstruc-
tion of the vena cava demonstrates, for the first time,
that the augmented sympathetic tone in acute heart
failure includes the renal sympathetic nerves.

Two findings from the present study strongly suggest
that enhanced renal prostaglandin synthesis was re-
sponsible for the lack of renal vasoconstriction observed

during the acute fall in the cardiac output. First, in-
flation of the balloon in the vena cava resulted in a
marked increase in the renal venous plasma concentra-
tion of PGE2 and the corresponding net rate of renal
secretion (Table V); the administration of indometha-
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FIGURE 1 Systemic and renal hemodynamic changes in-
duced by obstruction of the thoracic inferior vena cava and
subsequent prostaglandin synthesis inhibition. Vertical lines
indicate mean+SEM. n = 17. MAP, mean arterial pressure;
CO, cardiac output; TPVR, total peripheral vascular resistance;
RVR, renal vascular resistance.
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cin or meclofenamate markedly lowered the concen-
tration of PGE2 in renal venous plasma, and the net
secretion of this prostaglandin by the kidney. Since the
release of prostaglandins reflects de novo biosynthesis
(26), these results indicate that renal PGE2 synthesis
was enhanced during acute lowering of the cardiac out-
put and that effective inhibition of renal prostaglan-
din synthesis was accomplished with indomethacin or
meclofenamate. Second, as shown in Fig. 1, during
inflation of the thoracic caval balloon, total peripheral
vascular resistance was greatly increased (57+9%;
P < 0.01), but renal vascular resistance was unchanged
from control; the subsequent administration of inhibi-
tors of prostaglandin synthesis had no effect on the total
peripheral vascular resistance, but markedly reduced
renal blood flow, and increased the renal vascular re-
sistance. Administration of indomethacin to animals
without thoracic caval obstruction, on the other hand,
had no effect on the renal blood flow.

In the aggregate, these data suggest that the renal
prostaglandins were counteracting the vasoconstrictor
mechanisms activated during acute heart failure and
that after inhibition of renal prostaglandin synthesis
the effect of the vasoconstrictor mechanisms acting
elsewhere in the systemic circulation were also ex-
pressed in the renal circulation. Support for this in-
terpretation derives from pharmacological studies in-
dicating that prostaglandin inhibition potentiates the
renal vasoconstrictor effects of exogenous angiotensin
II (27, 28), of norepinephrine (27), and of renal nerve
stimulation (14, 29).

The data from the present study are also consonant
with results obtained in other conditions in which there
has been activation of the renin-angiotensin system.
Renal prostaglandin synthesis is increased in sodium
depletion (30), hemorrhagic hypotension (31), renal
artery constriction (31), and cirrhosis with ascitis (33).
In all these conditions, administration of inhibitors of
prostaglandin synthesis reduces renal blood flow (12,
15, 16, 31). The mechanism(s) whereby the prostaglan-
dins attenuate renal vasoconstrictor mechanisms re-
mains to be determined. Wehave recently shown that
the renal norepinephrine overflow is unchanged by
inhibition of prostaglandin synthesis (34), suggesting
that the site of action where prostaglandins oppose the
vascular effect of the sympathetic nerves is distal to
the axon terminals. Since prostaglandins have intrinsic
renal vasodilator action (17), it is likely that they at-
tenuate the renal vascular effects of norepinephrine
and angiotensin II by directly acting upon the vascular
smooth muscle cells.

The cellular origin of the PGE2 in the renal venous
plasma and the stimuli responsible for the increase
in the PGE2 concentration during decreased cardiac
output remain to be defined. Biosynthesis of PGE2has
been demonstrated in vascular endothelial and smooth

muscle cells (35, 36), as well as renal interstitial cells
(37). It appears reasonable to postulate that the in-
creased overflow of PGE2 into renal venous blood
observed during the decrease of the cardiac output
results, at least in part, from enhanced synthesis of
PGE2in the renal vasculature. The most likely stimuli
responsible for this enhancement are the elevated
levels of angiotensin II (renin) and norepinephrine.
Angiotensin II stimulates PGE2 synthesis in in vitro
conditions in endothelial (35) vascular smooth muscle
(36) and renal interstitial (37) cells, and intrarenal in-
fusions of angiotensin II cause increased biosynthesis
of PGE2 in the kidney (32). Similarly, intrarenal in-
fusions of norepinephrine and renal nerve stimulation
(38) enhance the release of PGE-like substances from
the kidney and norepinephrine stimulates prostaglan-
din synthesis in isolated canine kidney cells (39).

Although the glomerular filtration rate often does not
change or decreases less than the renal plasma flow
during acute heart failure (2), in the present study, the
glomerular filtration rate fell considerably more than
the renal plasma flow. This somewhat suprising finding
has previously been reported in studies in which heart
failure was induced in animals that received a moderate
sodium load (4, 40). Since the pressures and flows
which determine the rate of glomerular filtration (41)
were not measured in the present study, the mecha-
nism responsible for the reduction of the glomerular
filtration despite an unchanged renal plasma flow re-
mains to be elucidated.

Despite the significant decrease in the renal plasma
flow induced by inhibition of the prostaglandin syn-
thesis in the dogs with acute heart failure, golmerular
filtration did not change. This finding is in agreement
with other studies in which inhibition of prostaglan-
dins reduced renal blood flow but had no effect on glo-
merular filtration rate (28); however, it contrasts with
the observations that prostaglandin blockade signifi-
cantly reduced the glomerular filtration rate in dogs
with hypotensive hemorrhage (14, 31) and in patients
with Bartter's syndrome (42), with the nephrotic syn-
drome (43), and with cirrhosis with ascitis (16).

In summary, the present study demonstrates that the
acute lowering of cardiac output increased peripheral
vascular resistance and arterial PRA and norepineph-
rine concentration. Renal venous PRAand plasma con-
centrations of norepinephrine and PGE2were also aug-
mented during acute heart failure. Despite the sys-
temic vasoconstriction, renal vascular resistance was
unaffected by decreasing the cardiac output. Adminis-
tration of inhibitors of prostaglandin synthesis de-
creased PGE2 concentration in renal vein plasma and
markedly reduced renal blood flow and increased renal
vascular resistance, but had no significant effect upon
total peripheral vascular resistance. The data suggest
that the renal blood flow is maintained during acute
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heart failure by the effect(s) of the enhanced renal
prostaglandin synthesis to oppose the vasoconstrictor
mechanisms acting elsewhere in the circulation.
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