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ABSTRACT
HORMONAL INFLUENCE ON RENAL HYMODYNAMICS:
RELATION OF PROSTAGLANDIN E, AND THE RENIN-ANGIOTENSIN

SYSTEM TO FUROSEMIBE INDUCED CHANGES
IN RENAL BLOOD FLOW

By

John T. Orley

Due to its actions to increase renal blood flow and

renin secretion, the potent diuretic, furosemide, was used

in these experiments as a tool to further evaluate the influ-
ence of renal prostaglandins and the renin-angiotensin sys-
tem on renal hemodynamics. In order to isolate the effects
of the two hormonal systems on each other and on renal blood
flow, prostaglandin synthetase and renin-angiotensin inhibi-
tors were used prior to giving furosemide to volume expanded
dogs.

Renal blood flow, prostaglandin E (PGE2) secretion,

2
renin secretion, and sodium excretion were the primary para-
meters determined in dogs during hydropenia, volume expan-
sion with isotonic saline, volume expansion plus treatment,
and volume expansion plus furosemide infusion into the renal
artery (0.0l15 mg/min/kg). Treatment included indomethacin

(3.5 mg/kg) and SQ 20,881 (1.5 mg/kg). In addition,

l-sarcosine-8-alanine angiotensin II (saralasin) was infused
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into the renal artery (0.5 ug/kg/min) of volume expanded
animals both prior to and in combination with furosemide.
Renal blood flow was determined using an electromagnetic
flowmeter and PGE2 in plasma was determined by radioimmuno-
assay. Following volume expansion, renin secretion was
decreased while PGE2 secretion was unchanged. In volume
expanded animals, furosemide produced a significant increase
in renal blood flow and PGE2 secretion while in animals not
subjected to volume expansion no significant increase in
either parameter was observed. Indomethacin inhibited PGE2
secretion reducing the ability of furosemide to cause an
increase in renal blood flow. Furosemide did not signifi-

cantly increase PGE, secretion and its effect on renal

2
blood flow was blunted in animals pretreated with SQ 20,881.
Neither SQ 20,881 nor indomethacin were found to alter renin
secretion or sodium excretion prior to or after furosemide

infusion. The effect of furosemide to increase renal blood

flow and PGE, secretion was not significantly altered in

2
animals treated with saralasin.

These data suggest that the furosemide induced increase
in renal blood flow is in part mediated by renal prostaglan-
dins and potentiated under volume expanded conditions.

Furthermore, constituents of the renin-angiotensin system

demonstrate minimal influence on renal blood flow and
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prostaglandin secretion either prior to or after furosemide.
It is also shown that the natriuretic and diuretic effects

of furosemide are unrelated to the release of prostaglandins.
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INTRODUCTION

The mechanism involved in the autonomous and intrinsic
regulation of renal circulation has been an elusive and
controversial subject ever since this phenomenon was first
realized. With the discovery of the intrarenal renin-
angiotensin system a mechanism under hormonal influence was
suggested. Thurau presented the renin-angiotensin system
as the integral factor invoived in the regulation of renal
circulation (95). Studies which imposed alterations on the
renin-angiotensin system produced a variety of effects on
the autoregulatory response, many of which gave no support
to Thurau's proposal (9,23,32,60,85). Recent observations
have demonstrated that another hormonal system, located in
the kidney, is composed of prostaglandins and exhibits
vasoactivity (58,59). The primary action upon infusion of
prostaglandins into the kidney is to cause vasodilation and
increased renal blood flow (97). Furthermore, agents
inhibiting the synthesis of prostaglandins decrease resting
renal blood flow and increase renal resistance (61,80).

A relationship between the two systems was proposed by Aiken
and Vane who observed an increased release of a PGE-like
material from the kidney upon the infusion of angiotensin II

into the renal artery (l). Since the two systems seem to

1



influence each other and display vasoactive properties
antagonistic toward one another, investigators have sug-
gested that the interaction between the two systems may be
an important factor in the regulation of renal circulation
(45,73).

The potent diuretic furosemide has been shown to cause
an increase in renal blood flow (8,106) and renin secretion
(98). It has also been suggested that the diuretic increases
prostaglandin secretion (8,106). Because of these actions,
furosemide was used in this study as a tool to further
evaluate the influence of the renin-angiotensin and prosta-
glandin systems on each other and on changes in renal blood
flow. Inhibitors of prostaglandin synthesis and the renin-
angiotensin system were also used to further evaluate the
question of the involvement of prostaglandins and the renin-
angiotensin system in the changes in renal blood flow in-

duced by furosemide.



HISTORICAL REVIEW

Early History

A biologically active constituent in human semen was
first indicated in the studies of Kurzrok and Lieb in 1930
in which the action of human seminal fluid on isolated
uterus strips was observed (56). Following considerable
advancement in pharmacological analysis of biologically
occurring active substances, Goldblatt and von Euler dif-
ferentiated the actions of human seminal extracts on iso-
lated organs from the then known generally occurring
compounds (21,29). Since the active compound in these
extracts appeared to be unknown, von Euler named them
prostaglandins, owing to their appearance in extracts of
the prostate and vesicular gland. It was not until Bergstrom
and colleagues (12) had isolated crystalin prostaglandin F
(PGF) in 1957 and prostaglandin F

o (PGFla) and E (PGEl)

1 1
in 1960 that the enthusiasm for investigation of these
molecules in the fields of biochemistry, physiology and
pharmacology intensified. A total of 13 different prosta-
glandins were revealed following the initial isolations.

Differentiations within the family of prostaglandins were

synthesized from the parent substance, prostanoic acid.



The biosynthesis of prostaglandins was first accom-
plished by Van Dorp and Bergstrom independently when they

produced prostaglandin E (PGEz) from the enzymatic conver-

2
sion of arachidonic acid (11,99). The metabolism of these
substances was first elucidated when Hamberg and Samuelsson

identified one urinary metabolite of PGE, in man (35).

2

Their scheme of degredation of PGE, which resulted in the

2
metabolite 7a-hydroxy-5,ll-di—oxo—tetranor—prosta—l,
1l6-dioic acid was as follows: oxidation of C-15 by prosta-
glandin-15-hydroxy dehydrogenase in the lungs, liver, and
kidney, reduction of the C-13,14 double bond by prosta-
glandin reductase followed by B and w oxidation (43).

As advances in scientific methodology continued, so too
did tae understanding of the biochemistry and physiological
actions of the newly discovered prostaglandins. The first
method used to identify prostaglandins was developed by
Anggard in 1965 (4). In this test the unknown was con-
sidered a prostaglandin if its biological activity was
greatly reduced by incubation with a preparation of the
enzyme prostaglandin 15-hydroxy dehydrogenase, the major
metabolizing enzyme specific for prostaglandins. Other
inactivation agents were used to separate individual prosta-
glandins from a conglomeration of many. “The importance of
the biological assay in relation to the quantitative analy-

sis of prostaglandins was realized when these substances



were shown to have differential actions on blood pressure
and various isolated intestinal and uterine smooth muscle
preparations. Prostaglandins of the A, E, and F series
could be distinguished readily by parallel assay on appro-
priate tissues (58,59). Investigators have shown the quan-
titative parallel assay to be a powerful tool, particularly
if results were obtained on three or more tissues (15,62,70).
An extension of the parallel assay was developed by Vane
(101). In this model the blood or perfusion fluid from an
animal or organ is allowed to drip over the surface of
smooth muscle preparations selected for their sensitivity
to the endogenous prostaglandins. With this method, infor-
mation concerning the release and disappearance of bio-
logically active compounds could be readily obtained. This
model allowed the investigator to observe the time of maxi-
mal periods of secretion and to correlate these periods to
the concurrent physiological response of the animal.
Furthermore, its use would also indicate the optimal time
for collection of blood for in vitro assay of prostaglandins.
Attempts to separate, identify and estimate prostaglandins
were further continued with the use of gas-liquid and radio
chromatography and ultraviolet, infrared, and nuclear mag-
netic resonance spectroscopy (53,71,72). While the sensi-
tivity and usefulness of these methods was too questionable

for wide application in research, the development of such



procedures was instrumental in furthering other methodology
which proved to be more applicable in the field of prosta-
glandins. One such method arising from earlier studies was
the development of the combined mass spectrometry and gas
chromatography by Thomson, Los and Horton (94). This micro
method allowed for the identification and estimation of
prostaglandins in the nanogram range and has been proven to
be an invaluable tool in this field.

Radioimmunoassay and competitive protein binding pro-
cedures have proven to be useful in other areas of research.
Development with respect to the prostaglandins, however,
must still be considered in the early stages. As of late,
considerable effort is being directed toward this assay
method which when validated would allow sensitive and speci-
fic gquantitation of prostaglandins (15,30,38). While some
success has been obtained in measuring prostaglandins E, A,
and F, most radioimmunoassay methods for prostaglandin
measurement are still subject to confirmation by combined

gas chromatography and mass spectrometry (47,48).

History of Renal Prostaglandins

Interest in renal prostaglandins was initiated in 1965
with the discovery by Lee et al. (59), of three prosta-
glandin-like acidic lipids present in extracts of the
medulla of the rabbit kidney, one of which was named medul-

lin. Thin-layer chromatography, spectroscopic and



mass—-spectral analysis of the acidic lipids established

PGF and PGA

27 2 2
(58). Later evidence determined that part or all of PGA

their structures to be identical to PGE
2
was formed during the isolation procedures from endogenous
PGE2 (58). PGE2 was designated as the principle vasode-

pressor lipid of the rabbit renal medulla in a study con-

ducted by Daniels (18).

Biochemistry

An enzyme system in the renal medulla of the rabbit
was discovered when Hamberg (34) demonstrated the formation
of PGE2 and PGFZa from arachidonic acid by homogenates of

rabbit renomedulla tissue. A radioactive portion consisting

of a large fraction of PGE, and a lower yield of PGF was

2 20
recovered from tnese homogenates following their incubation
with tritiated arachidonic acid. Only traces of a labeled
compound tentatively identified as PGA2 could be isolated
after incubation. 1In a recent review (67), McGiff suggested
a scheme for the synthesis of renal prostaglandins (see the
chart on the following page).

Arachidonic acid has been shown to be the only sub-

strate for prostaglandin synthesis in the kidney (67). This

substrate is converted to either PGE, or PGF o by the enzy-

2 2
matic complex, prostaglandin synthetase. PGE2 is then con-
verted to PGAZ, C2, or B2 by either enzymatic conversion or

non-enzymatic dehydration (67). Until recently supportive
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evidence for.the endogenous synthesis of renal PGA2 has been
lacking (17,34). Illowever, due to newer methods of isolation
and identification, a small amount of evidence suggests

that PGA2 may not be solely an artifact of PGE2
dehydration but may actually be synthesized in vivo by

in vitro

enzymatic dehydration of PGE, (7,107).

2
The location of renal prostaglandin synthesis and
metabolism was examined in the rabbit kidney by Larsson and
Anggard (57). Their interest was focused on the biosynthe-

sis and metabolism of prostaglandins in the cortex and the
inner and outer medullary regions. They found PGE2 forma-
tion to be highest in the inner medulla, but contrary to the
results of earlier studies (16), significant biosynthesis
also occurred in the cortex. While this recovery of a PGE-
like material in cortical homogenates from incubation with
arachidonic acid was only 10% that of the renal medulla,
the importance of this level of cortical biosynthetic activ-
ity is considerable in view of the magnitude of prosta-
glandin biosynthetic activity of the renal medulla, sur-
passed only by that of seminal vesicles (67).

Metabolism of prostaglandins by prostaglandin 15-
hydroxy dehydrogenase was shown to occur primarily in the
cortex with levels ten times those seen in the inner medulla

(57). Similar findings were reported in studies conducted

in the swine kidney in which the concentration of
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prostaglandin 15-hydroxy dehydrogenase was found to be three
times greater in the cortex than the medulla (5). Thus, a
clear-cut dissociation between sites of biosynthesis and
catabolism was demonstrated in the kidney. It might be sug-
gested, therefore, that the function of cortical prosta-
glandin 15-hydroxy dehydrogenase is either to inactivate
prostaglandins formeua in the medulla, or to protect medul-
lary prostaglandin receptors from high levels of circulating
prostaglandins.

The subcellular location of prostaglandins, prosta-
glandin precursor acids, prostaglandin synthetase, and
prostaglandin 15-hydroxy dehydrogenase was investigated by
Anggard et al. (3), in homogenates of rabbit renal papilla.
It was demonstrated that PGE2 was formed mainly from locally
available arachidonate in membranes which may have been
derived from either cell membranes or membranes of endoplas-
mic reticulum. From these observations it was proposed that
following their synthesis, prostaglandins are released into
the cytoplasm of the cells rather than being concentrated
within specific subcellular particles. Since no detectable
prostaglandin 15-hydroxy dehydrogenase was found in the
supernant fraction of the papilla, it was suggested that
after their release, renal prostaglandins leave the papilla
without undergoing metabolic inactivation (3). An in vitro

experiment by Crowshaw revealed a very small proportion of
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prostaglandins associated with microsomes, mitochondria and
lipid droplets which suggest that there are no sites of
storage within the cellular elements of renomedullary tis-
sue. It may, therefore, be presumed that prostaglandins
are not stored in renal cells, but are synthesized and
released upon appropriate stimulation (17).

Histochemical studies have revealed a variety of cell
types within the kidney that may be involved in the synthe-
sis of prostaglandins. Janszen et al. (50), observed a high
concentration of prostaglandin synthetase in the cells of
the collecting tubules. Muirhead et al. (75), in their
tissue culture studies, obtained evidence indicating that
the renomedullary interstitial cells synthesized renomedul-
lary prostaglandins. Further investigation of prosta-
glandin producing renal cell types was explored by Prezyna
et al. (82), who proposed the existence of a renomedullary
body as a prostaglandin synthesizing tissue. This newly
recognized structure of human renomedullary interstitial
cell origin was shown to have a high prostaglandin content.

With the discovery of specific inhibitors of prosta-
glandin biosynthesis came many explanations concerning the
functions of prostaglandins in the organ from which the
release occurred. Indomethacin is a specific inhibitor of
prostaglandin biosynthesis in all tissues so far studied

including the kidney (100). It produces a dose-dependent
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inhibition of prostaglandin release from the kidney, con-
firming that the release of prostaglandins from the kidney
is the consequence of new synthesis (87). Furthermore, a
concurrent decrease in renal blood flow is seen upon the
administration of indomethacin (61l). Since the majority of
blood flow in the kidney is localized in the cortex it was
assumed that the major site of action of renal prostaglan-
dins was the vasculature perfusing the cortex.

Realizing that the major site of prostaglandin synthe-
sis was located in the papilla and medulla (3,34,50),
studies were directed toward determining the route in which
renal prostaglandins were transported from the renal papilla
and medulla to the cortex. It may be assumed that one
pathway is via diffusion or active transport into the
ascending vasa recta. Another possibility, however, has
been proposed by Frolick et al. (27), who found prosta-
1’ Ez, Fla’ and F2a in human urine. Their
evidence suggested that prostaglandins synthesized and

glandins E

released in the medulla may be transported up to the cortex
in the ascending limb of the loop of Henle. Another study
investigated the site of entry of prostaglandins into tubu-
lar fluid using the stop flow experimental method (105).
Evidence from this study indicated that the site of entry
into the tubular fluid appeared to be either the loop of

Henle or the distal tubule, prior to the collecting duct.
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These latter points of entry would provide medullary prosta-
glandins access to all distal sites in the nephron, includ-
ing its juxtaposition with glomerular arterioles. This
access would allow medullary vasodilator prostaglandins to
express a more profound action on renal blood flow than if
their action were restricted to the low blood flow areas of
the medulla and papilla. Entry into the tubular fluid at
the ascending loop of Henle would also allow renal prosta-
glandins to participate in the reabsorptive and secretory
processes of the kidney tubules.

While many functional implications arose from the
identification of prostaglandins in human urine, a consider-
able advancement in the evaluation of prostaglandin biosyn-
thesis was also determined. Stimuli which increased the
synthesis and release of prostaglandins into renal venous
blood also produced concurrent increases in prostaglandin
concentration in the urine (28). Agents used to inhibit
prostaglandin synthesis were shown to significantly decrease
prostaglandin concentration in tubular fluid (27). Thus,
it was proposed that urinary prostaglandins are a reflection
of renal prostaglandin synthesis and could be used as a tool
to delineate renal prostaglandin physiology and pathology.

As mentioned previously, the primary location for
intrarenal inactivation of prostaglandins is the cortex,

due to its high concentration of prostaglandin 15-hydroxy
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dehydrogenase (5,57). A more specific intrarenal distribu-
tion of prostaglandin 15-hydroxy dehydrogenase activity was
provided in a report presented by Nessen et al. (79). The
most pronounced activity was observed in the thick ascend-
ing limb of the loop of Henle and the distal tubule.

Lesser activity was found in the collecting tubules of the
inner medulla and cell structures comprising the medulla.
Considerable activity was also found in the tunica media of
the cortical arteries and arterioles and in the visceral
epithelium of the renal corpuscles. This report also noted
that NAD was required as a factor for prostaglandin 15-
hydroxy dehydrogenase which demonstrated high substrate
specificity.

Since it can be seen that if the physiological activity
of prostaglandins is located in close relation to their
place of inactivation, then the location of prostaglandin
15-hydroxy dehydrogenase may indicate not only the place of
inactivation but also the locale of physiological action.
Localization of an intense prostaglandin 15-hydroxy dehydro-
genase activity in the cortical arteries and arterioles may
consequently indicate a physiological action followed by a
biological inactivation taking place in these vessels for
prostaglandins endogenous to the kidney. It is due to their
location of synthesis, metabolism and the rate of transpor-

tation that renal prostaglandins are presently considered as
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locally acting hormones. Other evidence supporting the role
of prostaglandins as local hormones was presented in the
findings of Terriera and Vane (22). They demonstrated that
both PGE and PGF were at least 95% inactivated in cats and
dogs during a single passage through the lungs. It was
shown, however, that PGA and A2 were not subject to destruc-
tion by the lung and therefore, merited consideration as

possible circulating hormones (69).

Physiological Role of Prostaglandins

The physiological relevance of renal prostaglandins
was first indicated in the studies of Hieber et al. (41),
who demonstrated that the substance called medullin and
later identified as PGA2 causes renal vasodilation when in-
jected into the kidneys of rats and dogs. Vander (97)
observed several renal responses when low doses of PGEl
were infused into the renal artery of anesthetized dogs.
In this study, urine flow, sodium excretion, free water
clearance and renal blood flow increased, while there was
no change in glomerular filtration rate and PAH extraction
decreased during PGEl infusion. There was no effect on the
contralateral kidney, blood pressure, or heart rate.
Similar results supportive of Vander's observations were
noted when arachidonic acid and PGE2 were infused into the
renal artery of dogs (93). Indomethacin inhibited all the

effects of arachidonic acid infusion while none of the
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effects produced by the infusion of PGE2 into the renal
artery were inhibited. Lonigro et al. (6l1), observed

a direct relationship between the synthesis of PGE2 and
renal blood flow after systemic injection of indomethacin.
In this study, inhibition of prostaglandin synthesis in
anesthetized dogs reduced renal blood flow and this reduc-
tion closely correlated with a decline in the basal concen-
tration of a PGE-like substance in renal venous blood to
0.06 + 0.02 ng/ml from a mean control value of 0.34 + 0.10
ng/ml. Due to the renal actions observed upon the infusion
of prostaglandins or arachidonic acid into the mammalian
kidney and the effect of prostaglandin synthetase inhibitors
on these actions it was proposed that endogenous renal
prostaglandins have physiological importance as regulators
of renal function.

Further investigation continued in an attempt to deter-
mine the interaction of prostaglandins with other factors
known to influence renal function. Stimuli which produced
changes in renal blood flow were employed with the expecta-
tion that their action on renal blood flow could be associ-
ated to their effect on prostaglandin synthesis in the
kidney. Dunham and Zimmerman demonstrated that sympathetic
nervous stimulation produced an increase in the release of
a prostaglandin-like material from the dog kidney (20).

Vascular constriction elicited by renal nerve stimulation
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markedly enhanced a low basal efflux of the prostaglandin-
like material. Similar results were obtained when they
infused norepinephrine into the renal artery. Another study
demonstrated that norepinephrine and epinephrine while caus-
ing vasoconstriction also brought about an increased re-
lease of prostaglandins when administered to an isolated
perfused rabbit kidney (78). The catecholamine-induced
release of prostaglandins was thought to be mediated by an
alpha receptor since phenoxybenzamine, but not propranolol,
blocked this effect. Renal ischemia also stimulated the
release of prostaglandins, an effect blocked by indomethacin
but not phenoxybenzamine or propranolol (5). This latter
effect supported the findings of McGiff et al. (65), who
earlier observed increases in prostaglandin-like material
from the canine kidney during ischemia. The increase in
prostaglandin release observed in this study was evident

not only in the ischemic but also the contralateral kidney.
It was suggested that the increased production of angio-
tensin II from the ischemic kidney acted as a stimulus for
prostaglandin synthesis in the contralateral kidney.

Support for this latter proposal was given when angiotensin
II injected into the renal artery increased the release of

a prostaglandin-like substance from the dog kidney (66).
While the previously mentioned stimuli all had the poten-

tial for producing relative renal ischemia, the final
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common mechanism leading to activation of the biosynthesis
of prostaglandins could not be attributed solely to this

one action. Elevated renal vascular resistance was inter-
preted as the stimulus for prostaglandin release in Dunham
and Zimmerman's report (20). The direct effect of catachol-
amines on prostaglandin synthesis was attributed to in-
creased prostaglandin secretion in McGiff's studies (65).

In contrast to vasoconstrictor substances, an increased
concentration of a PGE-like substance in renal venous blood
occurred during the infusion into the renal artery of a vaso-
depressor agent (68). Bradykinin infusion increased the
concentration of a PGE-like substance in renal venous blood
from a mean control level of 0.16 ng/ml to 1.05 ng/ml. This
increase occurred simultaneously with the greatest increase
in renal blood flow to 423 ml/min from a control value of
282 ml/min. It was suggested from these results that PGE2
participated in the renal vasodilator action of bradykinin.
McGiff tested this proposal by using indomethacin to define
the degree of dependency of the renal vasodilator action of

bradykinin on its capacity to release PGE, from the kidney

2
(67). The results demonstrated that the renal vasodilator
action of bradykinin was in part due to the intrarenal
release of PGEZ.

As stated previously, PGEZ: 1) is the most abundant

renal prostaglandin and is a potent vasodilator; 2) affects



19

renal vascular resistance in subnanogram concentrations and
is released in response to changes in perfusion pressure,
renal blood flow and nerve stimulation, and 3) is directly
stimulated by hormonal factors such as epinephrine, nor-
epinephrine, bradykinin, and possibly angiotensin II. Due
to these characteristics, PGE, has been considered to be a

2

valid candidate for mediating renal autoregulation.

Interaction Between the Renin-angiotensin
and Prostaglandin Systems

A working hypothesis for the hormonal regulation of
renal circulation was proposed by Schmid in 1962 (86). He
considered the renin-angiotensin system as an important
factor involved in the regulation of intrarenal hemodynamics.
Thurau proposed another theory supportive of Schmid's in
which renal autoregulation was dependent upon the balance
of a negative feedback system existing within the renin-
angiotensin system (95). This negative feedback was in
turn regulated by the concentration of sodium reaching one
site of renin synthesis and release, known as the macula
densa. While other reports supported the possibility of
the existence of such a system (32,60), the data obtained
from subsequent studies proved to be inconsistent with the
hypothesis that the autoregulation of renal vascular
resistance was the result of small changes in the endogen-
ous intrarenal production and effect of angiotensin (9,23,

85).
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Evidence of interaction between the renin-angiotensin
and prostaglandin systems in regard to renal blood flow has
lead to the suggestion by many investigators that the
actions of both systems may interact in such a manner as to
influence the regulation of renal circulation. It might,
therefore, be expected that changes in the activity of one
system would effect not only renal blood flow, but also the
activity of the other system. Such an association was
demonstrated in one study where the renin-angiotensin sys-
tem was shown to activate prostaglandin synthesis during

ischemia (94). In another report PGE, and angiotensin I

2
contributed in a complimentary fashion to the regulation of
fractional distribution of renal blood flow (45). Physio-
logical antagonism between the two systems was noted when
indomethacin produced a sharp reduction of resting renal
blood flow (61), while inhibition of the activity of the
renin-angiotensin system increased renal blood flow when
renin release was experimentally elevated (26). Furthermore,
the infusion of renin substrate into the isolated dog kidney
(44) caused a redistribution of renal blood flow opposite

to that seen upon the infusion of arachidonic acid (46).

It was also shown that intrarenal generation of PGE2 in re-
sponse to angiotensin II attenuated the increase in renal

vascular resistance caused by angiotensin II. These reports

indicate that the renin-angiotensin system may directly
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stimulate intrarenal prostaglandin secretion and in so do-
ing antagonize its own action. The aforementioned studies
also give support for the existence of a physiological type
of feedback system acting to maintain the integrity of
renal blood flow.

While evidence indicates that the renin-angiotensin
system may directly stimulate prostaglandin secretion,
further studies were conducted to determine the effect,
direct or indirect, of intrarenal prostaglandins on the
renin-angiotensin system. An in vitro study demonstrated
that prostaglandins Al and A2 act to competitively inhibit
the renin reaction (55). Evidence from another report
implied that prostaglandin-induced electrolyte and water
loss stimulated the renin-angiotensin system (104).
Furthermore, one report indicated that the infusion of
prostaglandins into the renal artery of anesthetized dogs
produced no detectable effect on renin release (97). While
differences in experimental design, methods and procedures
may explain the inconsistencies observed in the previously
mentioned literature, no conclusions concerning the effect
of prostaglandins on the renin-angiotensin system may be
made at the present time.

Since the effects of the renin-angiotensin and prosta-
glandin systems were shown to be antagonistic insofar as

renal blood flow was concerned, it was also of interest to
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quantify these actions concerning sodium and water excre-
tion. It is well-known that angiotensin II stimulates the
secretion of aldosterone from the adrenal gland thereby
indirectly causing an increased reabsorption of sodium and
decreased excretion of water (19,76). Angiotensin II may
also be expected to indirectly increase sodium reabsorption
by decreasing blood flow to the cortex causing a decreased
perfusion of the outer nephrons. In contrast, urine flow
and sodium excretion may be increased when prostaglandin
secretion is stimulated (40,66). A similar diuretic effect
is obtained when PGEl is infused into the renal artery of
anesthetized dogs (49). This apparent diuretic action of
PGE2 or PGEl may be attributed to the vasodepressor action
of renal prostaglandins to increase blood flow throughout
the cortex (61,14) or somewhat selectively in superficial
areas (54) and therefore enhance the perfusion of outer
nephrons. This action would then compromise the concentrat-
ing mechanism of the kidney. Other reports suggest a direct
action of renal prostaglandins on specific sites within the
nephron to decrease sodium reabsorption while increasing
water loss (31,63). These studies have designated the
proximal tubule and collecting tubules as possible sites of
action of the hormone. Another mechanism for the diuretic
action of prostaglandins was proposed when Anderson et al.

(2), observed an antagonism between vasopressin and
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prostaglandin occurring in vivo in the mammalian kidney.
His results implicated a physiological role of prosta-
glandins in modulating the hydroosmotic effect of vaso-
pressin in the mammalian kidney. The notion that PGE2 acts
as a significant intrarenal accelerator of sodium excretion
was discouraged by Tobian et al. (96), who had shown that
high sodium intake sign.ficantly reduced the intrarenal
PGE2 level rather than increasing it. This observation,
however, may be due to the interaction of the renin-angio-
tensin system in which a high sodium load would decrease
renin secretion, consequently removing the stimulation
needed to increase prostaglandin synthesis.

Evidence presented thus far tends to support the hypo-
thesis that intrarenal prostaglandins and the renin-angio-
tensin system interact in a complimentary manner to cause
a physiological regulation of renal circulation. The exis-
tence of this interaction however, cannot be considered a
certainty due to the limited conditions imposed upon these
systems and evidence contradicting this proposal. Such
contradictory evidence was presented when inhibitors and
alterations imposed on the renin-angiotensin system had
little effect on the autoregulatory response of the kidney

(9,23,85).
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Prostaglandins and Autoregulation

Several studies have demonstrated that reductions in
renal blood flow following renal vasoconstriction is partial-
ly reversed coincident with elevated prostaglandin levels
in renal venous blood (65,66). It was also shown that
reactive hyperemia following release of renal arterial
occlusion was decreased or abolished after indomethacin (40).
As mentioned previously, inhibition of prostaglandin synthe-
sis reduced renal blood flow and this reduction was closely
correlated with a decline in the renal efflux of a substance
having the properties of PGE2 (61l). From this study it was
concluded that PGE2 participates in maintaining renal vascu-
lar tone which before this was ascribed to autonomous, in-
trinsic renal arteriolar activity.

Because of these findings and others producing similar
results, a role for prostaglandins in renal autoregulation
was suggested. If autoregulation in response to reduced
Perfusion pressure could be attributed to redistribution of
blood flow toward the inner regions of the kidney then it
was feasible that this redistribution could be due to the
Qction of intrarenal prostaglandins. Such a finding was
reported in studies which observed distribution of renal
blood flow in response to hemorrhage and vasopressor agents

(70,83). Direct evidence concerning the possible role of

Prostaglandins in autoregulation was produced when
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autoregulation of renal blood flow was abolished following
the administration of indomethacin (39). Another study
demonstrated that PGE2 reversibly inhibited the noradrena-
line overflow resulting from nerve stimulation of the rabbit
kidney (24). From the results of this study it was proposed
that endogenous prostaglandin controls norepinephrine
release primarily from inner cortical nerve endings thereby
maintaining juxtamedullary blood flow under periods of in-
creased sympathetic nerve activity. While these reports
support the role of prostaglandins in renal autoregulation,
interpretation of results from other studies have produced
opposite conclusions. One particular study observed that
indomethacin had little or no effect on recovery of crea-
tinine clearance after hemorrhage or on autoregulation of
renal blood flow after alterations of renal perfusion pres-
sure (10). Satah and Zimmerman reported that renal blood
flow and renal vascular resistance were not significantly
altered by infusion of meclofenamate into the renal artery
of anesthetized dogs (84). It was also demonstrated that
while indomethacin clearly decreased renal reactive hyper-
emia, its effect on the autoregulatory response suggested
only minimal participation of prostaglandins in renal blood
flow regulation (80). The inconsistent evidence presented
thus far concerning the influence of prostaglandins on

autoregulation does not allow us to assign to them



26

responsibility for the autonomous and intrinsic regulation

of renal circulation.

Antihypertensive Function of Prostaglandins

The possibility that renal prostaglandins function as
antihypertensive hormones was suggested in the findings of
Strong et al. (90), when patients with renovascular hyper-
tension were shown to have elevated levels of prostaglandin
and renin. As antihypertensive agents, prostaglandins may
exert their effect through one or more of three actions.
PGE, possess vasodilator properties and the ability to sup-
press vascular responsiveness to endogenous constrictor
amines and polypeptides (103). PGF compounds were observed
to augment sympathetic nervous system activity and thereby
increase the hypertensive state (13). Injection of PGE2
inhibited the sympathetic neurotransmission in the perfused
rabbit heart (37) and the release of norepinephrine from
sympathetic nerves in the isolated perfused cat spleen (36).
Finally, as previously mentioned, renal prostaglandins have
shown the capability of producing a diuretic effect and
thereby the ability to relieve a hypertensive condition
brought about by hypervolemia.

Since some cases of hypertension have been due to ex-
cessive amounts of circulating angiotensin II, it was only
reasonable to expect that another cause of hypertension may

be due to low circulating levels of prostaglandins. It was
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seen, however, that experimentally induced hypertension pro-
duced by renal ischemia initially increased both renin and
prostaglandin levels during the acute phase of hypertension
after which renin levels dropped while prostaglandin levels
remained elevated (89). In contrast, Zusman et al. (109),
demonstrated that in patients with essential hypertension

or those with renal artery stenosis, PGA levels were statis-
tically lower than levels observed in the control group.
Transplants of fragmented renal medulla and a tissue culture
of renomedullary interstitial cells were also shown to exert
an antihypertensive effect on experimentally made hyperten-
sive rats (74). It was previously mentioned that these
cells and tissues contain large amounts of prostaglandins.
Furthermore, a prostaglandin-A-secreting tumor was observed
to cause a remission of a long-standing hypertension in a
case described by Zusman et al. (108). The tumor was
eventually removed after which hypertension was reestab-
lished.

Mimran et al., recently observed the effects of prosta-
glandin and angiotensin II inhibitors on renal blood flow
and blood pressure (73). In this study, indomethacin
induced a decrease in renal blood flow and an increase in
blood pressure. The latter effect did not occur, however,
when rats were bilaterally nephrectomized. The angiotensin
inhibitor blunted the blood pressure effect and prevented

the renal haemodynamic changes induced by indomethacin.
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The overall evidence suggest that renal prostaglandins
may participate not only as factors in the autoregulation
of renal circulation, but also as antihypertensive agents
necessary for the maintenance of a normal tensive condition.
The mechanism in which renal prostaglandins participate in
these actions may be associated to their interaction with

the renin-angiotensin system.



RATIONALE

The present study attempts to quantify how alterations
in the renin-angiotensin system and changes in prosta-
glandin secretion affect each other and how these systems
might be involved in the vasodilation produced by furo-
semide. The renin-angiotensin and prostaglandin systems
are illustrated in Figure 1 along with those agents em-
ployed in this study to inhibit or stimulate the various
components of the two systems. It is proposed that deter-
mining the influence of the renin-angiotensin system and
renal prostaglandins on the furosemide induced increase in
renal blood flow will provide pertinent information directed
toward the realization of the mechanism involved in the

regulation of renal circulation.
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Figure 1.

30

Points at which the renin-angiotensin and
prostaglandin systems will be stimulated or
inhibited during the experiments in this

study. % denotes stimulation while -//-
denotes inhibition.
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METHODS

Animal Preparation

Male mongrel dogs were anesthetized with sodium pento-
barbitol (30 mg/kg) and artificially ventilated (Harvard
Apparatus Respirator). A polyethelene catheter was in-
serted through the left femoral artery into the abdominal
aorta to collect arterial blood samples and monitor arterial
blood pressure using a strain-gauge pressure transducer
(Statham P 23 AA) and direct writing oscillograph (Grass
Polygraph). Polyethelene catheters were inserted into the
left and right femoral veins for infusion of inulin and
saline, respectively. After exposing the left kidney via a
retroperitoneal flank incision both ureters were cannu-
lated using polyethlene tubing and the left spermatic vein
was tied. A curved 20-gauge needle attached to polyethelene
tubing was inserted into the renal vein for collection of
renal venous blood samples. A curved 22-gauge needle
attached to polyethelene tubing was inserted into the renal
artery for the infusion of saline or drugs. Total renal
blood flow from one kidney was recorded using a non-cannu-
lating electromagnetic flowmeter (Carolina Instruments

Electromagnetic) which was placed on the renal artery.

32
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A hilar lymph vessel was isolated and cannulated with poly-
ethelene tubing (PE-50).

Approximately one hour prior to the first collection
period an intravenous infusion of a 3% inulin solution was
initiated at a rate of 1 ml/min and a 0.9% saline solution
was infused into the renal artery at a rate of 1.1 ml/min.
Maintenance doses of anesthetic were administered subcu-
taneously throughout the experiment as needed. At the end

of each experiment the left kidney was removed and weighed.

Experimental Protocol

Duplicate samples of urine, lymph, and arterial and
renal venous blood were taken during each period of the
experiment. Urine and lymph samples were collected over
twenty minute periods. Arterial and renal venous blood
samples were drawn at the midpoint of the collection of
urine and lymph. Half of the blood drawn from the renal
vein was transferred to chilled test tubes containing di-
sodium ethylenediaminetetraacetic acid (EDTA) while the
other half was transferred to test tubes and allowed to
clot at room temperature for twenty minutes. The clot was
then dislodged from the sides of the test tube and the
sample centrifuged for ten minutes, after which the serum
was drawn off and collected in chilled test tubes. Lymph

was collected in chilled tubes containing EDTA.
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After the animals were allowed a minimum of one hour
to recover from surgery, the following protocols were under-
taken.

Protocol I: In six dogs, urine, lymph, and arterial
and renal venous blood samples were collected during a con-
trol period. The dogs were then volume expanded with iso-
tonic saline infused into the femoral vein at a rate of
1 ml/kg/min for thirty minutes and maintained at an infusion
rate of 5 ml/min above the minute urine flow rate for one
hour and samples of urine, plasma and lymph were again
collected. Furosemide (0.015 mg/kg/min) was then infused
into the renal artery. Five to ten minutes were allowed
for adjustment of the saline infusion to a rate of 5 ml/mkn
above the increase minute urine flow. After renal blood
flow and urine minute volume stabilized samples were again
collected.

Protocol II: In seven dogs, urine, lymph, and arterial
and renal venous blood samples were collected during the
first two periods under conditions (control and volume
expanded) described above. A 3.5 mg/kg bolus of indo-
methacin was then injected into the femoral vein over a
five minute period. Ancother five minutes was allowed for
the readjustment of the saline infusion to 5 ml/min above
the urine flow rate. After renal blood flow and blood

pressure had stabilized, samples were collected as before.
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Furosemide was then infused into the renal artery at the
previously described concentration and rate and the saline
infusion rate again adjusted. Samples were collected
following the stabilization of renal blood flow and minute
urine volume.

Protocol III: 1In five dogs, urine, lymph, and arterial
and renal venous blood samples were collected during the
first two periods under conditions in Protocols I and II.
SQ 20,881 (1 mg/kg) was then administered into the femoral
vein over a five minute period. Another five minutes were
allowed for the readjustment of the saline infusion to five
ml/min above the urine flow rate. After renal blood flow
and blood pressure had stabilized, samples were collected
as before. A final collection period following the infusion
of furosemide was performed under the same conditions
described in the previous two protocols.

Protocol IV: In five dogs, urine, lymph, and arterial
and renal venous blood samples were collected during the
first two periods under conditions previously described.
Saralasin was then infused into the renal artery at a rate
of 0.5 pg/kg/min for thirty minutes. The efficacy of sara-
lasin infusion was evaluated by first injecting angiotensin
II (0.005 mg) into the renal artery in order to cause a
significant decrease in renal blood flow. This procedure

was repeated five minutes after the initiation of the
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saralasin infusion and in all cases the effect of angioten-
sin II on renal blood flow was completely inhibited.
Following the saralasin infusion a solution of furosemide
and saralasin was infused into the renal artery at the con-
centrations and rates previously mentioned.

Protocol V: In seven dogs, urine, lymph, and arterial
and renal venous blood samples were collected during a con-
trol period. Furosemide was then infused into the renal
artery at its previous concentration and rate. Samples were
collected following the stabilization of all parameters

mentioned previously.

Analytical Methods

Arterial and renal venous plasma and urine samples
were analyzed for inulin concentration using the diphenyl-
amine method of Walser, Davidson, and Orloff (102). Renin
activity in femoral arterial and renal venous blood samples
was determined by the method of Haber et al. (33), using a
Yenin activity radioimmunoassay for angiotensin I. Renin
Secretions were calculated as the product of the renal
Venous-arterial renin activity difference and renal plasma
flow, and expressed as nanograms secreted per minute (ng/
min), Renal lymph and venous prostaglandin E2 concentration
Was measured in renal venous serum and lymph using a radio-
immunoassay for PGE, developed by Stygles et al. (91).

Prostaglandin samples of the control experiments,
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experiment I, in which furosemide was infused following
volume expansion were first extracted with chloroform and
later assayed with the use of an antibody provided by the
Upjohn Co. The cross reactivity of this antibody with
other prostaglandins was high and specificity low. Another
antibody specific for PGE2 was then developed in this labora-
tory using thyroglobulin as the hapten. This antibody was
highly specific for PGE2 while showing low cross reactivity
with herterologous prostaglandins. The antibody was then
used in the aforementioned radioimmunoassay of unextracted
serum samples collected from the remaining experiments.

Tubes for measuring the concentration of PGE, in each

2
sample were prepared containing 100 pl of sample, 100 upl of

3H—PGE2 containing 10,000-12,000 cpm/ml and 0.5 ml of an

appropriate dilution of antibody. The dilution of antibody

was considered appropriate when it bound 41-50% of 3H—PGE2.
The tubes were then mixed and allowed to equilibrate at 4°C

for at least 18 hours after which 3H—PGE bound to antibody

2
was separated from unbound 3H—PGE2 by the addition of 0.5
ml of a dextran charcoal solution (0.25 mg/ml Dextran T-70:
2.5 mg/ml Norit A Charcoal). Tubes were then spun at 3000
rpm at ambient temperature for 20 minutes. The supernatant
was decanted into glass scintillation vials, 7.5 ml aquasol

(New England Nuclear) added, the vials mixed and counted to

2¢ error in a Beckman LS-100 liquid scintillation counter.
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The assay was shown to be useful between 0.01 and 10.0
ng/ml PGEZ.
While arterial PGE2 concentration was shown to be
measurable by our assay, the low values obtained displayed
a minimal amount of variation throughout the experiment and

were therefore treated as a constant, unnecessary in the
calculation of renal venous secretion.

Secretion rates for PGE2 were calculated as the product
of serum concentration and renal plasma flow and expressed
as nanograms secreted per minute (ng/min). Blood pressure
(BP) and renal blood flow (RBF) were obtained directly from
the recordings, and renal plasma flow (RPF) calculated from
the blood flow and hematocrit (RPF=RBF x l-Hct.). Renal
resistance (RR) was calculated from the mean systemic blood
pressure and total renal blood flow: RR (mmHg/ml/min) =
BP/RBF. Hematocrit was determined on all arterial blood
samples by the micro method. Glomerular filtration rate
was estimated from the clearance of inulin. Sodium concen-
tration in urine was determined by flame photometry
(Instrumentation Laboratories). Sodium excretion was cal-
culated as the product of urine sodium concentration and
minute urine volume and expressed as micro equivalents per
minute (ueg/min).

Renin and PGE, secretion had significant heterogenity

2
of variance by Bartlett's test for homogeneity (88).



39

Because of this, data was plotted on semi-logarithmic

graphs and statistical analysis performed on the logarithmic
transformation. All data was analyzed using either the
randomized complete block or completely randomized design
analysis of variance (88). The least significant differ-
ence test was used in the comparison of means (88). The
0.05 level of probability was used as the criterion of sig-

nificance.



RESULTS

The typical effect of furosemide on renal blood flow
in volume expanded dogs is illustrated in Figure 2. The
response 1is characterized by a transient decrease followed
by a sustained increase in renal blood flow. The latter
effect is maintained as long as the infusion is continued.
Blood pressure is shown to be unaffected by this response.
For the purpose of comparison of results, animals receiving
furosemide after volume expansion will be considered as
controls. Animals receiving treatment following the volume
expansion period and preceding the infusion of furosemide
will be identified according to the treatment received.

Figure 3 illustrates the effect of indomethacin on the
increase in renal blood flow induced by furosemide. Renal
blood flow shown in this and all similar figures will hence-
forth be expressed as changes from the control period.
Renal blood flow was unaltered by volume expansion in the
control or indomethacin treated group. In six control
animals, furosemide induced a mean increase in renal blood
flow of 144 + 28 ml/min. In nine animals indomethacin had
no effect on renal blood flow and reduced the furosemide

response in which an increase of only 52 + 28 ml/min was

40
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Figure 2. Typical effect of furosemide on renal blood
flow and blood pressure in volume expanded
dogs.
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Figure 3.
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Effects of volume expansion (VE), treatment
(Trt) and furosemide (F) on renal blood flow
in the furosemide control and indomethacin
treated groups. Values are expressed as
changes from the control period. Mean + sem
are shown. A significant increase (P < 0.05)
in renal blood flow was noted in both groups
following furosemide. A significant differ-
ence was noted between the furosemide control
and indomethacin treatyd groups during the
furosemide period.
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obscrved. While both groups demonstrated an increase in
renal blood flow following furosemide, the increase ob-
served in the indomethacin group was significantly less
than that of the control.

PGE2 secretion rates in each experimental period of

the control and indomethacin treated groups are shown in

Figure 4. PGE2 secretion was unaltered by volume expansion

in either group. In the control group, furosemide induced

a significant mean increase in PGE., secretion of 440 + 328

2

ng/min above the volume expansion period. Indomethacin

diminished PGE2 secretion to low levels which were main-

tained following furosemide.

Figure 5 illustrates the effect of SQ 20,881 on the
increase in renal blood flow induced by furosemide. 1In five
animals renal blood flow was unaltered by either volume
expansion or SQ 20,881 injection. The increase in renal
blood flow induced by furosemide in the control group was
blunted in the SQ 20,881 group showing an increase of
76 + 29 ml/min.

Figure 6 shows the PGE, secretion rates in each experi-

2
mental period of the control and SQ 20,881 treated groups.

Neither volume expansion nor SQ 20,881 injection was shown

to significantly alter PGE, secretion. The furosemide in-

2

duced increase in PGE. secretion observed in the control

2

group was not demonstrated in animals pretreated with SQ

20,881.
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PGE, secretion rates in the control (C), volume
expansion (VE), treatment (Trt) and furosemide
(F) periods of the furosemide control and indo-
methacin treated groups. Mean + sem are shown.
A significant increase (p< 0.05) in PGE, secre-
tion was observed following furosemide in the
control group. A significant decrease in PGEj
secretion was observed following treatment with
indomethacin.
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Figure 5.
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Effects of volume expansion (VE), treatment (Trt)
and furosemide (F) on renal blood flow in the
furosemide control and SQ 20,881 treated groups.
Values are expressed as changes from the control
period. Mean + sem are shown. A significant
increase (p < 0.05) in renal blood flow was noted
in both groups following furosemide.
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Figure 6.
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PGE, secretion rates in the control (C), volume
expansion (VE), treatment (Trt) and furosemide
(F) periods of the furosemide control and SQ
20,881 treated groups. Mean + sem are shown.

A significant increase (p<0.05) in PGE) secre-
tion was observed following furosemide in the
furosemide control group.
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In each experimental period, significant differences
in renal blood flow were not observed when four animals
treated with 1-Sar-8-Ala-Angiotensin II, saralasin, were
compared to control animals (Figure 7). Following furo-
semide an increase in renal blood flow of 193 + 55.3 ml/min
was observed in animals treated with saralasin. This in-
crease was not significantly different than that seen in the
control group. A similar trend was noted when PGE2 secretion
rates of the saralasin treated and control animals were
determined (Figure 8). While volume expansion slightly de-
pressed PGE2 secretion in the saralasin group, furosemide
caused a mean increase in secretion over the volume expanded
period of 325 + 95 ng/min. The aforementioned increase
induced by furosemide was not found to be significantly dif-
ferent than that of the control group.

As previously mentioned, the increase in renal blood
flow caused by furosemide was significantly reduced by pre-
treatment with indomethacin (Figure 3). It was observed,
however, that indomethacin did not abolish the furosemide
response. It is the latter effect which has directed fur-
ther studies toward determining the influence of other
factors on the furosemide response. Due to its action to
increase the diuretic effect of furosemide and decrease
renin secretion, volume expansion was evaluated as one such

factor.
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Effects of volume expansion (VE) and furosemide
(F) on renal blood flow in the furosemide con-
trol and saralasin treated groups. Values are
expressed as changes from the control period.
Mean + sem are shown. A significant increase
(p<0.05) in renal blood flow was noted in both
groups following furosemide.
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Figure 8.
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PGE, secretion rates in the control (C), volume
exp%nsion (VE) and furosemide (F) periods of the
furosemide control and saralasin treated groups.
Mean + sem are shown. A significant increase
(p<0.05) in PGE; secretion was observed follow-
ing furosemide in both groups.
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Figure 9 illustrates the comparison of mean values of
renal blood flow between animals not subjected to volume
expansion, hydropenic, and control animals following furo-
semide. Animals were considered hydropenic if their hemato-
crit was above 40% and their total minute urine volume was
below 0.5 ml/min. In seven hydropenic animals, no effect
on renal blood flow was observed following furosemide.

A similar trend was noted when PGE, secretion rates were
determined in hydropenic animals (Figure 10). Furosemide
produced no effect on PGE, secretion in the hydropenic
animals.

To further investigate the mechanism thro&gh which
furosemide acts to increase renal blood flow, a small

amount of data on hilar lymph renin secretion and PGE, con-

2
centration was obtained (Table 1I). One or more experiments
from the control, indomethacin, and SQ 20,881 groups re-

vealed that volume expansion decreased and furosemide infu-
sion increased hilar lymph renin secretion. In one control

experiment, lymph PGE, concentration was decreased during

2
volume expansion and increased following furosemide. In two
indomethacin and one SQ 20,881 experiments, PGE2 concentra-
tion decreased during volume expansion and remained un-
changed over the treatment and furosemide periods.

Absolute values of the various parameters measured in

one control and one indomethacin treated experiment are
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Effects of furosemide on renal blood flow in
the furosemide control and hydropenic groups.
Values are expressed as changes from the con-
trol period. Mean + sem are shown. A sig-
nificant increase (p <0.05) in renal blood
flow was noted in the furosemide control group.
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Figure 10.
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PGE., secretion rates in the control (C),
volﬁme expansion (VE) and furosemide (F)
periods of the furosemide control and hydro-
penic groups. Mean + sem are shown. A sig-
nificant increase (p< 0.05) in PGE, secretion
was observed following furosemide in the
furosemide control group.
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illustrated
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in Table II, and are representative of the mean

values determined in each group. Volume expansion was

shown to decrease renin secretion, and increase sodium ex-

cretion and
It was also
angiotensin
increase in
(Table 1I),

Significant

minute urine volume in all experimental groups.
observed that prostaglandin synthesis and renin-
inhibitors did not significantly alter the
sodium excretion (Figure 1l1), renin secretion

or minute urine volume induced by furosemide.

changes in renal resistance paralleled corre-

sponding changes in renal blood flow in all experimental

groups. A summary of the results obtained from this study

is expressed in Table III.
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Figure 11.
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Effects of volume expansion (VE), treatment
(Trt) and furosemide (F) on sodium excretion

in the SQ 20,881 treated, indomethacin treated
and furosemide control groups. Values are
expressed as changes from the control period.
Mean + sem shown. A significant increase
(p<0.05) in sodium excretion was noted follow-
ing volume expansion, treatment and furosemide
in all groups.
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Table III. Summary of results presented in this study.

IT.

ITI.

Iv.

VI.

VII.

VIII.

Furosemide produces an increase in renal blood flow
which is significantly reduced by pretreatment with
indomethacin.

Furosemide causes an increase in PGE, secretion
which is inhibited by indomethacin.

SQ 20,88l is shown to blunt the increase in renal
blood flow induced by furosemide.

Increases in PGE, secretion following furosemide
were not observea in animals pretreated with
SQ 20,881.

The increase in renal blood flow and PGE., secretion
induced by furosemide was not significan%ly altered
in animals treated with saralasin.

The effect of furosemide on renal blood flow and
PGE, secretion was significantly greater in the
volime expanded than in the hydropenic animals.

Volume expansion decreased renin secretion while
PGE2 secretion remained unaltered.

Increases in renin secretion induced by furosemide
were unaltered by prostaglandin synthesis or renin-
angiotensin inhibitors.




DISCUSSION

Since the discovery of two intrarenal hormonal systems
with potent vasoactive effects, the renin-angiotensin and
prostaglandin systems, investigators have suggested that
regulation of renal circulation may be subjected to hormonal
influence. Tarrenbaum et al., reported that infusion of
PGE2 or arachidonic acid into the renal artery of anesthe-
tized dogs produces an increased total renal blood flow (93).
Furthermore, indomethacin inhibited the effects of arachi-
donic infusion while none of the effects produced by PGE2
infusion were altered. Systemic injection of indomethacin
was also shown to reduce and alter the distribution of renal
blood flow in anesthetized dogs (61l). Similar results were
reported in a study by Itskovitz et al. (45), when they
observed diminished inner cortical blood flow following in-
domethacin injection.

Other evidence has been obtained indicating angiotensin
II as an intrarenal hormone acting to constrict the inner
cortical and medullary vasculature (42). In support of this
evidence, Itskovitz et al. (44), observed that an experi-
mentally induced deficiency of renin substrate, and conse-

quently angiotensin II, was associated with an increased

68
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fraction of inner cortical blood flow. Infusions of renin
substrate reestablished the fractional distribution of
renal blood flow to that observed prior to induction of the
deficiency. These data provide evidence to support the
hypothesis that angiotensin might act as an intrarenal hor-
mone which participates in the regulation of deep cortical
and medullary vasculature resistance.

While both the renin-angiotensin system and prosta-
glandin system influence renal hemodynamics, the possible
interaction between the two systems and effect of this inter-
action on renal blood flow may prove to be an important
factor in the regulation of renal circulation. Aiken and
Vane presented evidence supporting an interaction between
the two hormonal systems when they observed an increased
release of a PGE-like material from the kidney upon the
infusion of angiotensin II into the renal artery (l1). It
was also shown that angiotensin II infusion into an iso-
lated perfused kidney consistently decreased blood flow to
the cortex, while its effects on blood flow to the inner
cortex were variable (45). This latter action was thought
to be related to the release of renal prostaglandins by
angiotensin II, especially in those experiments in which
angiotensin II increased inner cortical blood flow.
Furthermore, an explanation for the tachyphylaxis to the

renal vasoconstrictor actions of angiotensin II observed by
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Louis and Doyle (62), was suggested from the interpretation
of results presented in a study by McGiff et al. (64).
Their results indicated that tachyphylaxis to angiotensin
II is associated with the release of PGE2 which opposes the
vasoconstrictor-antidiuretic actions of this hormone.

The present study attempts to dissect further the intra-
renal role of the renin-angiotensin and prostaglandin systems
by evaluating the effects of renin-angiotensin and prosta-
glandin synthetase inhibitors on the increase in renal blood
flow, prostaglandin secretion and renin secretion induced by
furosemide. Furosemide was shown to induce a large increase
in renal blood flow due to a decrease in renal resistance
(Figure 3), while at the same time increase PGE2 secretion
from the canine kidney (Figure 4). These data suggest that
the increase in renal blood flow and its corresponding
decrease in renal resistance, is related to the increase in
PGE2 secretion. The effect of indomethacin on the increase
in renal blood flow induced by furosemide gives further
support to the existence of such a relationship (Figure 3).
These results are consistent with those studies which found
that furosemide did not alter renal blood flow in animals
pretreated with indomethacin (8,106).

In addition to its natriuretic effect, furosemide has
been shown to increase renin secretion (98), and in one

report the diuretic was observed to inhibit prostaglandin-

15-hydroxy dehydrogenase activity in vitro (8l1). Because of
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these actions, it was proposed that furosemide may induce

an increase in PGE, secretion in one of three ways: 1) by

2
inhibition of prostaglandin-15-hydroxy dehydrogenase and
subsequently increasing the half-life of intrarenal prosta-
glandins, 2) by a direct action of the diuretic itself,
and/or 3) by stimulation of synthesis of prostaglandins via
the renin-angiotensin system. Involvement of the renin-
angiotensin system in the mechanism through which furosemide

acts to increase PGE., secretion and renal blood flow was

2
evaluated by observing the effects of volume expansion,

SQ 20,881l injection, and saralasin infusion on PGE, secre-

2
tion and renal blood flow both prior to and after the infu-
sion of furosemide. Volume expansion decreased renin
secretion in all experimental groups (Table II), while no
effect on PGE2 secretion or renal blood flow was observed
(Figures 3-8). The apparent dissociation of activity be-
tween the two hormonal systems under conditions of volume
expansion may be due to a tonic release of prostaglandins
from the resting kidney, independent of the influence of
low concentrations of substituents composing the renin-
angiotensin system. This interpretation has considerable
support since indomethacin has been observed to decrease
resting renal blood flow (61), and diminish inner cortical

blood flow in anesthetized dogs.
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Systemic injection of the angiotensin converting en-
zyme inhibitor, SQ 20,881, in volume expanded dogs has no
effect on either PGE2 secretion or renal blood flow (Figures
5 and 6). The absence of an effect of SQ 20,881 on renal
blood flow and PGE2 secretion was expected since the activ-
ity of the renin-angiotensin system was already diminished
due to the action of volume expansion on renin secretion.

In animals pretreated with SQ 20,881, PGE2 secretion was not
significantly increased above the volume expansion period
following furosemide (Figure 6). Furosemide did, however,
significantly increase renal blood flow in the SQ 20,881
group, even though this increase was observed to be blunted
when compared to that of the control group (Figure 5). The
observation that an increase in renal blood flow is not

accompanied by an increase in PGE, secretion is inconsistent

2
with the previously mentioned proposal relating the increase
in renal blood flow induced by furosemide to the correspond-

ing increase in PGE, secretion. This apparent inconsistency,

2
however, may be due to the inability of our assay to detect

small changes in renal venous PGE, concentration.

2
In one study, Needleman et al. (77) reported that
angiotensin I was only one-tenth to one-thirtieth as effi-

cient as angiotensin II in releasing prostaglandins from

the isolated perfused rabbit kidney. Results from another

study showed that angiotensin I consistently decreased
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inner cortical blood flow whereas angiotensin II consistent-
ly decreased blood flow to the outer cortex while its
effects on blood flow to the inner cortex were variable
(45). Interpretation of these results lead to the sugges-
tion that the constancy of the vasoconstrictor action of
angiotensin I on inner cortical blood vessels as compared
with that of angiotensin II was related to the lesser abil-
ity of angiotensin I to release renal prostaglandins. This
interpretation may also apply to the observations in the

present study in which the release of PGE, following furo-

2
semide in control animals was decreased in animals pre-
treated with SQ 20,881.

The existence of an intrarenal mechanism involved in
stimulation of prostaglandin release has been implied from
the results of a number of studies (44,45,92). The investi-
gators of these studies have proposed that the release of
interstitial renin, which is then converted to angiotensin
II, stimulates a response which causes an increased synthe-
sis of prostaglandins. Since the amount of data on lymph
renin and PGE2 secretion in the present study is not suffi-
cient for the construction of inferences it may simply be
stated that the data presented in Table I does not refute

the aforementioned proposal and yet the evidence is not

conclusive enough to express support.
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Determination of the involvement of angiotensin II in
the furosemide response was attempted in this study by
observing the effects of an angiotensin II analog, saralasin,
on the increase in PGE2 secretion and renal blood flow
following furosemide. Needleman et al. (77), reported that
the specific competitive angiotensin antagonist, 8-cysteine
angiotensin II, was capable of inhibiting the stimulation
of specific renal receptor sites by angiotensin II to evoke
the release of a prostaglandin-like substance. It was also
shown that the angiotensin antagonist did not block the
release of a prostaglandin-like substance induced by epine-
phrine or bradykinin.

In the present study, the increase in renal blood flow
and PGE2 secretion observed in the control group following
furosemide was not significantly altered in animals treated
with saralasin (Figures 7 and 8). These results suggest
that furosemide acts to increase PGE2 secretion in a manner
similar to that of epinephrine and bradykinin in which the
effect of the drug to increase PGE2 secretion is not medi-
ated by antiotensin II. It is proposed, therefore, that
furosemide directly stimulates the synthesis and release of
renal prostaglandins which in part is responsible for the
ability of the drug to increase renal blood flow. The furo-
semide induced increase in renal blood flow and PGE., secre-

2

tion observed in the saralasin group gives further support
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to the proposal relating the increase in renal blood flow
induced by furosemide to the corresponding increase in PGE2
secretion (Figures 7 and 8).

In a study similar to the present, Williamson infused
furosemide into the renal artery of hydropenic dogs and
observed a mean increase in renal blood flow of 51 + 6
ml/min (106). It was also shown that when these animals
were pretreated with indomethacin, furosemide did not in-
crease renal blood flow. The increase in renal blood flow
observed in the volume expanded model of this study was
three times as great as that increase shown in Williamson's
hydropenic animals. Furthermore, when dogs in this study
were pretreated with indomethacin, a significant increase
in renal blood flow was still observed even though the
effect of furosemide was markedly reduced (Figure 3).
Interpretation of the results of these two studies suggest
that the effect of volume expansion on the furosemide
response is of considerable importance. This effect was
evaluated when hydropenic animals receiving furosemide were
compared to control animals. Furosemide did not signifi-
cantly increase either renal blood flow or PGE2 secretion
in the hydropenic animals (Figures 9 and 10).

Once again the trend of renal blood flow follows that
of PGE, secretion. While this trend may partially explain

2

the differences in the degree of responsiveness between
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these two groups, the inequality in the magnitude of diure-
sis may also be an important factor contributing to these
differences. Furosemide produced a significantly greater
increase in minute urine volume in the volume expanded than
in the nydropenic animals. This profound increase in urine
flow might in turn cause a significant rise in intraluminal
pressure in the kidney tubules. This effect could therefore
cause a condition similar to that of ureteral occlusion
which has been shown to increase renal blood flow (25,52).
The available evidence thus suggest that the profound
diuresis induced by furosemide in volume expanded animals
acted in a similar manner to that of ureteral ochusion
causing in addition to the effect of increased prostaglandins
an increase in renal blood flow. Partial removal of the
antagonistic action of angiotensin through volume expansion

may also serve in part to potentiate the effect of PGE, on

2
renal blood flow following furosemide.

Because renal prostaglandins have been shown to in-
crease urine flow and sodium excretion (40,66), it was of
interest in this study to determine whether the diuresis
and natriuresis induced by furosemide was mediated by a
mechanism involving prostaglandins. Observations from the
present study have shown that inhibition of PGE2 secretion

by indomethacin, and alteration of PGE, secretion following

2
furosemide by SQ 20,881 did not significantly change the
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increase in urine flow or sodium excretion induced by furo-
semide (Figure 11). Interpretation of these results suggest
that the diruesis and natriuresis induced by furosemide is
unrelated to the release of prostaglandins.

Since investigators have demonstrated that prosta-
glandins F and E are almost completely inactivated in cats
and dogs during a single passage through the lung (22,62),
it was assumed in this study that arterial PGE2 concentra-
tion would be too low to allow for its measurement by radio-
immunoassay. It was shown, however, after completion of the
study, that arterial PGE2 concentration as measured by radio-
immunoassay was low, yet significant, and could therefore
influence PGE2 secretion rates. Because of this latter

finding, further experiments were undertaken to determine

the variability of PGE, concentrations measured in arterial

2
serum under conditions similar to those encountered in the
present study. While all the data concerning these experi-
ments has not yet been evaluated, the data accumulated thus
far demonstrates that values of arterial PGE2 concentration
show low variability under conditions met in this study and
might therefore be treated as a constant in the derivation
of renal PGE2 secretion rates. In view of these circum-
stances, the reliability of data concerning PGE2 secretion

in this study is somewhat questionable and must therefore

be interpreted accordingly.



SUMMARY AND CONCLUSIONS

The evidence in this study supports the following con-

clusions:

I.

II.

III.

Iv.

VI.

The furosemide induced increase in renal blood flow
and decrease in renal resistance may in part be
mediated by the potent vasodepressor, PGEZ.

The rise in intraluminal pressure caused by the
profound diuresis of furosemide in volume expanded
dogs seems to influence the degree to which furo-
semide induces an increase in renal blood flow and
prostaglandin secretion.

The increase in PGE2 secretion following furosemide
demonstrates no relation to a similar increase in
renin secretion.

Angiotensin II shows no influence on PGE, secretion

2
following furosemide.

The vasoconstrictive action of angiotensin II seems
to be expressed following furosemide.

The diuretic and natriuretic effects of furosemide

are not influenced by either the renin-angiotensin

system or prostaglandins.

78



VII.

VIII.

79

The increase in PGE2 secretion following furosemide
may arise due to the direct action of furosemide to
stimulate prostaglandin synthesis, or possibly, by
the action of furosemide on the metabolism of prosta-
glandins.

These experiments do support the theory that the
renin-angiotensin system and prostaglandins influ-
ence the regulation of renal circulation, but that

their mechanism of action is separate and unrelated

to each other.
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