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Abstract

Previous studies have shown that activation of A; adenosine receptors results in renal
vasoconstriction at submicromolar concentrations of N6-cyclohexyladenosine (CHA) followed by
relative vasodilation at higher concentrations. The present data confirm these findings and
demonstrate that Na loading enhances the vasoconstrictor effects of CHA in the isolated rat kidney
perfused at constant flow. Furthermore, adenosine receptor antagonism with both theophylline and
the A;-selective antagonist, xanthine amine congener (8-{4-[(2-aminoethyl)-
aminocarbonylmethyloxy]phenyl}-1,3-dipropylxanthine), produced a rightward and apparently
parallel shift in the dose response to CHA. Determination of the inhibitory constants for both
antagonists revealed that xanthine amine congenar was three orders of magnitude more potent than
theophylline in antagonizing CHA-induced renal vasoconstriction. Other investigators have
hypothesized that angiotensin 1l mediates adenosine-induced renal vasoconstriction. However, we
have been able to show that A; receptor activation can result in renal vasoconstriction in the
isolated perfused rat kidney devoid of renin substrate. Moreover, a competitive inhibitor of
angiotensin 11 (saralasin) failed to attenuate the hemodynamic effects of CHA at doses that
completely blocked the effects of angiotensin 1l itself. Taken together, these data are consistent
with the hypothesis that A; receptor activation in the kidney leads to vasoconstriction, a response
that is enhanced by Na loading, and that A adenosine receptors and angiotensin Il receptors are
separate and distinct biocheical entities. Independent activation of either receptor leads to renal
vasoconstriction, which can be prevented by its respective antagonist.

That adenosine can elicit renal vasoconstriction /7 vivo has been known since 1929 (Drury
and Szent-Gyorgyi). Thurau (1964) and subsequently several others (Osswald, 1975, 1984;
Osswald et al., 1975, 1980; Spielman and Osswald, 1979; Spielman and Thompson, 1982;
Arend et al., 1984, 1985; Hall et al.,, 1985; Sinclair et al., 1985; Hall and Granger 1986) have
hypothesized that adenosine-induced renal vasoconstriction is mediated by intrarenally
generated angiotensin 1. Consistently, Na loading and Na deprivation suppress and
potentiate, respectively, both the activity of the renin-angiotensin system (Tobian, 1960) and
adenosine-induced renal vasoconstriction /in vivo (Thurau, 1964; Osswald, 1975, 1984;
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Osswald et al., 1975, 1980; Spielman and Osswald, 1979; Spielman et a/.,, 1980; Arend et
al., 1984, 1985). Moreover, exogenous angiotensin Il restores adenosine-induced
vasoconstriction in Na-loaded rats (Osswald et al,, 1975), and high concentrations of either a
competitive angiotensin receptor antagonist (Spielman and Osswald, 1979) or a converting
enzyme inhibitor (Hall et a/., 1985) attenuates adenosine-induced renal vasoconstriction /n
VIvo.

Murray and Churchill (1984, 1985) have shown that adenosine-induced renal
vasoconstriction is mediated by the A; subclass of adenosine receptors. Their studies were
performed using the nonrecirculating isolated perfused rat kidney preparation, thus avoiding
any accumulation of endogenously released adenosine, and using adenosine analogs that are
adenosine receptor agonists but are substrates for neither cellular uptake nor metabolism.
CHA, selective at low concentrations for the A; subclass of adenosine receptors, produced a
concentration-dependent vasoconstriction. The present studies were designed to examine the
effects of chronic Na loading, adenosine receptor antagonism and angiotensin Il receptor
antagonism on CHA-induced renal vasoconstriction in the nonrecirculating isolated perfused
rat kidney.

Adult male Sprague-Dawley rats (250—-300 g) were used for these experiments. They were
housed in a constant temperature room with a light-dark cycle (L:D, 12:12) and cared for in
accordance with the principles of the Guide for the Care and Use of Laboratory Animals
(Department of Health, Education and Welfare No. 86-23). All animals had free access to
Purina Rat Chow. Na-loaded rats were given 0.9% NaCl for a minimum of 3 weeks before
the experiments; all other rats were given tap water.

The kidney was isolated according to methods described by Nishiitsutsuji-Uwo et al. (1967).
Rats were anesthetized with Na pentobarbital (50 mg/kg i.p.) and given heparin (24 mg/kg)
via a femoral vein. Subcostal midline and bilateral incisions were made to expose the gut,
allowing isolation and catheterization of the right ureter with polyethylene tubing. After
isolating the superior mesenteric and renal arteries, a glass cannula was inserted into the
superior mesenteric artery, the perfusion pump was started and the cannula was advanced
into the right renal artery and tied into place. The kidney was removed, cleaned of perirenal
tissue and placed in a constant temperature perfusion chamber.

The perfusion method used in these studies has been described in detail previously (Murray
and Churchill, 1984). Briefly, kidneys were perfused in a single-pass, nonrecirculating
system using a Krebs-Henseleit buffer containing 3.5 g/2100 ml of Ficoll 70 (Sigma
Chemical Co., St. Louis, MO) and 1.0 g/100 ml of bovine serum albumin (fraction V; Miles
Laboratories, Inc., Kankakee, IL). The composition of the buffer in millimoles per liter was:
NaCl, 120, NaHCOg3, 25; KCl, 2.8; CaCly, 2.5; KH,POy, 1.2 and MgSOy, 0.84. In addition,
the perfusate contained (in miliigrams/100 ml): dextrose, 180; S-alanine, 89; creatinine, 50
and urea, 36. Before use, the perfusate was filtered through a 0.45-¢ membrane filter
(Millipore Filter Corp., Bedford, MA). The perfusate was oxygenated using a C-DAK 135
SCE hollow fiber dialyzer (Cordis Dow, Miami, FL); medium was passed through the blood
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compartment of the dialyzer while 95% 0,—-5% CO, was passed through the dialysate
compartment. Perfusate flow was controlled by a Harvard peristaltic pump (model 1203;
Harvard Apparatus Co., Inc., Natick, MA). Before reaching the kidney, the medium was
filtered through an 8.0- inline membrane filter. Kidneys were perfused at 37°C and pH 7.4.

Perfusion pressure was monitored using a pressure transducer (P231D; Gould Statham,
Oxnard, CA) connected to a pressure monitor (SP 1405; Gould Statham) and a strip chart
recorder (1701 BM; Hewlett-Packard Co., Palo Alto, CA). An inline flow probe connected
to a blood flowmeter (SP2202; Gould Statham) was used to monitor the perfusate flow.

In all protocols, the kidney was perfused at a constant pressure of 100 mm Hg for the first 45
min; the flow rate required to generate 100 mm Hg was then maintained constant, allowing
the pressure to vary for the remainder of the experiment. Kidneys were rejected if the
perfusion pressure dropped by 15 mm Hg during the initial 15-min period of perfusion at
constant flow.

1) CHA dose-response curves were generated in kidneys from control and Na-loaded rats.
CHA was infused into the perfusion line for 5 min such that the final concentration was 1079
M; then vehicle without CHA was infused, and 5 min later, CHA was infused to produce a
concentration 10 times higher. This was repeated until a maximum final concentration of
10~> M CHA was achieved. 2) Antagonism of CHA-induced vasoconstriction by
theophylline and XAC (8-{4-[(2-aminoethyl)aminocarbonylmethyloxy]phenyl}-1,3-
dipropylxanthine) [Jacobson et al., 1985) was Studied in kidneys from control rats. CHA
was infused at 0.01 and 0.03 M in the absence of theophylline, then at 0.02 and 0.06 ¢M in
the presence of 50 xM theophylline. Similar experiments were performed in which other
kidneys were perfused in the absence and presence of 0.02 xM XAC. 3) Angiotensin 11-
induced vasoconstriction and saralasin antagonism were studied in kidneys from control rats.

Angiotensin was infused before, during and after infusing saralasin at 1 /10 the concentration
of angiotensin; each of these infusion periods was of 5-min duration, and each of the periods
was separated by a 5-min period during which only vehicle was infused. 4) Saralasin
antagonism of CHA-induced vasoconstriction was studied in kidneys from control rats.
CHA was infused at 0.01 and 0.03 zM in the absence of saralasin, then at 0.02 and 0.06 xM
in the presence of 10 pM saralasin.

Drug infusions were made through a needle inserted directly into the perfusion line; the rate
of infusion of drugs into the perfusion line was controlled by the same pump that controlled
the rate of perfusion, such that a constant concentration of drug was achieved at any flow
rate. Stock solutions of CHA (Calbiochem-Behring Corp., La Jolla, CA), theophylline
(Sigma), XAC, angiotensin Il (Sigma) and saralasin (P-113; Peninsula Laboratories, Inc.,
San Carlos, CA) were all prepared in 3.8% ethanol. Dilutions were prepared such that the
final concentration of ethanol infused into the perfusion line was constant at 0.08% in all
experiments, including the vehicle control.
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Calculations—Drug-induced changes in renal perfusion pressure were calculated as the
difference between the average pressure during the final 3 min of drug infusion and the
average of the pressures before and after the drug infusion period. Results are expressed as
mean + S.E.M. Analysis of Variance and Scheffe contrasts were used to assess the statistical
significance of differences (Wallenstein et al., 1980). The four-point assay test was used to
calculate inhibitory constants of antagonists (Staff of the Dept. of Pharmacology, Univ. of
Edinburgh, 1970).

As can be seen in figure 1, the response of control kidneys to CHA was biphasic, with
concentration-dependent vasoconstriction over the range 0.001 to 0.1 4M, followed at higher
concentrations with a relative vasodilation (reduction in the extent of vasoconstriction). The
vasoconstrictive responses were similar, but potentiated, in kidneys from Na-loaded rats; the
CHA-induced increases in pressure were significantly greater at both 0.1 and 1.0 ¢/M (P <.
05 maximum).

The results of the adenosine receptor antagonist studies are shown in figure 2. Theophylline
(50 M) and XAC (0.02 @) produced similar, apparently parallel, displacements to the
right in the CHA dose-response (vasoconstriction) curves. The calculated inhibitory
constants, Kj, for theophylline and XAC were 2.6 x 107> and 1 x 1078 M, respectively; thus,
XAC is approximately three orders of magnitude more potent than theophylline in
antagonizing CHA-induced renal vasoconstriction.

The results in figure 3 show that angiotensin Il produces a concentration-dependent
vasoconstriction (increase in pressure at constant flow). At each concentration of

angiotensin, saralasin at 1 10 that concentration completely abolished the effect (e.g., 10,
20, 25, 30 and 60 pM saralasin blocked the effects of 0.1, 0.2, 0.25, 0.30 and 0.60 nM
angiotensin |1, respectively).

Comparison of the results in figures 1 and 3 suggests that angiotensin Il is much more potent
than CHA in producing renal vasoconstriction; the response to 0.1 nM angiotensin is as
large as that produced by 0.1 M CHA. This observation, taken together with the
observation that 10 pM saralasin abolishes the effect of 0.1 nM angiotensin, suggests that if
CHA-induced vasoconstriction is mediated by angiotensin, then 10 pM saralasin should
abolish the response to CHA. To the contrary, the results in figure 4 demonstrate that 10 pM
saralasin failed even to attenuate CHA-induced vasoconstriction.

Discussion

Murray and Churchill (1984, 1985) have reported the renovascular effects of adenosine and
several analogs in the nonrecirculating isolated perfused rat kidney preparation. Both the
order of potency of the agonists and the concentration ranges over which the agonists acted
were consistent with the hypothesis that constriction and dilation are mediated by A; and A,
subclasses of adenosine receptor, respectively. Because low concentrations of CHA
selectively activate A; receptors (Daly, 1982), the present observations are consistent:
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concentration-dependent vasoconstriction at submicromolar CHA concentrations is followed
by relative vasodilation at higher concentrations. In the previous studies (Murray and
Churchill, 1985), perfusion pressure actually fell below base line in response to even higher
CHA concentrations.

It is well known that dietary Na intake has a profound effect on vascular smooth muscle
contractility, both /n vivoand in vitro. Increases in Na intake enhance the renal vascular
responses to norepinephrine and angiotensin 1l /n vivo (Oliver and Cannon, 1978). Similar
responses have been reported with respect to the isolated rat kidney, perfused at a constant
flow rate; that is, the increases in perfusion pressure in response to norepinephring,
vasopressin and angiotensin Il (Berecek et al,, 1980, 1982) are greater in kidneys from
chronically Na-loaded rats than in kidneys from controls. The present studies show, for the
first time in any vascular bed, that CHA-induced vasoconstriction is enhanced by previous
Na loading. The mechanisms responsible for this enhanced vascular smooth muscle
contractility in Na-loaded animals remain to be elucidated fully.

Adenosine per se has been used in many previous kidney studies, by several different
investigators (Drury and Szent-Gyorgyi, 1929 Ono et al., 1966; Osswald, 1975, 1984;
Osswald et al., 1975, 1978a,b; Spielman et a/,, 1980 Haas and Osswald, 1981; Premen et af.,
1985; Hall et al., 1985; Hall and Granger, 1986). However, Daly (1982) and others
(Clanachan and Muller, 1980; Buckle and Spence, 1982) have recommended strongly that
adenosine analogs should be used to elucidate the cellular effects of adenosine receptor
activation. Extracellular adenosine can be metabolized (Holland et a/., 1985) as well as
transported into cells (Plagemann and Wohlhueter, 1982). Intracellular adenosine is a
substrate for many enzymes (Holland et a/,, 1985) and an agonist at the internal P-site or
receptor (Wolff et al,, 1978; Londos et al.,, 1980). In contrast, many adenosine analogs act as
A and/or A, receptor agonists, but they are not metabolized and they are not taken up by
cells; therefore, they are not agonists at the P-site (Daly, 1982). Moreover, inasmuch as some
analogs are selective for one or the other of the A; or A, subclasses of receptors, the order of
potency of analogs can be used to characterize the receptor type. For these reasons, CHA-
induced renal vasoconstriction can be taken as evidence that adenosine-induced
vasoconstriction is mediated by occupation of plasma membrane adenosine receptors of the
A1 subclass.

The antagonistic effects of theophylline and XAC that we found provide even further
evidence for this assertion. Both substances antagonize plasma membrane adenosine
receptors in other tissues (Ukena et al., 1986), but neither has been shown to affect the
internal P-site (Daly, 1983). Whereas theophylline is a relatively weak and nonselective
antagonist of both A1 and A, receptors (Fredholm and Persson, 1982), XAC has been shown
to bind to the central A; receptors with 41-fold greater selectivity and 12,000-fold greater
potency than theophylline (Jacobson et al., 1985, 1986). The present results are consistent
with these findings. In fact, the Kjfor XAC inhibition of CHA-induced renal
vasoconstriction corresponds closely to that for XAC binding to rat brain membranes
(Jacobson et al., 1986).
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It should be stressed that although theophylline can produce cellular effects via
phosphodiesterase inhibition, millimolar concentrations are required (Fredholm et a/., 1978).
Micromolar concentrations antagonize adenosine receptors (Ukena et al., 1986). The
concentration of theophylline used in the experiments shown in figure 2 is an order of
magnitude less than the 1Cx for theophylline inhibition of renal phosphodiesterase activity
(Fredholm et al., 1978). Collectively, then, our results provide strong evidence that
adenosine-induced renal vasoconstriction is mediated by activation of A; receptors.

Our previous (Murray and Churchill, 1984, 1985; Churchill and Churchill, 1985) and
present results provide several arguments against the hypothesis that angiotensin mediates
the adenosine-induced renal vasoconstriction. First, in both the previous (Murray and
Churchill, 1985) and present studies, CHA elicited vasoconstriction in isolated kidneys
perfused with a nonrecirculating medium devoid of renin substrate. Second, adenosine
actually inhibits renin secretion (Tagawa and Vander, 1970 Osswald et a/., 1978a) and we
have shown that this inhibitory effect is mediated by A; adenosine receptors (Churchill and
Churchill, 1985; Murray and Churchill, 1985). Thus, Aj-mediated inhibition of renin
secretion and Aj-mediated vasoconstriction are simultaneous events. It is difficult to
understand how a decrease in renin secretion, even if substrate were present, could account
for an angiotensin-induced increase in contractility. Third, Na loading, which is known to
suppress both renal tissue renin content and the secretion of renin, actually enhanced CHA-
induced vasoconstriction. Finally, both CHA and angiotensin elicited vasoconstriction, and
at equipotent concentrations, saralasin completely blocked angiotensin’s effect but failed
even to attenuate (and, if anything, enhanced) CHA’s effect.

It is unclear why increased dietary Na potentiates CHA-induced renal vasoconstriction in
isolated perfused rat kidneys but blocks adenosine-induced renal vasoconstriction /7 vivo. A
reasonable explanation might be that the renal adenosine receptors in Na-loaded animals are
already fully occupied by endogenously released adenosine, because Na loading is known to
increase renal adenosine production and release (Haas and Osswald, 1981). In any case, the
observation that Na loading attenuates both the activity of the renin angiotensin system and
adenosine-induced renal vasoconstriction in vivo cannot be taken as evidence of a causal
relationship; aortic clamping is one of the most potent stimulators of the renin angiotensin
system, yet this maneuver, like Na loading, blocks adenosine-induced renal vasoconstriction
in vivo (Haas and Osswald, 1981). Moreover, the renal hemodynamic effects of 2-
chloroadenosine have been shown to be completely independent of tissue renin
concentration in the two-kidney, one-clip Goldblatt rat (Churchill et al., 1984).

In summary, activation of A, adenosine receptors by submicromolar concentrations of CHA
resulted in renal vasoconstriction and Na loading enhanced this response. This
hemodynamic effect was inhibited by the adenosine receptor antagonists, theophylline and
XAC; XAC was three orders of magnitude more potent than theophylline. Despite complete
blockade of angiotensin Il-induced renal vasoconstriction, saralasin failed to attenuate the
renal vascular response to CHA. These data support the concept that A; adenosine receptors
and angiotensin Il receptors are separate and distinct biochemical entities, and that
independent activation of either receptor leads to renal vasoconstriction.
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Fig. 1.
Effects of CHA on perfusion pressure of isolated kidneys from rats on a control diet (7= 10)

and from chronically Na-loaded rats (7= 11). Mean £ S.E.M.; perfusion pressure increased
more in Na loaded than in control kidneys in response to 0.001, 0.1 and 1.0 4M CHA (P <.
05, maximum).
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Fig. 2.

Theophylline (upper panel) and XAC (lower panel) antagonism of CHA-induced increases
in perfusion pressure in isolated rat kidneys. Mean + S.E.M.; 7= 8 (upper panel) and 7=9

(lower panel).
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Fig. 3.
Saralasin (P-113) antagonism of angiotensin ll-induced increases in perfusion pressure in

isolated rat kidneys. Angiotensin was given before (control), during and after (recovery)

inclusion of saralasin in the perfusate at 1/10 the concentration of anglotensin.
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Fig. 4.
Saralasin (P-113) does not antagonize CHA-induced increases in perfusion pressure in

isolated rat kidneys. Mean = S.E.M.; n=5.
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