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Abstract

The present experiments were designed to measure the renal interstitial concentration of adenosine in an attempt to determine whether
adenosine participates in the regulation of renal hemodynamics during endotoxin shock. The renal concentration of adenosine in response

Ž .to lipopolysaccharide LPS administration was measured in anesthetized dogs using a microdialysis method. Renal hemodynamic
Ž . Ž . w Ž wresponses to LPS were also determined with and without the adenosine A receptor antagonist, E - R -1- 3- 2-phenylpyrazolo 1,5-1

x . x Ž . Ž .a pyridin-3-yl acryloyl pyperidin-2-ylacetic acid FK352 . Intravenous administration of LPS 0.5 mgrkg significantly decreased renal
blood flow and mean arterial pressure. These parameters reached the minimum level at 5–10 min after the LPS administration and then
returned to their respective preinjection levels. The renal interstitial concentration of adenosine increased from 118"18 to 381"46 nM.
During treatment with FK352, LPS decreased renal blood flow and mean arterial pressure, however, these reductions were significantly
attenuated. LPS also increased adenosine concentration, but its rise was reduced along with the attenuation of LPS-induced renal blood
flow reduction. These results suggest that adenosine was involved in LPS-induced renal hemodynamic changes and that FK352 has a
protective effect against renal dysfunction during endotoxin shock. Since the adenosine concentration was inversely proportional to renal
blood flow levels, it can be assumed that adenosine plays an important role as a mediator, but not as an initiator of renal hemodynamic
changes during endotoxin shock. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Acute renal failure is a serious and common complica-
tion of endotoxin shock and produces a high mortality rate
Ž .Groeneveld et al., 1991; Levy et al., 1996 . The mecha-

Ž .nisms of lipopolysaccharide LPS -induced renal dysfunc-
tion have been studied extensively but remain elusive. The
administration of a lethal dose of LPS results in an imme-
diate decrease in renal blood flow and glomerular filtration
rate along with a fall in cardiac output and mean arterial
pressure during the initial phase of experimental endotoxin

Žshock Hinshaw et al., 1961; Petrucco et al., 1972; Gul-
.lichsen, 1991 . Various vasoactive mediators such as the

sympathetic nervous system, catecholamine, thromboxane,
and the renin–angiotensin system have been implicated in
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the renal hemodynamic changes in the initial stage of
Žendotoxin shock Nykiel and Glaviano, 1961; Isakson et

al., 1977; Keeler, 1981; Henrich et al., 1982; Badr et al.,
.1986 , however, the mechanism by which this occurs is

poorly understood.
A possible candidate mediator of LPS-induced renal

dysfunction is adenosine, which has been shown to play an
important role in the regulation of renal hemodynamic
changes during various forms of acute renal failure
Ž .Churchill and Bidani, 1987 . In fact, Churchill et al.
Ž .1987 have proposed that adenosine mediates renal hemo-
dynamic changes during endotoxin shock. This hypothesis
is supported by the finding that treatment with a non-selec-
tive antagonist prevented LPS-induced renal vasoconstric-

Ž .tion. Moreover, Knight et al. 1993 have reported that
blocking A adenosine receptors prevents LPS-induced1

reduction in renal blood flow and reduces the severity of
acute renal failure during endotoxin shock. This indicates
that adenosine induces renal vasoconstriction via the
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adenosine A receptor. These observations suggest that1

adenosine production and release in the kidney might be
involved in LPS-induced renal vasoconstriction. However,
to date, no direct measurements of intrarenal adenosine
have ever been carried out.

Several groups have recently measured the renal inter-
stitial concentration of adenosine using a microdialysis

Žmethod Baranowski and Westenfelder, 1994; Siragy and
.Linden, 1996; Nishiyama et al., 1997 . This method is

well-suited for studies of intrarenal adenosine under vari-
ous conditions because the adenosine receptors are located

Žon the surface of the cell membrane Spielman and
.Thompson, 1982 . The present experiments examined the

effect of LPS on renal hemodynamics and on the renal
interstitial concentration of adenosine in anesthetized dogs
using an in vivo microdialysis method. We also assessed to

Ž . Ž . w Žwhat extent the administration of E - R -1- 3- 2-phenyl-
w x . xpyrazolo 1,5-a pyridin-3-yl acryloyl pyperidin-2-ylacetic

Ž .acid FK352 , a highly selective A adenosine receptor1
Ž .antagonist Kusunoki et al., 1995 would modulate the

LPS-induced renal hemodynamic changes.

2. Materials and methods

2.1. General procedure

Experiments were carried out on adult male mongrel
dogs weighing from 10 to 15 kg, which had been main-
tained on standard laboratory chow for 1 week. All surgi-
cal and experimental procedures were performed according
to the guidelines for the care and use of animals as
established by the Kagawa Medical University. The ani-

Žmals were anesthetized with sodium pentobarbital 30
.mgrkg, i.v. and given additional doses as required. After

tracheotomy, the animals were mechanically ventilated
with room air. A polyethylene catheter was inserted into
the right brachial vein for infusion of isotonic saline or
drug solution. Isotonic saline or drug solution was infused
at a rate of 0.2 mlrkgrmin throughout the experiment.
Another catheter was placed in the abdominal aorta via the
right femoral artery, and mean arterial pressure was contin-
uously measured and recorded with a pressure transducer
Ž .NEC-San-ei Model NO. 361, Japan and a polygraph
Ž .NEC-San-ei Model NO. 361 . The left kidney was ex-
posed through a retroperitoneal flank incision. The kidney
was carefully denervated by dissecting all visible nerve
fibers as well as the tissue connecting the renal hilum
cephalic to the renal artery. An electromagnetic flowmeter
Ž .MFV-1200, Nihon Kohden, Tokyo, Japan was positioned
around the renal artery, and renal blood flow was continu-
ously monitored. The renal capsule was carefully opened
along the convexity, and the microdialysis probes were
gently implanted into the renal cortex as shown in the

Ž .previous paper Nishiyama et al., 1999 . The probes were
Žconnected to a CMAr100 microinfusion pump Carnergie

.Medicine, Stockholm, Sweden and were perfused with
Ž .isotonic saline solution with heparin 30 unitsrml con-

Ž .taining iodotubercidine 10 mM , an inhibitor of adenosine
Ž . Žkinase, and erythro-9- 2-hydroxy-3-nonyl adenine EHNA:

.100 mM , an inhibitor of adenosine deaminase, at a rate of
10 mlrmin. Since the degradation of adenosine was very
rapid, the above two inhibitors of adenosine metabolism
were used to detect the changes of intrarenal production of
adenosine in the present study. The dialysate was collected
in a chilled tube over a 5–10-min sample period and was
analyzed for adenosine concentration. Samples were stored
at y708C prior to analysis. After surgery, the animal was
left alone for 90 min to allow for the stabilization of mean
arterial pressure, renal blood flow and renal interstitial
adenosine concentration. This equilibration time was suffi-
cient for the tissue to recover from the trauma produced by
insertion of the probe as described below. At the end of
each experiment, the exact position of the probe was
verified by inspection. If the probe was situated in the
outer medulla at least in part, we omitted the data of these
dialysates.

2.2. Experimental protocols

A series of preliminary experiments were performed to
determine the recovery time necessary following the im-
plantation of the microdialysis probe. The results show that
the dialysate concentration of adenosine was elevated im-
mediately after the implantation of the microdialysis probe.
The adenosine concentration dropped rapidly within the
first 30 min and remained stable after 60 min. Therefore,
the following experiments were started 90 min after the
implantation of the microdialysis probe.

2.2.1. Effects of LPS on renal hemodynamics and the renal
interstitial concentration of adenosine

Following two 10-min control periods, LPS
Ž .Escherichia coli 055: B5, Sigma at 0.5 mgrkg, dis-
solved in a 2 mgrml solution with isotonic saline, was

Ž .injected intravenously in anesthetized dogs ns7 . The
dialysate was collected for 10 min at 5-min intervals. Ten
minutes after the administration of LPS, additional samples
were collected for 110 min at 10-min intervals. Thus, the
interstitial concentration of adenosine, mean arterial pres-
sure and renal blood flow were monitored for 120 min
after the LPS administration.

We performed a time control experiment of this proto-
col in five dogs in which samples were collected for 150
min following the administration of isotonic saline solution
Ž .2 ml .

2.2.2. Effects of LPS on renal hemodynamics and the renal
interstitial concentration of adenosine during treatment
with the adenosine A receptor antagonist1

We used FK352, a highly selective adenosine A recep-1
Ž .tor antagonist Kusunoki et al., 1995 , to investigate
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whether selective blocking of the adenosine A receptors1

would modify renal hemodynamics andror the renal inter-
stitial concentration of adenosine during endotoxin shock.

w3 xIn radioligand binding studies, FK352 displaced H -
cyclohexyladenosine binding to rat cortical membranes
Ž . w 3 xA receptor with IC of 0.14 mM and N- H -ethyl-1 50

carboxamidoadenosine binding to rat striatal membranes
Ž . ŽA receptor with IC of 18.0 mM Kusunoki et al.,2 50

.1995 . Thus, in vitro, FK352 displayed a 130-fold selectiv-
ity for the A receptor. In preliminary experiments, we1

have found that intravenous administration of FK352
Ž .priming dose, 3 mgrkg; sustaining dose, 50 mgrkgrmin
inhibited the renal vasoconstrictor responses to the in-

Ž .trarenal injection of exogenous adenosine 1 and 10 mg
and slightly augmented the renal vasodilatory responses to
adenosine. After two 10-min sampling periods, FK352
Ž .priming dose, 3 mgrkg; sustaining dose, 50 mgrkgrmin

Žwas administered intravenously in anesthetized dogs ns
.5 . Following one 5-min sampling period, two additional

sampling periods were performed at 10-min intervals. Af-
ter 25 min of FK352 administration, LPS was injected
intravenously at 0.5 mgrkg and samples were collected in
the same manner as described above.

We performed a time control experiment of this proto-
col in five dogs. FK352 was administered intravenously at

Ž .the same dose, and isotonic saline 2 ml , in place of LPS,
was administered 25 min after the administration of FK352.
The samples were collected for 160 min following the
administration of FK352.

2.2.3. Effects of pressure reduction on the renal interstitial
concentration of adenosine

In six dogs, we examined whether the reduction of
arterial pressure would have an effect on the renal intersti-
tial concentration of adenosine. Renal arterial pressure was
reduced to two steps : from the basal pressure to 75 mm
Hg, which is the lower limit of the autoregulatory range
Ž .step 1 and from 75 to 50 mm Hg, which is below than

Ž .the autoregulatory range step 2 , using an adjustable aortic
clamp. In each step, samples were collected for 10 min.

2.3. Microdialysis probe

In this study, a newly developed microdialysis probe
Žconstructed in our laboratory was used He et al., 1995;

.Nishiyama et al., 1999 . The dialysis membrane is made
from cuprophan fiber, measuring 15 mm in length with a
0.22-mm outer diameter and with a 5500-Da transmem-
brane diffusion cut-off. Steel needles were inserted into
both sides of the cuprophan fiber. The efficiency of the
microdialysis probe was determined in vitro and in vivo as

Ž .follows. 1 In vitro: probes were placed into beakers
containing an isotonic saline solution with different quanti-
ties of adenosine. Each probe was perfused with isotonic

Ž .saline solution with heparin 30 unitsrml containing
Ž . Ž .iodotubercidine 10 mM , and EHNA 100 mM at a rate

of 10 mlrmin. The dialysate was collected, and the recov-

ery rate of adenosine was calculated by dividing the
concentration in the dialysate by the concentration in the
medium. At a perfusion rate of 10 mlrmin, the recovery
rate of adenosine was 16"2%. These recovery rates were
higher than those obtained with a commercially available
microdialysis probes which measures 2 mm in length and
0.65 mm in diameter, with a 10-kDa transmembrane diffu-
sion cut-off. Based on these results, we considered that a
perfusion rate of 10 mlrmin was suitable for this experi-

Ž .ment. 2 In vivo: in a separate set of animal experiments
Ž .ns5 , an in vivo recovery rate for this microdialysis
probe was determined employing a gradient dialysis tech-

Ž .nique Baranowski and Westenfelder, 1994 . After a 90-
min stabilization period, probe was perfused in vivo with

Žthree different concentrations of adenosine 0, 300 and 600
. Ž . ŽnM containing iodotubercidine 10 mM and EHNA 100
.mM at a rate of 10 mlrmin. As shown in Fig. 1, a linear

relationship was observed between the different adenosine
concentrations in the perfusate and the net change of
adenosine concentration obtained in the dialysate. The
recovery rate that is given by the slope of the regression
line, was 28.7%, and the interstitial concentration, the zero
intercept on the perfusate axis, was 124 nM. The in vitro
and in vivo recovery rates for adenosine were quite differ-
ent. At present, we cannot explain the reasons for these
differences. However, we used the in vivo recovery rate
for the estimation of the interstitial concentration of adeno-
sine in the present experiments.

2.4. Analytical procedures

Adenosine in the dialysate was measured according to
Ž .the method developed by Miura et al. 1991 . The proce-

Fig. 1. Linear regression analysis of in vivo adenosine perfusion. The
probe was perfused in vivo with three different concentrations of adeno-

Ž . Ž .sine 0, 300 and 600 nM at a rate of 10 mlrmin ns5 . The recovery
rate that is given by the slope of the regression line, was 28.7%, and the
interstitial concentration, the zero intercept on the perfusate axis, was 124
nM.
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Fig. 2. Changes in the mean arterial pressure and renal blood flow
following the intravenous injection of either isotonic saline or LPS.
CsControl. U Indicates a significant deviation from the control value
Ž .P -0.05 .

dure is briefly described as follows: 100 ml of dialysate
were transferred into a microcentrifuge tube and 20 ml of 1

Ž .M acetate buffer pH 4.5 and 4.5 ml of 40% chloroac-
etaldehyde were added. The preparation was incubated at
608C for 4 h to allow for the conversion of adenosine to a
fluorescent 1, N 6-ethenoadenosine. After the incubation,
the sample was mixed with a double volume of alamine–
freon reagent and was centrifuged at 1000=g for 3 min
and the upper aqueous phase was collected. For high
performance liquid chromatography, a reverse-phase col-

Ž .umn Nucleosil 7C18, 4.6 mm=25 cm, Nagel was main-
Ž .tained at 308C with a column oven 655A-52, Hitachi . An

isocratic elution with 7.5% acetonitrile in 20 mM potas-
Ž .sium phosphate buffer pH 5.7 at a flow rate of 1.32

Ž .mlrmin was performed with a pump L-600, Hitachi .
Fifty microliters of the sample were injected with an

Ž .autosampler 655A-40, Hitachi and the elution was moni-
Ž .tored using a fluorescence spectrometer F-1000, Hitachi

at an excitation wavelength of 280 nm and an emission
Žwavelength of 410 nm. A chromatointegrator D-2000,

.Hitachi was used for recording.

2.5. Statistical analysis

The values are presented as a mean"SE. Statistical
differences of data mean were determined by Student’s t-
and paired t-tests. A p-value below 0.05 was taken to
indicate significant differences between data means.

3. Results

3.1. Effects of LPS on renal hemodynamics and the renal
interstitial concentration of adenosine

Ž .Intravenous injection of LPS 0.5 mgrkg resulted in
triphasic changes in renal blood flow and mean arterial
pressure. Renal blood flow and mean arterial pressure first
decreased from 2.80"0.40 and 125"6 to 1.01"0.16
mlrmin g and 82"6 mm Hg, respectively, at 5 min after

Ž .the LPS injection Fig. 2 . The calculated renal vascular
resistance that increased significantly from 45"8 to 85"

11 mm Hgrmlrminrg, indicated a renal vasoconstric-
tion. Following this, renal blood flow and mean arterial
pressure reached the minimum level at 5 min after the LPS
administration, and then both parameters gradually in-
creased. At 40–60 min after the administration of LPS,
mean arterial pressure had returned to preinjection levels
and renal blood flow had returned to 80% of the preinjec-
tion levels. The levels then decreased again, however,
whereby minimum levels were reached at 90–120 min
after the administration of LPS and remained at the same

Ž .level throughout the experiment Fig. 2 . The basal adeno-
sine concentration in the renal interstitial space, which was
measured at 90 min after the implantation of the microdial-

Ž .ysis probe, was 118"18 nM Fig. 3 . Twenty minutes
after LPS injection, the adenosine concentration increased
to 381"46 nM and then gradually decreased. At 90–120
min after the administration of LPS, the concentration of
adenosine showed a tendency to increase again and this
was inversely proportional to the reduction observed in

Ž .renal blood flow Fig. 3 .
In five dogs, we performed a time control experiment of

this protocol. Intravenous administration of isotonic saline
Ž .solution 2 ml in place of LPS had no effect on renal

Ž .blood flow or mean arterial pressure Fig. 2 . At 90–120
min after the administration of isotonic saline solution, the
renal interstitial concentration of adenosine showed a ten-

Fig. 3. Changes in the renal interstitial concentration of adenosine
following the intravenous injection of either isotonic saline or LPS.
CsControl. Values are mean"SE. U Indicates a significant deviation

Ž .from the control value P -0.05 .
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Fig. 4. Changes in the mean arterial pressure and renal blood flow
following the intravenous injection of either isotonic saline or LPS during
treatment with FK352. CsControl. U Indicates a significant deviation

Ž .from the C2 P -0.05 .

dency to decrease, however, this change was not statisti-
Ž .cally significant Fig. 3 .

3.2. Effects of LPS on renal hemodynamics and the renal
interstitial concentration of adenosine during treatment
with the FK352

ŽIntravenous administration of FK352 priming dose, 3
.mgrkg; sustaining dose, 50 mgrkgrmin did not affect

mean arterial pressure but increased renal blood flow
Ž .transiently Fig. 4 . At 25 min following FK352 adminis-

tration, LPS was injected intravenously at the same dose
Ž .0.5 mgrkg . In the presence of FK352, LPS decreased
renal blood flow and mean arterial pressure from 3.34"

Fig. 5. Changes in the renal interstitial concentration of adenosine
following the intravenous injection of either isotonic saline or LPS during
treatment with FK352. CsControl. U Indicates a significant deviation

Ž .from control value P -0.05 .

Table 1
Effects of renal arterial pressure reduction on the renal interstitial concen-

Ž .tration of adenosine. All values are mean"SE ns6

Renal arterial Renal Interstitial
pressure blood flow concentration
Ž . Ž . Ž .mm Hg mlrmin g of adenosine nM

120"6 3.02"0.41 163"27
76"1 3.15"0.32 176"28

U U50"1 2.01"0.22 374"44

U Indicates significant difference from each value at basal renal arterial
pressure.

0.30 and 129"9 to 1.97"40 mlrmin g and 98"4 mm
Hg, respectively, but these reductions were significantly
attenuated in comparison with those in the absence of
FK352. At 30 min after the administration of LPS, these
parameters returned to the respective preinjection levels.
Although renal blood flow and mean arterial pressure
showed a tendency to decrease at 90–120 min after the
administration of LPS, these changes were also attenuated

Ž .in comparison with those in the absence of FK352 Fig. 4 .
The FK352 treatment did not affect the renal interstitial
concentration of adenosine, but LPS caused an increase in
adenosine levels from 114"22 to 184"22 nM. This
change was significantly attenuated in addition to that of

Ž .renal blood flow Fig. 5 .
In five dogs, we performed a time control experiment of

this protocol. Intravenous administration of FK352 at the
same dose increased renal blood flow transiently, but renal
blood flow returned to the control level within 10 min after
the FK352 administration and stayed at this level through-
out the experiment. FK352 did not affect the renal intersti-
tial concentration of adenosine. The isotonic saline admin-
istration of isotonic saline in place of LPS had no effect on
mean arterial pressure, renal blood flow or adenosine

Ž .concentration Figs. 4 and 5 .

3.3. Effects of pressure reduction on the renal interstitial
concentration of adenosine

The reduction of renal arterial pressure to the lower
limit of autoregulatory range did not affect renal blood
flow and the interstitial concentration of adenosine. How-
ever, when renal arterial pressure was reduced below the
autoregulatory range, the interstitial concentration of
adenosine significantly increased along with the reduction

Ž .of renal blood flow Table 1 .

4. Discussion

Ž .An intravenous administration of LPS 0.5 mgrkg
resulted in an immediate decrease in renal blood flow and
mean arterial pressure in anesthetized dogs. The renal
interstitial concentration of adenosine was also increased
significantly. FK352, a highly selective A adenosine re-1
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ceptor antagonist, significantly attenuated LPS-induced re-
ductions in renal blood flow and mean arterial pressure.
The rise in the renal interstitial level of adenosine was also
reduced by the administration of FK352 in addition to the
attenuation of renal blood flow reduction. These results
suggest that intrarenal adenosine was involved in LPS-in-
duced reduction in renal blood flow and that the FK352
had a protective effect against renal dysfunction during
endotoxin shock.

The renal hemodynamic changes in the initial phase of
endotoxin shock have been well-studied. Administration of

Ž .a lethal dose of LPS 0.55–2 mgrkg results in an imme-
diate decrease in renal blood flow and glomerular filtration
rate along with a fall in cardiac output and mean arterial

Žpressure in dogs Hinshaw et al., 1961; Petrucco et al.,
.1972; Gullichsen 1991 . In the present study, intravenous

Ž .injection of LPS 0.5 mgrkg resulted in triphasic changes
in renal blood flow and mean arterial pressure in anes-
thetized dogs whereby levels initially fell to a minimum at
5–10 min after the LPS injection. These results are consis-
tent with those of previous publications. In this study, the
calculated renal vascular resistance increased significantly,
indicating a renal vasoconstriction. Hinshaw and Bradley
Ž .1957 reported that the administration of LPS causes renal
vasoconstriction prior to a fall in systemic arterial pressure.
They suggested that the initial action of LPS on the kidney
is probably direct because of the rapid renal vascular
response. As shown in micropuncture experiments in rats,
LPS causes a constriction of afferent arterioles and a

Žreduction in glomerular hydrostatic pressure Osswald et
.al., 1978 , suggesting that LPS constricts renal vessels

directly. However, the mechanism of LPS-induced renal
vasoconstriction is poorly understood.

Adenosine has been suggested to be a possible mediator
of renal hemodynamic changes during various forms of

Ž .acute renal failure Churchill and Bidani, 1987 . Churchill
Ž .et al. 1987 have demonstrated that the administration of

theophylline, a non-selective adenosine receptor antago-
nist, restores the reduction in the clearance of para-
aminohippurate and insulin induced by the infusion of LPS
Ž .5 mgrkgrh in rats. They suggested that intrarenal
adenosine plays an important role as a mediator of the
renal hemodynamic changes associated with the develop-
ment of LPS-induced acute renal failure. Since it has been
demonstrated that adenosine constricts the afferent arteri-

Žoles via adenosine A receptors Murray and Churchill,1
.1985 , studies were also carried out using a selective A1

Ž .adenosine receptor antagonist. Knight et al. 1993 re-
ported that the administration of the selective A adeno-1

sine receptor antagonist, 8-cyclopentyl-1,3-dipropyl-
xanthine, prevents the reductions in renal blood flow and
glomerular filtration rate induced by administration of a

Ž .lethal dose of endotoxin 20 mgrkg , and reduces the
severity of acute renal failure during endotoxin shock in
anesthetized rats. These results suggest that adenosine
production or release in the kidney might be involved in

the LPS-induced renal vasoconstriction via activation of
adenosine A receptors. However, previously published1

experiments have been limited to an interpretation of the
blockade of the adenosine receptors. Since a direct mea-
surement of intrarenal adenosine has not been carried out,
the present experiments were designed to measure the
renal interstitial concentration of adenosine using an in
vivo microdialysis method. The present data provide the
first evidence of the intrarenal dynamics of adenosine
during endotoxin shock.

The microdialysis method is well-suited to measure the
dynamics of intrarenal adenosine in various conditions
because the adenosine receptors are located on the surface

Ž .of the cell membrane Murray and Churchill, 1985 and
the effects of adenosine on renal hemodynamics and func-
tion depend on its concentration in the renal interstitial

Ž .space Osswald et al., 1977; Pawlowska et al., 1987 .
Recently, we were able to minimize tissue injury by

Žmaking a fiber type probe with a thinner diameter 0.22
.mm . In addition, the length of the dialysis membrane is

1.5 cm that is three to four times longer than that of a
regular probe. As a result, the dialysis efficiency of the

Žnew probe was better than that of a regular probe He et
.al., 1995; Nishiyama et al., 1999 . We can perfuse our

Ž .probe at a high perfusion rate 10 mlrmin and shorten the
Ž .sampling time 5–10 min . Thus, this newly developed

microdialysis probe appears to be a useful tool for moni-
toring the dynamics of adenosine in the renal interstitial
space during endotoxin shock.

The basal interstitial concentration of adenosine in the
dog’s renal cortex was approximately 0.12 mM, which is
similar to that observed in previous renal microdialysis

Žstudies of the rat kidney Baranowski and Westenfelder,
.1994; Siragy and Linden, 1996; Nishiyama et al., 1997 .

Ž .Twenty minutes after the LPS 0.5 mgrkg injection, the
adenosine concentration increased by about four-fold along
with a reduction of renal blood flow. However, since LPS
caused a simultaneous fall in arterial pressure and renal
blood flow, the reduction of arterial pressure might have
stimulated the renal production of adenosine. As tabulated
in Table 1, the reduction of renal arterial pressure to the
lower limit of the autoregulatory range did not affect renal
blood flow or the interstitial concentration of adenosine.
However, when renal arterial pressure was reduced below
the autoregulatory range, the adenosine concentration in-
creased along with the reduction of renal blood flow. The
intrarenal production of adenosine was unrelated to the
changes of renal arterial pressure but was stimulated with
the reduction of renal blood flow. Thus, the concentration
of adenosine was inversely related to the change observed
in renal blood flow.

Ž .In the presence of FK352, LPS 0.5 mgrkg also
decreased renal blood flow and mean arterial pressure,
however, these changes were significantly attenuated in
comparison with the reductions in the absence of FK352.
At 30 min after the administration of LPS, these parame-
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ters returned to their respective preinjection levels. The
recovery time was also shortened by the administration of
FK352. From these results, it can be suggested that adeno-
sine production or release in the kidney play an important
role in the LPS-induced renal vasoconstriction via the
activation of adenosine A receptors. Since FK352 has a1

protective effect against the LPS-induced renal vasocon-
striction, the adenosine A receptor antagonist may be1

useful in preventing the acute renal failure associated with
endotoxin shock.

FK352 attenuates the LPS-induced rise in the renal
interstitial adenosine concentration. If LPS causes an in-
crease in the adenosine concentration directly, FK352
should have no significant effect on the adenosine concen-
tration even if LPS is administered. In this study, however,
FK352 reduced the augmentation of adenosine induced by
LPS, which was inversely related to the attenuation of
renal blood flow. These results suggest that LPS had no
direct effect on intrarenal adenosine production or release,
and that adenosine played an important role as a mediator,
not as an initiator of LPS-induced renal vasoconstriction. It
is known that various vasoactive factors such as the sym-
pathetic nervous system, catecholamine, thromboxane, and
the renin–angiotensin system are activated during endo-

Žtoxin shock Nykiel and Glaviano, 1961; Isakson et al.,
1977; Keeler, 1981; Henrich et al., 1982; Badr et al.,

.1986 . We speculated that the initiation of LPS-induced
renal vasoconstriction would be mediated by these factors.
Since adenosine is known to be produced in renal cells and
is released into the interstitium during renal ischemia
Ž .Osswald et al., 1977 , the reduction in renal blood flow
induced by other factors may cause an increase in the
concentration of adenosine in the renal interstitial space.
Recently, we investigated the role of adenosine in modulat-
ing the renal vasoconstrictor action of angiotensin II and

Ž .norepinephrine in anesthetized dogs Aki et al., 1997 . The
angiotensin II or norepinephrine-induced reduction in renal
blood flow was enhanced by an intrarenal administration
of adenosine, which, in turn, could be diminished by
blocking the adenosine A receptors. In addition, an-1

giotensin II or norepinephrine-induced renal vasoconstric-
tion was significantly attenuated during the inhibition of
endogenous adenosine with an FK352. These findings
indicate that a relationship exists between angiotensin II,
norepinephrine and the adenosine A receptor-mediated1

renal vasoconstriction. During endotoxin shock, various
vasoconstrictors, such as angiotensin II and norepinephrine
etc., may initially induce renal ischemia, which may then
stimulate the production of adenosine in the kidney. Thus,
it is possible that the combination of adenosine and an-
giotensin II or norepinephrine had synergistic effects on
renal vasoconstriction during endotoxin shock. Although
other factors were not assessed in the present experiments,
this is a possible explanation of why adenosine plays an
important role in LPS-induced renal hemodynamic change.

In summary, the present experiment demonstrates that
intravenous administration of LPS decreased mean arterial
pressure and renal blood flow, and significantly increased
the renal interstitial concentration of adenosine. Pretreat-
ment with FK352 significantly attenuated the reductions in
renal blood flow and mean arterial pressure induced by
LPS. The augmentation of adenosine concentration was
significantly reduced in addition to an attenuation of renal
blood flow reduction. These results suggest that intrarenal
adenosine was involved in LPS-induced reduction in renal
blood flow and that FK352 had protective effects against
the renal dysfunction during endotoxin shock. Since the
adenosine concentration was inversely related to renal
blood flow, it might be assumed that adenosine played an
important role as a mediator, but not as an initiator of renal
dysfunction during endotoxin shock.
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