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Systemic infusion of angiotensin II (AIl) increased papillary blood perfusion (PBP)
measured by laser-Doppler flowmetry in rats, aged about 5 weeks.

The mechanisms involved in this response were determined by infusion of AIl in the
presence of systemic doses of losartan (a type 1 AIl receptor antagonist), HOE-140 (a
bradykinin B, receptor antagonist), and an inhibitor of NO production — N “-nitro-
L-arginine (NOLA).

Mean arterial blood pressure (MAP) and PBP increased in a dose-dependent manner in
response to intravenous infusions of AIL. Infusion of losartan abolished these responses to
AIT but HOE-140 was without effect. Infusion of NOLA abolished the increase in PBP but
did not affect the pressor response to AIl. Systemic infusion of sodium nitroprusside
restored the response to All in experiments with NOLA infusion.

The results indicate that the increase in PBP caused by All is mediated via angiotensin AT,
receptors and does not involve bradykinin B, receptors. The All-induced increase in PBP is
dependent upon the presence of NO, thus providing a mechanism for maintenance of
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papillary perfusion in the face of generalized renal vasoconstriction due to AIL.

Regional variations in blood flow in the kidney are related
to zonal differences in function, ranging from glomerular
filtration with solute and water reabsorption in the cortex to
maximal osmotic concentration of urine at the papilla. The
wide distribution of angiotensin IT (AII) binding sites in the
kidney (Mendelsohn et al. 1986) is consistent with a number
of specific influences on these renal functions through effects
on zonal blood flow, inter alia.

Intense interest has been shown in studying mechanisms of
regulation of renal medullary and papillary blood flow in
view of their role in the maintenance of countercurrent
exchange and the corticomedullary osmotic gradient, and
thus in sodium and water metabolism (Jamison & Kriz,
1982). The contribution of AIT to the regulation of papillary
blood flow and the role that renomedullary interstitial cells
(RMICs) may play in the mediating mechanism are not yet
clear. However, experiments by colleagues (Zhou et al. 1992,
1998) have shown that the primary AII binding sites in the
renal medulla of rats were found not in the inner medulla
but in the inner stripe of the outer medulla and specifically
in the RMICs, which may react to peptides and so exert
paracrine influences on the medullary microcirculation.

We have reported that systemic infusion of AIT increases the
rate of papillary blood perfusion (PBP) in young Sprague—
Dawley rats, as measured by laser-Doppler flowmetry (LDF)
(Nobes et al. 1991). The result differs from others (Faubert et

al. 1987; Huang et al. 1991; Lu et al. 1993), which may be
due to differences in species, age of rats, dose of All, state
of consciousness, or location of LDF probe in the inner
medulla. The increase in PBP induced by systemic infusion
of AII with our experimental procedure was shown to be
independent of the increase in renal perfusion pressure by
using an aortic clamp to maintain constant renal perfusion
pressure (Nobes et al. 1991). In addition, equimolar infusion
of angiotensin ITT (AIII) and AII caused similar increases in
PBP despite the less potent systemic pressor effect of AIII
(Nobes et al. 1991). A very recent study (Ortiz et al. 1998)
concluded that pressor doses of AII that reduced renal blood
flow increased PBP in a modest way.

There is considerable evidence that the renal inner medulla,
and probably the RMICs located there (Tobian et al. 1969),
contain and release a number of vasodilator substances such
as prostaglandins, kinins, and lipids including medullipin
(Muirhead et al. 1970, 1972; Muirhead & Pitcock, 1985).
Later studies suggest that endogenously formed kinins
influence PBP (Roman et al. 1988) and that the PBP
increase due to systemic AIl may be mediated by kinins
(Nobes et al. 1991). A more recent study (Mattson & Cowley,
1993) showed that the increase in PBP caused by renal
medullary interstitial infusion of bradykinin was mediated
by a mechanism involving nitric oxide. The involvement of
prostaglandins was raised again by the finding that intra-
venous infusion of AII did not influence medullary blood
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flow (Parekh et al. 1996) because prostaglandin production in
the medulla antagonized the effect of some pressor hormones
including AII (Parekh & Zou, 1996). Finally, a study (Ortiz
et al. 1998) published since the brief reports of our results
(Walker et al. 1996; Blair-West et al. 1997) indicated that
the elevation of papillary blood flow caused by AIl was
greatly dependent on an increased production of NO,
perhaps via the local release of kinins.

We have examined further the mechanisms involved in the
increase in PBP caused by systemic infusion of Al in
young rats (Nobes et al. 1991). The procedures used here
were the same as those used in that previous study. AII
was infused in the presence of (i) losartan, the type 1 AIL
receptor antagonist; (ii) HOE-140, the bradykinin B,
receptor antagonist; and (iii) an inhibitor of NO production.

METHODS

Experiments were performed on Sprague—Dawley rats (body weight,
95-105 g), approximately 5 weeks of age. Animals were allowed
food (GR2 Rat and Mouse Breeder Cubes, Barastoc, Australia;
0:25% sodium) and water ad libitum before experimentation. The
rats were anaesthetized with Inactin (110 mg (kg body wt)™, 1.p)
and placed on a heated table controlled via feedback from a rectal
thermistor to maintain body temperature at 38 °C. A tracheostomy
was performed and polyethylene catheters were inserted into the
jugular and femoral veins for intravenous infusions, and into the
carotid artery for the recording of continuous pulsatile blood
pressure. The left kidney was exposed by a flank incision and
separated from the perineal attachments; the kidney capsule was
left intact. The kidney was then immobilized in a stainless steel
cup. The papilla was exposed by opening up the ureter to the
cortical margin. Papillary blood perfusion (PBP) was recorded using
a 1 mm diameter fibre-optic probe attached to a PeriFlux PF3
laser-Doppler perfusion monitor. The laser output was directed
through a fibre-optic bundle to the probe, which was placed on the
tip of the papilla of the left kidney.

Arterial blood pressure was measured and recorded continuously
on a Grass 7D polygraph connected to a Gould P23 ID pressure
transducer. Blood pressure measurements are presented as mean
arterial pressure (MAP). PBP was recorded continuously through a
second channel. The value of PBP was calculated as perfusion units
(PU) from the trace, after calibrating the scale of the trace so that
the Periflux PF3 internal standard (100 PU) was set at 100
divisions, and the external PF 1001 motility standard (250 PU)
was set at 250 divisions. By this arrangement, the scale for PBP
values was direct reading.

After surgical preparation, baseline arterial blood pressure and
PBP were recorded for at least 10 min. AIT (Auspep, Melbourne,
Australia) was then infused, with a 10 min interval between doses.
Specific antagonists were then administered by intravenous
injection/infusion into a femoral vein. After suitable delays (see
experiments 1—4, below), the AII infusions were repeated during
ongoing after bolus injections of antagonists.
Antagonists used were losartan (Merck Research Laboratories,
Rahway, NJ, USA), HOE-140 (Hoechst, Germany), N“-nitro-
L-arginine (NOLA; Sigma) and sodium nitroprusside (SNP; Sigma).
All infusion solutions were prepared in 0-9 % NaCl.

infusion or

After completion of the experiment the rat was killed by an intra-
venous injection of saturated potassium chloride.
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All experimental procedures were approved by the Institutional
Animal Ethics Committee according to guidelines produced by the
National Health and Medical Research Council of Australia and
adopted by State Legislature.

Experiment 1 (n=8)

In these initial experiments, a solution of AIl was infused into the
jugular vein for 4 min periods at three doses, 150, 300 and 600 ng
kg™ min~, by increasing the rate of infusion from 0-75 to 1-5 and
3-0 ml h™, respectively. The intermediate dose of 300 ng kg™ min™
was given routinely in all experiments and was used as the basis of
comparisons in Results.

Experiment 2 (n="17)

Losartan was injected into the femoral vein as a bolus dose of
1 mg kg™ in 0-05 ml saline followed by an infusion of 50 ng kg™
min™ at 1-5ml h™ After waiting 45 min the AII infusions were
repeated (Zhou et al. 1992).

Experiment 3 (n = 8)

HOE-140 was infused at 120 mg kg™ min™ into a femoral vein at
1-5mlh™ After 10 min the AII infusions were restarted. The
effectiveness of the HOE-140 dose was confirmed by blockade of
the reduction in MAP and increase in PBP caused by intravenous

bradykinin (1250 ng kg™).

Experiment 4 (n = 8)
NOLA was administered as two doses of 10 mg kg™ in 0-05 ml
saline at 5 min intervals. After 10 min the AII infusions were
recommenced. SNP was then infused at 1 mg kg™ min™
femoral vein at 1-5 ml h™ for a period of 10 min and then the ATI
infusions were repeated.

into a

Statistical analysis

Results are quoted as means + s.E.m. Effects of treatments were
evaluated by the application of Student’s paired ¢ tests to the
control and treatment results in individual preparations. The effects
on MAP and PBP were tested for dose dependency by one-way
analysis of variance.
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Figure 1. Efect of 1.v. infusion of AII at doses of 150,
300 and 600 ng kg™ min™

Top, mean arterial pressure (MAP). Bottom, renal papillary
blood perfusion (PBP) expressed in perfusion units (PU).
Results are means + s.e.M.,, n=8. * P < 0-001 compared
with initial control value.
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RESULTS

Effect of angiotensin IT (Fig. 1)

The infusions of AII caused dose-dependent increases in
MAP and PBP. Doses of 150, 300 and 600 ng kg™ min™"
increased MAP from an initial value of 93 + 4 mmHg to
11245 (P<0-001), 1174+4 (P<0:001) and 123+
4 mmHg (P < 0:001), respectively (comparison of individual
increases by ANOVA; P<0:001). PBP increased from 220 +
20 to 252 4+ 22 PU with 150 ng kg™ min™" AII (P < 0-001),
269 + 18 PU with 300 ng kg™ min™ AIIT (P < 0-001) and
277 + 20 PU with 600 ng kg™ min™" ATI (P < 0-001). The
increase in PBP with 300 ng kg™ min™ was significantly
greater than with the lower dose (P < 0-01, paired ¢ test).
Comparison of the increases in PBP for the two higher doses
of AIl showed that these were not significantly different.
These data indicate that the change in PBP during graded
AIT infusions was dose dependent, tending to plateau at
around 300 ng kg™ min™. The dose of 300 ng kg™ min™"
was therefore chosen as the routine dose in all subsequent
experiments.

Effect of losartan (Fig. 2)

The initial values for MAP and PBP were 93 + 4 mmHg
and 217 + 18 PU. Infusion of AIl increased MAP to
115 +£ 6 mmHg and PBP to 270 4+ 18 PU (both P< 0-001).
Infusion of losartan reduced MAP to 68 4+ 6 mmHg
(P < 0:001) but PBP was unchanged. Subsequent infusion
of AII did not alter either MAP or PBP.

Effect of HOE-140 (Fig. 3)

Treatment with HOE-140 reduced MAP from its initial
value of 85 4 5 to 68 + 5 mmHg (P < 0:001) whereas PBP
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Figure 2. Effect of 1.v. infusion of losartan (1 mg kg™
bolus, 50 ng kg™ min™) on responses to 1.v. infusion of
AIT at 300 ng kg™ min™

Top, MAP. Bottom, renal PBP. Results are means + s.E.M.,

.

n="7.*P <0001 compared with initial control value.
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was not significantly altered. Infusion of AIl increased MAP
and PBP both before and after treatment with HOE-140.
PBP increased from 180 4+ 5 to 223 + 8 PU in the control
experiment and from 169+9 to 219+ 11 PU after
HOE-140 infusion (both P< 0-001).

Effect of NOLA and SNP (Fig. 4)

Infusion of AIl increased MAP and PBP as in previous
control experiments (P < 0:001). Treatment with NOLA
increased MAP from 78 + 6 to 103 + 6 mmHg (P < 0:001)
and PBP was reduced from 219417 to 164 + 24 PU
(P < 0:001). Subsequent AII infusion increased MAP to
121 + 4 mmHg (P < 0:01) but PBP was steady at 168 +
23 PU. Further treatment with SNP reduced initial MAP to
51 + 6 mmHg (P < 0-001) but initial PBP was unchanged
at 166 + 27 PU. Subsequent infusion of AII increased MAP
to 74+ 7mmHg (P <001) and PBP to 196 + 23 PU
(P <0:01).

DISCUSSION

The major finding from these experiments was that the
increase in PBP caused by intravenous infusion of AIl was
mediated through type 1 AIl (AT,) receptors via a vaso-
dilatory mechanism that probably involves the production
of NO. Treatment with an inhibitor of NO production,
NOLA, did not significantly affect the pressor response to
intravenous infusion of AII, but it did reduce PBP and it
abolished the PBP increase evoked by AII infusion. The
ability of the NO donor SNP to reinstate the PBP response
to AII provides further evidence that the vasodilatory
mechanism evoked by intravenous AIl depends on the
presence of NO.
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Figure 3. Effect of 1.v. infusion of HOE-140

(120 mg kg™ min™) on responses to 1.v. infusion of
ATI at 300 ng kg™ min™

Top, MAP. Bottom, renal PBP. Results are means + s.E.M.,
n=2_8. ¥ P <0-001 compared with initial control value;
TP < 0:001 compared with initial HOE-140 value.
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This result and proposal are in agreement with the results of
Ortiz et al. (1998). These authors observed that chronic NO
deficiency in rats caused arterial hypertension, renal vaso-
constriction and reduced papillary blood flow partly due to
the effects of All acting via AT, receptors. They suggested
that the reduction in papillary blood flow was due to the
disappearance of the tonic release of NO into the medullary
environment. They also showed that AIl infusion elevated
papillary blood flow dependent on increased production of
NO and suggested that NO may be an important antagonist
of AIl in the papillary circulation where it may maintain
blood flow despite a reduction in cortical blood flow.

Another important finding was that treatment with the
bradykinin B, receptor blocker HOE-140, which completely
inhibited responses to a large intravenous dose (1250 ng kg™)
of bradykinin, did not significantly affect the pressor
response to AIl, nor did it modulate the associated increase
in PBP. This result is important because previous work with
the same preparation (Nobes et al. 1991) found that PBP did
not increase when AIl was infused during aprotinin
administration, indicating that kinin release may be the
cause of the increase of PBP by AIIL. That study (Nobes et
al. 1991) also showed that the increase of PBP by AII did
not appear to be mediated by prostaglandins, although such
a mechanism has been indicated by other experiments in
vivo (Parekh et al. 1996) and in vitro (Grenier et al. 1981).
Our results raise the possibility that a kinin other than
bradykinin is implicated or that the aprotinin-induced
inhibition of the AII response (Nobes et al. 1991) was due to
an action other than its inhibition of kallikrein. A possible
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Figure 4. Effect of 1.v. infusion of NOLA (2 doses of
10 mg kg™ with 5 min interval) and SNP on responses
1

to 1.v. infusion of AII at 300 ng kg™ min™

Top, MAP. Bottom, renal PBP. Results are means + s.E.m.,
n=_8. * P <0001 compared with initial control value;

TP < 0:01 compared with initial NOLA value; I P< 0-01
compared with initial SNP value.
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explanation for the decrease in MAP during HOE-140
experiments in this preparation could be the longer than
usual period of time before returning to AII infusion. During
this period an effective dose of bradykinin was established
and the effectiveness of the HOE-140 blockade was proved.

It has been established that endogenously formed kinins
may influence renal inner medullary blood flow in the rat.
For example, intravenous infusion of an inhibitor of neutral
endopeptidase, the major kininase in the rat kidney,
increased inner medullary blood flow and this effect was
blocked by a kinin receptor antagonist (Roman et al. 1988).
Also, blockade of endogenous kinin degradation by intra-
venous enalaprilat (Roman et al. 1988) or by interstitial
infusion of captopril (Mattson & Cowley, 1993) increased
papillary blood flow. In addition, pretreatment with NOLA
abolished the increases in papillary blood flow due to
interstitial administration of either bradykinin or captopril
(Mattson & Cowley, 1993). These data and our present
findings support the proposition that the increase in PBP
observed with intravenous AIl may be NO dependent.

The evidence presented in this paper indicates that the
graded PBP response to AIl might be dependent on the
presence, but not the graded production, of NO and raises
the possibility that some other regulatory pathway may be
involved. Taken together, our earlier experiments (Nobes et
al. 1991), the results of the HOE-140 experiments from the
present study, and the studies mentioned above suggest that
the release of a kinin other than bradykinin could be a
contributory factor in the graded modulation of the response

to Al

Our proposal that the increase of PBP caused by intravenous
Al is independent of the systemic vascular response to AII
is based on evidence (Nobes et al. 1991) that similar PBP
responses were observed with intravenous angiotensin IT1
(AIII) infusion and that PBP increased despite aortic
clamping to maintain constant renal perfusion pressure
during AII infusion. These observations suggest that the
changes in ‘initial’ MAP caused by various treatments in
the present experiments, e.g. HOE-140, NOLA and SNP,
none of which modified the MAP response to AIl, did not
contribute to the associated response of PBP to AII
Furthermore, treatment with NOLA increased ‘initial’
MAP and lowered ‘initial” PBP with abolition of the PBP
response to AIL Subsequent treatment with SNP (Fig. 4)
did not restore the ‘initial’ PBP to control levels but it did
restore the increase in PBP caused by infusion of AIl. In
this context it is pertinent that MAP increased in a graded
manner with increasing infusion of AIIL. In contrast, PBP
increased significantly when the effects of the two lower
rates of infusion were compared, but reached a plateau with
the intermediate dose. This provides evidence for dissociation
of PBP and arterial blood pressure and indicates auto-
regulation of PBP at higher perfusion pressures.

The consistent and dose-dependent PBP responses to doses of
intravenous AII in the range 150600 ng kg™ min™" confirm
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our earlier report of an enhancement of PBP by AIl in the
systemic circulation (Nobes et al. 1991). This observation
appears to conflict with various other findings (Faubert et al.
1987; Huang et al. 1991; Lu et al. 1993) but there are a
number of possible reasons for this including differences in
methods, doses of AIl and species. The data in dogs
(Faubert et al. 1987) involve (i) a different method and site of
measurement of PBP, (ii) AIIl application by renal arterial
infusion at 0-5ng kg™ min™" and (iii) a possible species
difference in responsiveness. The experiments of Huang et al.
(1991) involved young Wistar rats anaesthetized with sodium
pentobarbitone. Those workers also used LDF to measure
PBP but their intravenous doses of AIl were without effect
on PBP. Their highest dose, 150 ng kg™ min™, was equal to
the smallest dose used in the present experiments, and in
our hands this dose often produced small or even doubtful
responses so that higher doses were routinely used. The study
of Lu et al. (1993) was performed with adult Sprague—
Dawley rats, and measured cortical and medullary blood
flow using chronically implanted fibre-optic probes in
conscious animals. Bolus intravenous injections of 12:5 ng of
AII reduced blood flow in both regions. Amongst other
differences, that study did not relate specifically to blood
perfusion in the renal papilla.

An important issue here is the siting of the fibre-optic probe
for optimal measurement of PBP. The young (100 g)
Sprague—Dawley rat has a prominent renal papilla that
extends into the ureter. In our experiments, the fibre-optic
probe was positioned towards the tip of the papilla so that
the 1 mm tip of the probe was still in full and intimate
contact with the tissue surface. This position was therefore
the last possible position before the probe tip lost full
contact with the papilla. Moving the tip of the probe
towards the outer medulla offered a number of options for
positioning. This lack of certainty was always avoided in
our experiments as our method provided assurance that the
probe was placed in a unique, reproducible position. This
precise procedure for placement of the probe has not been
used by other workers reporting measurements of PBP or
medullary blood flow.

It should be noted that the initial MAP in these young rats
tended to be lower than would be expected for adult rats with
similar anaesthesia and surgical preparation. The lowest
initial MAP was in the NOLA experiments, but this value
was not significantly less than the values in the other sets of
experiments.

In summary, intravenous infusion of AlI causes an increase
in PBP. This response is mediated through AT, receptors
but does not involve bradykinin B, receptors. Further, it is
concluded that the All-induced increase in PBP depends on
the presence of endogenous NO. This mechanism would
provide a basis for the maintenance of papillary perfusion
during renal vasoconstriction as a consequence of elevated
systemic or intrarenal levels of AIL
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