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Intrarenal microcirculation is under hormonal, paracrine and neural control. Of
particular interest is circulation in the renal medulla: its perfusion seems critical for
long term control of arterial pressure. Exposure of the organism to adverse conditions
often leads to activation of vasopressor factors, such as renin/angiotensin, renal
sympathetic input or vasopressin; this helps maintain arterial pressure but endangers
renal circulation. Fortunately, it is protected by intrarenal vasodilators: nitric oxide,
prostaglandins, bradykinin and others. The potency of NO to oppose intrarenal
vasoconstrictors may differ between individual factors: it is substantial in the case of
renal sympathetic input whereas the constrictor influence of angiotensin II in the
medulla seems to be offset mostly by intrarenal prostaglandins. Although these are
commonly regarded as intrarenal vasodilators, our new data show that this is so only
in the renal medulla. In the cortex they exert modest vasoconstriction, probably
mediated by EP3 receptors. The role of bradykinin as intrarenal vasodilator is not yet
known in sufficient detail, its effect is most pronounced in the inner medulla. The
source of vasoactive kinins is uncertain, they could reach intrarenal microvasculature
from the sites of synthesis in tubular cells but the synthesis in the vessels themselves
cannot be excluded.
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Systemic microcirculation is normally maintained at a level that is compatible
with tissue oxygen requirements owing to hormonal, paracrine and neural
control. Exposure of the body to adverse conditions, e.g. hypovolemia, often
leads to activation of vasopressor systems/factors, such as renin-angiotensin
system, renal sympathetic input or vasopressin. This helps maintain arterial
pressure but endangers intrarenal circulation, whose integrity is needed for
adequate excretion and maintenance of body fluid homeostasis. Fortunately, the
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status of intrarenal vasculature is protected by intrarenal vasodilator agents.
Effects of intrarenal vasodilators on perfusion of the renal medulla are of
particular physiological interest, considering its impact on reabsorptive processes
and the potential role in long term control of arterial pressure (1). Also well
recognized is the pathophysiological and clinical importance of adequate
perfusion of the medulla, a region that is justly described as functioning “at the
edge of anoxia” and susceptible to anoxic tissue damage (2). The list of intrarenal
vasodilator agents is long and includes many humoral paracrine active agents
(Fig. 1). Briefly reviewed here, in part based on own studies, is the contribution
of three major members of the vasodilator family: nitric oxide, prostaglandins and
kinins, to the buffering of the intrarenal vasoconstrictor influences.

Our studies were conducted in anaesthetised male Wistar rats, 270-330 g in
weight, whose experimental (left) kidney was exposed to enable infusions of
active agents into the renal artery, renal medullary or renal cortical interstitium
(Fig. 2). The total renal blood (RBF), which represents also total cortical
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Fig. 1 . A review of intrarenal vasodilators, with basic mechanisms of action for NO, PGE2 and
bradykinin. Second messengers and, more important, receptors mediating vasodilatation are shown.
Note that another receptor subtype of the same active agent may cause vasoconstriction, e.g. P2X
receptor for ATP. For some agents, as NO, vasodilator influence may be both direct, via a specific
second messenger, and indirect, by inhibition of a vasoconstrictor (20-HETE).



perfusion, was measured as renal artery flow (noncannulating Transonic probe),
and local cortical, outer medullary and inner medullary perfusion rates (CBF,
OMBF and IMBF, respectively) were determined as laser-Doppler fluxes, using
Perimed measuring system (Perimed, Jarfalla, Sweden) and appropriate probes,
placed on kidney surface, and at 3 mm or 5 mm depth, respectively.

NITRIC OXIDE

Nitric oxide (NO) has been very intensively studied over the past two decades;
its role in the control of intrarenal circulation and in long term control of arterial
pressure has been the subject of many reviews (1, 3-6). The biological molecular
characteristics of NO cascade and numerous aspects of its mechanism of action
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Fig. 2. A schematic presentation of the alternative sites of PGE2 infusion (arrows) and sites of
measurements of the total renal blood flow (RBF) and of laser-Doppler fluxes: on the surface of the
cortex (CBF), and in the outer- and inner medulla (OMBF, IMBF). NB. Cortical infusions were
performed using two 32G cannulas, in these experiments the OMBF probe was not inserted
(reproduced from (22)).



on renal microcirculation have been repeatedly described. Not so well known are
certain integrative aspects of the contribution of NO to the buffering of
vasoconstrictor influences in the kidney. For instance, it is not clear if NO
opposes the vasoconstrictor tonus on intrarenal microvasculature irrespective of
the origin of this tonus: similarly with high sympathetic input or circulating
angiotensin II or vasopressin, or the action is differential and limited to an
influence of some specific agent.

The data of Fig. 3 derived from a study from our laboratory illustrate the
opposed effects on intrarenal circulation of inhibition of NO and exclusion of
renal sympathetic nerve activity (RSNA) by renal denervation (7). It will be
recalled that the tonus of intrarenal vessels is controlled by multiple interaction of
many vasoconstrictors and vasodilators; exclusion of one component tends to
activate other agents, to compensate for the missing influence. Therefore, to
dissect the nature of these complex relationships, the manipulations of agents’
activity should be acute and observation of effects should be conducted as soon
as possible. To meet these requirements, in our studies renal denervation was
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Fig. 3. Effects of renal denervation in rats with intact or inhibited NO synthesis. CBF, MBF –
cortical and inner medullary blood flow (laser-Doppler fluxes). Symbols denote: L-NAME
treated rats subjected to denervation (u) or sham denervation (n) , and untreatead rats
subjected to denervation (p). * From this time point on, the values were different from pre-
denervation control. † Significant difference between upper and lower curve (denervation vs.
sham) (modified from (7)).



performed by a relatively non-invasive own technique enabling immediate
observations (8). We saw first that in rats with intact NO synthesis, renal
denervation increased renal cortical but not medullary blood flow, in agreement
with the established view on the substantial constrictor impact of RSNA on the
cortical but not medullary vasculature (9, 10). Inhibition of NO synthesis with L-
NAME decreased both cortical and medullary perfusion, indicating vasodilator
NO action throughout the kidney. This decrease progressed with time, as was seen
in the group in which sham denervation was performed. On the other hand, in the
group with subsequent renal denervation, the perfusion remained decreased but
the further decrease was arrested. On the whole, these studies show that active
NO system can offset in part the vasoconstrictor influence of RSNA on blood
perfusion of the renal cortex.

We found earlier that this may not necessarily be the case with NO as a
potential agent buffering the vasoconstrictor action of circulating angiotensin II
(11). In untreated anaesthetized rats Ang II infused i.v. in the dose that increased
BP about 5 mm Hg decreased perfusion of the cortex about 40% and of the outer
medulla less than 10%, without changing inner medullary perfusion. We
suspected at first that NO was the agent buffering the constrictor effect of Ang II
in the medulla and repeated experiments in animals pretreated with L-NAME.
This, however, did not change the response pattern at all. On the other hand, after
previous blockade of cyclooxygenase with indomethacin, Ang II significantly
decreased perfusion of the inner medulla by about 12%, which suggests very
strongly that the agent buffering the decrease in medullary blood flow and
protecting the medulla against ischaemia was a vasodilator prostaglandin, most
probably PGE2. It must be admitted, however, that there is earlier indirect
evidence indicating that NO could participate in the maintenance of medullary
circulation during elevation of plasma Ang II (5).

Vasopressin (AVP) or antidiuretic hormone (ADH) has been early established
as intrarenal vasoconstrictor, capable of decreasing perfusion, mostly of the inner
medulla, with less impact in the outer medulla, and, at low plasma concentration,
almost no effect on the cortical or whole kidney blood flow. The group of A.W.
Cowley (Medical College of Wisconsin, USA) and many other workers have
described in detail the rather complex mechanism whereby AVP itself counteracts
its own constrictor action in the medulla by stimulating the local synthesis of NO;
its local accumulation can effectively oppose the primary vasoconstrictor action,
especially with prolonged exposure to the hormone (5). Strictly speaking, native
AVP cannot induce a sustained decrease in medullary perfusion (or an associated
increase in arterial pressure) but this can be obtained with agonists of AVP
receptor of the V1 type (AV1R), the one responsible for constrictor effect on the
blood vessel wall (12). To summarize, it was established that activation of AV2
receptors, those mediating the hydroosmotic effect of AVP in the renal medullary
collecting duct cells and responsible for water transport, stimulates also the
synthesis of NO which counteracts AV1R mediated vasoconstriction in the
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medulla (5, 6). The demonstration of a close linking of AVP or AV1R agonist
induced decrease in medullary blood flow and an increase in arterial pressure,
together with associated studies of local NO synthesis and activity, indicate that
opposed actions of AVP and NO in the renal medulla can be an important
determinant of circulation status in this region and a factor involved in the control
of arterial pressure (4).

PROSTAGLANDINS

In the seventies of the past century the major prostaglandins (PG): PGE2 and
PGI2 (prostacyclin), were established as renal vasodilators and natriuretic factors
in most animal species and in humans, even though some data suggested
vasoconstrictor action in rat kidney (3, 13). The latter controversy may concern
the effect on perfusion of the renal cortex: in the medulla inhibition of PG
synthesis was early shown to reduce perfusion (14), and later we demonstrated
directly that PGE2 increases medullary perfusion in the rat (15).

The possibility of PG dependent vasoconstriction had to be reconsidered after
receptor studies had shown that, in addition to prostaglandin receptors of the EP2
and EP4 type, mediating vasodilatation, EP1 and EP3 receptor species mediating
vasoconstriction are present in many tissues, including the kidney (16-18).
However, while the renal vasoconstrictor effects of EP receptor stimulation have
been shown or strongly suggested in many different experimental settings
(reviewed in (19), an actual PGE2 dependent renal vasoconstriction has not been
clearly confirmed in whole kidney studies with normal rats. The first indication
came when we showed that when the agent was applied into the renal medullary
interstitium (rather than by the unphysiological intravascular route), there was a
pronounced medullary vasodilatation which contrasted with a modest but
significant cortical vasoconstriction (15).

An indirect vasoconstrictor effect of PG is also a possibility. Given the
established reciprocal interaction of PG and the renin-angiotensin system (RAS)
(3), it was proposed that the vasoconstrictor effects reported in some studies were
secondary, caused by increased generation of angiotensin II (20, 21); however,
this possibility has never been clearly established.

In a most recent study we reinvestigated the role of PGE2 in the control of the
renal cortical and medullary circulations in the rat by examining the actions of both
renal arterial and renal interstitial infusion of the agent. The role of angiotensin II,
a postulated mediator of renal vascular constriction after PGE2 was also studied
(22). An effect of infusion of PGE2 (30 microg k-1 h-1), the main PG of the rat
kidney, into the renal artery, is shown in the left panel of Fig. 4. It is seen that,
when administered by this route, the drug induced only a transient increase in
intrarenal perfusion parameters, followed by a decrease, to or below the baseline
level, despite continued infusion. The results are summarized in the upper panel of
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Fig. 5; they demonstrate clearly the transiency of PGE2 induced intrarenal
vasodilation and show that the final stable response later during infusion was a
decrease in cortical (RBF, CBF) or medullary perfusion (OMBF, IMBF). Quite
similar results were obtained in rats pretreated with indomethacin (Indo), to
eliminate the contribution of possible changes in endogenous PG activity.

The explanation of such a response pattern could be an initial direct PGE2
vasodilation, probably via stimulation of EP4 receptors, followed by an indirect
response: stimulation by PG of the RAS followed by angiotensin II dependent
vasoconstriction. To check this hypothesis we repeated PGE2 infusion in rats
pretreated with losartan or captopril or rats receiving a slightly pressor
background infusion of Ang II. These treatments should eliminate the postulated
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Fig. 4. Sample records showing effect of renal artery infusion of PGE2 (30 µg k-1 h-1) in an Indo
pretreated (left panel) and losartan pretreated rat (right panel), showing a biphasic response (a
transient increase followed by decrease) or an immediate decrease in renal perfusion parameters,
respectively. The original tracings were transformed into percent curves. Denotations as in Fig. 2
(modified from (22)).



indirect response mediated by RAS and the direct vasodilator effect of PGE2
should be maintained throughout its infusion. Rather surprisingly, the opposite
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Fig. 5. Effects of left renal
artery infusion of PGE2
(15-30 µg kg-1 h-1) on
perfusion parameters of
the left kidney. Data (% of
baseline, means ± SEM)
for untreated animals (top
panel) or those treated
with losartan, captopril or
infused with angiotensin
II; n values are given in
parentheses. The striped
columns in the top panel
represent maximal initial
PGE2 induced elevation of
flows (which did not occur
in the other groups). Black
columns represent final
stable values measured
during PGE2 infusion and
white columns represent
recovery. Denotations as in
Fig. 2 (reproduced from
(22)).
* significantly different
from baseline (100%) by
paired Student t test.



was seen: the initial vasodilatation disappeared; instead, an immediate decrease
in cortical and medullary perfusion (least pronounced in the case of IMBF) was
observed (Fig 4, right panel; Fig. 5). This excluded activation by PG of RAS as
a cause of the decrease in perfusion, and suggested the role of PGE2 receptors
mediating vasoconstriction, e.g. EP3 subtype. It is unclear, however, why
inactivation of RAS abolished the initial PGE2 induced vasodilation. We have
proposed an explanation based on the presumable effect of intravascular PGE2 on
the local vascular RAS (inhibition rather than stimulation) (22).

In order to obtain local (intrarenal) effects and minimize systemic effects,
prostaglandins have to be applied directly to the kidney. However, intravascular
administration (to the renal artery) can be regarded “unphysiological” for
agents that are synthetized in renal parenchyma, e.g. in interstitial or tubular
cells. Therefore, in a subsequent experimental series we infused PGE2 into the
renal tissue: into the cortex, in hope to cause its distribution throughout the
kidney, and into the medulla, to maximize effect on this zone, with little, if any,
penetration to the cortex. Fig. 6 (upper panel) shows that intracortical PGE2
infusion decreased perfusion of the cortex (RBF, CBF), which suggested local
vasoconstriction, possibly mediated by EP3 receptors. This was in contrast with
medullary vasodilation which, however, tended to decrease with time. With
infusion of PGE2 into the renal medulla of Indo-pretreated rats (Fig 6, middle
panel) the effects were stable: a slight but significant decrease in perfusion of
the cortex (RBF, CBF) and a pronounced increase in outer- and inner medullary
perfusion (OMBF, IMBF). This pattern of response to PGE2 was maintained in
rats pretreated with Indo and losartan (Fig. 6, the lowermost panel), which
indicates that the decrease in cortical perfusion did not depend on stimulation
of RAS. Overall, these data confirm the vasodilator action of PGE2 in the
medulla and, a novel finding, indicate that the net effect in the cortex is a
decrease in perfusion, most probably dependent on cortical vasoconstriction. In
another series of the same study we showed that under carefully controlled
conditions (renal perfusion pressure maintained constant) inhibition of COX
caused the expected 19-24% decrease in medullary blood flow but also a
significant 5-13% increase in cortical blood flow. This indicates that the
described studies using PGE2 infusions are not merely of pharmacologic
interest: together with the data on COX blockade they indicate that PGE2 exerts
a tonic vasoconstrictor influence in the renal cortex and a tonic vasodilator
influence in the renal medulla, at least in anaesthetized animals subjected to a
trauma of experimental surgery.

Since activation of RAS is not the mechanism of PGE2 induced decrease in
renal cortical perfusion, direct stimulation of EP receptors mediating
vasoconstriction remains the most likely explanation. In an attempt to define the
receptor subtype responsible for the constriction we performed experiments with
renal artery or interstitial infusions of misoprostol, a stable analogue of PGE1. Its
affinity for the rat EP4 receptor is 25 times lower than that for EP3 subtype and the
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affinity for EP1 subtype is negligible (23). Since EP2 receptors are very poorly
expressed in the kidney, misoprostol’s dominating action should be stimulation of
vasoconstrictor EP3 receptors. We found that in Indo-pretreated rats misoprostol,
7.5 - 15 microg kg-1h-1, decreased whole kidney, cortical and medullary perfusion,
both with renal artery and intramedullary infusion. These results strongly support
the view that stimulation of EP3 receptors is responsible for the decrease in renal
cortical perfusion observed after PGE2. The absence of medullary vasodilatation
is consistent with the drug’s negligible affinity for rat EP4 receptors.

In summary, our studies involving intrarenal infusions of PGE2 taken together
with our experiments involving COX blockade present the first unequivocal
demonstration that in rat kidney this agent tonically constricts the
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Fig. 6. Effects of PGE2
infusion into the renal
cortical interstitium (150
microg kg-1 h-1; top panel)
or into the medullary
interstitium (7.5-22.5 µg
kg-1 h-1) in indomethacin
pretreated rats on
perfusion parameters. For
medullary infusions the
data for two pretreatment
regimens (indomethacin
alone or together with
losartan) are shown.
Black and white columns
represent final stable
values measured during
PGE2 infusion and
recovery, respectively. A
phasic response of CBF
and IMBF was seen
during cortical infusion;
in this group the values
for the initial phase are
represented by striped
columns. Denotations as
in Fig. 2; *significantly
different from baseline
(100%) by paired Student
t test (reproduced from
(22)).



microvasculature of the renal cortex, at least in animals subjected to anaesthesia
and experimental surgery. PGE2 increases perfusion of the renal medulla
substantially, which helps maintain adequate tissue oxygenation and normal
function of this zone under conditions of increased activity of vasopressor
hormonal and paracrine agents. Our data suggest very strongly that PGE2 induced
cortical vasoconstriction is mediated by EP3 and the increase in medullary
perfusion by EP4 receptors, respectively.

BRADYKININ (BK)

The biochemical and molecular biological characteristics of the kinin-
kallikrein system have been the subject of many reviews (24-26). Virtually all
components of the tissue kallikrein-kinin system (Fig. 7), including low
molecular weight kininogen, kallikrein, kinin receptors and kininases, were
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Fig. 7. The kinin-kallikrein system and the vasodilator action of bradykinin (Bk). Bk is generated
by kallikrein from either low- or high-molecular weight (HMW, LMW) kininogen. In humans and
many animal species (not in the rat) the intermediate step is kallidin. Bk activates constitutively
expressed B2 receptors (B2R), which brings relaxation of the vascular smooth muscle (VSM) and
induces vasodilation. This is indirect action mediated by release of NO and/or endothelium derived
hyperpolarizing factor (EDHF) identified with epoxyeicosatrienoic acids (EETs) and of
prostacyclin (PGI2).



detected in the kidney, especially in the distal convoluted and connecting tubule
and in the collecting duct (26, 27). It was established that because of inhibition of
tubular transport at these sites, Bk was natriuretic and diuretic. However, it was
soon recognized that the mechanism underlying these effects could also be an
increase in perfusion of the renal medulla, secondary to medullary vasodilation,
and the consequent dissipation of the local extracellular hypertonicity. Indeed,
exogenous Bk was reported to increase renal papillary or medullary blood flow
with little effect on total or cortical perfusion or on the glomerular filtration rate
(28); opposite effects were usually observed after inhibition of B2 receptor with
Hoe 140. In addition to a known inherent interdependence of the kallikrein-kinin
system and RAS (angiotensin converting enzyme is identical with kininase II
which metabolizes bradykinin), interactions with NO, prostaglandins and
epoxyeicosatrienoic acids (EETs) were described (28-30); the relevant details are
outside the scope of this brief review.
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Fig. 8. Responses of perfusion parameters of the experimental kidney in a rat infused Bk into
the renal cortex (4.2 microg min-1) (left) and in one infused Bk into the renal artery (3.3 microg
min-1, right). Single record curves after transformation into % of control levels. Denotations as
in Fig 2.



The source of kinins acting on renal vessels is uncertain : they could diffuse
from the site of synthesis in the connecting tubule and collecting duct cells (27)
to constrict glomerular arterioles of juxtamedullary glomeruli or medullary
descending vasa recta, within the mechanism described as the ‘tubulo-vascular
cross-talk’ (5). It was also suggested that kinins could be synthetised in and
released from the endothelium, as seems to be the case in the coronary
circulation (30). We hoped to throw some light on the possible source of renal
vasodilator kinins by delivering Bk either from the side of the interstitium,
mimicking diffusion from tubular cells via interstitial space, or from the side of
the vascular lumen, to mimick release from the endothelium. However, in
preliminary experiments we found that effects of Bk infusion into the renal
cortex and into the renal artery were quite similar, they included pronounced
increase in inner medullary perfusion (IMBF), less pronounced and rather
transient increase in outer medullary blood flow (OMBF) and little change in
cortical or total renal blood flow (Fig. 8). It will be noticed that the two
mentioned sources of vasoactive Bk : the renal tubular cells and the intrarenal
microvessels themselves need not be mutually exclusive and the agent
originating from both sources could dilate the renal microvasculature. This
observation exemplifies rather numerous gaps in the knowledge of the
mechanisms of action of kinins in the kidney and the exact role of the
kallikrein-kinin system in the control of renal medullary circulation and the
widely postulated contribution of the system to the control of arterial pressure
(27, 29, 30).

This study was approved by Ethical Research Committee of Medical Research Center of
Warsaw, Poland.
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