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SUMMARY 

1. Recent physiological experiments have established that 
increasing the perfusion pressure of the kidney causes the 
release of a vasodepressor substance from the renal medulla. 

2. The substance is not a platelet activating factor, a prosta- 
glandin or nitric oxide and the vasodepressor response to 
increased renal perfusion pressure is not due simply to inhibition 
of renin release. 

3. The mechanisms by which the renomedullary vaso- 
depressor substance lowers arterial pressure remain to be 
determined. Sympathoinhibition may account for part of the 
response, but the hypotension still occurs in autonomic ganglion 
blocked animals. 

4. The source of the substance appears to be the reno- 
medullary interstitial cells, though the control of the pro- 
duction and release of the substance remain to be determined. 

5. The substance may be a lipid but it is yet to be fully 
isolated and identified. 
6. The threshold for release of the substance appears to be 

close to normal resting arterial blood pressure. 
7. Despite strong evidence that the renal medulla releases a 

vasodepressor hormone in response to increased renal perfusion 
pressure, much is still to be determined regarding the physiology 
of this hormone and its involvement in the aetiology of hyper- 
tension. 

Key words: blood pressure, hypertension, kidney, medullipin, 
renal blood flow, renal medulla. 

INTRODUCTION 

What evidence is there for the existence of a blood pressure 
lowering hormone from the kidney? It has been claimed for at 
least two decades that such a hormone exists yet it remains 
unidentified. Much of the key research has been performed by 
Muirhead et al. and readers are directed to the comprehensive 
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reviews written by Muirhead ef af. for a more detailed account 
of their These investigators described the hypotensive 
properties of a substance extracted from renal medulla or renal 
venous effluent, and dubbed this substance ‘medullipin’. Re- 
cently other investigators, particularly Gbthberg et al. in 
Gbteborg and our group in Melbourne, provided physiological 
evidence in support of a renomedullary hormone; both groups 
demonstrating the release of a hormonal factor from the renal 
medulla in response to elevated renal perfusion in vivo. This 
review summarizes the experimental evidence for the existence 
of a new hormone of renal medullary origin using classical 
endocrine criteria, and summarizes our current understanding 
of its physiological actions. 

Early indications of a renomedullary hormone 
The first suggestion that the kidney may have a ‘non-excretory‘ 
anti-hypertensive function came from the experiments of 
Grollman et aL6 They compared the blood pressure effects of 
bilateral nephrectomy (renoprival hypertension) with the effects 
of either ureteral ligation, or of implantation of the ureters into 
the intestines or vena cava in the dog. They showed that 
renoprival hypertension was not due to the inability to excrete 
sodium and water alone, since dogs prepared with uretero- 
caval anastomoses, and hence without excretory capacity, did 
not develop hypertension whereas those with ureteral ligation 
did. Muirhead et al. later showed that there were significant 
morphological changes in the kidneys following ureteral ligation 
but not uretero-caval anastomosis. The renal papillae of the 
ligated kidney preparations were destroyed whereas the papillae 
of the anastomosed preparations were intact, leading Muirhead 
to suggest that cells in the renal papilla were involved in 
preventing hypertension.’ Muirhead went on to show that 
transplants of fragmented ‘normal’ renal medullary tissue into 
rats with renoprival hypertension reversed the hypertension, 
whereas this was not the case with transplantation of renal 
cortical and other (liver and spleen) t i s s ~ e s . ~  He later reported 
similar findings using transplants of fragmented renal medulla 
and cortex in other experimental models of hypertension, 
including accelerated renoprival hypertension, one-kidney, 
one-clip hypertension, malignant hypertension and extreme 
salt-loaded renoprival hypertension. 1 Renomedullary tissue was 
anti-hypertensive in all instances, whereas renocortical tissue 
was never anti-hypertensive.’ 
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List of abbreviations: 

Angiotensin RMIC Renomedullary interstitial cells Ang 
BEA 2-Bromoethylamine SHR Spontaneously hypertensive rat 
PGEz Prostaglandin EZ TLC Thin layer chromatography 
PAF Platelet activating factor 

Another line of evidence in support of a renomedullary 
vasodepressor substance came from studies of the phase of 
rapid ‘normalization’ of arterial pressure following unclipping 
the renal artery of renal hypertensive rats. These studies showed 
that the rapid hypotensive response was not due to changes in 
such vasoconstrictor factors as prostaglandins, angiotensin or 
vasopressin*-11 and showed that the presence of an intact renal 
medulla was essential for the response.10j1*,*3 The fall in blood 
pressure upon renal artery unclipping was due to a fall in 
peripheral resistanceI4 and was not due to volume losses from 
the kidney.15 Furthermore when rats were pretreated with 2- 

Fig. 1. Sections of the renal inner medulla (papilla) of the normal 
rabbit kidney. (a) Light microscopic field demonstrating the alignment 
of renomedullary interstitial cells between the vasa rectae, thin limbs of 
the loop of Henle and collecting ducts forming a ‘ladder-like’ arrange- 
ment. Stain: Methylene blue; original magnification X 875. (b) 
Electron microscopic field of part of a renomedullary interstitial cell 
closely associated with a capillary. The cell contains both light and 
dark granules together with small dark mitochondria, granular endo- 
plasmic reticulum and small vesicles. The cell processes embed in the 
surrounding matrix. Stain: Uranyl acetate, lead citrate; original 
magnification X 7000. CD, collecting duct; C, capillary; IC, interstitial 
cell; T, thin limb of the loop of Henle. 

bromoethylamine (BEA, discussed later) to chemically ablate 
the renal medulla, the reversal of the hypertension following 
renal artery unclipping occurred much more slowly,12 suggesting 
that one or more renal medullary depressor hormones were 
responsible for the blood pressure fall. In support of this 
notion, high levels of certain depressor substances have been 
identified in medullary tissue and the venous effluent of un- 
clipped kidneys. These substances include platelet activating 
factor (PAF),16 prostaglandin E2 (PGE2)” and a neutral lipid 
(the putative medullipin).16 

Cellular source of medullary hypotensive substances 
Although it has yet to be shown definitively, most evidence 
points to the renomedullary interstitial cells (RMIC) as being 
the source of the renomedullary vasodepressor substance. In 
the renal medulla, tubules and blood vessels (vasa rectae) are 
distributed in a cellular interstitium.18 Three types of RMIC 
have been identified, but the most abundant in the inner 
medulla (papilla) are the type 1 RMIC (see Fig. The other 
RMIC, a macrophage-like cell and a pericyte-like cell, are 
found mostly in the outer medulla. Renomedullary interstitial 
cells have a specific pattern of orientation, evenly traversing the 
spaces between tubules and blood vessels, closely resembling 
the rungs of a ladder20 and anchoring through cytoplasmic 
processes into the basement membrane of Henle’s loop and the 
vasa rectae.21 

The characteristic component of type 1 RMIC are lipid 
inclusions, prominent with both light and electron microscopy. 
They are present in variable numbers and sizes,22 mostly round 
in shape and enclosed by a thin membrane. While the contents 
of the cells are not fully characterized, histochemical studies 
have shown that the inclusions mostly consist of saturated and 
unsaturated lipids,23 with biochemical analysis revealing the 
presence of triglycerides, cholesterol esters and free fatty acids 
as well as precursors of pro~taglandins.~~-26 More recently, 
isolated rat renal medullary cells have been shown to produce 
PAF.27 Muirhead et a1.1,28 reported the presence of medullipin 
in these cells. Renomedullary interstitial cells are also known 
to contain prostaglandins, mainly P G E Z , ~ ~  and glycosamino- 
glycans, mainly hyaluronic a ~ i d . 3 ~  Pitcock et ~1.29731~32 reported 
various morphological changes in RMIC in some forms of 
genetic hypertension, and a reduced number of these cells (and 
fewer lipid granules) in Dahl salt-sensitive rats compared to 
salt-resistant rats. Pitcock et al.32 also reported that Dahl salt- 
resistant rats, but not Dahl salt-sensitive rats, respond to an 
increased salt diet with an increase in the number and size of 
RMIC granules. 

Depressor substances released by increased renal 
perfusion pressure and evidence that these circulate 
The notion that increased perfusion pressure releases the 
depressor substance(s) from the kidney came originally from 
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the renal ‘unclipping’ experiments described earlier. These 
experiments influenced the design of the early experiments by 
Gathberg et al. Conscious normotensive rats were prepared 
with exteriorised carotid artery and jugular vein catheters 
which were connected to an extracorporeal pump-perfusion 
circuit incorporating an isolated kidney. In the first experiments, 
this kidney was the clipped kidney from a chronic two-kidney, 
one-clip hypertensive rat and Gothberg et ~ 1 . 3 3  showed that 
acute declipping of the isolated kidney produced a marked 
blood pressure fall in the conscious normotensive rats. These 
investigators later introduced a new technique which involved 
the use of three rats; two in a cross-perfusion arrangement and 
the third to provide blood for filling the perfusion circuit. In 
this cross-perfusion model, an anaesthetized normotensive 
‘donor’ rat perfused an isolated normotensive or hypertensive 
‘recipient’ kidney and by means of a shunting valve in the 
perfusion circuit, perfusion pressure to the recipient kidney 
could be altered over a wide range. Venous effluent from the 
isolated perfused kidney was returned to the venous circulation 
of the donor rat. Thus, arterial pressure in the ‘donor’ rat acted 
as a bioassay for vasoactive material released from the ‘recipient’ 
kidney in response to alterations in its perfusion pressure. 
Using this set up, Karlstrom et al. examined whether the 
depressor system was tonically active in normotensive 
Using normotensive ‘donor’ rats and ‘recipient’ kidneys, they 
set renal perfusion pressure to the recipient kidney to different 
levels without changing overall extracorporeal flow and found 
significant, stimulus-dependent and gradual reductions in 
arterial pressure in the bioassay rat when the recipient kidneys 
were perfused at pressures of 100-150 mmHg. They concluded 
that the renal humoral anti-hypertensive system was active to 
some extent in kidneys in the normotensive range, but became 

Fig. 2. Diagram of the extracorporeal circuit used to autoperfuse the 
kidney in rabbits. In dogs, the circuit is identical except that blood is 
drawn from the iliac artery and venous return is via the iliac vein. The 
pump is set at a fixed rate and renal perfusion pressure is altered by 
changing the resistance in the venous return arm of the circuit. 

further engaged in a pressuredependent manner when renal 
perfusion pressure was increased. 

Our group has confirmed and extended these findings using 
a new approach in two species other than the rat. Our approach 
differed in that the perfusion technique employed an extra- 
corporeal circuit to perfuse the kidney in situ with the animal’s 
own blood (Fig. 2). In rabbits and dogs, a pump was used to 
circulate the blood which was drawn from the aorta and 
returned to the circulation via two arms, one to the renal artery 
and a second to the vena cava (rabbits) or iliac vein (dogs). By 
altering flow in the venous limb of the circuit using a Starling 
resistor, renal perfusion pressure and flow to the kidney were 
controlled and set to any level (Fig. 2). 

We found that there were powerful hypotensive responses to 
the doubling of renal perfusion pressure (170-190 mmHg) in 
both anaesthetized dogs and rabbits (Fig. 3). We showed that 
the falls were abolished when the animals were pretreated with 
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Fig. 3. Mean systemic arterial pressure (SAP) before, during and 
after increasing renal perfusion pressure, using the circuit shown in 
Fig. 2. Responses are shown for individual rabbits. (a) Response in 
rabbits pretreated with BEA to produce ‘chemical medullectomy’, 
(b) response in normal rabbits. Reproduced with permission from 
Christy ef ~ 1 . ~ ~  
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BEA to chemically ablate the renal medulla (Fig. 3), despite 
marked urinary sodium and water losses during the period of 
increased renal perfusion pressure.35 It seemed likely that the 
falls in blood pressure in these experiments were not due 
primarily to volume depletion caused by the large urinary 
excretion of salt and water, since renal responses were of 
similar magnitude in normal intact animals compared with 
those treated with BEA and the animals were in a positive fluid 
balance at all times via intravenous fluid infusions. As Karl- 
strom and Gothberg34 had previously reported in rats, we 
found a positive relationship between extent of increase in 
renal perfusion pressure and the rate of fall in arterial pressure, 
indicating that the release of the renal depressor substance into 
the circulation in rabbits is proportional to the increase in 
perfusion pressure.36 There appeared to be a continuum of 
release from normal resting perfusion pressures to very high 
pressures, with significant release at 95-125 mmHg renal 
perfusion pressure, that is, near-physiological blood pressure 
levels.36 

For the renomedullary factor to be considered a hormone, it 
must be shown to circulate. The first evidence for this came 
from Kolff and Page37 who reported that cross-circulating 
renoprival dogs with normotensive dog kidneys reduced blood 
pressure by 65mmHg during the first 3 hours of kidney 
perfusion. The cross-perfusion experiments performed by 
Karlstrom et a1.34,3* in rats, and our studies using an extra- 
corporeal circuit to perfuse the dog or rabbit kidney in situ 
with the animal's own blood, indicated release of a hypotensive 
factor into the venous circulation. In our experiments, the 
kidneys were surgically denervated, ruling out a role for afferent 
renal nerves in the hypotensive response to increased renal 
perfusion press~re.~5,36,39,~0 Interestingly, Muirhead et ~ 1 . ~ '  found 
that perfusate collected from rat kidneys under high pressure 
reduced arterial pressure when administered orally to spon- 
taneously hypertensive rats (SHR). 

- 
- 
- 
- 
- 

Stimulus for release-pressure or other related factor 
Increasing renal perfusion pressure causes release of the de- 
pressor substance from the kidney, but the precise stimulus for 
release may be a factor related to the increased pressure, rather 
than pressure per se. In most studies reported to date, renal 
blood flow rose concomitantly with the elevated renal perfusion 
pre~sure.3S,36,39.4~,~~ In contrast, Rudenstam et a1.43 showed in a 
recent experiment that the hypotensive response to increased 
renal perfusion pressure occurred without a rise in renal blood 
flow when the renal nerves were stimulated by a frequency of 
2 Hz. Given that there is strong evidence that medullary blood 
flow does not autoregulate to the same extent as cortical flow,d4 
increases in medullary blood flow, rather than total flow, may 
be the stimulus for relea~e.~2 Other factors that may possibly be 
involved in the release of the renal depressor substance include 
changes in intravascular shear stresses, inner medullary concen- 
trations of ions or metabolites, medullary interstitial osmolarity 
or pressure, or medullary oxygen levels. 

Basal release under resting conditions? 
Does the renomedullary depressor substance act to regulate 
blood pressure under resting conditions or does it only come 
into play under circumstances of elevated renal perfusion? The 

available evidence is largely indirect, coming mostly from 
experiments in which BEA has been used as a 'blunt instrument' 
to damage severely or destroy the renal medulla and thus 
remove the source of the renomedullary vasodepressor sub- 
stance. In rats, BEA produced chronic hypertension, given at 
doses from 50 to 400 mg/ kg45-47 apparently in proportion to 
the severity of histological damage seen in the medulla.45 This 
hypertension was chiefly due to an increase in peripheral 
resistance and was not contributed to by changes in renal 
excretory function.48 

In contrast, we have been unable to show similar hyperten- 
sive effects of BEA treatment in dogs or rabbit~.~~.sO In both 
species, doses of BEA that caused extensive medullary damage 
did not elevate arterial pressure or total peripheral resistance 
(dogs) although glomerular filtration rate appeared to be 
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Fig. 4. (a) Changes and (b) rate of change in mean systemic arterial 
pressure (SAP) in response to graded increases in renal artery pressure 
in five groups of rabbits. The graph shows the extent of change in 
pressure 15 min after increasing renal perfusion pressure (RPP) from 
65 to 95,125,155 or 185 mmHg. The 65 mmHg group represents a time 
control experiment in which renal pressure was allowed to remain at 
65 mmHg throughout. *P<0.05, significantly different from the resting 
value in each group. Reproduced with permission from Thomas et al.36 
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markedly reduced. These findings are in accord with our data 
using the extracorporeal perfusion technique in anaesthetized 
rabbits in which we performed a series of graded increases in 
renal perfusion pressure. The results indicated that the threshold 
for release of the substance was about 20mmHg or so above 
normal resting pressure (Fig. 4).36 We have concluded tenta- 
tively that the renal medullary depressor hormone is not 
playing an important role in the maintenance of arterial pressure 
at rest in rabbits and dogs, but it does seem to come into play 
at renal perfusion pressures just above resting. In contrast, 
Karlstrom and Gothberg34 have suggested that the reno- 
medullary vasodepressor system is active at normal resting 
arterial pressure in rats and then becomes progressively more 
engaged as renal perfusion pressure is increased. 

The doses of BEA used in rats have been considerably higher 
than those used in dogs and rabbits. We found that doses 
above 40mg/kg in dogs and 10mg/kg in rabbits were lethal 
(unpubl. obs.).S0 It has not been investigated whether at least 
some of the hypertensive effects of BEA in rats are side effects, 
unrelated to ablation of the renal medulla. Thus it cannot be 
concluded, definitively, whether the renomedullary vaso- 
depressor substance exerts vasoactivity under conditions of 
normal arterial pressure, or whether there are true species 
differences between rats, rabbits and dogs. 

-7% 

Biological actions of the renomedullary vasodepressor 
substance 
Peripheral resistance or cardiac output? 
Some authors have suggested that the renomedullary vaso- 
depressor substance is a vasodilator3~51 but this has not been 
demonstrated directly. Another possibility is that it reduces 
cardiac output, although HiiIlback-Nordlander et al.52 observed 
that falls in blood pressure after the unclipping manoeuvre in 
renal hypertensive rats occurred with, if anything, an increase 
in cardiac output. Furthermore, Muirhead et ~ 1 . ~ ~  found that a 
lipid extract (of medullipin I) derived from the venous effluent 
of isolated rat kidneys perfused at elevated pressure reduced 
arterial pressure in SHR without changing heart rate and 
cardiac output. Thus it appears likely that the hypotensive 
effect of the renomedullary depressor substance is mediated 
chiefly by a fall in total peripheral resistance. However, it is not 
certain that the same substance was involved in all these 
experiments and thus clarification of this issue also awaits 
isolation and identification of the substance. 

Sympatholytic effects 
It has been reported that no reflex tachycardia occurs as 
arterial pressure falls in response to increased renal per- 
fusion,35,36,38-40,53 compatible with a sympathoinhibitory acti- 
vity of the renal vasodepressor substance. Gtithberg and 
ThorW3 also reported that renal sympathetic nerve activity 
tended to fall rather than rise reflexly, as arterial pressure fell 
under the influence of the renomedullary vasodepressor sub- 
stance. Some of these experiments were, however, conducted 
under anaesthesia and this may have increased sympathetic 
activity and inhibited baroreflexes. The mechanisms by which 
the vasodepressor substance may cause sympathoinhibition 
remain unknown but Gothberg and T h ~ r C n ~ ~  have suggested 
that cardiopulmonary vagal afferents may be involved. In 

contrast, our results suggest that sympathoinhibition is not 
solely responsible for the depressor activity. For example, we 
demonstrated that the hypotension following increased renal 
perfusion in anaesthetized dogs still occurred when autonomic 
reflexes were blocked using pent~linium.’~ There was also no 
bradycardia in these later experiments, indicating that the 
renomedullary depressor substance does not have direct 
chronotropic effects. 

Other neural actions are indicated in the studies of Gothberg 
et al.33 in which conscious rats were the recipients of the venous 
blood from isolated kidneys perfused at high pressure. These 
rats showed general depression of behaviour and became 
‘sleepy’. If the renomedullary hormone is indeed a neutral, non- 
polar lipid, it is highly likely to cross the blood-brain barrier. 
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Renal natriuretic actions 
The depressor substance may also have diuretic and natriuretic 
properties. Karlstrom et ~1.38242 observed a diuresis and nat- 
riuresis in their ‘donor’ rats, despite the blood pressure falling 
(Fig. 5). We observed a profound natriuretic response to the 
rise in renal perfusion in anaesthetized dogs and rabbits follow- 
ing doubling of the renal perfusion pressure in all our ex- 
periments.35.36.39.40 This effect may be explained largely by the 
phenomenon of ‘pressure-natriuresis’54 but it is notable that the 
natriuresis increased progressively over the duration of the 
increased renal perfusion pressure, despite renal perfusion 
pressure remaining constant. This progressive response cor- 
related inversely with the falling arterial pressure and is in 
contrast to the steady renal blood flow and kaliuretic responses 
to increased renal perfusion pressure. 

Effects on the renin-angiotensin system 
Muirhead proposed that the medullipin vasodepressor system 
acts as a counter to the renin-angiotensin system (RAS).2 He 
pointed out that its postulated effects (hypotension, natriuresis 
and inhibition of the sympathetic nervous system) are in 
general opposite to those of the RAS (hypertension, anti- 
natriuresis and enhanced sympathetic actions) and of course 
renin release and plasma AngII levels rise as arterial pressure is 
lowered from n0rmal.5~ By contrast, the renal depressor system 
seems to be active at renal perfusion pressures from normal to 
high.36 We have advanced the tentative hypothesis55 that these 
two hormone systems may act in concert to cover the entire 
range over which perfusion pressure of the kidney may vary, 
rather than acting in opposition as suggested by Muirhead. If 
the two systems act in opposition, then removing one would be 
expected to alter the response to the other. We recently observed 
that the depressor response to increased renal perfusion was 
not altered by pre-treating both dogs and rabbits with Ang- 
converting enzyme inhibitors.35,39 

Metabolism 
The duration of a circulating hormone’s action is dependent on 
its pattern of secretion, the rate at which it is cleared from the 
circulation, and whether and for how long its effects persist 
after the hormone has been cleared from the blood. Because 
the chemical nature of this putative renomedullary hormone is 
unknown, there is little information which bears directly on 
these issues. However, some information of an indirect nature 
has been gained from physiological experiments. 

In all our experiments using an extracorporeal kidney per- 
fusion ~ircuit,3~,~~,39,4~ arterial pressure began to fall within a 
minute or two after renal perfusion pressure was raised. For as 
long as the renal perfusion pressure remained high, systemic 
blood pressure continued to fall in a roughly linear fashion. In 
dogs with the autonomic nervous and renin/ Ang systems 
blocked, the rate of decline in systemic blood pressure was 
close to 1 mmHg/min,3s while in intact rabbits the rate was 
closer to 1.5 mmHg/min.35,39 When the high renal perfusion 
pressure was maintained, blood pressure continued to fall 
progressively until it reached very low levels and the animals 
died. In our experiments, therefore, we generally chose an 
arbitrary mean arterial pressure of 45mmHg as the limit 
systemic arterial pressure was allowed to reach before re- 

turning renal perfusion pressure to normal, with the view 
that any further decline in systemic pressure was likely to 
severely compromise cardiovascular recovery. In each case, 
arterial pressure began to recover as soon as renal perfusion 
pressure was returned to normal (65 mmHg), but the rate of 
recovery was slower than the rate of fall. We conclude from 
these observations that the release of the renal depressor 
substance was continuous for as long as the renal stimulus 
remained and that the rapid cessation of the fall in pressure, 
once the stimulus was removed, indicated that secretion of the 
substance could be halted abruptly. In these experiments, 
however, the biological duration of action of the released 
renomedullary substance appeared to be quite 1ong.35,36,39,40 
Recovery to nearly normal systemic arterial pressure, once 
renal perfusion pressure was returned to normal, occurred 
within 30 min in some rabbits but in other rabbits the recovery 
of arterial pressure was much slower. The prolonged hypo- 
tension in some rabbits during the recovery period may indicate 
continued release of the vasodepressor substance from the 
kidney, or a long half-life, or may also be attributable in part to 
the diuresis and natriuresis that accompanies increased renal 
perfusion pressure. 

The results of Gothberg et al. are broadly in accord with our 
results. They showed that immediately after unclipping a renal 
hypertensive rat kidney cross-perfused with blood from a 
normal rat, the renal venous effluent induced a marked fall in 
arterial pressure in the normal rat.33 After the declipped per- 
fused kidney had been disconnected from the circuit, arterial 
pressure recovered slowly and the rate of recovery was inversely 
proportional to the duration of cross-perfusion,33 suggesting 
that the vasodepressor substance has a long half-life. Muirhead 
et al. extracted substances from renal papillae and tested their 
biological activity in bioassay rats. They found a characteristic 
lag time of 1-2min before onset of a slow but long-lasting 
hypotension.16.56 In summary then, available evidence suggests 
that the renomedullary depressor substance released has a 
relatively slow onset time of 1-2min but a long duration of 
action (minutes to hours). 

Muirhead et ~ 1 . 5 ~  suggested that the substance released into 
the circulation from the medulla may be inactive (medullipin I), 
with subsequent conversion to an active hormone (medullipin 11) 
in the liver; hence the lag period before the decline of arterial 
pressure. They demonstrated that isolation or removal of the 
liver from the systemic circulation prevented the fall in arterial 
pressure after unclipping the kidney of a renal hypertensive 
rats7 or after injecting renal medullary extract.5 They also 
showed that the hepatic cytochrome P450 enzyme system may 
be involved since inhibiting cytochrome P450 with SKF525A, 
ketoconazole or eicosatriyonic acid prevented blood pressure 
reversal after unclipping renal hypertensive rats.5 

Diseases or symptoms of excess or depletion of the 
hormone 
In human beings, one indirect line of evidence supporting the 
involvement of the renal medulla in the regulation of blood 
pressure comes from clinical data showing that damage to the 
renal medulla in patients is associated with hypertension. More 
than 50% of Australian patients with papillary necrosis resulting 
from analgesic abuse were hypertensive58 whereas, according 
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to Kincaid-Smith,sg the incidence of hypertension was much 
lower in Europe where a different profile of pharmaceutical 
agents in analgesic mixtures caused less damage to the renal 
medulla. 

Muirhead recently reported a case study of a patient with a 
syndrome which he termed ‘hypermedullipinaemia’.60,61 This 
patient with advanced renal insufficiency suffered from severe 
and persistent hypotension which was not orthostatic and 
which occurred despite the concomitant presence of hyper- 
reninaemia and hyperaldosteronaemia.60 Samples of the 
patient’s blood produced depressor responses after injection 
into a conscious SHR, similar to that observed using the renal 
venous effluent from a rat kidney perfused at high pressure.60 
At autopsy, a yellow mass (‘lipomedullipinoma’) containing 
adipocytes and RMIC was identified in the patient’s one 
remaining kidney.61 Muirhead speculated that medullipin I was 
secreted from this tumour, causing profound hypotension. No 
other reports of syndromes of excess have appeared in the 
literature. 

In animals, the experimental disease of deficit of the hormone 
is the BEA treatment model. However, as outlined above (see 
Basal release under resting conditions?), the long-term effects 
of BEA treatment on arterial pressure are highly species 
dependent; hypertension being demonstrated in rat~13,~6,6~,63 
but not in dogs50 or rabbits.49 There is currently no animal 
model for a condition of excess of the renal depressor substance. 

Identification of medullipin 
The chemical nature of medullipin has not yet been determined 
despite intense investigation, particularly by Muirhead and 
colleagues. Early attempts at characterization were based on 
extraction of a vasoactive substance from the medulla of dog 
kidneys64 and mouse and rabbit renal medullae.28 Two major 
hypotensive lipids were identified. One was a polar lipid which 
was later identified as PAF. The other was a neutral lipid, the 
substance since dubbed medullipin by Muirhead. Medullipin 
has been reported to resemble an acyl-glyceryl molecule with 
two hydroxyl groups in close proximity within its structure, 
and to be a product of the cytochrome P450 dependent 
mono-oxygenase pathway of arachidonic acid metabolism.65 
However, other recent experiments, while providing further 
evidence that renal cytochrome P450 is involved in the 
formation of medullipin I, strongly suggest that the substrate 
involved in medullipin I synthesis is not arachidonic acid.66 

In recent years, Muirhead et al. used a different technique to 
obtain a vasodepressor substance from the kidney, based on 
perfusing isolated rat kidneys at high pressures. In brief, 
plasma from the renal venous effluent of the isolated kidneys 
was tested directly for vasodepressor activity or was extracted 
for lipids, purified by thin layer chromatography (TLC), then 
bioassayed for vasodepressor activity in a one-kidney lone clip 
hypertensive rat.56 Muirhead et al. concluded that the substance 
they obtained from the kidney under high pressure perfusion 
was the same as medullipin I extracted from renal papillae.56 
This conclusion was based on six major criteria: the activity of 
both substances was blocked by (i) Tween 20 (a detergent), (ii) 
SKF525A (a cytochrome P450 inhibitor) and (iii) by removal 
of the liver; and the two ,substances (iv) provided identical 
vasodepressor recordings (lag periods, rate of fall to nadir, 
recovery), (v) were able to suppress sympathetic tone and (vi) 

had identical Rf values with the TLC system used. Karlstrom 
et ~ 1 . ~ 2  evaluated the effects of a lipid extracted from rabbit 
kidneys by Muirhead in their three-kidney model. They reported 
that the haemodynamic and renal responses closely mimicked 
those observed after increasing renal perfusion pressure in the 
circuit38 or following removal of a renal artery clip in rats.33 
Recently, Muirhead‘s group has suggested that there may be 
more than one form of the inactive medullipin I released from 
the renal medulla, with different polarities and biological 
activities.67 

No analysis of the chemical nature of the renomedullary 
vasodepressor substance has been reported by other groups. 
Our experiments in anaesthetized rabbits with the extracor- 
poreal perfusion of left kidneys have ruled out the possibility 
that the substance is PAF39,40 or a cyclo-oxygenase prod~ct .3~  
We demonstrated in these rabbits that administration of the 
PAF receptor antagonist, WEB2086, and the cyclo-oxygenase 
inhibitor, indomethacin, did not prevent the hypotensive 
responses to acute elevation of renal perfusion pressure to 
either 125 or 170mmHg. 

Bergstrom et al.6*,69 recently reported that nitric oxide may 
be involved in the release of the renomedullary vasodepressor 
substance following increased renal perfusion pressure to 
175 mmHg in the rat. They demonstrated that the characteristic 
hypotensive response was absent when nitric oxide synthesis 
was blocked with N”-nitro-L-arginine (NOLA). The results 
of our experiments in the rabbit do not support this conclusion. 
We found that nitric oxide blockade (using NOLA) did not 
alter the systemic blood pressure or renal blood flow changes 
or the pressure-related natriuretic and diuretic responses to 
increasing renal perfusion pressure to 125 mmHg.40 In Berg- 
strom’s experiments there was a profound effect of NOLA on 
renal blood flow; a 43% reduction, which never returned to 
resting levels despite elevating renal perfusion pressure to 
175 mmHg.68369 In our study, resting renal blood flow fell by a 
much smaller amount after NOLA administration (14% re- 
duction) and the elevation of renal perfusion pressure to 
125 mmHg resulted in an immediate and sustained rise in renal 
blood flow which was not statistically different from vehicle- 
treated anirnal~.~O Thus, the differences in the renal haemo- 
dynamic responses to NOLA may explain the contradictory 
conclusions of these two studies, and may in fact provide 
further evidence that the release of the renomedullary vaso- 
depressor substance is flow-related. 

Finally, it should be pointed out that, at this time, there is no 
certainty that the depressor substances studied in the wide 
variety of experiments outlined above have all been the same. 
Even in Muirhead‘s own work, we cannot be certain that the 
substances originally isolated from medullae were the same as 
those obtained in the renal effluent from perfused kidneys, nor 
can we know whether they were the same as the depressor 
substances being studied in the in vivo experiments of our and 
Gothberg’s groups. It is for this reason that we have preferred 
to refer to the substance as the renomedullary vasodepressor 
substance, rather than medullipin, in this review and in our 
other publications. 

Conclusions 
Recent physiological experiments have established that increas- 
ing renal perfusion pressure releases a vasodepressor substance 
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from the kidney, and that  this vasodepressor response is 
dependent on the presence of a n  intact renal medulla. The 
substance is not PAF or a prostaglandin, and the hypotensive 
response is not due simply to inhibition of renin release. 
Afferent renal nerves are not necessary for the response to 
increased renal perfusion pressure. The hypotension is probably 
due to peripheral vasodilatation though this remains to be 
confirmed. Sympatho-inhibition may account for  part of the 
response, but the hypotensive effect of this substance persists 
despite autonomic ganglion blockade. 

There is strong evidence for the existence of a renomedullary 
hypotensive hormone, but much yet needs to be determined, 
including the chemical nature of the hormone(s), confirmation 
that the RMIC are its source, identification of the factors 
responsible for controlling release, the mechanisms by which it 
lowers arterial blood pressure, its relationship with the RAS, 
whether it has natriuretic properties, the involvement of the 
hormone in the control of normal blood pressure, and whether 
it is involved in the aetiology of hypertension. More rapid 
progress in the field is dependent especially on identification of 
the chemical nature of the renomedullary vasodepressor 
substance. 
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