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Summary a aitical role in protecting the renal medulla from
] . ischaemia due to renal nerectivation, but is not the only
1. There is strong evidence that the renal medullaiycior jnvolved. For example, unique structural aspects of
circulation plays a &y mle in long-term blood pressure ihe medullary circulation probably conuite, and
control. This, and evidence implicating Sympatheticangiotensin Il may he a sirprising role as a counter
overactivity in da/elopr_nent of hypertens_;ion, provides theregulatory \asodilator within the medullary
need for understanding Wosympathetic nerves ##ct microcirculation. There is also the potential for

medullary blood fla (MBF). neurochemical differences between msrvinnerating
2. The precise ascular elements that regulate MBFa5cyjar elements controlling MBF and CBF to contribute.
under physiological conditions are unknown, butellk The aim of this reiew is to examine the mechanisms,

include the outer medullary portions of descendiagav gnq implications, of the neural regulation of MBF
recta, and afferent and efferent arterioles of juxtamedullafy,ve/er we must first discuss three important issues: the

glomeruli, all of which recee dense sympathetic ynique wascular architecture of the kignthat underlies the
innervation. _differential control of MBF and CBRhe plysiological

3. Mary early studies of the impact of sympathetiCimperaties of precise regulation of MBFnd the nature of
drive an MBF were flaved, both because of the methodsne renal sympathetic innervation and its role in blood

used for measuring MBFend because single and oftenyressure control. W will then consider the védence of

intense neural stimuli were tested. _ differential neural control of CBF and MBRnd the
4. Recent studies ke established that MBF is less potential mechanisms that underlie it.

sensitve than cortical blood fl@ (CBF) to electrical renal
nene dimulation, particularly at v stimulus intensities. The renal medullary circulation: structur e and function
Indeed, MBF appears to be refractory to increases in )
endogenous renal sympathetic reeractivity within the The blood supply to the renal medulla arises from the
physiological range in all but the most extreme cases. ~ efferent arterioles of juxtamedullary glomeruli, which
5. Multiple mechanisms appear to operate in concefPMPrisetl10% of all glomeruli in the kide(Figure 1).
to blunt the impact of sympathetic i an MBF, including Thus, while all blood f_Iw to the kidng enters the renal
counter-rgulatory roles of nitric oxide, and perhapsre cortex, only EH_O% of thls enters the_ renal medulla. In rats
paradoxical angiotensin Il-induceasodilatation. Rgional and dogs, reliable estimates of regional kidbeod flow
differences in the geometry of glomerular arterioles are al8g/€ anged from 2.6-7.4 ml/min/g in the cortel.3-3.2
likely to predispose MBF to be less sewmsithan CBF to ml/mm/g in the outer medulla, an_d 0.2-5.9 mlln_un/g in the
ary given vasoconstrictor stimulus. inner medulld Although these estimates shoonsiderable
6. Falure of these mechanisms would promoté/ariability between warious studies (and species), it is
reductions in MBF in response to physiological \ation widely regar_ded that blood _fkv per un?t tissue weight in the
of the renal nems, which could in turn lead to salt andouter and inner medulla is approximately 40% and 10%,

water retention and hypertension. respectiely, that in the cortex. The maintenance of a
relatvely low MBF appears to be critical for maintaining
Introduction the cortico-medullary solute gradient, and so urinary

‘ . ) o __concentrating mechanisfsOn the other hand, because the

~ ‘Neural control of the capillary circulation in specific ena| medulla is aypoxic environment\en under normal
regions of the kidnghas not been adequately studied'. Thigongitions, there must be some tradginfthe control of
statement from Pomeraret al.in 1968 could reasonably \BF, between maintenance of the cortico-medullary solute
have been made almost 30 years Iawith little progress  gragient (and so normal tular function), and the supply of
being made in this field in the intervening periodwieer,  oyygen within the renal medulla (Figure 2). As will be
renaved actvity in this area since 198%as increased our described in detail beto (see MBF and blood pessure
understanding of the influence of renal sympatheti®dn  qntyo), there is also strongielence that the el of MBF
regional kidng blood flov. As we will describe in this g 4 jey factor in long-term control of blood pressure.
review, there is nw strong evidence that medullary blood The precise vascular elements that regulate MBF
flow (MBF) is less sensite han cortical blood flo (CBF)  nder physiological conditions remain unro Howvever,
to increases in renal sympathetic veri within the fom a  theoretical perspeeti changes in ascular
physiological range. This has important implications for thegsjstance in juxtamedullary arterioles, or invdetream
control of renal function, and in particulahe long-term yascylar elements within the medulla itself (eg, outer
regulation of arterial pressureNitric oxide appears to play medullary descending aga recta), could lead to dar
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the pressure diuresis/natriuresis mechanisnviges a

T T T T T T —_— ‘non-adapting’ feedback system by which arterial pressure
\‘\\\~ can be controlled in the long-term. The relationship,
ﬂ PERITUBULAR between renal perfusion pressure and salt amderw
% CAPILLARIES excretion (pressure diuresis/natriuresis), is set at higher
I pressures in all forms of hypertension thatvehdeen
8 studied, and hypertension can be ameliorated by treatments
EFFERENT INTERLOBULAR ARTERY that restore this relationship wards normal. Another
ARTERIOLE important line of evidence comes from studies of renal
ﬂm transplantation betweenypertensie aaxd normotensie
subjects. Both in rats and humans, there is gatdkerce
_________ that ‘the blood pressure follows the kighe That is, when

a kidney from a normotense subject is transplanted into a
hypertensie abject, arterial pressure falls. Gersely,
when the kidng from a lypertensie sbject, or a
normotensie  aubject genetically pre-disposed to
hypertension, is transplanted into a normotemsiibject,
hypertension deslops.

In a series of efnt studies reiewed in detail
_______ previously¥1%, Cowley, Roman, Mattson and colleagues
have provided persuase evidence that MBF is a critical
factor in the long-term control of arterial pressure. yThe
have uilised a conscious rat model in which CBF and MBF
are measured chronically using implanted optical fibres,
while vasoactire gyents are administered directly into the
renal medulla. Chronic medullary interstitial infusion of
vasoconstrictors, at doses that reduce MBFoduce
hypertension, whereas similar infusions akudilators that
increase MBF can ameliorateygertension. This &fct

X : seems to be mediated through alterations in the pressure
renal vasculatue, and the atent of renal innervation 10 iy resis/natriuresis relationship, which is shifted to higher

various vascular elements (shaded). Based on original figtessyres by both chronic and acute medullary interstitial

71 i ias & e . ,
lFJ)reS bsg 4°th553 - Innervation data adapted from Barajas &jnf,sjons of wasoconstrictors, and shifted to lower pressures
owers,

by medullary interstitial infusions of vasodilatorse\Mave

. confirmed some of these obsatiens in a different species,
changes in MBF without significant alterations in totaphaving that acute medullary intersitital (but not
CBF. On the other hand, because juxtamedullarfgraht intravenous) infusion of noradrenaline shifts the pressure
arterioles arise near the origin of intetdr arteries diuresis/natriuresis relationship to higher pressures in
(Figure 1), changes in interlolar artery calibre would be anaesthetized rabbits'3
expected to impact less on MBF (and juxtamedu”ary The precise mechanisms by which reductions in MBF
cortical blood flow) than on the bulk of CBF. shift the pressure diuresis/natriuresis relationship to higher

Heterogeneity of the geometry of glomerulaPressure remain a matter of contxsy. Cowley and

arterioles may also contribute to thefeliéntial rgulation colleagues hae devdoped the hypothesis, for which there
of CBF and MBF Afferent and (particularly) fefrent is considerable experimental suppbHt, that increases in
arterioles of juxtamedullary glomeruli v& onsiderably MBF in response to increased renal perfusion pressure
greater calibre than their counterparts in the mid- and-outéctually mediate pressure diuresis/natriuresis. Increased
cortext (Figure 1). Becauseagcular resistance isviersely Vvasa recta capillary yrostatic pressure (secondary to
proportiona| to vessel radius to the power of 4, Comparatjrécreased vasa recta blood ﬂOW) will result in increased
changes in vessel radius result in lesser absolute chang&gdullary interstitial hydrostatic pressure, which will be
vascular resistance in the larger juxtamedullary arteriole§ansmitted throughout the kidnebecause of the Vo
than in their counterparts in other regions of the cértex ~ compliance of the kidyedue to the presence of the renal
capsule. Increasedenal interstitial hydrostatic pressure
reduces sodium reabsorption in a number of segments of
he nephron, probably in part through enhanced back-leak
long paracellular pathways. Wever, the integrity of this

DESCENDING
VASA RECTA

INTERLOBAR ARTERY

Figure 1 Sdematic digram of the athitecture of he

MBF and blood pressue control

Although the precise aetiology of essentia
hypertensmn remains l'mknown,. therg IS perseas hypothesis depends on the idea that M&fike total renal
evidence that the initial trigger resides within the kighe blood flw (RBF) and CBF is relatvely poorly
One line of gidence in support of this notion arose fro

. i utorgulated. The dgree to which MBF is autogelated
the seminal work of Guyton and colleagjesowing that remains a matter of contrersyl415 probably in part
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Interstitial Osmolarity Blood Flow Interstitial PO,
(mosmol/L) b (ml/min/g) (mmHg)
Cortex 300 5 50
Outer 600 2 30
Medulla
Inner
Medulla/ 1400 0.5 15
Papilla

Figure 2 The tade-of between maintenance of the cortico-medullary solutalignt and medullary hypoxic dage
Diagram of the renal vasculateiredapted from Beeuwkes & Bamtre3, Data relating to intestitial osmolarity blood flow
and interstitial PQ compiled from Vandéf, Palloneet al?, and Liibbes & Baumgartf® respectively.

because of limitations invailable methods for estimating nenes enter the kidiyein association with the renal

MBF. vasculature, and follw the course of the renal arterial tree
as it branches to form interloharcuate, and interlabar
Renal neves and blood pressue antrol arteries. Theseeurones in turn innervate the afferent and

efferent arterioles, and the outer medullary portions of
descending vasa recta, but not vascular elements within the
inner medulla and papifid (Figure 1). Consistent with
these anatomical obsations, juxtamedullary afferent and
efferent arterioles of the raytironephrotic kidng constrict

in response to renal nergimulatior?.

Previous studies of ggonal differences in inneation
density within the kidne indicate that juxtamedullary
afferent and dérent arterioles, and their associated outer
medullary descending vasa recta, are densely iatesty
For example, Mckenna & Angelakos found the
juxtamedullary corte and outer medulla to ka the
greatest concentration of noradrenaline within the dog
h’an, levds being (M0-60% less in the mid- and
subcapsular-cortg and lav in the inner medul®. Barajas

There is clear evidence that renal sympathetiedsi
increased during the dgopment of lypertension both in
the spontaneouslyypertensie rat (SHR) and in human
essential Ypertension. Thus, basal postrglionic
sympathetic nee activity'é, and emotional stress-induced
increases in post-ganglionic sympathetic eeastivity and
reductions in sodium xeretion'’, are enhanced in SHR
compared with normotens Wstar Kyoto control rats
(WKY). Furthermorerenal sympathetic dre, as neasured
by noradrenaline spiller, is dso increased in human
essential ypertensiof?. Increased renal sympatheticveri
appears to contrilte to the pathogenesis offertension,
since in SHR chronic bilateral renal dersgion, achieed
by repeated denervation between weeks 4 and 16 after bi

lock -40% of th i i f
blocks 30-40% of the expected progressgevtion o and Powers provided more direcvidence of dense

arterial pressuf€ A similar regimen of bilateral renal . X : :
denervation in WKY has no effect on arterial pres$ure juxtamedullary vascular innervation, using autoradiogyaph
? detect uptak o exogenous JH]-noradrenaline

The precise mechanisms by which increased ren iV b heti . Ki Th
sympathetic dvie @ntributes to the pathogenesis of presumpurely by sympathetic nerves).m rat @ﬁé ey
found greater density of autoradiographic grains on

hypertension remain unknown. Thacf that reductions in ¢ d with fefent arterioles th hout th
MBF can shift the pressure diuresis/natriuresis relationsh erent, compared wi rent arterioles througnout the
to higher pressures (rightard shift), which if maintained CC'&. but autoradiographic grain densityasvsimilar in

chronically producesypertension, provides the impetus for.each of these vascular elements in the eutgd- and

our interest in the neural control of MBE. juxtamedullary cortex. Quantitag aalysis of the
innenation density of outer medullary descendingsa

Innervation of vascular elements controlling MBF recta was not included in their studithough the amount
of autoradiographic grainsverlapping the vasculatureas
The origin of the efferent sympathetic inn&ien of greater in the outer stripe of the outer medulla than yn an
the kidng differs among speciesyubin general arises from other kidng regon. It must be born in mind, h@ver, that
multiple ganglia of the celiac ples, the lumbar splanchnic the techniques that te been applied to this problem e
nene ad the intermesenteric ples. Post-ganglionic considerable limitations. Most evidence suggests that
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sympathetic neurotransmission in bloo@ssels occurs studies of the neural control of intrarenal blooavfie that
chiefly via specialised neuromuscular junctions, at whidey often employed single, intense stimuli, wellybad
varicosities form a close contact (< 100 nm) with arteriolawvhat one might consider to be ysiologically releant.
smooth muscle cef® In the rabbit kidng, [B0% of However, it is worthwhile for us to briefly consider the
sympathetic varicosities within the arteriolar region formmesults of studies using these techniques, becaugdllihe
these specialised neuromuscular junc&n©n the other us to appreciate both the heroic efforts of earlier
hand, it has also been gaed that sympathetic investigators, and thewelution of our understanding, of the
neurotransmitters can also act at some distance from thedural control of intrarenal blood o
site of release within the kidpeparticularly in the control Trueta et al. were the first to study this issue (in
of tubular functioR’. Nevatheless, the relat dstribution 1947), using the intrarenal distribution of injected
of specialised neuromuscular junctions @seular elements radiocontrast material and Indian ink as nesskof blood
controlling CBF and MBF would better reflect the densitflow in anaesthetized rabbis Their observations were
of ‘functional’ sympathetic inneation in the renal entirely qualitatie, but prophetic, in that thesuggested
vasculature, than measures of tissue noradrenaline conttret renal nerg dimulation induced redistrition of blood
per s&3, or the density of sites of noradrenaline ugfdk flow from the outer corteto the inner corte and medulla.
There is a need, therefore, for further detailed studies of thecontrast, Houck (in 1951), who also used the Indian ink
innenation of \ascular elements controlling MBF and CBFdistribution method in anaesthetized dogs, to study the
) ) effects of intense electrical stimulation of the renal esrv
Neurochemistry of renal sympathetic neves concluding that CBF and MBF were similarly dramatically
nq\iecreased by intense renal reergimulatior®®. Similar
conclusions were drawn by Aukland in 1968, using a
%athod for determining local Jas dearance within the
@éer medulla in anaesthetized dogs. yTfeund that total
F and outer cortical Jgas dearance both fell by40%
uring intense renal nezvgimulation, but also conceded
that ‘due to the counter current exchange a$ petween
ascending and descending vasa recta, the clearance is not
ecessarily linearly related to blood vit6”. Similar
bsenations, using a similar technique in anesthetized rats,
were reported by Chapmat al.in 19828, Thus, with the
exception of the initial study by rlieta et al, the
unanimous conclusion from the studies describedveabo
was that CBF and MBF are similarly sensgéit the efects
of activation of the renal sympathetic nerves.
Some studies were performed in which graded neural

Most eidence suggests that the predomina
neurotransmitter in  renal sympathetic rev is
noradrenaline. Thus, while dopamine also appears to
present in these nerves as a precursor of noradrena
synthesis, there is little compelling evidence of specifi
dopaminegic nerves within the kidry8% Moreover, while
acetylcholine is found within the kidpeit appears not to
be associated with renal negf. Nevatheless, there is
now strong evidence that co-transmitters, includin
neuropeptide Y and P participate in renal sympathetic
neurotransmissiGA and partially mediate renal nerv
stimulation induced-reductions in global RB& Other
neurotransmitters, including asoactie  intestinal
polypeptide and neurotensin, vieakeen identified within
the renal asculaturé!, and galanin has been identified in a

roportion of the neurons innervating the kigftfe Their N ) . -
brop g imuli were applied, tt the picture arising from themas

roles in renal sympathetic neurotransmission and 5
regulating renal function remain to be determined® from clear Pomeranzet al. (1968) used the®Kr

Neuropeptide ¥ and its binding sitéd and also autoradiograph technique in both anaesthetized and
neurotensin and asoactie intestinal polypéptioeé have conscious dogs, and concluded that although intense renal

been localised to vascular elements of the medulla(F}‘fr\e etivity reduced both CBF and MBHild stimulation

circulation (including juxtamedullary afferent andesént the renal nerves actually increased MBF admost

arterioles), raising the possibility that these sympathetic c&—red contrast, Hermanssenal. reported their study using

; : Rb uptale in anaesthetized rats in 1984, concluding that
transmitters could contribute to the neural control of MBF. " ! .
MBF was more sensite than CBF to the ischaemicfetts

Neural control of MBF: early studies of low frequeng renal nere dimulation®®. These
obsenations are clearly at odds with the results of more

All available methods for estimating regional ki@ne recent studies using laser Dopp|er f|owmetry'
blood flav havelimitations that must be considered in the

interpretation of ®perimental dafa®%. Methods used in Studies using laser Doppler flowmetry
early studies of the control of MBFbased on para-
aminohippuric acid clearance, washout ofudiible tracers
such a$*r, H,, and heat (thermodilution), renakteaction
of diffusible indicators such a®K and #Rb, indicator
transit time, albumin accumulation and microsphere® ha
been shan to be (more or less) vdid from either
practical or theoretical standpoifit8 For the most part,
these methods are also limited by the fact that tternot
provide ‘real time’ measurements of blood viloin
individual animals. A further limitation of mgnearly

At present, the most widely used method for
estimation of blood fl in gecific regions of the kidiyes
laser Doppler flaemetry, This technique has the ahtage
that measurements can be made in real-time, and in
anatomically specific regions of the kigndhere is good
evidence of a direct relationship between laser Doppler flux
and erythrocyte velocity both in model systens
vitro1®49-42 gnd in the kidng in vivo>404344 Howeva, it
must also be recognised that in highly perfused tissues such
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as the kidng laser Doppler flux is relaly insensitve o might exist within the medullaTo investigate this latter
changes in the olume fraction of red blood cells in the possibility we tested the effects of graded renal merv
tissué®>4%4! Therefore, changes in MBF due to changes istimulation on laser Doppler blood Wlaneasurements at 2
the number of perfused capillaries (capillary recruitmenthm intervals from the surface of the carte dose to the
are unlilely to be detected by laser Dopplerwioetry. tip of the papill42 We found that responses to renal reerv
Nevertheless, this method does represent a considerabtemulation in the renal comte(< 3 mm telow the kidng
technical breakthrough in the study of regional kidnesurface) were alays greater than those within the medulla
blood flov. Over the last decade, studies from a number & 5 mm telow the kidng surface), but that responses
separate research groups using this technigue lea to within the inner and outer medulla were indistinguishable.
the unequiocal conclusion that MBF is reladly Thus, while these data confirm that renal eesstivation
insensitve o renal sympathetic drg, especially at stimulus can differentially a&ect CBF and MBFthey do not support
intensities within the physiological range. the notion that it can differentially affect perfusion at
different levels of the medulla.

0-
Impact of endogenous renal sympathetic nee activity

on MBF

Electrical stimulation of the renal sympathetic reerv
is a useful technique for producing graded increases in renal
-401 sympathetic dvie, but it does not mimic naturally occurring
renal sympathetic neeveactivity (RSNA)%6. Endogenous
RSNA has a hbirsting pattern, with the amplitude of each
burst probably lagely reflecting the recruitment of
individual axon&’. In most cases, reflechanges in RSN
-80. VBF mainly reflect changes in the amplitude afrdis, rather
ReF than changes in their frequefi®*®. Relating the frequeryc

of electrical stimulation to changes in endogenous REN

-100 T T T T T T T d therefore problematt. Given this caveat, we can at least
0 1 2 3 4 5 6 7 8 say that similar reductions in CBF G20% are achieed in
anaesthetized rabbits with 1 Hz electrical stimul&fioand
a hypoxic stimulus that increases RSNby [B0%™.
Therefore, our observation that the refatinsensitvity of

Figure 3 Mean responses of total renal blood flow (RBFVIBF t0 renal nere dimulation is most clearly seen awlo
e), and laser Doppler flowmetry measurements of Corticgﬂe_quenues of stimulation raises the possibility that MBF
blood flow (CBFo) and medullary blood flow (MBF), to  Might be refractory to the basalét of RSNA, and to
graded frequencies oknal nerve stimulation (supmaxi- '€fl& increases in RSA associated with pfsiological

mal voltaye, 2 ns duration) in anaesthetized rabbits. Sym_manoeuvres that reduce RBFhis does indeed seem to be

bols Epresent mea s.emean of observations in 8bbits. 1€ case. For example, CBRitnot MBF is ,rEdléced by
Note that analysis of variance showed thatoasrall fe- arterial chemoreceptor stimulation in conscious®°taasd
quencies of electrical stimulation, responses of MBF diflyPoxia in anaesthetized rabBft¢Figure 4). Furthermore,
fered from those of RBF and CBP € 0.001). In contast, while hypotensie taemorrhage consistently reduces CBF

responses of RBF and CBF weindistinguishable ® > MBF has been obserd to either remain unchanged or to
0.05). Redrawn from Leonaat al“s increasé*®3 or to be educed less than CBF®

Corversely, renal denervation in anaesthetized rats
increases CBF but not MBE

Rudenstamet al. shaved that graded renal nerv On the other hand, MBF does not appear to be
stimulation (2-5 Hz at 5 V and 1 ms duration) irentirely insensitie © reflex increases in RSNA. Bking
anaesthetized rats produced progresgductions in RBF  the nasopharyngeal reflén conscious rabbits, byxposure
and CBF but Only small Changes in blood Wan the renal to Cigarette smak transienﬂy increased R8N by
papilla (the very inner part of the medufla)We [1135%8 This reflx is accompanied by little change in
subsequently performed similar studies in anaesthetizgﬁeriau pressure, bugalfs in cardiac output, RBEBF and
rabbits, shaing that in this species inner MBF was reducefiBF are obsemd® (Figure 5). Indeed, MBF and CBF
in a progresse fashion by graded (frequenor amplitude) were reduced similarly by the nasopharyngeal xefte
renal nere gimulation, but that MBF was reduced less thagonscious rabbits, which seems at odds with the notion that
RBF or CBF particularly at stimulation frequencies of 3 HZMBE is less sensite than CBF to refle increases in
or les$® (Figure 3). Collectiely, these studies suggestedRSNA. An explanation for this paradox might lie in
that the medullary circulation is refaly insensitve © the  differences between the dynamic responses of CBF and
ischaemic effects of renal sympathetioveribut also raised MBF to neural actiation. In particular MBF seems able to
the possibility that some regional differences in sefiiti respond dster to renal sympathetic aetion®®, and to be

Percentage reduction from control

Frequency of stimulation (Hz)
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Figure 4. Responses of renal sympathetic nerve actigitgd laser Doppler measements of cortical blood flow (CBF)
and medullary blood flow (MBF) to qgressive hypoxia. Experiments wererformed in anaesthetized, artificially venti-
lated rabbits, and hypoxaemia was inducedposue to progressively hypoxic gas mixtures. Responses of CBF and MBF
were cetermined in rabbits with intact renal nerves; (h = 7) and in rabbits in whihb the renal nerves werdestioyed ©; n
= 6). Symbols and error barrepresent meat: s.emean. *P < 0.05 for inteaction term between ‘state’ (intact or dener
vated) and the response tapgressive hypoxia, from analysis of varianBata redrawn from Leonardt al>®

more sensitie than CBF or total RBF to oscillations in could contribute, which are discussed separatelybelo
RSNA at frequencies normally present in endogenous ) _

RSNA%, This might increase the relagi esponsieness of Regional hetergeneity of glomerular arteriole geometry
MBF to transient increases in RABNassociated with As discussed earlier(see The renal medullary

manoeuvres such as the nasopharyngeal xreflhe circulation: structue and function, the fact that

mechanistic and anatomical bases of the differing freq/uen% : :
- . xtamedullary &erent and (particularly) efferent arterioles
response characteristics of CBF and MBF remain unkno ) y (P y)

have geater calibre than their counterparts in othgiames
Mechanisms underlying the relatie insensitve d MBF ~ Of the kidng, should theoretically predispose MBF to be
to sympathetic drive less sensitie than the hblk of CBF to virtually all
vasoconstrictor stimuli. In support of this notion, wesda
Because MBF is refractory to mild to moderatdound that while some asoconstrictors preferentially
increases in RSNA, it seemsdllg that the renal nees reduce MBF more than CBF gevasopressin peptides),
play little role in its physiological regulation. Wever, in  most reduce CBF more than MBFg(BSNA, angiotensin
pathological conditions such as heart failure, where RSNI, endothelin peptide®j6-67 Furthermore, renal arterial
can increase byver 200%°, MBF might be chronically infusions of angiotensin 4land endothelinf constrict
reduced, which would exacerbate salt aratew retention. juxtamedullary afferent and efferent arterioles similarly to
Furthermore, MBF might also be chronically reduced if ittheir counterparts in other gens of the Kkidng
sensitvity to RSNA were someho increased, perhaps (determined by vascular casting methods), yet MBF is little
through failure of mechanisms protecting the medulla fromffected by these agents in the face ajdachanges in total
the ischaemic effects of sympathetic eatton. Potentially RBF and CBF>%¢ |t seems lilely, therefore, that the
this could lead to the gelopment of hypertension. Much vascular architecture of the kidnés aranged in a way that
of our recent research, therefore, has focussed protects the medulla from the ischaemic effects of a range
elucidating the mechanisms underlying the redati of vasoconstrictor stimuli, including sympathetic rerv
insensitvity of MBF to renal sympathetic dit. From a activation.
theoretical perspeet, a rumber of potential mechanisms
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Regional differences in sympathetic co-transmitter function

A in vascular elements controlling CBF and MBF

< 200 - - 60 We recently tested the effects of blockade of
z '|' @ a,-adrenoceptors on regional kignblood flov responses
%) . :
hd c to renal nere dimulatior’®. As epected, the
£ @ a,-adrenoceptor antagonist prazosin greatly blunted
$ 100 H T - 30 8 responses of RBF and CBF to renal eesimulation, tut
® @) .
) 3 to our surprise, had no detectabléeef on responses of
2 s MBF. We an exclude roles fora,-adrenoceptors in
2 ° mediating the post-junctional response to renal enerv

0 T T 0 stimulation, because thea,-adrenoceptor antagonist

RSNA RBF rauwolscine did not inhibit responses of MBF to renal rerv

g B stimulation. These obseations raise the interesting
o 60+ possibility that sympathetic co-transmitters makn
3 important contribution to mediating the fexfts of
= sympathetic new activity on MBF.
c
= 30+ Interactions between hormonal and neural medgtbr
-% renal vascular tone: paracrine hormones
>
3 The role of the a&scular endothelium in modulating
x r r r r . responses toasoactie factors is well establish&d More
> CO RBF CBF MBF recently it has become clear that such factors are also

released from the tubular epithelium, and that so-called
‘tubulovascular cross-talk’ plays ael¢ ole in the rgulation
of renal vascular tore Previous studies of the contrilion
Figure 5 Responses in consciouabbits of renal sympa- of these mechanisms to the neural control dfiarmal
thetic nerve activity (RSNA), renal blood flow (RBF),-carkidney blood flov have for the most part, relied on
diac output (CO), cortical blood flow (CBF) and medullaryintravascular administration of noradrenaline as a sat®g
blood flow (MBF) to eposue to dgarette smo& (the for neural noradrenaline release. Such experiments must be
nasopharyngal reflex). Panel A epresents the results of a interpreted with care, since noradrenaline infusion does not
study in rabbits equipped for simultaneous measent of adequately mimic sympathetic nervectivation, which
RSM and RBF in the left kidryé8. Note that banges in likely involves neurotransmitter (including co-transmitter)
RSM and RBF ae sown on diferent scales. Panel B release at specialised neuromuscular junctfons
shows theesults of an experiment in rabbits equipped foNevertheless, thesexperiments hae movided important
simultaneous measurement of CO, and ,REBF and MBF mechanistic information that has formed the basis of our
in the left kidng®®. The eflex comprises transienteduc- research in this area.
tions in heart ate CO and RBF that usuallyead a naxi- The relatve insensitity of MBF to noradrenaline
mum within the first 5 s aftexgosue to snole. Data rep- infusions (intr&enous or renal arterial) appears to be
resent the meas s.emean (n = 8-12) of maximurhanges largely due to nitric oxide relea®€° Our recent results
from control. Note thatesponses of RBF in the tweperi- suggest that a similar mechanism might operate to protect
ments a¢ comparable and that both CBF and MBF ar the medulla from the ischaemicfaexfts of sympathetic
reduced by this reflewhich nore than doubles RSNA. nene activation, since blockade of nitric oxide synthésis
enhances MBF responses to renal eesgimulation in
Regional differences in the density of nerve bundles and/orrabb'ts' Hmve_ver, even a‘tgr nitric oxide synthase blockade,
S . : renal nere gimulation still reduces MBF less than CBF
varicocities innervating vascular elements controlling CBF. ~ .~ . . .
and MBE |nd|c.at|ng that_c_)_ther mechanisms also cgntrlbqte to the
relatve insensitvity of the medullary circulation to
As previously mentioned (séenervation of vascular Sympathetic actetion. Prostanoidappear to hee little net
elements controlling MBJ available evidence suggests that'ole in modulating renal vascular responses tovatitn of
juxtamedullary glomerular arterioles and outer medullaie sympathetic nerves, as thgclooxygenase inhibitor

descending vasa recta are richly innervated, so this seeftgorofen did not significantly fect responses of RBF
unlikely to account for the rela insensitvity of MBF to  CBF or MBF to renal nees dimulation in anaesthetized

Sympathetic aotation. Hojva/er, more detailed rabbitgo. HOWqu, we dso recently found that under

information at the ultrastructural vd, regarding the conditions of prior cyclooxygenase blockade, nitric oxide
density of neuromuscular junctions on the varioascular Synthase blockade did not enhance the response of MBF to

elements within the kidiyeis required before this potential 'enal nere dimulatior’®. These observations contrast
mechanism can be completely excluded. directly with those of our previous study under conditions

of intact g/clooxygenase adtity®?, and raise the intriguing
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Figure 6 Responses of cortical blood flow (CBF) and medullary blood flow (MBF) to renal nerve stimulation in anaes-
thetized rabbits receiving amnal arterial infusion of isotonic saline), or angiotensin Il (2-4 ng/kg/mim) (n = 9).

Saline infusion did not significantlyfa€t baseline CBF or MBRvhereas angiotensin Il infusion significantlgduced
baseline CBF (by 14 5%) but not MBF* P < 0.05 for significant dference across all fequencies, in the responses to
renal nerve stimulation during angiotensin Il infusion, compared with the responses during saline infusioredCmatan r

from Guildet al®3

possibility, that the impact of nitric oxide synthase blockadenediating it, remain to be determined.
on responses of MBF to renal nergimulation, are at least ) -
partly mediated through vasoconstrictor products dfonclusions and futue drections
cyclooxygenase. There is nw strong evidence that actition of the
renal sympathetic nerves has less impact on MBF than
CBF, particularly at moderate stimulus intensities. Indeed,
the medullary circulation appears to be refractory to basal
We recently obtained evidence that circulatindevels of endogenous sympathetic nemretivity, and to all
hormones such as angiotensin Il andirine \asopressin but the most profound refteincreases in sympathetic \hi
could play a ky mle in determining the nature of theThe precise nature of the mechanisms that limit the
regional renal haemodynamic response to increased reseahsitvity of MBF to sympathetic dve remain unknan,
sympathetic drie®3. For example, angiotensin Il is kwa  although recentx@eriments suggest roles for nitric oxide
to act at a number of yels to enhance sympatheticand possibly angiotensin II. It also seemsellk that
neurotransmissiol, but this endocrine/paracrine/autocrineregional differences in the geometry of glomerular
hormone also has a unique action within the medullagrterioles pre-disposes MBF to respond less than CBF to
circulation, in that it can induceasodilation through ary given vasoconstrictor stimulus (Figure 7). Other
activation of AT,-receptors, and subsequent release of nitrimechanisms, including the potential for roles of
oxide and vasodilator prostaglandi®-646> To test sympathetic co-transmitters, requirggstigation.
whether angiotensin Il might dérentially affect responses Dysfunction of the mechanisms that protect the
to sympathetic actation in the medullary and cortical medullary circulation from ischaemia due to watton of
circulations, we tested the effects, on responses to rettad renal nems would increase the sensitivity of MBF to
nene gimulation, of renal arterial infusion of angiotensin lirenal sympathetic dré. This could potentially lead to
in anaesthetized rabbits, at a dose that slightly reducelronic reductions in MBFalt and water retention, and the
basal RBF and CBF but did not significantly affect basalubsequent delopment of hypertension (Figure 7). Future
MBF®3, We found that the angiotensin Il infusion virtually studies should aim to directly test this hypothesis, and
abolished reductions in MBF induced by renal mervdetermine whether neurally-mediated reductions in MBF
stimulation, without affecting responses of RBF and CBEontrikute to the deslopment of essential hypertension, and
(Figure 6). Thus, el@ted intrarenal feels of angiotensin Il also to salt and ater retention in pathological conditions
appear to selesidly inhibit renal nere dimulation-induced associated with increased sympathetizgirsuch as heart
ischaemia in the medullary circulation. Theygiological failure.
significance of this phenomenon, and the mechanisms

Interactions between hormonal and neural medstbr
renal vascular tone: endocrine hormones
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Noradrenaline/co-transmitters

Vascular Geometry
Outer medullary descending vasa recta, Juxtamedullary arterioles

l -) Counter-regulatory
Medullary blood flow | Mechanisms
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Salt and water balance

'

Long-term blood pressure control

Figure 7. Waking hypothesis of the fac®nderlying the relative insensitivity oémal medullary blood flow (MBF) to

renal sympathetic driveResponses of MBF to sympathetic activation will depend on the level of post-ganglionic sympa-
thetic nerve activitythe functional density of the sympathetic innervation of vascular elementslicagtMBE on the

nature of reurotransmission in these neurones, and on the basal eatibrascular elements controlling MBFelative to

those in the bulk of the renal cortex. Nitric oxide (NO), and perhaps alsdating angiotensin Il (All), seem to plagyk

roles in blunting responses of MBF to renal nerve stimulati@ilufe of hese mechanisms could lead to salt and water
retention under conditions of sympatho-adrenal activation, and so the development of hypertension.
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