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Summary allosteric  actiators of the CaR. Furthermore,
) ) physiologically releant fluctuations in the concentration of
1. Activated _Cé*-sensmg receptors (CaRs) plagyk ppysiological amino acid mixtures can modulate receptor
roles in the rgulation of whole body calcium metabolismyivitys. The amino acid binding site is likely to lie in the
by inhibiting the secretion of theek @lcitropic hormone, onserved N-terminal, Venus FlyTrap donfain
PTH and promoting urinary calcium excretion. In the kidng, the CaR is expressed in multiple sites.
2. We havenow examined the effects of inWenous  These include the apical membrane of the proximailéyb
administration of neel calcium receptor aatétors on renal he pasolateral membrane of the cortical thick ascending
function in anaesthetized female Wistar rats. limb (CTAL) and the apical membrane of the medullary
3. The type-ll calcimimetic, NPS R467 and the CaRgglecting ducts (réew:”). Thus,fluctuations in the serum
active anino acids, L-Phe and L-Ala, which act at distinCieygs of C2* and amino acids might be expected to
binding sites on the receptor all aeted urinary flov rate, mnoqulate CaR activity in the @T and fluctuations in the
calcium and osmolar excretion and suppressed uring{yylar fluid levels of C&* and amino acids might be
osmolality. expected to modulate CaR adty in the proximal tuble

4. The effects of L-Phe and NPS R-467 on urin@flo 54 collecting ducts. Consistent with a role for the CaR in
rate and calcium excretion were stereoselectonsistent the regulation of urinary phosphatexceetion, dietary

with _the idea that thesefetts were mediated by Ca|Cium'phosphate loading has been shown to suppress the
sensing receptors. ~ expression of the CaR in the apical brush border membrane
5. However, D-Phe also suppressed urinaryof the proximal tuble®. Furthermore, the CaR agonist
osmola_llty and promoted o_smola_r excret|0r_1 possibly béfajolinium (G&*) and the type-Il calcimimetic NPS R-467
exceeding the tran_spo_rt maximum in t_he proximal tu_bule. reversed PTH suppression of phosphate reabsorption in
6. The data indicate that we activators of calcium-  ¢jiyred proximal tubule cefls On the other hand,
sensing  receptors, including L-amino acids  akression of the CaR in the &I has been linked to the
physiologically releant serum concentrations, play acontrol of urinary calciumseretion and expression of the
significant role in the gulation of urinary calcium and caR in the collecting tubule has been éidkio the control
water excretion. of urinary water excretion and osmolalityn particular,
CaR actiation suppresses vasopressin-inducedtew
reabsorption, dcilitating the excretion of solutes such as
The calcium-sensing receptor (CaR) is a member 6@lcium, phosphate and oxalate that might otherwise
group C of the G-protein coupled receptor stfperily.  contribute to the formation of renal calédli
These receptors play multiple roles in calcium homeostasis The patterns of expression described vabanply
including ley mles in mediating the feedbaclgrdation of roles for CaR actetors in the rgulation of multiple renal
paratlyroid hormone secretion and urinary calciunfunctions including proximal tubular transport, calcium
excretion. Inacwating mutations of the CaR underlieexcretion and urinary concentrationof=example, CaR-
several human pathological states including the re¢hi actve amino acids (e.g., L-Phe and L-Ala) and type-Il
benign condition dmilial hypocalciuric hypercalcemia andcalcimimetics are predicted to promote calciureretion
its more seere tut much rarer homozygous form, neonata(Fig. 1) and raise urine flo and suppress urinary
savere typerparatiroidism which requires osmolality (Fig. 2). We have examined the impact of
paratlyroidectomy within the first f& weeks of life intravenously administered L-amino acids or the type-ll
(review?). The widespread distribution of these receptorgalcimimetic, NPS R-467 on renal calcium anchtev
together with their resistance to desensitization, points €cretion in rats and report herein our preliminary findings.
much wider roles in mammalian physiology (revidw: The data provide support for theygotheses that CaR
Recently two new dasses of calcium-sensingactvators including L-amino acids promote urinary calcium
receptor (CaR) aatitors hae been identified. The type-Il and water excretion.
calcimimetics (e.g., NPS R-467 and R-568) wenseidped
from a lead pheralkylamine compound identified in a

large-scale drug scre&n Type-Il calcimimetics sensitize NPS R-467 and its 100-fold less potent isomer S-467
the CaR to calcium ions.by binding to a site in thgere the generous gifts of Dr Edm Nemeth (NPS
receptors ransmembrane géor’. More recently seveal  pharmaceuticals, Toronto, Canadanimal experiments
sub-classes of L-amino acids (including aromatic, polag, 4 total of approximately forty rats were performed with
and aliphatic amino acids) V& been shown to act as approval from the Unversity of Sydng Animal Ethics

Introduction

Materials and Methods
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amino acids were commenced, continuing for 60 min prior
Blood _ to return to the control solution. Blood samples (0.25 mL)
were collected at regular intervals for analysis of serum
creatinine, osmolalitytotal calcium and various amino
acids. Urine samples were collected at 15 min intervals to
assess flo rate, osmolality and the concentrations of
creatinine, calcium and amino acids. Osmolalitasw
determined by vapour pressure osmome@rgatinine vas
determined by an adaptation of the alkaline picrate
method?! using a Wdllac Victor2 multi-well plate reader
and serum and urine total calcium concentrations were

+ 2+
Naza-r Ca 4+ determined using an autoanalyzer (Roche/Hitachi 912).
. Amino acid leels in serum and urine were determined by
Tubular Fluid HPLC separation and fluorimetric detection of O-

phthaldialdehyde-conjugafésIn some experiments, bolus

Figure 1. Schematic diaaram of a thicascending limb injections were administered to test for acutfea$ of
9 | gram ot a g im R-467, S-467 and amino acids including L-Phe and L-Ala.
cell. The digram shows the inhibitory effect of calcium-

sensing eceptor activation on apical N&*/2CI co-trans- The data are routinely expressed as mez8EM (number

port and K recycling The impact of CaR activation is of experiments).
believed to be aeaduction in the lumen-positive potentialResults and Discussion
difference that drives Gareabsorption.
The type-ll calcimimetic R-467 administered as a
bolus intraenous injection of 2 pmol stereoselgely
) enhanced urinary calciunxeretion (by 3-4 fold; Fig. 3A)
Vasopressin and also promoted urinary florate (Fig. 3B). In addition,
R-467 stereoselewtly suppressed urinary osmolality from
a haseline lgel of 946 + 70 mosm/kg to 723 80 mosm/kg
(n = 4; p = 0.01) after 15 min consistent with an inhibitory
action of the CaR on vasopressin-inducedater
reabsorption in the collecting ducts. Although the
osmolality dropped, the osmolaxaeetion rate increased
following exposure to R-467. The baseline osmolar
excretion rate was 1252.4 posmol/min and this increased
to 34.6+ 0.8 posmol/min follwing R-467 (n = 3; p = 0.01).
R-467 also lowered serum total calciumds (not shavn)
as preiously reported for the related calcimimetic R-568
The 100-fold less potent isome®s467 was much less
effective than R-467 on all of the parameters tested.
Infusions of the CaR-aet L-amino acid, L-Phe
sufficient to raise the serumvd from 0.05 mM to about 2
mM (determined by HPLC), also gkted urinary calcium
excretion (by about 2-fold; Fig. 4A) and urinarylaate
Figure 2. Sbematic diagram of an epithelial cell from the (Fig. 4B). Both efiects were L/D seleate (Fig. 4). In
collecting tulules. The digram shows the inhibitory fett addition, both D-Phe and L-Phevessibly suppressed
of CaR activation on vasopressin stimulated watabr rinary osmolalityIn the case of L-Phe, urinary osmolality
sorption via aquaporin-2. In this wafaR activatos that  \yas maximally suppressed from 76720 mosm/kg to 599
have entered the renal filtrate and have not beesbt 4+ 17 mosm/kg (n = 3) after 60 min. The reason for the
sorbed in the proximal nephron may promote urinary wate{pparent lack of L/D selewtty of this effect is not clear
excretion. However, it may hae aisen from higher local D-amino
acid concentrations in the wibar fluid as a result of the
Committee. Female Wtar rats (200-300 @) were Selectvity of proximal tubular amino acid transporters for
anaesthetized with halothane (2% in oxygen; 0.8 mL/mify@mino acids. In addition, the osmolar excretion raés w
then catheterized. Both jugular veins were cannulated apignificantly increased followingxposure to L-Phe and D-

the animals were infused at a constant rate (4 or 5 mL g&e. The baseline osmolar excretion rate was 3%
h) with an isotonic pysiological saline solution of the HOSMol/min and this increased to 3%44.2 posmol/min

following composition: 140 mM NaCl, 4.0 mM Kcl, 15 following D-Phe (n = 3; p < 0.01) and 36% 5.3

mM NaHCQ, 2.5 mM CaC}, 1 mM MgCl,. After a 60 min Hosmol/min following L-Phe (n = 3; p < 0.01). Bolus
equilibration period, continuous infusions of D and/or Linjections of L-Phe and L-Ala also acutely\eted urinary

Tubular Fluid Urine

~
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Figure 4. Efects of L-Phe and D-Phe infusions on uri-
nary calcium excretion and flo rate. Female Wistar ats
were anaesthetised and infused intravenously with physio-
logical saline at a ate of 4 mL/h via a jugular vein can-
nula. After60 min, the infusion was swhied to saline that
contained D-Phe (200 mM) and, after 120 min, to saline
that contained L-Phe (200 mM). The maximum plasma
amino acid concentration observed under the conditions of
these experiments was appimately 2 mM (baselineJel
calcium excretion and flo rate and lowered urinary around 0.05 mM) and the urine amino acid concatidn
osmolality (not shown). rose to aound 20 mM in the case of D-Phe and around 10
Taken together the data are consistent with the ideaM in the case of L-Ph&he data ae neanst SEM (n=4).
that navel activators of the CaR including L-amino acids
and type-Il calcimimetics such as R-467 mimic thea$
of elevated plasma C4 concentration on urinary calcium References
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Summary it is the dysrgulation of this highly integrated system that

) o ) o ) _may lead to man of the complications associated with
1. Diabetic kidng disease is initially associated with yizpetic kidng diseasé

hypertens?on gnd increased urinaryuaitin excretion. The The hypertension usually obsed/in patients with
hypertension is mediated by enhanced volumgassion giahetic nephropaghis well recognised to be mediated by
due to enhanced salt andter retention by the kidgeThe  \,0/yme epansion due to enhanced salt and water retention
increased urinary alimin is not only due to increasedpy the kidng®. This suggests a dysregulation of the normal
glomerular leak but to a decrease inuaftin reabsorption mechanisms to maintain volume homeostasis occurs in the
by the proximal tubule. The precise molecular mechanismgapetic milieu’ long before a functional decline in renal
underlying these tw phenomena and whether there iy angnction deelops. Microalbuminuria is well recognised as
link between the increase Naetention and proteinuria being associated with primary glomerular pathofogy
remain unresolved. _ However, there is nw clear &idence that the renal tule
_ 2. There is significant evidence to suggest thaiss g critical role in the reabsorption of filtered albumin and
increased Naretention by the proximal tubule N&* i the deelopment of alominurid. As microalbuminuria
exchange isoform 3 (NHES3) can play a role in some formg,q yolume-mediated hypertension occur in patients with
of hypertension. Increased NHE3 activity in models Ofjizpetes mellitus, this may suggest a more direct
diabetes mellitus, mayxplain in part the enhanced Saltrelationship between almin handiing and Na
retention observed in patients with diabetic kiddisease. reabsorption. This wew will focus on the possible

3. NHE3 also plays a role in receptor mediatedompartmentalised roles of NHE3 in Neabsorption and
albumin uptale in the proximal tubule. The uptakd  5jnumin uptale in the proximal tubule and ho the
albumin requires the assembly of a macromolecuquaﬁicking of NHE3 between the tw functional
comple that is thought to include the gmetin/cubulin compartments may provide a link toxpéain the co-

receptoy NHE3, the vacuolar type 'WATPase gyistence of hypertension and albuminuria in diabetic
(v-H*-ATPase), the Clchannel, CIC-5 and interactions W'thnephropam.

the actin gtoskeleton. NHE3 seems toxist in two Under normal conditions, the kidneys filter
functionally distinct membrane domains, oneolied with approximately 180 lires of blood and reabsorb
Na* reabsorptioq and the othewatved ip albumin uptak approximately 1.7 kg of NaCl per dayThe proximal
4. This review focuses on the evidence ded from 3 je facilitates ‘bulk’ reabsorption of Naresponsible for
in vivo gudies as well as complementary studies in ce§g_750 of tubular Nareabsorption. At the brush border

1 +
culture models for a dual role of NHE3 in both "Namemprane of proximal tubules approximately 0.7 moles of
retention and albumin uptake. eVsiggest a possible sogium are reabsorbed per hdur Thus relatiely small
mechanism by which disruption of the proximal ulé changes in the capacity of the proximal tubule to reabsorb
albumin uptale mechanism in diabetes mellitus may lead tq g+ and water in response to dions in plasma glucose
both increased Naetention and proteinuria. or cytokine leels may result in dramatic changes in*Na

Diabetes mellitus, hypertension and albuminuria retention and volume expansion.

+_ g+ .
Diabetic nephropathis the most prealent cause of Na'-H" Exchanger Isoform 3 and N& Retention

chronic renal failure and end-stage renal disease in the e |uminal reabsorption of Nain the proximal

Western world and can account for up to 40% of thgnle is achieed primarily by the secondary acé
patients requiring renal replacement thgtaghe onset of transport of the NaH* exchanger isoform 3 (NHE3)
renal failure in patients with diabetes mellitus is associategadiated by the Nagradient generated by the basolateral
with hypertension and increased urinary uafin N4 K+ ATPasé. There are ne sevaal lines of eidence
excretior?. Although mesangial x@ansion, glomerular to suggest that changes in the \dgti of NHE3 may be
hypertroply and thiclening of the glomerular basementjinked to hypertension. Importantha recent study in
membrane Ieading.to hyperfiltration gn.d microaflinuria hypertensie mtients found that proximal tubule Na
are hallmarks of diabetic nephropgtlit is the degree of reapsorption was an independent determinant of the blood
interstitial fibrosis that more closely correlates with th%ressure in volume-dependenipirtensioff. Smilarly, a
decline in glomerular filtration rateThe tululointerstitium reduction in NHE3 actity has been reported in acute

represents a dynamic environment that maintains tfﬁ?pertensioﬁl,m implicating a role for NHE3 in pressure
structural and functional homeostasis within the kjda®d [ 5¢riuresis.
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Several studies in spontaneouslygdertensie rats glucose via SGIL-1 transporters may contribute to
(SHR), a commonly used model for human essentiaicreased Nareabsorption by the kidgé!. Howeve, when
hypertension, are consistent with a role for NHE3 in ththe significant role that NHE3 plays in Nand fluid
genesis of volumexpansion. In the tubules of normal ratsyreabsorption in the proximal tubule is ¢skinto account,
Na'-H* exchange actity was inhibited by paratfmoid hypemglycaemia-induced increases in the \attiof NHE3
hormone (PTH) and dopamine utb stimulated by potentially also contribute to increased*Natention and
angiotensin Il (Angll) and norepinephrine. uliules related volume expansion.
obtained from SHR tubules, Wwever, were not respong The first evidence that NHE3 was increased in the
to PTH or dopamine and thevls of stimulation by Angll proximal tutule in diabetes was provided by Harris and co-
and norepinephrine were significantly reddéedrhese workers in 1988 who demonstrated increased *N4t
imbalances could contribute to the vdepment and exchange in brush borderesicles from rats induced to
maintenance of hypertension in this mdélel NHE3 diabetes with streptozocin (STZ). Micropuncture studies in
activity was also found to be elgted in a further study in our own laboratories ka dso clearly demonstrated in STZ
SHR rats, with v-F-ATPase also implicated in the rats that there is a pronounced increase inléwbNa
regulation of N& transport in the proximal tuiie'®. reabsorptioff2*and that this increase was primarily due to
Consistent with the ale gudies, proximal tuble cells enhanced NHE3 aegity?>. In vivo models of diabetes
freshly isolated from SHR demonstrate a 3-fold increase mellitus using STZ rats ka dso demonstrated altered
NHE3 activity with a 50% increase in NHE3 protéin renal handing of Hand increased HCP absorption, a
Furthermore, in SHR there appears to be defedtupling result attributable to increased NHE3 wityi?S. In vitro
of the dopamine receptor to adenytlase, resulting in an analysis of intact tubules and freshly isolated proximal
alleviation of the cAMP mediated inhibition of NHE3, with tubule cells from STZ rats has sk increased NHE3
subsequent eation in Na retentiod®. In a more recent protein expression and adty?’. In addition, studies from
study it was found that proximal tulles of 5 week old our lab and others in cultured opossum kid(@K) cells
SHR had greater Vels of NHE3 and v-F+ATPase actity have down that exposure to high glucose for 48 hours
compared to age matched normoteaddonryu rats. These results in a significant increase in both NHE3 miRahd
findings led the authors to conclude that enhanced proxinmabteirf2°
tubule fluid reabsorption is lidy to contribute to the Furthermore, there kia keen at least tav reports in
development of high blood pressure in young SHR humans that she increased proximal tubular Na
Immunofluorescence studiesvealed that there was a reabsorption in patients with diabetes mellitus. A study in
significant leel of redistritution of NHE3 in the proximal children with ype 1 diabetes found a significant increase
tubules in both SHR and Goldblattypertensie rats ([(20%) in proximal tublar reabsorption as determined by
providing evidence for the dynamic role of NHE3 in statedractional lithium clearané® Similar studies in adults
known to alter proximal tubular Naeabsorptiot?. with Type 2 diabetes also found @0% change in

Further conclusie evidence for the role of NHE3 in reabsorption ratés Thus, considerable evidence exists that
control of blood pressure was demonstrated using NHHE3e NHE3 mediated component of renal salt reabsorption
knoclkout transgenic mice. Microperfusion studiegeeded may be at least in part responsible for thgdrtension
that fluid and HCQ reabsorption were reduced byobserved in patients with diabetes mellitus.

[60-70%, demonstrating that NHE3 is the major apical _ ) )

transporter mediating Naand HCQ' reabsorption in the Albumin uptak e in the proximal tubule -a

proximal tubule. These changes were associated with snificromolecular complex reliant on NHE3 activity?

but significant decreases in blood pH and HJ,COB.
!mportantly the systolic gnd_ mean arterial blood pressurgs, o o cial role in reabsorbingydiitered allumin®2. The
in these mice were significantly reduced. These da&%nce

theref ' th i that th . N ntration of allmin in the glomerular filtrate in rats
erelore suppor € e tha € major renal Na 4nq dogs ranges from <1 to 50 mg/IRecently the

%oncentration of almin in humans has been estimated to
be 3.5 mgA® which translates to approximately 630 mg of
NHE3 in diabetes mellitus albumin being filtered per day by the human kigmhme
However, only around 30 mg is normally excreted in the
As discussed ale, diabetes mellitus is associatedurine per dayindicating that the tubules reabsorb at least
with renal NaCl retention and expanded extracellular fluigl5% of all albumin filtered at the glomerulus. The uptak
volume, characterised by systemic suppression of the renof- albumin by the proximal tulbe from the glomerular
angiotensin  system. \Volume expansion is gddy filtrate has been shown to occur by a highlyvacteceptor-
responsible for ypertension in diabetes mellitus and maynediated endocytotic patlyy  involving the
contritute to the altered haemodynamics responsible famegdin/cubulin comple* (Figure 1). The albumin is then
diabetic nephropayh Diabetes mellitus is associated withtrafficked to the lysosomes where it is beokdown to its
chronic or intermittently high plasma glucoseds, which constituent amino aci@s Importantly the C-terminus of
are implicated in a number of agtge effects on the kidme megdin contains numerous potential protein binding
There is evidence to suggest that increasetifa with domaing®. Recently it has been demonstrated thfitieht

It has long been recognised that the proximalileib

term control of arterial blood presstité°
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Figure 1. Macromolecular complex wrolved in proximal tubule albumin endocytosig1) In the plasma membrane at the
intravillar cleft CIC-5, v-H-ATPase NHE3 and mgalin associate by C-terminal tail interactions with scaffoldtgeins
that anchor the compteto the actin cytoskeleton. (2) When athin binds the ngalin/cutulin complex, endocytosis is ini-
tiated. (3) As the nascent endosome forms it is pincHefiloaf the membrane by dynamin. Entry into the cytoplasm
requires the dissolution of the local actin filaments. This involves the C-terminal tail of @€thting the actin depoly-
merising protein cofilin to the complex. At thisggeghe endosome containgteacellular fluid high in N& with a neutal

pH. It is thought that NHE3 may initiate endosomal acidification by eleetital exchang of endosomal Na for cytoso-

lic H*. (4) When the Nagradient is dissipated, the v:HATPase continues the acidification and CIC-Bydes the neces-
sary anion shunt and albumin dissociates from the megalin/cubulin complex.

trafficking of madin through the endosomal pathway ishas also been demonstratiedvitro using OK cells, that
dependent on interactions of its C-terminus with the adaptdHE3 plays a role in albmin uptake. This is based on
protein ARH®. The dependence on the gaén/cubulin  several papers from the laboratory of Gekle and our
complex for the constitutie reabsorption of albumin is own?®4°shaving that pharmacological inhibition of NHE3
evident in mgdin knock-out micé” and culblin deficient with amiloride analogues or HOEG694, or inhibition of
dogs® both of which hae ponounced v molecular NHE3 with cyclic adenosine monophosphate, results in
weight proteinuria and albuminuria. pronounced decreases in albumin uptdk Most

In addition to the mgdin/cubulin receptor compbe  convincingly in NHES3 deficient OK cells, albmin uptale
there is nw increasing evidence deed from knoclout is efectively abolished while reintroduction of NHE3
models and disease states that theuralb endogtic normalises albumin upta®. The most likly explanation
complex consists of a number of accessory plasmfor this effect of NHE3 is that it plays a role in the initial
membrane transport prote¥fisThere is a clear requirementacidification of the nascent endosome, by acting to dissipate
for the v-H-ATPase, the pump that is responsible for théhe high intraendosomal Naoncentration in exchange for
acidification of the endosome and lysosoth@BSigure 1). It cytosolic H'. Interestingly it has been reported that NHE3
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binds mgdin via a C-terminal tail interaction, suggestinglevels of megdin/cubulin at the plasma membrane also
that NHE3 may play an additional role as a moleculattributed to defectie rrafficking®®. These findings strongly
scaffold. Although there are no reports of proteinuria irsuggest that CIC-5 has an additional role imeting ley
NHE3 knoclout mice, this model is characterised byese proteins iwolved in albumin uptak to the plasma
volume depletion, a significant reduction in glomerulamembrane. Consistent with the role of CIC-5 at the plasma
filtration and an associated reduction in filtered préfein membrane, we W& wsed surface biotinylation to
Hence the specific role of NHE3 in Neeabsorption in this demonstrate that CIC-5 is present at the cell aserf
model is difficult to ascertain. (unpublished observations; 3.

The critical role of epithelial ion transport in tuar We haverecently ivestigated a potential mechanism
albumin transport is x@emplified in Dents dsease, where by which the C-terminal tail of CIC-5 can regulateuaitin
inactivating mutations of the CI channel, CIC-5, uptale. We found using a yeast 2¢brid screen and
significantly inhibit tulilar albumin reabsorptiéd In  glutathione S-transferase (GST)-pulldes that CIC-5
patients with Deng dsease there are genetic abnormalitiesteracted with the ubiquitouslyxpressed actin binding
in CIC-5 leading to defects in channel trafficking or channgrotein ~ cofilif® that is ivolved in  actin
functiorf243 that in turn result in M molecular weight depolymerizatiobt. We reasoned that the passage of the
proteinuria as well as albuminuria due to defecfroximal nascent endosome through the cortical actin web required
tubular protein reabsorption. A similarfeft on tulmlar remodelling of the actin microfilament network. By
protein uptak is ddsened in CIC-5 knockout midé4% It  phosphorylating cofilin with LIM kinase and thereby
has been considered that the main role of CIC-5 was itthibiting the remodelling of the actin web we were able to
provide an anion shunt for the poséi chage translocated inhibit albumin uptak in OK and LLC-PK1 cell§8°. This
by the v-H-ATPase into the endosome duringstudy demonstrates a critical role for CIC-5 via its C-
acidificatiorf® (Figure 1). In support of this, in the kidree terminal domain in mediating remodelling of actin
of CIC-5 knockout mice, the uptalof markers of recepter microfilaments essential for albumin engtmsis. Our
mediated and fluid phase engtmsis is seerely current hypothesis is that, although CIC-5 is expressed at
impaired*®> and the acidification of the endosomes ishe plasma membrane, the ion channeligtis redundant
decreasedd. This finding is also consistent with thacf and that the protein plays aeyk mwle in mediating
that mayy channels of the CICafmily are beliged to be macromolecular compte assembly This occurs via C-
involved principally in rgulating intracellular Cl terminal tail scaffolding interactions with proteins directly
maovement. involved in allumin endocytosis (v-HATPase and

More detailed analysis, thever, of the CIC-5 meydin/cubulin) as well as accessory proteins such as
knockout mouse suggests that CIC-5, as well as acting as@filin to form a localised and specialised endiac
anion shunt, plays an additional role in wdbn comple (Figure 1).
endocytosi®. If CIC-5 were acting solely as an anion Taken together these data suggest that wifin
shunt, it would be predicted that the nascent endosomptale by the proximal tuble requires the assembly of a
would be able to form and that the freifing of the macromolecular compte at the plasma membrane that
endosome would only be affected at a later (earipvolves medin/cubulin, CIC-5, NHE3 and v-HHATPase.
endosome) stage when significant electrogeni¢ HDetermining the molecular composition and fuldb
movement occurs. This is particularly re@at when associated with this compleand the precise grilatory
considering the role of electroneutral NHESckange in  mechanisms represents aykresearch focus in renal cell
initiating endosomal acidification, because thiould physiology.
remore te need for electrogenic transport of* H _ o )
immediately following the budding of the endosome fromf*Pumin uptak e in diabetes mellitus
the membrane. In support of this, there are reports
mdpgtmg that the v-FiATPase is not required for in the capacity of the proximal tubule to reabsorb
acidification of the early endosofife ) albumir??, and this may een precede glomerular damage,

In the brgsh borders of Cl.C'S knock_out miopesed demonstrating the importance of yeeting tulular
to the endocytic mask horseradish peroxidase, the neark dysfunction early in the course of diabetes mellitus. Further

was fouqd to be trapped in a sub-plasmalemmal Pr&Vidence comes from studies in rat models of diabetes
endogrtotic compartment andiiled to enter the endosomalme”itus_ Absolute tublar reabsorption of albumin is

5 L L . ;
pathway®. This is somewhat surprising, since if th(?decreased in STZ r&fsand ultrastructural studies Ve

v-H*-ATPase and hence anion shunt are not required dur'gﬂcwn a decrease in albumin u d a reduction in the
nascent endosome formation, it would pexted that the levels of maydin in the kidngs of STZ rat. It is

Iapel \A?hmd. ente; thte egrltytﬁ ntd;)hsomal ct(j)mgafrtmtent. Thl?hportant to note that the presence of increasedldub
ralusesb € Importan pl(')mt tha ; € e?do Cf tﬁ ec maytprotein werload leads to the gelopment of inflammation
also be occurring earlieat e formation ot the nascent ;- finosi8 via actiation of the nuclear dctorkB

zpdosomeh.mFurtt?]ert \txgstllgatlon? n tp a:"?ﬁts Cwlth Derst NF-kB) transcriptional pathay?2 This in turn induces the
ISease sheing Inat the 1oss ot part of the L-erminus ok, ,qy,ction of a number of proinflammatory stimuli such as

. : o ; N
CIC5aIso results in m|§traﬁ|cklng of the Vv HATPasé rggulated upon actation, normal T cell expressed and
and in CIC-5 knockout mice there are significantly reduce

Paients with diabetes mellitus slvaa dear reduction
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Figure 2. Possible alteration in NHES3 traficking pathways in diabetes mellitusPanel A: Under normal conditions in
proximal tubule cells the majority of NHE3 exists in recycling endosomes frora ivtseinserted into the miowilli (1) to
reabsorb N&. Because of its role in allin uptale, a poportion of the NHE3 may then translocate to the intravillar cleft
whete is associates with ngalin/cutulin (2). This compleis then internalised and the NHE3 eitheturned to theecy-
cling endosomes or deded in the lysosomes (3pPanel B: The poteinuria associated with diabetes mellitus is in part
due to an inhibition (x) of the normal albumin upggiathway in the proximal tube. As a esult, the endocytosis of NHE3
via the megalin-associated pathway (2) is inhibited. Heyénsertion from theecycling endosomal pool is noffedted
(2), resulting in an accumulation of NHES in the roigtar pool and increased Nareabsorption with proteinuria.

secreted (RANTES), mongie chemoattractant protein-1appears to be a direct link between NHES3 végtiand
(MCP-1) and transforming growtladtor beta (TGRB1°%). albumin uptale in OK cells. Furthermore, it has been sho
TGF{31 is regaded as the &y inflammatory cytokine in in OK cells exposed to pathophysiologicaldis of altumin
diabetic nephropath Furthermore, it has been sho that similar to those xpected in diabetic nephropgththat
elevated lesels of intrarenal Ang Il may indct mediate the albumin uptale is reduced. Thigs due to a decrease in the
autocrine production of TGR. In fact, a recent study in number of albumin binding sites by an as yet undetermined
STZ rats has shen that Ang Il blockade restored wlbr mechanism that may \nlve dtered rates of trafficking of
albumin uptake, further highlighting the renin-angiotensimegain to or from the cell membraf® It has been shvan,
system in the delopment of diabetic nephropafff. Inthe however, in both primary cultures of human proximal
OK cell model of alamin uptake, it has been shown thatells® and OK cell$®®} that exposure to high
TGF{31 can regulate albumin uptak by decreasing the concentrations of albumin results in an increase in NHE3
binding, internalization and trfidking of the megdin/ expression and aefity. A similar increase in NHE3
albumin comple®’. Given that TGP levds are elgeated activity in response to increased tdr albumin has been
in the diabetic kidng this may provide a partial reported in puromycin aminonucleoside nephrotictats
explanation for the molecular basis for the reduction in These data collecttly suggest that NHE3 mayist
albumin uptak dbserved in wo. in different functional pools, one associated withuaiin
Interestingly we have found that in OK cells, uptale and the other iwolved in N& reabsorption and not
exposure to high glucose results in an increase innailb  involved in albumin uptak (Figure 2). The ddence for the
uptake?®. This efect is specific for glucose and not due tgresence of NHE3 in twdifferent pools in the proximal
an osmotic déct and may occur as a result of the increagabule brush border @s presented in a recentiesv by
in NHE3 activity that is knen to accompanexposure to  McDonough and BiemesderfetOne pool is located in the
high glucosé?® It is likely that under these in vitro microvilli and the other in the intermicvilar cleft where
conditions, leels of autocrine TGB1 cannot reach the NHE3 co-localises with ngain. A humber of studies va
levels required to inhibit albmin uptake. Thus there shavn that NHE3 can shuttle between theotgools in
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response to acuteypertension and other stimulit is this  functional features of the proximal e, namely NHE3

association with ngdin by an as yet uncharacteriseddependent Na uptale and maydin/cubulin  mediated

molecular interaction that may explain the apparent rolbumin uptake. Therefore, although much can be learned

that NHE3 plays in allmin uptake. Furthermore, recentfrom studies in OK cells about endocytic conxpdesembly

studies in OK cells hee shown that a fraction of NHE3 is and regulation of almin and NHE3, care must be

located in lipid rafts and that this may represent fediht execised when xrapolating these data to the situation in

functional microdomain within the plasma membf&ifé the intact proximal tubule. Nertheless, experiments in the
Based on thexstence of different functional pools cultured cell system can yield muchlwable information

of NHE3, we postulate the foling model that links regarding precise molecular interactions under defined

increased Na retention and proteinuria in diabeticconditions. For example, studies the on the role of NHE3

nephropathh (Figure 2). (i) NHE3 gists primarily in uptale in OK clls hae highlighted an apparently

subplasmalemmal pools where it igitable for insertion in  facilitative function of NHE3 in albmin uptale that may

to the plasma membrane in response to numerous stimuldt hare keen as readily identified in studies in the intact

(i) A significant proportion of NHE3 is rgcled/ rem@ed proximal tubule or in NHE3 knockout mice.

from the membrane in conjunction with athin, such that )

NHE3 opportunistically exploits the highly ati dbumin ~Conclusion

endogtic pathway for its recycling and that this represents

L ) There is nw compelling e&idence for increased
a oonstitutve regulatory pathway for mulation of surfce

; . L proximal tubule NHE3 actity contributing to the Na
levels of NHES. (iii) The NHE3 associated with gain is retention that may underlie certain forms gfpartension

not primarily irvolved in N reabsorption. (iv) When Ce"S,incIuding the hypertension often associated with diabetes

are aposed to high albumin, th? endocytic pathway 'Mellitus. The existence of functionally ffifent membrane
reduced by an as yet uncharacterised mechanism, resul ains and signalling/transporting comxge in the

in proteinuria (reduced albumin upgkand a reduction in proximal tubule brush border may in parpkin the

the intgrnalisqtion rates of NHES. .(V). This in_.tu.rn maBFeIationship between increased *Natention and reduced
result in a shift in the normal trafficking equilibrium Ofalbumin uptale chsened in diabetic kidne disease. It is
NHE3 with increased swe leels of NHE3 and becoming apparent that the location of NHE3 irfedént

.poten_tlatllon of Na& retention. W ae currently membrane domains is a critical determinant of NHE3
investigating the exact molecular mechanisms that M&Y nction. In addition, albmin uptale by he proximal

underlie the dierences in NHES3 trafficking and alimin tubule involves a macromolecular comglat the plasma

uptale in_ wnditions of high glucose and high glbumin. membrane that imlves mgdin/cubulin, CIC-5, NHE3 and
ltlt.'s _als_of rep;orltted tt_hatxpotsure :gl Tgh. glucose v-H*-ATPase. Determining the molecular composition and

;gfs]:u S Itn S|g|;|n|t|can al er? lons mf r:ﬁtmsk. e:; '(;‘ MaR  scafolds associated with this compleand the precise

ifferent cell types. In terms of the kidnedudies in regulatory mechanisms represents ey kesearch focus in

mesang|aldcells exposed tto fhlﬁh glq(t:[?;i/le?momnt renal cell plysiology A precise understanding of wahese
pronounced rearrangements of the acy eton hal olecular interactions are altered in disease states such as

may contrilute to the hyperfiltration associated Withdiabetes mellitus will alle nove approaches to the

diabetes mellitlf8. In addition, microarray analysis of . : LA
: ' diagnosis and management of diabetic kjddisease.
mesangial cells k& demonstrated altered Vds of g g
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Differential neural control of glomerular ultrafiltration
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Summary the first instance, the ddopment of clearance techniques
. to measure RBF and GFR demonstrated that changes in

1. The renal nerves constrict the renaiseulature rine flay rate do not reflect changes in RBEcondly the
causing decreases in renal bloodvfl&BF) and glomerular 4naesthesia and gical stress to which the animals were
filtration rate (GFR). Whether renal haemodynamics ar&ubjected resulted in egied basal feds of renal nere
influenced by changes in renal rerectivity within the  activity, Bernards finding of increased urine fig probably
physiological range is a matter of debate. - o was associated with an increase in RBEt was due to the

2. We haveidentified two morphologically distinct glease of the kidiyefrom the stress-induced increase in
populations of nerves within the kidnewhich are (ong nere activity. Smith’s awn studies, made painlessly
differentially distrituted to the renal afferent andfeeent i, conscious and unstressed animatfiedl to demonstrate
arterioles. TYPH nerves almost xclusively innervate the ary change in RBF or GFR following renal denation. It
afferent arteriole whereas TYPE Il nerves are distéd |55 oncluded that kidnefunction was not dependent on
equally on the afferent andfefent arte_rioles.\Ne mve_also tonic renal sympathetic aetiy2. Soon after the first kidrye
demonstrated that TYPE Il n@w are immuno-reaus for  yangsplantations were performed, the apparent lack of long-
neuropeptide Y while TYPE | nerves are not. ~ term efects on body fluid balance was taken as

3. This led us to hypothesise that in the kigne confirmation of the independence from rers system
distinct populations of nees innervate specific fettor gntrol of renal vascular and tubular funcion
tissues and that these nesvmay be selewtly activated, However, in the 19705 there was a resurgence of
setting the basis for the differential neural control of GFRyterest in the neural control of renal function, sparky
In physiological studies, we demonstrated thafedéntial quantitatre analysis of the distribtion and density of

changes in glomerular capillary pressure occurred {yroefector junctions in the kidiyé and appreciation that
response to graded reflectivation of the renal nems, transplanted kidneys rapidly re-innenfate

compatible with our hypothesis.

4. Thus, sympathetic outflo may be capable of Significant role for nerves in renal function
selectvely increasing or decreasing glomerular capillary o )
pressure and hence GFR by feliéntially actvating Today it is widely accepted that changes in renal
separate populations of renal resy Thishas important SYmpathetic neevectivity (RSNA) play a significant role in
implications for our understanding of the neural control giontrolling body fluid homeostasis during normal daily

body fluid balance in health and disease. actvity and in the pathophysiology of manclinical
condition$§8. Whether this is primarily due to changes in
Introduction renin release and tular reabsorption, or also violves
o . changes in RBF and GFR, is debated {8e
Historical perspective In this review evidence is considered which supports

the typothesis that different populations of renal msrv
selectvely affect the afferent and efferent arterioles thereby
t%Iowing differential control of glomerular capillary

Opinion as to the importance of the renal eenn
controlling RBF and GFR has risen aradldn over the last
150 years. In the first study to demonstrate a role for t . o
renal nerves in the control of renal function, Claud ressure and hence single nephron glomerular filtration rate
Bernard in 1859 transected the renal nerves and noted NGFR).
marked diuresis, which he attributed to an increase in.RBEgntrol of glomerular ultrafiltration
This and similar studies in the vyears fallog,
demonstrating the phenomenon of denervation diuresis, A brief outline of the pisiological basis of the
dominated the understanding of the neural control of renabntrol of glomerular ultrafiltration is necessary to
function (se€?). During this period the renal nerves wereunderstand he the renal nerves might contribute to its
thought to ®ert a profound d&ct on the regulation of RBF control. Moredetailed accounts can be found elkere
and GFR. (see!.

Yet 80 years later opinion had swung full circle, The primary force driving SNGFR is glomerular
when Homer Smith dismissed the renal nerves in hgapillary pressure. Precise control of this pressure is
landmark bookThe Physiology of the Kidpe as haing important as significant afls in glomerular capillary
little importance in the control of renal function except irpressure can lead to acute renal failure, whereas increased
cases of s@re stress. Smith damningly wrote of Bernard’ glomerular capillary pressure causesviersible glomerular
study sating that “His conclusion is admittedly coect, damage that leads to nephron loss and chronic renal
but his experiment was unfortunate in twespects? In  diseas&.
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The unique arrangement in the kignef two within the varicosity in clusters associated with thgioe
resistance vessels in series, thderaht and d&€rent on the membrane that is in contact with thieabr cells.
arterioles, allows fine regulation of pressure in thét the point of contact, theavicosity and effector cell are
glomerular capillaries4 RBF only becomes an importantseparated by a ap that is less than 100 A2
factor in determining SNGFR under conditions of filtratiorConsequently contacting aricosities release
equilibrium, which is not the normal psiological neurotransmitters directly onto junctional receptors rather
statéd314 Thus, glomerular capillary pressure and thereforhan relying on diffusion of the transmitter to receptors
SNGFR will increase if the pre (afferent) to posfgednt) across the suate of the smooth muscle cell membraré
glomerular resistance ratio decreases and decrease if B#sed on this definition of a neuroeffector junction, we re-
resistance ratio increases. examined the inneation of the kidng and drev vastly

Importantly for the majority of glomeruli the resting different conclusions to those dna from the studies of
diameter of the érent arteriole is smaller than théemént Barajas (seé).
arteriold®>!8 Since resistance is versely proportional to o _
the fourth power of the radius thispgains, in part, he Two dructurally distinct types of sympathetic axons.
this relatvely small, sparsely muscled vessel can
counterbalance the fetts of constriction of the bigger
more muscular afferent arteriole (Sédor a more detailed
explanation). Br juxtamedullary glomeruli - those 10% of
glomeruli, whose efferent arterioles descend into t
medulla to form the asa recta - the situation is fdifent
since these efferent arterioles are agdaf not larger than
their afferent counterparts. Therefore the control

Using three dimensional reconstruction
ultrastructural analysis of serial thin sectionsxarsine the
innenation of the juxtaglomerular géon, we identified tw
ultrastructurally distinct types of sympathetic axdns
PE | axons were large in diameter with atypical
varicosities and TYPE Il axons resembled those inatéry
lood vessels in other gens, with typical fusiform
. S aricositie$®. These axon types were identified in rats and
glomerular capillary pressure may well befefiént in rabbit$3. At the time the functional significance of dw

juxtamedullary nephrons. axon t . o
. . . ypes was unkmm, though conduction elocities
SNGFR can also be influenced by alterations in thﬁould be expected to be fifent. Laterin support of our

glomerular capillary ultrafiltration cofitient (Kf).’ which study another study demonstrated that there was a bimodal
represents the product of the glomerular capillaryasert distribution in the diameters of the renal nesvwith

area gailable for filtration and draulic conductiity. K; different conduction velocitied
has been shown to decrease in response to a number o? '
vasoactve gimuli, though the mechanisms are not welinnervation density of TYPE | & Il axons

understood (se#).
Next we described the distition and density of

Neural control of renal function neuroefector junctions made by theseawypes of axorf.
Several important findings were made: (i) The sympathetic
axons were located in gmns adjacent to the renal
The kidng receies an atensie smpathetic Vvasculature and therefore primarily the arterial vessels were

innenation. Whileit is generally agreed that all the majorinnénated. Hovever, the majority of tubular tissue in the
structural elements of the kidnere innervated, including COT& was not innerated. (i) The aferent arteriole s
vascular smooth muscle cells, renin secreting celithe most'densely inneated tlsgue. The afferent arterioles
mesangium and tubules (proximal, distal and loop ¢¥ére 3 times more densely innervated than theresft
Henle}®20 the relatve censity of the innervation of each grtgr!oles (Fig. 1 .& 2). (||'|) There as little evidence for
tissue type has been dispied Whether functionally individual axons innervating more than ondeefor cell
specific or non-specific renal sympathetic eerfibres YP€: (iv) Most significantlyit was shan that TYPE | axon
innenate the dector cells has also been questioned/@icosities made contact almostctusively with afferent
Barajas concluded that the sympathetic innervation of tﬁéte.rlqles wher'e'as TYPE Il axons innervated both arterioles
kidney was diffuse and non-specific, based on otateons &t Similar densities (Fig. 1 & 2). o
that each sympathetic axon made contact with multiple ~ This finding vas of great potential significance, and
effector tissues (see!®). These studies pwerfully Was @so recognized as such by others, being rapidly
influenced hw the nerves were thought to control renalncorporated into standard textbooks on the kya?wé. It
function (se). However, the definition of a neurofefctor ralsed.the p053|b|I|ty'that TYPE | and Il axons originated
contact in Barajas’ sudies is na/ considered very broad. from different populations of neurons.
Varicosities that were separated from the effector cell by
to 300 nm and in which twlayers of basal lamina were
present were included (s&9. The presence of distinct combinations of immuno-
Our definition of a neurotector junction is much histochemically detectable substances can be used to
more specifit®?2 The varicosities along an axon can bedentify populatons of nerves serving féifent
divided into contacting and non-contactingcontacting functiong”22 On this basis, we ha recently shown that
varicosities form specialized junctions with thefeetor neuropeptide Y is located in TYPE Il axons whereas TYPE
cell; neuroeffector junctionsThe vesicles are ganized

Renal innervation

%hemical coding of distinct nerve populations
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patterns of sympathetic outfloto the kidng may evoke
selectve changes in pre- and post-glomerulaaseular
resistance to regulate GFR.

N\ *. . L redt 1T
— l We hypothesise, based on the distribution of the
TYPE | and TYPE Il nergs on the afferent andfefent
Afferent Glomerulus Efferent arterioles that (see Fig. 1 & 3), (i) SelgetiTYPE | axon
— P —>>  activation would result in pre-glomerularagoconstriction,
A GC reduced RBFa reduction in glomerular capillary pressure

and a fall in GFR. (ii) Seleate TYPE Il axon actration
would result in pre- and post-glomerulagasoconstriction
and decreased RBFHoweve, the effect on resistance
would be greater on the fefent arteriole, since it is a
SNGFR smaller vessel (Poiseuilkelaw), leading to little effect on
glomerular capillary pressure resulting in the maintenance

Figure 1.Diagram representing the relative TYPE | (solid Of GFR'. (iii) Activation of both TYPE | and Il axons
line) and TYPE Il (dashed line) axon innervation density offould cause a predominant decrease in pre-glomerular
afferent and derent arterioles. The &rent arteriole is 3 Vvascular resistance due to the greater inatéom density of
times moe densely innervated than thefeént arteriole the afferent arteriole We have pursued this possibility in
TYPE | axons (solid lines) almostatusively innervate the Physiological studies outlined beto

afferent arteriole TYPE Il axons (dotted lines) aequally
distributed on the dérent and derent arterioles. (P,

glomerular capillary pessue. SNGFR, single nepbn The sympathetic neous system is capable of
glomerular filtration rate). producing selecie changes in dérent outflav to different
organs (see 3139, Increasing knowledge of central
autonomic nervous systemgenisation, indicates that the
% I output to diferent sympathetic pre-ganglionic neurons
depends on the relaé @ntributions of a wide range of
brain nuclei and on the particular pattern of inputs to those
Junction Density - nuclei (baroreceptpchemoreceptorsomatic receptors and
X 10°/mm?® inputs from all areas of the brath) We ae proposing
of tissue surface area | within the kidng, a has been demonstrated in othegaois
1 (eg there are at least 3 distinct types of sympathetic neurons
5| / %/ T in the gut®), that there is further differentiation of the signal
\Hi/ A\ such that specific ffctor tissues may be seleety
) . activated, depending on the nature andesigy of the
afferent efferent *proximal renin . . T ..
arterioles arterioles tubules secreting  Stimulus. Inthe literature there is limited and conflicting
cells evidence as to whether subpopulations of renal post-
ganglionic nerves can seleetly regulate different renal

Figure 2.Staked bar graph of the density of neagffector functions*3
junctions of TYPE | (open bar) and TYPE Il (tegd bar)
axons on the &rent arterioles, dérent arterioles, poxi-
mal tubules (*Only those adjacent to théeadnt arterioles Current Vievs on the neura' regu'ation Of rena|
were innervated) and renin sesfing cells. The combined fynction rely mainly on data from electrical stimulation
bar equals the total jUnCtion density on bkaffector tissue StudieS, or ¥en the efects Of Simp'e acute denaﬂon_ It

has been widely accepted that individual renal eerv
| axons lack neuropeptide?¥ Our findings are in good inner\gte multiple tissues Qscular smooth muscle, renin
accord with the study of Reinezkt al3 who reported that Secreting cells and proximal wies)® and that renal
the density of neuropeptide Y posiierminals was ery fu.nctlon is affected entirely by thg freqygrm‘ t.helr'flrmg,
similar on the afferent andfefent arterioles; that is, similar With low to moderate frequencies stimulating increased
to the distribution of TYPE Il axons. This pides further fe€nin release and sodium reabsorption and only high

evidence that TYPE | and Il axons originate from separaféeqUe”Ciezs1 stimulating a decrease in renal blood &ed
populations of neuronsThe search for a neuropepetideFR (s€e”). Accordingto this viev renal sympathetic

Differential sympathetic outflow

20

Physiological studies

specific to TYPE | axons is on going. nene etivity (RSNA) is generally too o to influence .
renal vascular resistance and glomerular ultrafiltration
Hypothesis under normal physiologic conditiofls This does not

_ ) _ accord hwever with a large body of physiological and
~ On the basis of our morphological and immunogjinical evidence that suggests that renal hemodynamics are
histochemical @dence, we hypothesised that feient | ,nqer the control of RSAduring daily events (se€).
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Not surprisingly snce the afferent arteriole is muchThe influence of R3M\on G-R

more densely innervated than the efferent artéflole ) ) )
electrical stimulation of the renal nerves results in a A number of studies ke examined the kidngs
predominant increase in pre-glomerular resistncghis esponse to refie activation of the renal sympathetic
causes glomerular capillary pressure and GFR to decred@eS- A@in not surprisingly in response to sere
as predicted when both TYPE | and Il nesvare fired INcreases in RSA when may nerwes are firing, RBF and
simultaneously (see Fig 3). These studies therefore shed AR decrease (s€8, indicatve d TYPE | and/or Il nere
light on the possible effects of seleeti hysiological firing (see Fig. 3).However, in sevaal studies no change in

recruitment of different populations of renal resvon the GFR was reported in response to moderate increases in
renal resistance vessels. RSNA%-43 |t is quite possible that in these studies subtle

changes in pre- and post-glomerular vascular resistances
T | were occurring to maintain glomerular capillary pressure
ype and GFR. However, no dudy measured glomerular

m capillary pressure to verify such a conclusion.

Renal micropunctur dlows discrimination of pre- & post-
glomerular vascular resistance.

At this time, it is not possible to identify inddual
Type | versus Type |l neesin vivo, and thus selectely
record or stimulate these neuroridowever, we do have
tools whereby we can determine whether the pattern of
changes in pre-and post-glomerulaseular resistance in
response to reflestimulation of RSM is presumptve o
TYPE | nene recruitment, TYPE Il nem recruitment or
both. In vivo micropuncture is a challenging and time
consuming procedure, but it is the only means whereby
pressure can be directly measured in the glomerular
capillaries and is thus essential in studigaluating the
contritution of the pre-and post-glomerulaessels to

changes in renal hemodynamics and glomerular function
13,14

Differential recruitment of TYPE | and Il ner ves

To begn to investigate this gpothesis, we xamined
the effects of physiologically induced increases in renal
sympathetic nem activity (RSNA) in response to graded
hypoxia on pre- and post-glomerulaasecular resistances in
anaesthetised rabbifs We dose hypoxia to refidy
increase RSN because we had prieusly shown that it
produces graded increases in the amplitude of renak nerv

Figure 3.Diagram demonstrating the hypotheticafeets fifing (i.e. graded recruitment of indéual neresj.

of selective activation of TYPE | (upper panel), TYPE filypoxia has the further advantage that it does not
(middle panel) or both TYPE I and Il (lower panel) axon§|gr_nf_|cantly alter a_lrterlal pressure in the rabbit, thereby
innervating the dérent and d&rent arteriole on gomeru-  2vading - confounding autogrlatory effects on  renal

lar capillary pressue (P,). Seeext for explanation. haemodynarr_]ié‘é. In the first study of its kind we
9 measured simultaneously glomerular capillary pressure,

o _ renal nere &tivity and whole kidng function, while
RSNA varies in both the frequendreflecting the supjecting the rabbits to different degrees gpdxial®.
rhythms of the central generating circuits and baroreflerhe results were cleaut, and compatible with the
input) and amplitude of its discharge (reflecting the mati hypothesis that TYPE | and Il axons can bdedéntially
number of actiated neresy”*% Thus, whereas electrical activated (see Fig. 3).
stimulation actrates all neres simultaneouslyit is now We found that moderate (14%.)0and seere (10%
evident that relatiely few individual nerves are agg & 0,) hypoxia increased total R$Nby 60 % and 170 %
rest and that the number of nerves \atid _durir;g respectiely, chiefly by increasing the amplitude of the
physiological bursts of neev ativity varies widely’. sympathetic bursts rather than their freqyentoderate
Physiological acwation of the renal sympathetic nerves isnypoxia decreased RBF (26%), increased glomerular
therefore fundamentally different to electrical stimulation. capillary pressure and maintained GFR (Fig. 4). Both pre-
and post-glomerular vascular resistances were increased;
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but there was a predominantfedt on the post-glomerular Contribution of ANGII
vasculature. Thisgreater effect on the fefent arteriole,

when the TYPE Il innemtion density is similar on both ~ The question of the wolvement of the renin-
afferent and efferent arterioles, can beplained on the 2angiotensin system in the response to moderate (14% O

basis of Poiseuills' Law ad the smaller resting diameter"YPOXia was ivestigated. Therenin-angiotensin system
of the eferent arteriol®. In short, the recruitment of Was rendered unrespone by the simultaneous infusion of
nenes in response to moderatgpbxia appeared to be @n angiotensin ceerting enzyme inhibitor and ANGII to
predominantly TYPE Il nems (Fig. 3). In contrast, se '€Store  normal  blood pressure ANGII  clamp).
hypoxia decreased RBF (56%), with a significant fall iféasurements were made in rabbits réogi either the
glomerular capillary pressure and GFR (Fig. 4jhis ANGII clamp or \ehicle infusion before (room6a|r.e.
pattern reflects a substantially greater pre-glomerular th&h% @) and during moderate hypoxia (14%,)3°. As
post-glomerular vasoconstriction that is compatible with tiR€€n in our psgous study’, in the vehicle group RSA
further recruitment of nees by seere hypoxia being INcreased in response to 14% @nd this decreased RBF
predominantly TYPE | nerves (Fig. 3). These result¥ithout effecting GFR or a_rterlal pressur@hough the
provide evidence that differentvels of refledy induced réSponse was attenuated in the "ANGII clamp’ group,
increases in RSAImay differentially control pre- and post- 9lomerular capillary pressure increased in both tittiole

glomerular ascular resistance, compatible with selecti @d ANGII clamp’ groups during 14% (Fig. 5). These
activation of TYPE | and Il renal sympathetic nerves. results are consistent with the notion that direct actions of

TYPE Il nerves on the efferent arterioles are responsible in
part for the increase in post-glomerular resistance in
response to 14% 20‘6. These results further support our
hypothesis that different populations of renal msrv
selectvely control pre- and post-glomerular resistance and
hence glomerular pressure and ultrafiltratiofuture
studies will extend these findings byaenining the renal
microvascular response to stimulation of central nuclei
involved in cardiwascular contrott.

400 -

300
%
change 200
from
baseline 190 -

0l 100 -

1001 MAP RSNA RBF GFR PRE POST % 50 | . * ¥
change * .
from
Figure 4. Responses to moderate (14%; @rey) and baseline . f_t;
sevee (10% Q, black) hypoxia in anaesthetisedbbits. 0= TT*
Vaues (meang s.em. n = 7) ae the pecentagje dhange u/é;

from baseline @om air 21% Q,) for mean arterial pes-
sure (MAP), renal sympathetic nerve activity (RgNrenal 501 MAP RSNA RBF GFR PRE  POST
blood flow (RBF), glomerular filation rate (GFR) and
(PRE) and post (POST glomerular vasculasistance* P
< 0.05 ange from hkaseline,” P < 0.05 14% Q vs 10%

O, Figure 5. Responses to moderate (14%) @ypoxia in

anaesthetised rabbits treated dghout the study with

We ae confident that the fefcts of hypoxia were vehicle (gey) or ‘ANGII clamp’ (infusion of an angiotensin
mediated via the renal newy as we he peviously corverting enzyme inhibitor plus ANG Il testoe Hood
demonstrated the absence ofyarnal action of hipoxia pressue to rormal; hathed). lues (means s.em. n =
following renal denemtiorf>*>  Howeve, neurally 6) are the pecentaye dhange from baseline (room ajr21%
mediated renin release may vha ontributed to the O,) for mean arterial pessue (MAP), renal sympathetic
response to increased RSNas renin cells are innaated nerve activity (RSNA), renal blood flow (RBF), glomerular
by both TYPE | and Il axoR® In particulag the renal filtration rate (GFR) and @ (PRE) and post (POST
response during moderate hypoxia might kplaned on glomerular vascular esistance* P < 0.05 dange from
the basis of an increase in renin release being responsibéseline,” P < 0.05 vehicle vs ANGII clamp.
for the rise in post-glomerular resistancEhough plasma
renin activity was not increased in response to moderdRerspective
hypoxia, intrarenal effects cannot be discoutfted

Alterations in renal sympathetic nervectivity
produce important effects on renal function, which
contribute to the kidng's main task of regulating body fluid
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balance. Ourdata suggest that there are functionally
specific post-gnglionic renal nerves that can be selebfi
activated. Basedn our evidence, we propose that TYPE I1L2.
nenes predominate in the piological control of arteriole
resistance to maintain GFR constant during dailyigti
whereas ¥pe | nerves play a role when the animal is under3.
stress (hemorrhage, delration or eercise), when blood
flow is required for other gans at the expense of renal
function. Overactvity of the renal nems has been 14.
implicated in the pathophysiology of ypertensiof,
congestie heart filure® and chronic renalgilure®. Studies
examining whether one or other of the populations of renab.
nenes are imolved in these diseasesfaf possibilities of

new therapeutic targets.
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Neural control of renal medullar y perfusion
Gabriela A. Eppelt, Smon C. Malpas’, Kate M. Dentont & R oger G. Evang
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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 contribute, 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 d&rent and efferent arterioles of juxtamedullaryygwe/er we must first discuss three important issues: the
glomeruli, all of which recee dense sympathetic ynique vascular architecture of the kigtkat underlies the
innervation. _differential control of MBF and CBFthe plysiological

3. Mary early studies of the impact of sympathetiCiyperaties o 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 oftenpressure control. Wwill then consider the evidence 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 b 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 ian MBF, including Thus, while all blood f_Iw to the kidng enters the renal
counter-rgulatory roles of nitric oxide, and perhapsre cortex, only E&_O% of tr_us 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 sensithan CBF to ml/mm/g in the outer medulla, an_d 0.2-5.9 mI/n_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 toysiological actvation widely regar_ded that blood _ﬂa per un?t tissue weight in the
of the renal nerves, which could in turn lead to salt arfj/ter 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, petween maintenance of the cortico-medullary solute
have been made almost 30 years Iaeith little progress  gragient (and so normal tular function), and the supply of
being made.|r.1 th|s flgld in the'lntmng per{od. Havever, oxygen within the renal medulla (Figure 2). As will be
renaved activity in this area since 199Bas increased our described in detail beto (see MBF and blood pessure
understanding of the influence of renal sympatheti®dn  qnto)), 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, therg is nav strong endence.that medullary blood The precise vascular elements that regulate MBF
flow (MBF) is less sensite than cortical blood flo (CBF)  nder plysiological conditions remain unknown. wever,
to increases in renal sympathetic veri within the fom a  theoretical perspeeti changes in ascular
physiological range. This has important implications for thegsistance in juxtamedullary arterioles, or invdetream
control of renal function, and in particulahe long-term yascular elements within the medulla itselfg(eouter
regulation of arterial pressureNitric oxide appears to play medullary descending aga recta), could lead to dar
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the pressure diuresis/natriuresis mechanism provides 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 ypertension 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 axd 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 pressurealfs. Comwersely,
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 vasoactie gyents are administered directly into the
renal medulla. Chronic medullary interstitial infusion of
vasoconstrictors, at doses that reduce MBFoduce
hypertension, whereas similar infusions of vasodilators that
increase MBF can ameliorateygertension. This &fct

X 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 & jnfsjons of vasoconstrictors, and shifted twéo 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 te other hand, because juxtamedullaferaht intravenous) infusion of noradrenaline shifts the pressure
arterioles arise near the origin of interlobular arteriediuresis/natriuresis relationship to higher pressures in
(Figure 1), changes in interlobular artery calibreutd be anaesthetized rabbiés'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 comtxsy. Cowley and
arterioles may also contribute to the differentigjulation colleagues hee devdoped the hypothesis, for which there
of CBF and MBF Afferent and (particularly) fefrent is considerable experimental suppbt, 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
corteX (Figure 1). Because vascular resistance igeigely Vvasa recta capillary yurostatic pressure (secondary to
proportional to vessel radius to the power of 4, comparablicreased asa recta blood flow) will result in increased
changes in vessel radius result in lesser absolute chang&gdullary interstitial ydrostatic 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 kidryedue to the presence of the renal
capsule. Increasedenal interstitial kdrostatic pressure
reduces sodium reabsorption in a number of segments of
. . . the nephron, probably in part through enhanced back-leak
Althgugh the' precise aetlology. of essepha long paracellular pathways. Wever, the integrity of this
hypertensmn remains gnkwo, Fhere IS persuas hypothesis depends on the idea that M&fike total renal
ewdeqce that'the |n|t!al trigger resnde;s W|th|n the kighe blood flov (RBF) and CBF is relatively poorly
One line of gidence in support of this notion arose fro

. . utorgulated. The degree to which MBF is autprated
the seminal work of Guyton and colleagjesowing that remains a matter of contrersyl415 probably in part

DESCENDING
VASA RECTA

INTERLOBAR ARTERY

Figure 1 Sdematic digram of the athitecture of he

MBF and blood pressue control

94 Proceedings of the Australian Physiological and Pharmacological Society (3804)



G.A. Eppel, S.C. Malpas, K.M. Denton & R.G. Evans

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 solute gradient and medullary hypoxigedama
Diagram of the renal vasculateiredapted from Beeuwkes & Bamtred3, Data relating to interstitial osmolaritylood 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 folle 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

There is clearwddence that renal sympathetic\driis d i ta. but not | | ts within th
increased during the dgdopment of hypertension both in . escending vasa recta, but not vascuiar elements within the

the spontaneouslyypertensie @t (SHR) and in human MNe' medulla and papifi& (Figure 1). Consistent with
essential ppertension. Thus, basal postaglionic these anatomical observations, juxtamedullafgraft and

sympathetic nem activity’®, and emotional stress-induced efferent arterioles of the rat hydronephrotic kigieenstrict

) . L oo
increases in post-ganglionic sympathetic eeastivity and n res;:F))ons_e to r;ande}l ner;ﬁlmglatl?r;ﬂ.r in inneat
reductions in sodium xeretiort’, are enhanced in SHR densit reng;ﬁsstl;] |esk.3 reg"(’j’?at fr?ctesf |nt|nned 'ﬁn
compared with normotens Wstar Kyoto control rats ensity within the kidng indicate that juxtameduliary

(WKY). Furthermorerenal sympathetic dré, as neasured afferent and efferent arterioles, and their associated outer
by noradrenaline spiller, is dso increas:ed in human medullary descending vasa recta, are densely iatesty
essential ypertensioff. Increased renal sympatheticvei F ort exzm“ple, Mcnlefenn(? &t Angzlailis :OUI":Yd ﬁt]he
appears to contribute to the pathogenesisypkftension, juxtameduliary corte and outer medulla 1o ha he
since in SHR chronic bilateral renal denervation, aehie greatest concentration of noradrenaline within the dog

by repeated deneation between weeks 4 and 16 after birthl,(idney’ levds  being D40'.60% .Iess in the ‘mid- .and
blocks 30-40% of the expected progressievation of Subcapsular-corkg and lav in the inner medul®. Barajas

arterial pressuf€ A similar regimen of bilateral renal and Powers praded more direct evidence of dense

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 '.qﬁé €y
found greater density of autoradiographic grains on

hypertension remain unkam. The fact that reductions in ¢ d with fefrent arterioles th hout th
MBF can shift the pressure diuresis/natriuresis relationsh erent, compared wi ent arterioles throughout the

to higher pressures (right-ward shift), which if maintaine§O& but autoradiographic grain density was similar in

chronically produces hypertension, pides the impetus for gach of these vascular elemgntg in the Qumd- and
our interest in the neural control of MBE. juxtamedullary corte. Quantitatve aalysis of the

innenation density of outer medullary descendingsa
Innervation of vascular elements controlling MBF recta vas not included in their studgithough the amount
of autoradiographic grainsverlapping the asculature as
The origin of the dérent sympathetic innervation of greater in the outer stripe of the outer medulla than yn an
the kidng differs among speciesybin 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 ta been applied to this problem e
nene and the intermesenteric ples’”. Post-ganglionic considerable limitations. Most evidence suggests that
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sympathetic neurotransmission in blood vessels occwstudies of the neural control of intrarenal bloodvfie that
chiefly via specialised neuromuscular junctions, at whidey often emplyed single, intense stimuli, well yend
varicosities form a close contact (< 100 nm) with arteriolawvhat one might consider to be physiologically veis.
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 juncf&n©n the other us to appreciate both the heroicfoefs 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 ¥lo
site of release within the kidpeparticularly in the control Trueta et al. were the first to study this issue (in
of tubular functio”’. Nevatheless, the relat dstribution 1947), using the intrarenal distribution of injected
of specialised neuromuscular junctions in vascular elememgliocontrast 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 contdrt renal nery dimulation induced redistribution 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 asrv
Neurochemistry of renal sympathetic neves concluding that CBF and MBF were similarly dramatically
gecreased by intense renal reergimulatior®s.  Similar
gonclusions were drawn by Aukland in 1968, using a
%athod for determining local Jas dearance within the
er medulla in anaesthetized dogs. yrfmund that total
F and outer cortical Jgas dearance both fell b{40%
uring intense renal nezvgimulation, hut also conceded
that ‘due to the counter current exchange of gas between
ascending and descendingsa recta, the clearance is not

Most evidence suggests that the predominal
neurotransmitter in  renal sympathetic nerves i
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 nes. Nevatheless, there is = 137
now strong evidence that co-transmitters, includin ecessarily linearly related to blood wig". Smilar

; . - senations, using a similar technique in anesthetized rats
neuropeptide Y and ATP participate in renal sympathet ' ; 3 : '
neurotransmissiéf and partially mediate renal nerv V€€ reported by Chapma al.in 1982, Thus, with the

stimulation induced-reductions in global RBEC. Other excepnon of the |_n|t|al study by rﬁeta et a.l“ the
neurotransmitters including  asoactie intestingl Unanimous conclusion from the studies describedveabo

polypeptide and neurotensin, vieakeen identified within wes that CBF and MBF are similarly senséio the efects

the renal asculaturé!, and galanin has been identified in aOf activation of the renal sympathetic nerves.

proportion of the neurons innervating the kigife Their __ Some studies were performed in which graded neural
roles in renal sympathetic neurotransmission and imuli were applied, it the picture arising from themas

5
regulating renal function remain to be determined ™ from clear Pomeranzet al. (1968) used theKr

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 nems actually increased MBFIn amost

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 kigne recent studies using laser Doppler flowmetry.
blood flov havelimitations that must be considered in the

interpretation of experimental daf4 Methods used in Studies using laser Doppler flowmetry
early studies of the control of MBFbased on para-
aminohippuric acid clearance ashout of diffusible tracers
such ag*r, H,, and heat (thermodilution), renakteaction
of diffusible indicators such a®K and #Rb, indicator
transit time, albumin accumulation and microsphere® ha
been shown to be (more or lessydid from either
practical or theoretical standpoifit8 For the most part,
these methods are also limited by the fact that teerot
provide ‘real time’ measurements of blood vloin
individual animals. A further limitation of mgnearly

At present, the most widely used method for
estimation of blood flw in specific ragions of the kidngis
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 elocity both in model systemsn
vitro1®49-42 gnd in the kidng in vivot>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%41 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 swuate of the corteto dose to the
are unlikely to be detected by laser Dopplewitetry. tip of the papill42 We found that responses to renal reerv
Nevertheless, this method does represent a considerabtamulation in the renal comte(< 3 mm telow the kidng
technical breakthrough in the study ofgimnal kidng surface) 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 affect CBF and MBkhey 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 neevactivity (RSNA)*6. Endogenous
RSNA has a birsting pattern, with the amplitude of each
burst probably largely 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 frequen®*® Relating the frequenc

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 RSNoy [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 meastrents of cortical fre_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 fo
graded frequencies oenal nerve stimulation (supmaxi- '€fl&x increases in RSN associated with pfsiological

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

bols lepresent meat s.emean of observations in 8bbits. "€ case. For example, CBRitnot MBF is reduced by
Note that analysis of variance showed thatoasrall fe- arterial chemoreceptor stimulation in conscious®°taasd
quencies of electrical stimulation, responses of MBF diftyPOXia in anaesthetized rabft¢Figure 4). Furthermore,

fered flom those of RBF and CBP & 0.001). In contast, while hypotensie hraemorrhage consistently reduces CBF
responses of RBF and CBF weindistinguishable ® > MBF has been observed to either remain unchanged or to

0.05). Redrawn from Leonast al*® increasé®®3 or to be educed less than _CB‘FSG.
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 smoke, transiently increased RSNy
papilla (the ery inner part of the medulfa) We 13508 This refl is accompanied by little change in
subsequently performed similar studies in anaesthetizgﬁeriau pressure, but falls in cardiac Output, RBBF and
rabbits, showing that in this species inner MB&sweduced MBF 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  djfferences between the dynamic responses of CBF and
ischaemic effects of renal sympathetiovériut also raised MBF to neural actiation. In particular MBF seems able to
the possibility that some regional differences in sefiiti respond faster to renal sympathetic \&tidn®, 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 measurements 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 pogressively 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 barepresent meat s.emean. *P < 0.05 for interaction 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 relai 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 reflex. Té]?cul

mechanistic and anatomical bases of the differing freq/uen% ation: ~ structue end - functio, the fact that
- . xtamedullary afferent and (particularly¥erfent arterioles
response characteristics of CBF and MBF remain unkno ) y (P v

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 vasoconstrictors 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 endothelin®f constrict
reduced, which wuld exacerbate salt and water retentiorjuxtamedullary 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 a&scular casting methods), yet MBF is little
through &ilure of mechanisms protecting the medulla fronaffected by these agents in tteecé of large changes in total
the ischaemic &fcts of sympathetic astition. Potentially RBF and CBFE>%¢ |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 reerv
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 genal kidng blood flov responses
%) . )
hd c to renal nere dimulatiorf®. 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 @n eclude 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 observations raise the interesting
o 60+ possibility that sympathetic co-transmitters makn
3 important contribtion to mediating the effects of
= sympathetic new activity on MBF.
c
= 30+ Interactions between hormonal and neural medgtbr
-% renal vascular tone: paracrine hormones
>
3 The role of the &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 suchcfors are also

released from the tubar epithelium, and that so-called
‘tubulovascular cross-talk’ plays ael¢ ole in the rgulation
of renal vascular tore Previous studies of the conttition
Figure 5 Responses in consciouabbits of renal sympa- of these mechanisms to the neural control dfiormal
thetic nerve activity (RSN, renal blood flow (RBF), car kidney 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 refle). Panel A epresents theesults of a interpreted with care, since noradrenaline infusion does not
study in abbits equipped for simultaneous measurement aflequately 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 the results of an experiment abbits equipped for Nevertheless, these experimentsv@agovided 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 meam 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 ag¢ comparable and that both CBF and MBF ar the medulla from the ischaemicfaxdfts of sympathetic
reduced by this reflewhich more 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,
U . : 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 medullarp@ sympathetic nees, as the cyclooxygenase 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 theious ascular Synthase blockade did not enhance the response of MBF to

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

of intact cyclooxygenase agily®?, and raise the intriguing
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Figure 6. Responses of cortical blood flow (CBF) and medullary blood flow (MBFn@l nerve stimulation in anaes-
thetized rabbits receiving anal arterial infusion of isotonic saline), or angiotensin Il (2-4 ng/kg/mim) (n = 9).
Saline infusion did not significantly affect baseline CBF or Mittereas angiotensin Il infusion significantlgduced
baseline CBF (by 14 5%) but not MBF* P < 0.05 for significant dference across all frequencies, in the responses to
renal nerve stimulation during angiotensin Il infusion, compared with éspanses during saline infusion. Da&drawn

from Guildet al®?

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 eidence that actetion 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 resahsitvity of MBF to sympathetic dvie remain unknan,
sympathetic drie®®. For example, angiotensin Il is kwa  although recentx@eriments suggest roles for nitric oxide
to act at a number of dels to enhance sympatheticand possibly angiotensin Il. It also seems likely 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 wsodilator prostaglanditf1646°> To test sympathetic co-transmitters, requirggstigation.
whether angiotensin Il might dérentially affect responses Dysfunction of the mechanisms that protect the
to sympathetic actaétion in the medullary and cortical medullary circulation from ischaemia due to watton of
circulations, we tested the effects, on responses to rettad renal nerves 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 significantlfeaf basal subsequent delopment of hypertension (Figure 7). Future
MBF83, We found that the angiotensin Il infusion virtually studies should aim to directly test thigpbthesis, and
abolished reductions in MBF induced by renal Bervdetermine whether neurally-mediated reductions in MBF
stimulation, without d&cting responses of RBF and CBFcontrikute to the deslopment of essential hypertension, and
(Figure 6). Thus, elated intrarenal feels of angiotensin Il also to salt and water retention in pathological conditions
appear to selesidly inhibit renal nere dimulation-induced associated with increased sympathetivgirsuch 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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Post-Ganglionic Sympathetic Nerve Activity

\

Innervation Density
v

Noradrenaline/co-transmitters

Vascular Geometry
Outer medullary descending vasa recta, Juxtamedullary arterioles

l -) Counter-regulatory
Medullary blood flow | Mechanisms
NO, All ??

Salt and water balance

'

Long-term blood pressure control

Figure 7. Waking hypothesis of the fac®iunderlying the relative insensitivity of renal 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 elements controllingoliie

nature of reurotransmission in these neurones, and on the basal eadibrascular elements controlling MBF relative to
those in the bulk of theenal cortex. Nitric oxide (NO), and perhaps also circulating angiotensin 1l (All), seem togylay k
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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