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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 bloodvf(&BF) and glomerular 4naesthesia and giral stress to which the animals were
filtration rate (GFR). Whether renal haemodynamics ar&upjected 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 kidyefrom the stress-induced increase in
populations of nerves within the kidnewhich are (ong nere activity. Smith’s awn studies, made painlessly
differentially distributed to the renalfefent and dérent i, conscious and unstressed animals, failed to demonstrate
arterioles. TYPH nerves almost xclusively innervate the ary change in RBF or GFR folling renal denemtion. It
afferent arteriole whereas TYPE Il nessare distribted |55 ooncluded that kidnefunction was not dependent on
equally on the afferent andfefent arteriol_es.\Ne haveals_o tonic renal sympathetic aetiy?. Soon after the first kidrye
demonstrated that TYPE Il nerves are immuno-readtir  ansplantations were performed, the apparent lack of long-
neuropeptide Y while TYPE | nerves are not. ~ term effects on body fluid balance asv taken as

3. This led us to hypothesise that in the kigne confirmation of the independence from nervous system
distinct populations of nerves innate specific éector gntrol of renal vascular and tubular funcon
tissues and that these nesvmay be selegtly activated, However, in the 19705 there was a resgence of
setting the basis for the differential neural control of GFRpterest in the neural control of renal function, spdrby
In physiological studies, we demonstrated thafedhtial quantitatve 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 differentially \atifig Today it is W|_d_ely accepted that_ch_a_nges in r_enal
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 {&e
Historical perspective In this review evidence is considered which supports

Opinion as to the importance of the renal nerves ﬁl?e hypothesis that different populations of _renal esrv
controlling RBF and GFR has risen amflén over the last selec_tvely affect thg afferent and efferent arterioles t_hereby
150 years.In the first study to demonstrate a role for thgllowmg differential _control of glomerular _capl!lary
renal neres in the control of renal function, ClaudePressure and hence single nephron glomerular filtration rate
Bernard in 1859 transected the renal nerves and noted @NGFR)'
marked diuresis, which he atttibed to an increase in RBF cqntrol of glomerular ultrafiltration
This and similar studies in the vyears fallog,
demonstrating the phenomenon of deason 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 contite 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 mesnin his capillary 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 functiorcept in pressure can lead to acute reralufe, 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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Neural control of glomerular pressure

The unique arrangement in the kignef two within the varicosity in clusters associated with thgioe
resistance vessels in series, thderaht and dérent on the membrane that is in contact with the effector cells.
arterioles, allows fine regulation of pressure in thét the point of contact, theavicosity and effector cell are
glomerular capillaries'4 RBF only becomes an important separated by a ap that is less than 100 A2
factor in determining SNGFR under conditions of filtratiorConsequently contacting varicosities release
equilibrium, which is not the normal wpsiological 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 surface of the smooth muscle cell mem¥r&he
glomerular resistance ratio decreases and decrease if B#sed on this definition of a neuroeffector junction, we re-
resistance ratio increases. examined the innervation of the kidnend 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 paver of the radius this explains, in partuho TWo sructurally distinct types of sympathetic axons.
this relatvely small, sparsely muscled vessel can
counterbalance the effects of constriction of the biggeﬁ
more muscular afferent arteriole (Sédor a more detailed
explanation). Br juxtamedullary glomeruli - those 10% of
glomeruli, whose éérent arterioles descend into th
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
Itrastructural analysis of serial thin sectionsxargine the
innenation of the juxtaglomerular géon, we identified tw
ultrastructurally distinct types of sympathetic axdns
®TYPE | axons were lge in diameter with atypical
varicosities and TYPE Il axons resembled those inatéry

lood vessels in other gens, with typical fusiform
. ) ) 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 : g
. . . ypes w&s unknown, though conductiorelacities
SNGFR can also be influenced by alterations in trWould be expected to be thfent. 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 capillaryaserf distribution in the diameters of the renal nerves with
area gailable for filtration and draulic conductiity. K; d

: fferent conduction velocitie¥.
has been shen to decrease in response to a number of
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 tublar tissue in the
structural elements of the kidnere innervated, including COT& was not innerated. (i) The afferent arteriole as
vascular smooth muscle cells, renin secreting celithe most'densely inneated tlsgue. The afferent arterioles
mesangium and tubules (proximal, distal and loop ¢Yére 3 times more densely innervated than tHeresft
Henle}®20 the relatve censity of the innervation of each arterioles (Fig. 1 & 2). (iii) There as little evidence for
tissue type has been dispied Whether functionally individual axons innemting more than one effector cell
specific or non-specific renal sympathetic eerfibres typg. (iy) Most significantlyit was shown that TYPEIaxon
innenate the dector cells has also been questioned{ar'cos't'es made contact almostchusively with afferent
Barajas concluded that the sympathetic innervation of tjqsterioles whereas 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 (sel). However, the definition of a neurofefctor raised the possibility 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. S The presence of distinct combinations of immuno-
Our definition of a neurofctor 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-contactin@ontacting  functiong”2% 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 junctions. Theesicles are geanized

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.

We typothesise, 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) Selectve 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 (Poiseuillelaw), leading to little efct on
glomerular capillary pressure resulting in the maintenance

Figure 1. Diagram representing the relative TYPE | (solid Of GFR'. (i) 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) almost exclusively innervate tidysiological studies outlined beto

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

glomerular capillary pessue. SNGFR, single nepbn The sympathetic nervous 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 different sympathetic presgglionic 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 dérentiation of the signal
\Hi/ A\ such that specific effector tissues may be sekgti
) . activated, depending on the nature andesity 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 (hatched ba
axons on the &rent arterioles, dérent arterioles, poxi-
mal tubules (*Only those adjacent to théeadnt arterioles Current VieWS on the neura| gmation of rena'
were innervated) andemin secreting cells. The combinediynction 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 e®rv
| 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 drent and efferent arterioles: that is, similaWVith low to moderate frequencies stimulating increased
to the distrilution of TYPE Il axons. This provides further'€nin release and sodium reabsorption and only high
evidence that TYPE | and Il axons originate from separafgeduencies stimulating a decrease in renal blood éud
populations of neuronsThe search for a neuropepetide®FR (see?”). Accordingto this viev renal sympathetic

Differential sympathetic outflow

20

rIg’hysiological studies

specific to TYPE | axons is on going. nene ativity (RSNA) is generally too lo to influence
renal \ascular resistance and glomerular ultrafiltration
Hypothesis under normal pysiologic conditiond. This does not

_ ) _ accord hwever with a large body of pfsiological and
~ On the basis of our morphological and immunogjinical esidence that suggests that renal hemodynamics are
histochemical evidence, we hypothesised thatemift |,nqer the control of RSAduring daily events (seé).
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Neural control of glomerular pressure

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 eamined 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 resvare fired INcreases in RSNA, when manenes are firing, RBF and
simultaneously (see Fig 3¥hese studies therefore shed nd>FR 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 diferent populations of renal nerves on thé>FR 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-glomerular vessels to

changes in renal hemodynamics and glomerular function
13,14

Differential recruitment of TYPE | and Il ner ves

To begn to investigate this hypothesis, wexamined
the efects of physiologically induced increases in renal
sympathetic nem activity (RSNA) in response to graded
hypoxia on pre- and post-glomerulasecular 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 individual nesj".

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 drent arteriole on gomeru- avading confounding autoregulatory 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 sypjecting 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 actvated (see Fig. 3).
stimulation actrates all nerves simultaneously 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 % ad 170 %
rest and that the number of nerves \atid _durir;g respectidly, chiefly by increasing the amplitude of the
physiological bursts of neev ativity varies widely’. sympathetic brsts rather than their frequgncModerate
Physiological actation of the renal sympathetic nes/is  hypoxia decreased RBF (26%), increased glomerular
therefore fundamentally different to electrical stimulation. capillary pressure and maintained GFR (Fig. Byth pre-
and post-glomerular ascular resistances were increased;
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but there was a predominantfedt on the post-glomerular Contribution of ANGII

vasculature. Thisgreater effect on the efferent 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 angiotensin system in the response to moderate (14% O
basis of Poiseuills’' Law and the smaller resting diameterNYPOxia was imestigated. Therenin-angiotensin system
of the efferent arteriol In short, the recruitment of Was rendered unresponsi by the simultaneous infusion of
nenes in response to moderate hypoxia appeared to & angiotensin cwerting enzyme |nh|b|t0‘r and ANGII to,
predominantly TYPE Il nerves (Fig. 3)n contrast, sere  '€store  normal  blood ~ pressure  (ANGII  clamp).
hypoxia decreased RBF (56%), with a significant fall i,ﬁ\/leasuremen@ were made in rabbits neogi either the
glomerular capillary pressure and GFR (Fig. 4Jhis ANGII clamp or vehicle infusion be_fore (roomGalre.
pattern reflects a substantially greater pre-glomerular th&h% @) and during moderate hypoxia (14%,)3°. As
post-glomerular vasoconstriction that is compatible with thzF€N 1N Our pievious stutly in the \ehicle group RSN
further recruitment of nerves by veee hypoxia being Increased in response to 14%, @d this decreased RBF
predominantly TYPE | nerves (Fig. 3)These results without efecting GFR or arterlal pressure. Though the
provide evidence that different lels of reflexly induced Te€SPonse was attenuated in the ‘ANGII clamp’ group,
increases in RSAImay differentially control pre- and post- 9lomerular capillary pressure increased in both tittiole

glomerular vascular resistance, compatible with seectiand 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 nenes 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 diérent populations of renal naw
selectvely control pre- and post-glomerular resistance and
hence glomerular pressure and ultrafiltratiofuture
studies will etend these findings by examining 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 (room gi21% Q,) for mean arterial pes-
sure (MAP), renal sympathetic nerve activity (RSNAal 501 MAP RSNA RBF GFR PRE  POST
blood flow (RBF), glomerular filation rate (GFR) and
(PRE) and post (POST glomerular vasculasistance* P
< 0.05 hange from hkaseline,” P < 0.05 14% Q vs 10%

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

anaesthetised rabbits éated throughout 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 nerves as wevehgreviously corverting enzyme inhibitor plus ANG Il testoe Hood
demonstrated the absence ofy arnal action of hipoxia pressue to rormal; hathed). lues (means s.em. n =
following renal denemtiorf>*>  Howeve, neurally 6) are the pecentaye dhange from baseline (oom air 21%
mediated renin release may vha ontributed to the O,) for mean arterial pessue (MAP), renal sympathetic
response to increased RSNA, as renin cells are iategtv nerve activity (RSN), 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 moderatggoxia might be explained on glomerular vascular esistance* P < 0.05 dange from
the basis of an increase in renin release being responsitéseline,” P < 0.05 vehicle vs ANGII clamp.
for the rise in post-glomerular resistancEhough plasma
renin activity vas not increased in response to moderaferspective
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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Neural control of glomerular pressure

balance. Ourdata suggest that there are functionally
specific post-ganglionic renal nerves that can be sedbcti
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 Type | nerves play a role when the animal is unded.
stress (hemorrhage, dehydration sereise), 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 diseases offer possibilities of
new therapeutic targets.
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