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ABSTRACT

Renal sympathetic nerve activity (RSNA) plays an important role in the confiol of renal hemodlmamics and
function' It achieves this control by changing the mean levels of activity and/or changing the power of the
distinct frequencies that comprise this mean activity. My studies, presented in four parts, investigate how
total renal blood flow (RBF) and intrarenal blood flow are connolled by these changes in RSNA.

While RSNA and RBF both show oscillations at various frequencies, the functional significance and
regulation of these oscillations is not well understood. To establish whether the strength of these oscillations
is under differential control I measured the frequency spectnrm of RSNA and RBF following volume
expansion in conscious rabbits. At least 6 days prior to experiments animals underwent surgery to implant an
electrode for recording renal nerve activiU and a flow probe for recording RBF. Volume expansion resulted
in a 25 t 5oZ decrease in mean RSNA, paralleled by an increase in RBF. Renal denervated rabbits did not
show an increase in RBF with volume expansion. Spectal analysis of the different frequencies in RSNA
showed oscillations in RSNA between 0.2 to 0.4 Hz were selectively decreased following volume expansion
(14 t 3 to 6110/o of total power in RSNA at < 3Hz). A corresponding decrease in the shength of oscillations
in RBF at this frequency was also seen (20 + 6 to 8 t z%\.In conhast the strength of respiratory (0.g to 2.0
Hz) and cardiac (3 to 6 Hz) related rhythms did not change with volume expansion. These results show that
selective changes in the different frequency components of RSNA can occur.

While RSNA plays a significant role in the regulation of RBF, little is known about the role renal nerves may
play in the confrol of regional kidney blood flows i.e. cortical and medullary blood flow (CBF and MBF
respectively)' This is an important question as the conbol of blood flow to the renal medulla has been shown
to be critical in the long-term conhol of arterial pressure, chiefly through its influence on tubular
reabsorption of salt and water. If renal nerves are involved in the control of medullary blood flow then they
may also have a role in long-term arterial pressure regulation. My aim was to investigate the role RSNA may
have in the regulation of both CBF and MBF.

In a series of experiments, using pentobarbitone anaesthetized rabbits, I electrically stimulated the renal
nerves whilst simultaneously recording RBF, CBF, and MBF. Three sequences of stimulation were applied,
1) varying the amplitude of stimulation, 2) varying the frequency of stimulation and 3) stimulation with a
modulated sinusoidal pattern which allows determination of the frequency response characteristics of each
flow' Increasing amplitude or frequency of stimulation progressively decreased all flow variables. RBF and
CBF responded similarly, but MBF responded less. For example, 0.5 V stimulation decreased CBF by 20 +
9o/o but MBF fell by only 4 * 60/o. The amplitude of oscillations in all flow variables was progressively
reduced as the frequency of sinusoidal stimulation was increased. An increased amplitude of oscillation was
observed at0'12 and 0.32 Hz in MBF, and to a lesser extent RBF, but not CBF. MBF therefore appears to be
less sensitive than CBF to the magnitude of RSNA, but more able to respond to these higher frequencies of



neural stimulation. These results show that regional renal blood flows may be differentially regulated
RSNA and indicate a role for RSNA in the contol of MBF.

To further investigate the effects of RSNA on intrarenal blood flow I performed another series of
experiments in which I reflexly increased RSNA while simultaneously recording CBF and MBF. I exposed
pentobarbitone anesthetized, artificially ventilated rabbits to graded reductions in inspired 02 content. A
separate group of animals with denervated kidneys underwent the same protocol. Graded hypoxia (16, 14,12
and l0% inspired O) progressively reduced arterial 02 partial pressure and increased RSNA (by g * 3,44 t
25' 62 + 21 and 76 * 37% respectively compared with air) without affecting MAp. This was accompanied by
progressivereductions in CBF (by2+L,5+2,11+3 and 14 +2%orespectively) in intactbutnotdenervated
rabbits' MBF was unaffected by hypoxia in either group.Thus, reflex increases in RSNA cause renal cortical
vasoconstriction, but not at vascular sites regulating MBF.

Taken together results from both these studies provide strong evidence that MBF is less sensifive to the
vasoconstrictor influence of RSNA than is CBF. However, larger, chronic increases in RSNA, such as occur
in heart failure, could be associated with decreases in MBF. This may implicate RSNA in the long-term
confrol of arterial pressure.

The 0'3 Hz oscillation in RSNA, and thus MAP, is intermittent in its presence. In a frnal series of
experiments I studied the underlying reasons for the presence or absence of the 0.3 Hz oscillation. using
conscious animals I studied the oscillation under a range of sympathetic stimulants. I was unable to induce
an oscillation in MAP at 0.3 Hz and propose reasons for this. To allow further analysis, I performed a second
set of experiments in which I induced the oscillation in RBF by electrical stimulation of the aortic depressor
nerve' I found that large amplitude oscillations in baroreceptor stimulation were required to induce
oscillations in RBF and MAP- I speculate on what this may tell us about the nature of the slow oscillation.
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INTRODACTION

Sympathetic nerve activity (SNA) is fundamental to both long and short-term conhol of the cardiovascular
system' As a major component of the efferent arc of the arterial baroreflex loop, SNA has a pivotal role in
blood pressure conhol on a second-to-second basis. Its tonic nature, and thus chronic effect on total
peripheral resistance and renal conhol of salt and water balance, define its role in more long-term blood
pressure control' Renal sympathetic nerve activity (RSNA) is cenhal to neural cardiovascular conhol, as it
controls renal hemodynamics and regulates blood volume through regulation of urinary water and electrolyte
excretion' Therefore, understanding neural control of renal blood flow (RBF) is critical to the understanding
of SNA control of the cardiovascular system.

The control of RBF by RSNA has traditionally been considered in terms of the mean responses of each
variable. However, the interaction between RSNA and RBF can also be investigated in the frequency domain
using spechal analysis. This allows identification and quantification of specific frequencies in each signal
and thus permits examination of the dynamic relationship between RSNA and RBF. Analysis in the
frequency domain can provide frrnher insight into the neural conhol of cardiovascular function.

RSNA may also have a role in the contol of blood flow distribution within the kidney, i.e. intrarenal blood
flow' The anatomical organization of the intrarenal vessels allows for two discrete microcirculatory
networks, namely the cortical and medullary vascular beds. Due to relatively recent technological advances,
the measurement of total RBF can now be augmented by measwements of blood flows in these specific
regions of the kidney. The role RSNA may have in the control of infrarenal blood flow, particularly in the
medulla where flow influences the corticomedullary solute gradient and possibly blood pressure
homeostasis, has further implications for sympathetic newal conhol of the cardiovascular svstem.

This chapter introduces the central sites of origin and sites of termination of preganglionic nerves supplying
renal postganglionic sympathetic fibers. It discusses the development of postganglionic nerve recordings and
the experimental basis for current hlpotheses on neural confrol of RBF. Also discussed is the concept of
oscillations in RSNA and the role these may have in the control of RBF. The anatomy of the renal
microcirculation and the anatomical evidence suggesting a role for the renal nerves in the control of this
circulation is also introduced.

Renal postganglionic nerves are controlled by preganglionic nerves that originate from nuclei in the thoracic
and upper lumbar segments of the spinal cord (52). These preganglionic neurons in turn project from and are
controlled by autonomic presympathetic neurons, which originate from particular nuclei in the brainstem and
hypothalamus. Retrograde labeling studies in the rat(241) have shown that five centrally located cell groups
(rostral ventrolateral medulla (RwM), rostral ventromedial medulla, caudal raphe nuclei, A5 noradrenergtc
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cell group and the paraventricular nucleus) innervate preganglionic outflow to all major sympathetic ganglia
(Fig' l)' Presympathetic neurons affecting renal postganglionic activity (via sympathetic preganglionic
nerves) originate 47o/o from the RVLM, 38% from the A5 area,l3%o from the caudal raphe nuclei and l%
from the paraventricular nucleus (66). of these the RVLM has been most extensively studied. Excitation of
RVLM cells has been shown to cause an increase in blood pressure mediated by increases in postganglionic
sympathetic activity to a range of vascular beds, including the kidney (53, l7g, l7g, 254). Likewise,
inhibition of RWM cells causes a decrease in blood pressure mediated by decreases in postganglionic
sympathetic activity (52). However, postganglionic responses to RVLM activity are not uniform to all
vascular beds (28, 106, 259) and different patterns of vasoconstriction or vasodilatation will be produced
dependent on the site of RVLM stimulation or inhibition (5a). The presympathetic neurons that ultimately
affect renal postganglionic activity are located more roshally in the Ry1M than those to other vascular beds
(56, t4g, 180).

Preganglionic neurons originating in the RVLM are tonically active and a large proportion of resting
vasomotor tone in anesthetized animals is athibutable to this (52). Three theories have been proposed to
explain this activity: firstly that the RVLM cells are chemosensitive and are activated in response to
physiological levels of Pco2, Po2 and pH (55). The second hypothesis is that the RVLM contains pacemaker
cells that are spontaneously active in the absence of any synaptic inputs (99). Any synaptic input that does
occur would modulate their basic pacemaker rhythm. This theory has been countered by findings that the
mean discharge rate of RVLM cells is greater than that reported in SNA (8.6 spikes.s't 1145y, and between I
and 6 Hz respectively (163)) and by inhacellular in vivo recordings showing RVLM cells to behave
atypically compared with regular pacemaker cells, with erratic rather than regular spontaneous activity(146).
The third theory proposed is that the activity is the result of a brainstem network oscillator (g 7), i.e. a

conglomeration of sympathoexcitatory and sympathoinhibitory neurons whose combined activity is rhythmic
and synaptically transmitted to RVLM presympathetic neurons.

From their central sites, presympathetic neurons descend to synapse with sympathetic preganglionic neurons.
Cell bodies of sympathetic preganglionic neurons are located predominantly in the intermediolateral cell
column and adjacent white matter of the lateral funiculus in the thoracic and upper lumbar segments of the
spinal cord (38, 48). The preganglionic neurons leave the spinal cord via the ventral root, travel a short
distance with the spinal nerve and then separate to form the white rami, which project to paravertebral or
prevertebral ganglia (Fig' l)' With some overlap, preganglionic neurons at different spinal levels are specific
for particular ganglia. For example in the rat, preganglionic neurons that synapse with renal postganglionic
neurons in prevertebral ganglia show the following distribution: celiac ganglion - Tc - Tr; aorticorenal
ganglion - T? - T12; and superior mesenteric ganglion - Tr - TB ((242), Fig. 2). preganglionic axons are
almost all myelinated(z34) with a slow conduction velocity of <Zm.s-t1215;, small diameter (120) and low
firing rate (< l0 impulses.s I in anesthetized animals (234)).



Central sites of orisin
r Rostral ventrolateral medulla
o Rostral ventromedial medulla
o Caudal raphe nuclei
o A5 noradrenergic cellgroup
o Paraventricular nucleus

paravertebral sympathetic ganglion

ventral root

spinal cord (thoracic and
upper lumbar segments)

Figure l: Schema listing central sites of origin of presympathetic neurons (A, (66)) and depicting the
passage of sympathetic preganglionic neurons (B). Presympathetic neurons synapse with cell bodies of
sympathetic preganglionic neurons in the ttroracic and upper lumbar segments of the spinal cord (3g, 4g).
Preganglionic neurons leave the spinal cord via the ventral root, travel with the spinal nerve and then
separate to form the white rami which project to para- or prevertebral ganglia.
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POSTGANGLIONIC SYMPATHETIC NERW FIBERS

Renal postganglionic sympathetic nerve fibers connect with sympathetic preganglionic fibers in the
thoracolumbar paravertebral sympathetic chain ganglia and prevertebral solar plexus ganglia. The dominant
prevertebral ganglion in the human, cat, dog and monkey is the aorticorenal ganglion, which is equivalent to
the supraranal ganglion in the rat (63). Significant species differences exist in both the distributions of fibers
between the prevertebral ganglia and the paravertebral sympathetic chain ganglia and the predominant spinal
cord segment of origin within the sympathetic chain ganglia. In rats, 80% of renal postganglionic fibers
originate in the paravertebral sympathetic chain ganglia at levels T, - Lz, with predominance at T13 - L,
((79)' Fig' 2)' In comparison, in the cat, only 50% of renal postganglionic fibers originate in the paravertebral
sympathetic chain ganglia (140, 186) and these are at levels Lr - Lz. The predominant level of origin of
preganglionic neurons (in rats, Ts - Tn with the mode at T16) compared to the predominant level of origin of
postganglionic fibers (mode at T13 - L1), suggests renal sympathetic preganglionic axons descend another
three to four segments in the thoracolumbar chain before synapsing with postganglionic neurons (zz7).
studies in the rat have shown postganglionic fibers to be largely unmyelinate d (g6%)with a mean diameter
of 1.26 t 0-01 pm (65) and mean conduction velocity of 2.10 t 0.10 m.s-, 1202;.

POSTGANGLIONIC SYMPATHETIC NERW RECORDINGS
The activity of postganglionic sympathetic nerves has been recorded using two techniques: single nerve
recordings and whole nerve bundle recordings. studies using single fiber recordings have provided some
fundamental information on the discharge properties of these nerves. Dorward et al. (67) recording from the
renal nerve in anesthetized rabbits and Mecker and Weaver (185) recording from the splenic nerve of
anesthetized cats determined the frequency of fring in individual fibers to be 2 - 2.5 spikes.sr and -1.2
spikes's-r respectively. ootsuka et al. (204) have shown the minimal firing interval for postganglionic nerves
in the stellate ganglion of cats to be 90 - 100 ms. The duration of this refractory period indicates that the
higher frequency of discharges in whole nerve recordings are probably due to the summation of
synchronized firing of many fibers rather than rapid firing of an individual fiber ((162), Fig. 3). The
propensity of a single fiber to fire at approximately the same time in the cardiac cycle (although f ing does
not occur with every beat) has also been shown fiom single fiber recordings in the rabbit (67). The same
study revealed the relative homogeneity of the firing properties, conduction velocities and function of the
nerve bundle in the rabbit. In the rat, the bundle may be less homogenous, as, while gg% of fibers arc
vasoconstrictor (i'e' show responsiveness to sfimulation of baro- and chemoreceptors), a subpopulation of
frbets (12%o) which are responsive only to stimulation of peripheral thermoreceptors, have also been
described' on the basis of these results it has been suggested that functionally specific subgroups exist within
renal postganglionic nerve fibers in the rat (65).

Single fiber recordings have also demonstated the presence of functional differentiation in the activity of
vasomotor neurons to different end organs. For example, postganglionic activity to skeletal muscle is
decreased by stimulation of arterial baroreceptors and increased by stimulation of chemo- and nociceptors,



whereas cutaneous postganglionic vasoconstictor neurons only sometimes decrease their actinity ,"itl
arterial baroreceptor activation and also decrease their activity with chemo- and nociceptor activation (123).
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Firing rates of
individual neurons

Figure 3: Schema illustrating how the summation of bursts at low frequencies from single fibers can
result in synchronized bursts at a higher frequency. Each individual burst occurs at approximatety the
same time in the cardiac cycle but not with every cycle. tntegrated sympathetic nerve activity (SNA)
reflects the activation of many neurons resulting in a multifiber burst of greater amplitude and frequency
than occurs in the individual fibers. (Adapted from Malpas (162)).

Whole nerye or multi-fiber recordings of SNA record the synchronous activity of the entire nerve bundle.
Although postganglionic fibers are usually the site of whole fiber recordings, the synchronicity of firing is
also evident in preganglionic fibers (l8l). Since first used by Bronk et al. in the anesthetized cat during the
1930's (35), the technique has evolved to permit recordings in conscious animals. Whole fiber recordings are
a summation of the individual impulses from many individual fibers (Fig. 3) and this synchronization of
discharges results in a recording where the amplitude of the burst is proportional to the number of fibers
recruited and the width reflects the range of conduction velocities within the individual fibers (l69). Adrian
et al' (4) have shown these synchronized bursts to characteristically occur at the same time in the cardiac
cycle and to be modulated by respiration.
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Simultaneous whole nerve recordings from sympathetic nerves to different vascular beds have also been

used to show the differential nature of the sympathetic response to individual organs (l l9). The original
concept of the sympathetic nervous system as a functionally homogenous system acting en masse with
uniform changes in SNA to all vascular beds (39) has been refrrted since the 1950s. Folkow (gl) describes a
defense reaction in cats of intense vasoconstrictor activation in the gastrointestinal, renal and cutaneous
vascular beds but not in skeletal muscle vasculature. More recently, Iriki et at. (l 19) using both direct and
indirect measures of SNA, have shown different SNA responses to the same stimulus in different vascular
beds' Exposure of conscious rabbits to moderate hypoxia increased SNA to the kidney and gut concurrent
with decreased SNA to the skin (indicated by increases in ear temperature) and heart (Fig. a). Results from
the same study also showed that different patterns of activity were generated in response to different stimuli.
In contrast to the response to hypoxia, spinal cord cooling caused decreased cutaneous sNA (indirectly
determined by changes in ear temperature) together with increased cardiac and gut SNA. Thus SNA is able
to induce qualitatively different responses in diverse vascular.ueas as welt as inducing different patterns of
activity in response to different types of stimulation. These abilities remain an overlooked aspect of
sympathetic cardiovascular control with sympathetic responses in a single vascular bed still being considered
indicative of a systemic SNA response (193,233).
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rabbits during prolonged hypoxia. (From Iriki et al. ( I l9)). The increase in ear temperature is indicative
of a decrease in cutaneous sympathetic nerve activity to the ear, as confirmed in a subsequent study
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A limitation of the whole fiber recording technique is the variability of contact between the recording
electrode and the nerve fiber. This affects the voltage recorded, making direct comparison of voltages
between different animals, or even within one animal on different days, inadvisable(193). This is largely
overcome by comparing percentage changes in the activity relative to a recently recorded control period.
Using this method, Malpas et al. (163) have estimated that only l0 -20% of the whole nerve bundle is
activated at rest, compared to nasopharyngeal reflex activation of the entire nerve bundle where an increase
in RSNA of up to 500% above control levels occurs. Another limitation of the whole fiber recording is that
the activity of a single, tonically active nerve fiber, whose discharge is non-synclronized, could be lost in the
noise of the signal.

OSCILLATIONS IN SYMPATHETIC NERYE ACTIVITY
one benefit of whole nerve recordings of SNA is that they reveal a rhythmicity of firing which may be
undetected in individual fibers. These rhythms, or oscillations, in sNA are usually assigned to four broad
bands: a high frequency l0 Hz oscillation, a cardiac-related oscillation at z - 6 Hz, a respiratory-related
oscillation and low or ultralow oscillations at frequencies less than the respiratory frequency.

I0 Hz rhythm

A rhythm "faster than the normal cardiac and respiratory rhythm" was first described by Green and Heffron
(96) in the cardiac sympathetic nerve of anesthetized cats. It was further investigated in the splanchnic nerve
of cats by cohen and Gootman,17) who ascertained the rhythm to be at loHz.It has since also been
reported in rats, rabbits and piglets (93, 138). The study of the l0 lrz rhythm has been complicated by its
intermittent nature; its masking by some anesthetics (92) and its requirement of elevated mean sympathetic
dive (47,96)' More recently it has been re-evaluated by Ninomiya et al.(z0z) who propose that it is
generated centrally' Although the l0 Hz rhythm has been reported in spinal animals(lg2), current opinion
appears to be that the oscillation is of brainstem origin (22,g0,g1,260,261). However, whether it is
generated by a specific group of neurons or a network of neurons, is undetermined.

Cardiac related rhythm

of all the frequency bands identified in sNA, the cardiac-related rhythm contains the most spectral power. In
the rabbit 53Vo of spechal power is located at a frequency between 3.5 and 5 Hz (124). Originally,
oscillations at the same frequency as the heart rate were proposed to be a direct consequence of the
baroreflex' This theory proposed an increase in SNA to be induced reflexly by withdrawal of baroreflex
inputs during diastole, and a decrease in SNA during systole to be induced by an increase in baroreflex inpur,
inhibiting tonic central drive to sympathetic nerves (47,96). However, its presence in renal and splanchnic
nerves of baroreceptor denervated, anesthetized animals, led to the modified hlpothesis that it is of central
origin and entrained to the cardiac cycle by periodic baroreceptor input (23, 89). Support for the central
origin of the rhythm comes from a series of studies by Gebber and colleagues. They have shown firstly that
the temporal relationship between the cardiac cycle and the 2 - 6 I{z rhythm in SNA is disrupted by
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baroreceptor denervation indicating the persistence of the rhythm is not due to extra-baroreceptor
cardiovascular afferents ((23), Fig. 5). Secondly, in cats with sectioned aortic depressor and vagus nerves,
pacing-induced bradycardia changed the interval between peak activity in the carotid sinus afferents and
peak RSNA (86)' If the cardiac-related rhythm in SNA was due solely to the fluctuations in baroreceptor
input this phase relationship should not have been affected by heart rate changes. Thirdly a single shock
delivered to the carotid sinus nerve or inbamedullary components of the baroreflex loop early in the cardiac
cycle eradicated the cardiac related wave in SNA, whereas stimuli later in the cycle had no effect (gg). This
all-or-nothing response atso fails to support the baroreceptor hypothesis. On the basis of these experiments
Gebber's group proposed that the cardiac related rhythm in SNA is generated centrally and entrained to the
cardiac cycle by baroreceptors' They proposed that this may involve a network of coupled pools of brainstem
neurons (network oscillator hypothesis) or antecedent inputs to bulbospinal neurons, e.g. neurons from the
lateral tegmental field of the meduilary reticurar formation.
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Figure 5: Activity patterns in splanchnic sympathetic nerve activity (sND) and parietal-frontal
electoencephalogram (EEc) in baroreceptor intact (1, Baro. Intact) and baroreceptor denervated (II,
Baro' Den') states. After baroreceptor denervation SNA remained rhythmical but no longer discharged in
phase with the cardiac cycle. Mean arterial pressure (BP, mmHg) is also shown. A: Oscilloscope records
of BP (top), SND (niddld and EEG (bottom). B: R wave-triggered computer averaged records (64 rrials).
Sequence of traces is the same as in ,4. Vertical calibration is I 00pV for SND and 50pV for the EEG.
(Adapted from Barman and Geber (23)).
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other studies have presorted work indicating that the theories proposed by Gebber and colleagues may still
require refinement. Analysis of the timing between the cardiac cycle and inhibition - rather than initiation -
of sympathetic nerve discharge, revealed this timing to be constant over a range of heart rates (ll0),
suggesting that baroreceptor input provides a phasic inhibitory signal rather than the entraining signal
originally suggested by Gebber (162). The broadening of spectal power seen following baroreceptor
denervation (162) is also a response atlpical of other biological oscillators (12). There are also studies
suggesting that following baroreceptor denervafion the cardiac related frequency in SNA is replaced by a
higher frequency of discharge, implying that any oscillator that may be generating the rhythm is not
entrained solely to baroreceptors (l10, 170, 202). Ninomiya et al. (202) propose it is the l0 Hz rhythm which
is the dominant rhythm of the brainstem oscillator and the cardiac rhythm is derived from the l0 Hz rhythm
by its periodic inhibition secondary to baroreceptor input. However, subsequent analysis found the
relationship between the cardiac related discharge and the l0 Hzrhythm to be no greater than random(l6l)
and suggest the two rhythms are due to different controlling and generating systems.

while the debate continues, the greater body of literature cunently seems to support the concept that the
cardiac rhythm is of central origin. However, whether the central activity is modified by other inputs, or is
the result of a network oscillator or a single generator, remains to be determined.

Respiratory rhythm

Adrian et al' (4)' using whole fiber recordings, first reported the respiratory rhythm in sNA of the rabbit. It is
now established that the pattern of respiratory activity in postganglionic sympathetic nerves may vary
depandent on the species (101) and the nerve from which the activity is reoorded (2o3).In the rat, visceral
sympathetic nerves are activated early in inspiration and have a post-inspiratory or early expiratory dip,
whereas the cervical and lumbar sympathetic trunlc have a post-inspiratory activation (203). Sympathetic
preganglionic neurons also show a respiratory rhythm. Studies of single o(ons in the cat lumbar sympathetic
outflow have correlated different respiratory-related activation patterns with the function of individual
neurons' For example, muscle vasoconstrictor preganglionic neurons show prominent inspiratory activation,
sudomotor neurons show expiratory activation and most sympathetic preganglionic neurons regulating gut
motility show no respiratory modulation (l0l). Patterns of respiratory activity seen in barosensitive
bulbospinal neurons relate well to the patterns seen in preganglionic neurons, suggesting that the bulbospinal
neurons provide the patterning seen in the preganglionic neurons (zls).In rabbits, -75oA of barosensitive
bulbospinal neurons in the RVLM have a respiratory rhyhmicity and this is most commonly a post-
inspiratory activation (215). The likely source of the respiratory rhythmicity of barosensitive bulbospinal
neurons is the respiratory neurons in the ventral medulla, specifically the ventral respiratory group including
the Btitzinger and pre-Bdtzinger complexes (215).

The mechanics of ventilation may also conhibute to the respiratory oscillation in SNA. The changes in
intrathoracic pressure with respiration will affect venous retum, cardiac output and thus arterial pressure. The
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fluctuations in arterial pressure will be detected by baroreceptors and ultimately cause changes in
postganglionic SNA. However, this explanation as to the cause of the respiratory oscillation in SNA is
incompfete, as an oscillation in barosensitive bulbospinal neurons is still evident in paralyzed, ventilated,
vagotomised animals (21, l9l).Italso does notaccount forthe presence of arespiratoryrhythm in neurons
that are not baroreceptor sensitive (e.g. sudomotor). Explanations as to the presence of a respiratory rhythm
in vagotomised animals include pacemaker and network theories. For example, it has been proposed that
neurons of the respiratory oscillator may impose their own rhythm on SNA (12, l3), or that there is a
common respiratory/sympathetic generator that receives inputs from a common oscillator (z2l).Gebber (gg)
proposes that there are independent respiratory and sympathetic brainstem oscillators, which are normally
coupled to each other, with the intrinsic slow rhythm of the brainstem oscillator enhained to the respiratory
oscillator.

Slow rhvthms

slow oscillations in sNA have been reported in humans at 0.1 Hz (30), rabbits at 0.3 Hz (lz4) andrats at 0.4
Hz (36)' Although they comprise only a small percentage of the overall spectral power (lz -zo% in the
renal nerve of the rabbit (124)), their role in cardiovascular control is significant as they are slow enough to
allow the vasculature to respond with oscillations at the same frequency. This slow rhythm in sNA, which is
then reproduced in blood flow, is also evident in mean arterial pressure (MAp, Fig. 6). These pressure waves
have been refened to as Mayer, Traube-Hering, third-order, alpha or vasomotor waves.
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Figure 6: Example of a 0.3 Hz oscillation in sympathetic nerve activity (SNA, /ower trace) and, mean
arterial pressure (MAP, upper trace) in one rabbit during hemorrhage. (Adapted from Matpas and
Burgess (164).
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Figure 7: schema depicting a role for the baroreflex loop in the generation of the slow oscillation in
mean arterial pressure. The resonance theory proposes that a change in blood pr€ssure (Bp) is sensed by
arterial baroreceptors and causes a corresponding change in afferent input. A rcciprocal change in
sympathetic nerve activity (SNA) occurs which in tum alters vascular resistance. Due to time delays
around the loop, rather than buffering the initiat change in blood pressure, the feedback loop causes its
own change in blood pressure. See text for deaits.
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Two main hypotheses have been proposed to explain the mechanism generating the slow oscillatory wave in
MAP' One attributes it to an intrinsic central processor that modulates peripheral resistance via sympathetic
nerves (105, 133, 217). Evidence supporting this central processor theory includes the persistence of the
wave following denervation of carotid and aortic baro- and chemoreceptors and when MAp input is not itself
fluctuating (217). The second hypothesis, initially proposed by Guyton and Harris (100) as the oscillator
hypothesis but more latterly presented by de Boer et al. as the resonance theory (57), attributes the MAp
oscillation to a resonance phenomenon due to delays in the baroreflex loop(30 ,37, 57, lig, ZSZ) (Fig. Z). kr
this theory a change in blood pressure is sensed by arterial baroreceptors and afferent input to the cenhal
nervous system altered appropriately. Efferort SNA is subsequently altered but the change in vascular tone
secondary to this is delayed relative to the initial perturbation in blood pressgre. The delay is due to the time
required for propagation around the loop plus the time delay for the vascular response to the change in SNA
to occur' It is comprised of efferent neural transmission, neural vascular coupling, vascular contraction,
afferent sensing and finally relaying to the central nervous system(30). The largest component of the delay
is due to vascular smooth muscle contraction and Malpas and Burgess (164) propose it is SNA to organs
whose vasculature has similar frequency response characteristics that dominates the oscillation in MAp.
species differences in the frequency of the oscillation (0.1 Hz in humans(30),0.3 Hz in rabbits (124), and
0'4 Hz in rats (36)) have been attributed to the differences in physical distance between arterial
baroreceptors, the brain and peripheral organs, thus affecting conduction time around the loop. In support of
the resonance theory Jacob et al. (121) observed that the low-frequency oscillation at 0.3 - 0.5 Hz normally
present in rats was not evident following sinoaortic denervation, indicating a reliance on arterial
baroreceptors for its origln. cunent mathematical models (37, s7,158) also seem to favor the resonance
theory' However, the resonance theory requires that an alteration in baroreflex gain - either between sNA
and the vasculature or between MAP and sNA - should alter the strength of the oscillation (164).
contradictory to this, and in support of the cenhal processor theory, maneuvers in conscious dogs which
have either increased (headmill exercise, (221)), decreased (nihoglycerin infusion, (222)) or not changed
(transient artery coronary occlusion, (160) baroreflex sensitivify, have all been reported to increase the low
frequency oscillation in MAP. It is possible inputs from other than baroreceptors, e.g. from cardiopulmonary
receptors, are also modulating the oscillation. Perhaps the final theory will require some amalgamation of the
two hypotheses.

RENAL SYMPATHETIC NERVE ACTIVITY AND RENAL BLOOD FLOIY
That the renal sympathetic nerves are involved in the conbol of renal blood flow has been established for
some time' However, more equivocal is the issue of whether RSNA is fundamental to routine control of RBF
or whether it is an extreme response seen only in 'flight or fright' scenarios. DiBona and Kopp(61) state that
RBF is reduced only at high levels of RSNA. This conclusion is based on results of experiments by several
groups who performed electrical stimulation of the renal nerves in anesthetized rats, cats, monkeys or dogs
(Fig' 8)' Although there were some species differences, the general response pattern was as follows: all
levels of renal nerve stimulation above 0.25Hzincreased renin secretion(49, lls, 126,205), stimulation
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between 0'25 and 1.0 Hz did not alter RBF but enhanced sodium and fluid retention (27,113,143, 205) and
stimulation between 2 and l0 FIz caused stimulus-dependent decreases in RBF. These stimulus-dependent
effects of RSNA on RBF and tubular function were also observed at the single nephron level (l I l). Based on
the results of these experiments, it was concluded that RSNA control of RBF is restricted to situations when
RSNA is extremely elevated, with moderate levels of activation reducing sodium excretion, and still lesser
degrees increasing renin secretion (61).
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Figure 8: l, Responses of renal blood flow (RBF, % change from confiol) in anesthetized rats (n = l0) to
increasing frequency of electrical stimulation of renal nerves at constant amplitude of l0 V and duration
of 0'5 ms. (Adapted from DiBona and Rios (64)).8, Effects of electrical stimulation of renal nerves on
responses of renin secretion rate (increases), urinary sodium excretion (decreases) and renal blood flow
(decreases)' Data was assembled from studies in anesthetized rats, cats, monkeys and dogs. (Adapted
from DiBona and Kopp (62)).

In comparison' more recent experiments manipulating endogenous RSNA suggest that the renal vasculature
is sensitive to small alterations in RSNA. Grady and Bullivant (95) measured RBF in conscious rats in their
home cages during various activities ranging from sleep to active movement and found RBF decreased as the
rats activity level increased, an effect negated by prior blocking of RSNA with application of local anesthetic
around the renal artery. In the anesthetized pig, distension of the uterus resulted in a decrease in RBF
mediated by the sympathetic nerves, without a change in blood pressure (246). Mancia et al. (173) recorded
changes in RBF during different behaviors in the conscious cat. Three states of excitation: confrontation
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without fighting, non-supportive fighting (i.e. forelimb movement only), and supportive fighting (i.e.
hindlimb and forelimb movement) decreased RBF by 8, 15 and 19% respectively. RBF has also been shown
to decrease in response to psychological stress in conscious baboons (232). Forsyth measured RBF using
radiolabelled microspheres during acute psychological stess in conscious monkeys and also showed
decreases in RBF which were proposed to be due to increased RSNA (82). Although RSNA was not directly
recorded in these studies, collectively the results support the hypothesis that moderate increases in RSNA
can induce changes in RBF. However, a caveat in the interpretation of these studies is changes in RSNA
must be presumed.

Experiments in which RSNA has been recorded provide direct evidence that RBF is responsive to small
changes in RSNA' In conscious rabbits, graded increases in RSNA induced by breathing hypoxic gas
mixtures showed a linear relationship between the level of RSNA and the level of effective RBF, sodium and
fluid excretion and plasma renin activity. No evidence was found that smaller increases in RSNA selectively
altered plasma renin activity without changing effective RBF (172). In further studies in which RSNA and
RBF (flow probe) were simultaneously measured, noise stress, air jet stess and hypoxia produced mean
increases in RSNA of 12,31 and 14% respectively which were accompanied by decreases rn RBF ((166),
Fig' 9)' The rapidity of the response and the mirroring of the RBF and RSNA responses in this study allowed
the changes in RBF to be attributed to the renal nerves. However, a limitation of conscious animal
experiments is the difficulty in attaining a "resting" level of RSNA in an experimental setting. It is possible
that the experimental conditions in studies that have found a small increase in RSNA to alter RBF are such
that the baseline level of SNA is high, and thus the vasculature is already under some tonic neurally-induced
vasoconstriction.

In confrast, several studies performed in the conscious dog suggest RSNA has little effect on renal
hemodynamics' Studies using head-up tilt, non-hlryotensive hemorrhage, carotid occlusion, water immersion
and blood volume expansion have reported changes in RSNA of up to B7yo, yet these failed to induce
changes in RBF and/or glomerular fileation rate(97,98, 189, 190, 194, 195, 200). However, there are also
conflicting reports of studies in dogs that do indicate renal nerves can regulate RBF. Majid and Karim(159)
compared RBF responses between innervated and denervated kidneys during stimulation of left atrial
receptors and found renal nerve dependort changes in RBF. other studies in dogs have also reported
reductions in RBF with large increases in RSNA (98), but these are often accompanied by a change in
arterial pressue that makes interpretation difficult. It is not clear why the results of experiments in dogs tend
to differ from those using other animals, but it is possible that species' differences account for some of the
divergent results between sfudies.
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To further characterize the role of RSNA in the conhol of renal function, several studies have used a renal
denervation protocol' hedominantly, these studies have revealed that in the absence of the renal nerves the
response to the stimulus is either severely blunted or negated. In conscious rats, rabbits and sheep, resting
RBF increases following renal denervation, indicating that RSNA provides a tonic level of renal
vasoconstriction(77,95, 166). Malpas and Evans (166) have also shown that following renal denervation,
RBF failed to respond to air jet shess, hypoxia, or noise shess; all stimuli that caused significant RBF
changes in renal innervated, conscious rabbits (Fig. 9). Mancia et al. (173) also showed RBF to be
unresponsive to emotional stress following renal denenration in conscious cats. Smith showed RBF
responses to psychological stress in conscious baboons to be largely maintained following renal denervation
(232)' These conscious animal studies contrast with studies in anesthetized dogs(l), rats (26, 64), pigs (46)
and cats (125, 175) where no detectable changes in renal hemodynamics and/or resting RBF were seen
following renal denervation. Peterson (214) also showed no change in renal excretory function following
renal denervation in anaesthetized monkeys. Renal denervation as a conhol for the effects of renal
innervation has been criticized as it has been shown to alter the ability of some hormones, e.g. noradrenaline
(132), to affect RBF. However recent studies show that the chronically denervated kidney does not have an
exaggerated response to physiological or pathological levels ofnoradrenaline (l4g).

Evidence from human studies also supports the concept that physiological levels of RSNA affect RBF. As
RSNA cannot be directly measured in humans, human data is constrained to measurement of renal function
and/or muscle sympathetic nerve activiU. In a study in which cortical RBF was measured by positron
emission tomography, mental stess produceda3}Yoincrease in muscle SNA and a3flo/oreduction in cortical
blood flow (188). Importantly this change was observed within two minutes of commencing the stimulus,
when hormonal influences would be expected to be minimat. Although these results indicate SNA contol of
RBF at low levels of neural activity, interpretation is limited by the recording of muscle SNA, which may
not fully reflect changes in RSNA. van Tilborg et al. (250) used neck suction for a 90 min period to show
that stimulation of arterial baroreceptors produced a significant increase in RBF in subjects on a low sodium
diet, presumably due to decreased RSNA levels. They have also shown that head-out water immersion
increases RBF (249). However these studies lack a control for the influence of hormonal levels on the RBF
response' The ideal study in which RSNA is estimated via noradrenaline spillover from the kidney in
combination with measurement of RBF during maneuvers designed to alter RSNA levels is yet to be
conducted.

renal blood renal
Study of the confrol of RBF by RSNA is not restricted to analysis of the change in mean levels of either
variable' Power density spectral analysis, performed by fast Fourier transformation allows representation of
the data as a funcfion of frequency' The spechal plot re-expresses the signal as the proportion of total activity
distributed within different frequancy bands @ig. l0). Changes in specfal power indicate changes in the
variability of the signal. Fast Fourier transforms, along with simultaneous recording of both RSNA and RBF
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(124), have allowed analysis of how rapid changes in RNSA affect RBF and investigation of how the renal
vasculature responds to the different fiequencies in RSNA. Using these techniques Janssen et al. (124)
showed that oscillations in SNA faster than the respiratory frequency (> I Hz) do not directly induce
oscillations in RBF, but slower frequencies between 0.3 and 0.4ltzcan. This concurs with Stauss et al, (239)
who recorded splanchnic nerve activity and mesenteric blood flow while electrically stimulating the
paraventricular nucleus and found negligible oscillations in blood flow at frequencies greater than I tlz.
Malpas et al. (168) have also shown increased renal vascular responsiveness to low frequencies of neural
stimulation' Using sinusoidal etectrical stimulation of the renal nerves in anesthetized rabbits they
demonstrated that stimulation at 0.6 Hz was 2l times less likely to induce an oscillation in RBF than
stimulation at 0.25 Hz. Non-renal vascular beds have shown similar responses as Stauss and Kregel (236)
found that electrical stimulation of mesenteric nerves at frequencies greater than I Hz did not induce
oscillations in mesenteric blood flow, while those at 0.5 Hz could.
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Figure l0z Left panel: Time domain trace of arterial pressure (Ap), renal blood flow (RBF), and renal
sympathetic nerve activity (RSNA) in a conscious rabbit. Rtght panel: The same dara represented in the
frequency domain following fast Fourier transformation. Plots show spectral power at frequencies up to
14 Hz with most power in RSNA at cardiac (4 Hz) and lower frequencies (mainly respiratory). (Adapted

from Janssen et al. (124)).
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The relationship between oscillations in RSNA and oscillations in RBF can be further assessed by tansfer
function analysis' calculation of gain provides a ratio between changes in RBF and changes in RSNA. In
general, the larger the gain, the greater the influence of the input (RSNA or MAp) on the output (RBF)
(167)' A gain of > I means that MAP fluctuations are amplified into blood flow; gain of I means the
vasculature acts as a stifftube and gain of < I means flow is dampening the oscillations in MAp(2). phase

provides an indication of the timing between the two signals and determines whether oscillations in one
parameter may induce a similar frequency oscillation in another parameter delayed in time. A phase
difference of 0o indicates the two signals are synchronized whereas a phase difference of lg0o indicates that
there is a reciprocal relationship between the two signals(256). If the phase is positive, the fluctuation in the
input precedes the fluctuation in the output. Coherence provides a measure of the magnitude of agreemant
between the two signals where zero indicates no relationship and I the maximal relationship.The absence of
any significant coherence means there is no cause:effect relationship between the two variables. In conscious
rabbits at rest, gain between MAP and RBF has been shown to be significantly lower in animals with intacr
renal nerves, indicating that RSNA acts to dampen the effect of changes in blood pressure on RBF (167).
Also' coherence between MAP and RBF was higher in renal denervated animals, indicating that in the
absence of RSNA there is a greater coupling between MAP and RBF. Thus, the presence of RSNA reduces
the effect of rapid changes in arterial pressue on RBF. Janssen et al. (124) reported a positive phase
relationship between RSNA and RBF in a 0.25 to 0.4 Hz frequency band, indicating that at this frequency the
oscillation in RSNA precedes the oscillation in RBF. These results show how transfer function analysis can
provide information on another facet of RSNA conhol of RBF.

INTRARENAL BLO@ILQW4ND INTRINSIC INNERVATION
Blood flow within the kidney can be divided into two distinct vascular circuits - that supplying the cortex
and that supplying the medulla. The anatomical arrangement of these renal microcirculations (Fig. I l),
where cortical and medullary circulations are (virtually) arranged simultaneously both in series and in
parallel, allows medullary blood flow (MBF) to be controlled indepardantly of the bulk of cortical blood
flow (CBF)' As blood first enters the kidney, it flows through vessels cornmon to both microcirculafions
until the afferent arterioles, where parallel vessels arise. In the rabbit, where the vascular pattern is
representative of mammalian species, the renal artery enters the kidney and branches into 8 - l0 interlobar
arteries (209)' These arteries ascend within the renal pelvis to enter the parenchyma at the border between
the cortex and the medulla where they change direction and travel as arcuate arteries in a semicircular route
along the cortical medullary border. Interlobular (or cortical radial) arteries are derived from the arcuate
arteries and ascend through the cortex toward the kidney surface. Afferent arterioles derive from the
interlobular arteries (209). The afferent arterioles enter the glomeruli and branch to form the glomerular
capillaries. Efferent arterioles drain the glomeruli.

Blood flow to the renal medulla tavels principally via the efferent arterioles of juxtamedullary glomeruli
(16, 122, 135, 187, 209), although l0% of these glomeruli possess a shunt pathway which bypasses the
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juxtamedullary glomeruli and passes directly to the descending vasa recta (210). Juxtamedullary glomeruli
have been reported to comprise l0% of total glomeruli in the rabbit (128) and between 7 - lg% in other
species (17,136,192). Efferent arterioles ofjuxtamedullary glomeruli give rise to descending vasa recta in
the outer stripe of the outer medulla (210). These descend into the medulla and divide into the descending
vasa recta, which in conjunction with the ascending vasa recta form the vascular bundles of the medulla.

Blood is supplied to the renal cortex from the efferent flow of superficial glomeruli. Blood from the efferent
arterioles of these glomeruli passes through the cortical peritubular capillaries before returning to the venous
system.
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Figure I l: The renal microcirculation. Blood is supplied to the renal cortex and medulla principa[y from
the efferent flow of superficial and juxtamedullary glomeruli respectively. (Adapted from Bankir et al.
(16)).
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Cortical and medullary regions also show differences in the structure of their respective afferent and efferent
arterioles' Afferent artErioles .lre composed of one to three layers of smooth muscle cells which gradually
thin as the vessel approaches the glomerulus (208). Juxtamedullary afferent arterioles are significantly larger
in diameter than cortical afferent arterioles (2 5, 72, 255). Juxtamedullary efferent arterioles are longer, more
muscular and have larger diameters than superficial efferent arterioles (208). Bankir (18) reports diameters of
28 and 12 pm respectively in the juxtamedullary and cortical efferent arterioles of rabbits. Similar
differences have been described in dog (25) and human (72) hdneys. There are also differences in vessel
structure between juxtamedullary afferent and their corresponding efferent arterioles. Two to four layers of
smooth muscle cells have been reported in juxtamedultary efferent arterioles compared with a less muscular
wall in afferent arterioles (210). Juxtamedullary afferent arterioles are also smaller than their corresponding
efferent arterioles- In the dog kidney the lumen of the medullary afferent arteriole averages 10.5 pm
compared with I1.5 pm for the efferent arteriole (2lg).

The influence of the renal nerves on the regulation of regional blood flow in the kidney is an under-
investigated area. However, the potential for intrarenal blood flow to be controlled by RSNA is infened by
the sympathetic innervation to the intrarenal vasculature. Postganglionic renal neryes enter the hilus of the
kidney travelling alongside the renal wtery and vein. They then supply the renal cortex and outer medulla,
innervating the interlobar, arcuate and interlobular arteries and the affersnt and efferent arterioles. The inner
medulla and papilla lack innervation as the inner medullary vasa recta gradually loses sympathetic
innervation as the smooth muscle cells of the efferent arteriole and outer medullary descending vasa recta are
replaced by pericytes (199, 209). Data from several studies indicates adrenergic innervation of the
juxtamedullary efferent arterioles may be more extensive than that of outer cortical efferent arterioles. For
example, Gorgas (94) has shown that juxtamedullary efferent arterioles axe surounded by a more dense
nerve plexus than cortical efferent arterioles. Barajas et al. (20) provided an indirect measgre ofinnervation
in the rat kidney by using light microscopy to measure the overlap of accumulations of autoradiographic
grains (AAGs) in rat kidneys injected with [3H]norepinephrine. The greatest amount of AAG overlap
occurred on afferent arterioles followed by efferent arterioles, interlobular arteries, cortical capillaries,
arcuate arteries and renal veins. Further support for intrarenal innervation comes from catecholamine
extraction studies in the dog kidney which show high concentrations of noradrenaline in the juxtamedullary
cortex and outer medulla (183). In summary, innervation appears denser in juxtamedullary efferent arterioles
than their superficial or outer cortical counterparts and is greater in afferent than efferent arterioles.

Further heterogeneity in microvascular innervation is seen in the grpes of sympathetic axons supplying
intrarenal vessels. Luff et al' (154, 155) have identified two types of sympathetic axons innervating the
vasculature in rat and rabbit kidneys. Type I axons, whose microtubules are continuous through the
varicosities, have greater density on afferent arterioles. Type II :u(ons, whose microtubules are res6icted to
intervaricose regions, have evenly distributed density between afferent and efferent glomerular arterioles.
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Studies which have invesfigated the role of the renal nerves in the confrol of MBF have used either elechical
stimulation protocols (Lt, 43, 172, 116, 216, 224) or reflexly induced increases in RSNA (127, 144).

However, a definitive interpretation of results is difficult due to the range of techniques used for both
stimulation of RSNA and recording of intrarenal blood flow, as well as differences in experimental protocols
(e'g' anesthetiznd versus conscious) and the species studied. Early studies using eleckical stimulation of the
hlpothalamus (127) or of renal efferent nerves (l l, I16, 216) inanesthetized dogs, largely report decreases
in both CBF and MBF. Houck et al. (116) reported reduced blood flow (measured using Indian ink
perfusion) in both the cortex and medulla following electrical stimulation of renal nerves. However
stimulation parameters were extreme (10 - 25 V and up to 30 tlz) and ischemia was induced. Jones et al.
(127) also reported decreases in both CBF and MBF (no values supplied, riKr autoradiography) during
hypothalamic electrical stimulation sufficient to decrease total RBF by 50%. These studies concur with
Aukland (l l), who used electrical stimulation of renal nerves (15 V, I ms pulse, l0 Hz), and showed similar
reductions in CBF and MBF measured using H, clearance techniques. In conhast, pomeranz (216) using
electrical stimulation of renal nerves reported increased MBF (measured using ssKr autoradiography and post
mortem silicone casting) at stimulation levels that did not reduce RBF. However, interpretation of these
results is confounded by concurent increases in MAp.

More recent studies using electrical and pharmacological stimulation of the rerial nerves in rats have
produced conflicting results. Both Hermansson et al.(ll2) and Chapman et al. (43) reported CBF and MBF
to decrease similarly (measured using H, clearance and Rubidium uptake respectively) in response to
electrical stimulation of the renal nerves (0 - 10 v and l0 - 17 v at l0 - 15 Hzrespectively). Rudenstem et
al' Q2$ and Ledderhos et al. (144) used laser-Doppler flowmetqr to measure flow in anesthetized and
conscious rats respectively. Rudenstam et al.(224) using electrical stimulation of the renal nerves at 0.5 and
2 Hz found no change in CBF or MBF despite RBF decreasing by up to 50%. In contast, Lederhos et al.
(l4 ) pharmacologically simulated arterial chemoreceptors to reflexly increase RSNA, and found CBF, but
not MBF was decreased.

With such a range of protocols and varying results, it is difficult to draw precise conclusions. But it would
seem that under some levels of activation, intrarenal blood flow distribution could be influenced by RSNA.



HYPOTHESES OF THIS STUDY

This project sought to further increase the understanding of the role of the renal syrrpathetic nerves in the
conbol of renal and intrarenal blood flow by investigating the following spccific hlryotheses:

o That the oscillations at different frequencies in RSNA and RBF can be altered independently of each
other.

r That RBF is responsive to small decreases in RSNA.

r That RSNA can differentially regulate CBF and MBF. That is, that CBF and MBF will respond
differentially to the same renal nerve stimulation.

o That a component of the differential responses of CBF and MBF to renal nerve stimulation may be due
to different frequency response characteristics of the cortical and medullary vascular beds.

o That CBF and MBF can respond differentially to reflexly induced increases in RSNA.

o That a relationship can be established between the appearance of the 0.3 Hz oscillation in RSNA" and
thus MAP, and the mean level ofRSNA.
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INTRODUCTION

Although cardiovascular physiologists have used measurement of sympathetic nerve activity (sNA) as an
indicator of circulatory control for many years, almost exclusively the approach has been to quantiff SNA as

the mean voltage per unit of time e.g. I - 2 s. However the mean level of SNA is actually a composite of
underlying rhythms or oscillations occurring at different frequencies. A cardiac related frequency (2 - 6llz),
respiratory related frequency (0.8 - 3llz) and a lower frequency band (0.1 - 0.4 Hz dependent on the
species) have all been identified (162). Interest in these different frequencies has been increasing as it has
become apparent that they may reflect different afferent pathways or central nervous system processes and
that alterations in their shength (providing they emerge in blood pressure or heart rate) could be used as
indicators of cardiovascular disease (160). Previous analysis of the different frequencies have quanfified
changes only in a select frequency band along with changes in the mean SNA level, e.g. hlpoxia and
hemorrhage have been associated with pronounced increases in the strength of oscillations at 0.3 Hz in
conscious rabbits (1'24, 167) and with significant increases in mean ranal sympathetic nerve activity (RSNA).
However it is unclear whether a change in the mean level reflects generalized changes over all frequency
bands or whether there is differential control ofeach frequency. The presence ofdifferential conbol could
shengthen the hypothesis ofdifferent processes generating and conholling the different frequencies presant.
In this study we used plasma volume expansion in conscious rabbits to reduce the mean level of RSNA and
analyzed the response within different frequency bands. In addition to considering the origin and control of
RSNA we related these changes to the controt of the target organ, i.e. RSNA confiol of renal blood flow
(RBF)' We also recorded mean RBF and examined the way in which both mean and oscillatory changes in
RSNA may induce changes in RBF.

METHODS

Animal preparation

Experiments were performed on New Zealand white rabbits (n : 13, mean weight 2.7 x0.2 kg) and were
approved by the University of Auckland Animal Ethics Committee. Animals underwent surgery at Ieast 6
days before the first experiment to implant a recording electrode for RSNA and a flow probe for RBF. The
nerve recording electode was implanted according to the method described by Dorward et al. (6g). Briefly,
using a rehoperitoneal incision to expose the left kidney and a dissecting microscope, the renal nerve was
identified and placed within a pair of coiled electrodes. The nerve and elecfrode were then insulated from the
surrounding tissue using Wacker Sil-Gel (Wacker-Chemie, Munich, Germany). Using the same surgical
approach, a ransit-time flow probe (type 2SB, Transonic Systems, New york, USA) was placed around the
right renal artery. Care was taken not to damage the renal nerves. In a separate $oup of animals (controls)
the nerves to the right kidney were sectioned and then painted with 100% alcohol to ensure complete renal
denervation. These animals also underwent sham renal electrode implantation. The cables of the electrode
and probe were tunneled subcutaneously and exteriorized between the shoulder blades.
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Experimental protocol

On the day of the experiment catheters were inserted under local anesthesia into a central ear artery and
connected to a pressure transducer for continuous arterial pressure measurements, and into marginal ear
veins for administration of drugs. The exteriorized renal nerve electrode and renal flow probe skin buttons
were connected to their respective recording equipment. Once preparation was complete rabbits were left for
at least 40 min before starting the experimant.

After a 5 min period of baseline recording arterial baroreflexes were assessed. This involved inducing slow
rises and falls in mean arterial pressure (MAP) by i.v. infusion of phenylephrine (l mg.ml-r) and sodium
nitoprusside (2 mg.ml-r) respectively. These were administered in sufficient dose to cause a gradual change
in arterial pressure of 30 - 40 mmHg from resting, resulting in maximal bradycardia or tachycardia.
lnjections lasted 40 -90 s and the rate of change in MAP was ideally confiolled between I and 2 mmHg.s-r.
Once recorded variables had returned to resting levels a 7 min period of control data was collected before
volume expansion was started.

A polygeline/elecholyte solution was then used to increase plasma volume (Haemaccel, Hoechst Marion
Roussel New Zealand Limited, osmolarity 293 mosmol.L-r).This was administered at body temperature at a
rate of 1'5 ml.min''-kgl for 15 min. Preliminary studies showed Haemaccel administration did not alter
plasma osmolarity (280 t 4 mosmol.L'' before volume expansion versus 287 x I mosmol.L-t following
volume expansion). At completion of volume expansion a further 7 min of steady-state data was recorded
before repeating barorefl ex determination.

Data acouisition

SNA was amplified, filtered between 50 - 5000 Hz, full wave rectified and integrated using a low pass filter
with a time constant of 20 ms. The average voltage from the sympathetic neurogfilm over 2 s periods was
defined as total RSNA. Total RSNA, MAP, heart rate, (HR, calculated from triggering of the systolic blood
pressure wave), and RBF were all continuously recorded throughout the experiment and were sampled at 500
Hz using an analog to digital data acquisition card (Lab-pC+, National Instruments, Texas, USA). Calibrated
signals were displayed on screen (Fig. 12) and saved to disk using a program written in the LabVIEW
graphical programming language (National Instruments). The program detected the discharges of
sympathetic acfivity and changes in the voltage of the nerve signal above a defined threshold were classified
as RSNA discharges. The tlueshold was usually set to l0 - ls%of the average maximum discharge height at
the beginning of the experiment and not altered. once each discharge was detected, the amplitude of those
discharges, in microvolts, was calculated. As absolute amplitude and total RSNA voltages vary between
animals these parameters were normalized to control values measured in each rabbit. During each
experiment, data was saved continuously to computer as 2 s averages of each variable and as the mean value
per heartbeat' This latter file was used for specfral analysis. Each experiment was saved to videotape via a
digital data recorder (Instnrtech Corporation, New york, USA).
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Figure 12: original recordings from one rabbit before volume expansion (l.5ml.min'r.kg,for 15 min).
The original neurogram of renal sympathetic nerve activity (original RSNA) was fuil wave rectified and
integrated (20 ms time constant) to produce integrated RSNA. Tick marks under the integrated RSNA
signal represent discharges detected by the data acquisition program. Ap, arterial pressure; RBF, renal
blood flow. Mean values for this rabbit for the 5 min before volume expansion were: Ap, 72 mmHg;
RBF, 84 ml.min-r; heart rate, 289 beats.min'|. Mean values after volume expansion were Ap, Z0 mrnHg;
RBF, 90 ml.min'r; heart rate,27Z beats.min-t.

Data orocessins

Calculation of baroreflex cutres: From 2 s averages of MAP, RSNA and FIR, the differences between
values during the period of changing MAP and the control period were calculated. These points were then
added to the average resting values and a general non-linear regression program (Sigmoid ver. 5, Baker
Medical Research Institute, Melbourne, Australia) was used to fit the collected MAP-HR and MAp-RSNA
data to a sigmoidal logistic firnction to produce baroreflex curves (163).

Spectral analysis: For spectra analysis of fiequencies less than 3 Hz the beat-to-beat data was resampled at

10.24 Hz and partitioned into segments of 100 s (1024 points) length, overlapping by 50 s. Each segment
was subjected to detrending to remove the underlying mean value and windowed with a tapered cosine
function. This was subjected to an overlapped Fast Fourier Transform according to methods described by
Berger et al. (29). The resulting frequency resolution was 0.05 Hz. For spectral analysis of frequencies
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greater than 3 Hz the 500 Hz sampled data underweat Fast Fourier tansform using Matlab (The MathWorks
Inc., Massachusetts, USA).

To investigate to what extent flucfuations in RSNA influence fluctuations in RBF, the hansfer functions
between RSNA to RBF were calculated. A comparison of the gain values between animals was made, and in
general, the larger the gain values the greater the influence of the input on the output. The phase of the
transfer function indicates the temporal relationship between the signals. That is, oscillations in one
parameter may induce a similar frequancy oscillation in another parameter, delayed in time. The phase delay
between RSNA and RBF was calculated using methods described by Malpas et al. (16g) and used to
calculate the time delay between the change in RSNA and the RBF response. The coherence function
between RSNA and RBF was also calculated. Coherence has a value betrveen 0 and I and is a frequency
domain estimate of the conelation coefftcient, indicating the degree that variance in one variable can be
explained by the variance in the other.

The specha in the range below 3 Hz were divided into 2 different domains: a respiration-related frequency
band containing oscillations linked to the respiratory cycle and a lower frequency range (0.20 - 0.40 Hz).
The range of the respiratory band was relatively wide (0.6 - 2.g lrd in order to cover the variable range of
breathing frequencies in conscious rabbits. Data was calculated as the absolute power in each respective
band and as a percentage of the total power between 0 to 3 Hz.

Statistical analysis

The influence of volume expansion on each recorded variable was tested by repeated measures analysis of
variance (ANOVA) with type / error contolled for by the Greenhous-Geisser correction. Student f-tests
were used for comparisons between innervated and denervated groups and for comparison of the effects of
volume expansion on transfer function analysis. Values are expressed as mean t SEM and p values < 0.05
were considered signifi cant.

RESULTS

Volume expansion resulted in a significant decrease in total RSNA (Fig. 13). By the Sth minute RSNA was

E6 t 5% of control levels and by the l0th minute had decreased further to 72t 60Z of control levels. In the 5

min period following the end of the inftsion RSNA was 75 t 5% of control levels. Changes in the frequency
domain were calculated using spectral analysis while the amplitude refers to the actual mean size in
microvolts of the bursts of synchronized RSNA. There was a significant decrease in the amplitude of
discharges (to 78 t 5% of control levels). Decreases in total RSNA were mirrored by significant increases in
RBF. By the 5th min after the start of volume expansion, RBF had increased to 57 t 13 ml.minr from a
control level of 5l t I I ml.min-r. This further increased to a mean of 60 t 12 ml.min-r for the 5 min period
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Figure 13: Steady state responses during volume expansion (l.5ml.min t.kgrfor 
15 min) in a group of 6

renal nerve inact (solid line) and 6 renal denervated (dotted line) animals. The beginning of volume
expansion is indicated by the dotted vertical line. Asterisks accompanying lines (solid line for innervated

animals, dashed line for denervated animats) indicate sigrificant differences from rcsting levels as

assessed by ANOVA. RSNA is calculated as 2 s averages from the integrated neurogram. Lines represent
I min averages of the pulsatile signals.
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immediately after infusion stopped. Resting RBF was not significantly different between intact and

denervated groups (51 I I I and 54 t l0 ml.minlrespectively). However, denervated animals showed a smalt
but significant decrease in RBF following volume expansion, to a mean of 5l t l0 ml.min'|. Volume
expansion caused a decrease in hematocrit (31 t 3% before volume expansion to 27 t4% following volume
expansion, P = 0.002).

Resting MAP was not significantly different between innervated and denervated groups (71 t S and 6g t 3

mmHg respectively) and was not changed in either group by volume expansion. Resting HR was not
significantly different between intact and denervated animals (258 t 2l and 227 !. 12 beats.min-l
respectively). Innervated animals showed no change in HR with volume expansion. Denervated animals
showed a small significant increase in HR to 251 t 15 beats.min'r by the end of volume expansion.

The average values describing the baroreflex curves between MAP-RSNA and MAp-HR are shown in
Tables la and lb respectively. For the MAP-RSNA barocurve total RSNA was normalized in each rabbit by
expressing RSNA as a percentage of the upper plateau before volume expansion. Upper plateau, lower
plateau and range of RSNA responses did not change significantly following volume expansion. The shape
of the curve, as indicated by the curvature values, the sensitivity of the reflex, as indicated by the gain, and
the BPso (arterial pressure at the mid point of the RSNA range) were also unchanged by volume expansion.
The MAP-HR baroreflex curve shows that before volume expansion HR operated over a range (the
difference between upper and lower HR plateaus) of 215 t 22 beats.min'|. The Bp5s (arterial pressure at the
mid point of the HR range) was 73 t 5 mmHg and the sensitivity (gain) of the baroreflex was 4.0 t 0.5
beats/min.mmHg'l.None of these parameters were significantly changed by votume expansion.

Table la: Baroreflex parameters describing MAP-RSNA curves before and after volume expansion, n :6.

Before volume
expantion

After volume
etpansion

Lower plateau (%)

Upper plateau (%)

Range (7o)

BP50 (mnHg)

Upper curvature (p3)

Lower curvature (p5)

32 x6

t00 10

68 16

67 t7
-0. | 7 10.03

-0.15 10.06

35 +10

lt6 tlz
El rl5
67 16

-0.14 *0.05

-0.0910.02

-2.5 rl.tGain (nuSNA/mmHg) -2.3 t0.5
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Table lb: Baroreflex parameters describing MAP-HR curves before and

Combined data for innervated and denervated rabbits. n = 9.

after volume expansion.

Before volume
expansion

After volume
expansion

Lower plateau (beats.min-r)

Upper plateau (beats.min'r)

Range (beats.min'r)

BPs0 (mmHg)

Upper curvature (p3)

Lower curvature (p5)

138 18

353 rl9
215 t22

73 t5
-0.0810.02

-0.t2 10.04

-4.0 r0.5

167 ttz
362 tzl
195 fl8
8l n5

-0.10 10.02

-0.14 10.04

4.4fr39Gain

Soectral analvsis

Cardiac-related oscillations: An example of a power spectrum between 0 - 12 Hz is shown in Fig. 14 and
illustrates a strong peak in RSNA associated with the cardiac cycle. The amplitude of this oscillation was
cafculated as a percentage of the total power in the 0 - 12 Hzfrequency band from the power in a band I Hz
wide centered around this peak. In innervated animals under conhol conditions this accounted for l7 !.|yo of
the total power and was unchanged by volume expansion (Fig. la).

250x103

200x103

150x10r

100x10r

50x103

0
46

Frequency (Hz)

Figure 14: Left: Spectral power of cardiac-related oscillations in renal sympathetic nerve activity
(RSNA) for one rabbit before volume expansion (l.5ml.min'r.kgrfor l5 min). Bar graph: Mean results of
total power of cardiac-related peaks in RSNA before (black bar) and after (white bar) volume expansion.

Mean results are not significantly changed by volume expansion. Enor bars show within animat SEM.
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Respiratory-related oscillations: Before volume expansion, all animals showed an oscillation in RSNA
associated with respiration at a mean frequency of 1.291 0.13 Hz and range of 0.77 - 2.10 Hz. This
oscillation was not always in a narrow band but often spread across 0.5 Hz. Several animals had trvo
respiratory rates, as evidenced by two peaks in the spectrum. Before volume expansion respiratory related
oscillations accounted for 42 t 7Yo of the total power in RSNA below 3 Hz. This was unchanged after
volume expansion. The absolute stength of the RSNA oscillations in this band and the mean frequency of
respiration were also unchanged by volume expansion (Fig. l5). Thus, although overall levels of RSNA
decreased during volume expansion, as described in the steady state data, the oscillations in RSNA
associated with respiration were maintained.

The total power of oscillations in RBF and MAP in innervated animals in this frequency band were also
unchanged following volume expansion (37 t7% and 19 t 6% respectively). Denervated animals however,
did show a significant increase in the total power of RBF in this band from 24 t 3% before volume
expansion to 41 15% following volume expansion. This occurred despite the total power of oscillations in
MAP being unchanged (10 tJ% following volume expansion).

Low frequencies (0.2 - 0.4 Hz): Under control conditions not all animals showed a distinct oscillatory peak

in RSNA in this frequency band. of 7 animals, 4 showed a distinct peak centered at 0.3 t 0.02 Hz. As some
animals had no oscillatory peak in this band, and thus it would not be possible for this to decrease further, we
divided our analysis into those animals in which a distinct peak was present under contol conditions (n = 4)
and the group response (n : 7). Before volume expansion, oscillations in these four selected animals
accounted for 14 t 3% of the total power in RSNA. After volume expansion, total power of oscillations had

decreased significantly and now accounted for only 6 t l% of total RSNA, i.e. less than 50% of control
levels (Fig' l6). The group results showed a similar response (p = 0.06).

Oscillations in RBF at this frequency also decreased significantly following volume expansion and this was
evident in all irurervated animals (Fig. 17). Before volume expansion, low frequency oscillations in RBF for
the entire group accounted for 20 * 60/o of total activity; after volume expansion this had decreased

significantly to 8 t 2%. rn denervated animals the power in this frequency band in RBF was also decreased

significantly by volume expansion (22 t 2% before volume expansion to 8 t 2% following volume
expansion). However this may have been due to a reduction in the power of oscillations in MAP driving the
oscillation in RBF, rather than a direct neural effect on blood flow, as denervated animals also showed a
significant decrease in power of MAP oscillations (8 t 2% to 3 t I%) following volume expansion.
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Before volume expansion After volume expansion

0.4 0.8 1.2 1.6

Frcqu.nct (Hz)

Figure 15: Spectral power of renal sympathetic nerve activiry (RSNA) for one rabbit before (teft, top)
and after (right, top) volume expansion (l.5ml.min'r.kgrfor l5 min). The large peak is due to respiratory
refated oscillations in RSNA. In this animal the respiratory frequency peak occurs at 1.4 Hzboth before
and after volume expansion. Total power of RSNA in the respiratory frequency band is 3lo/o before
vofume expansion and 36%6 after volume expansion. Bar graphs: Mean results (n : 8) of total power and
frequency of respiratory related peals in RSNA before (black bar) and after (white bar) volume
expansion. Mean results are not sigrificantly changed by volume expansion. Error bars show within
animal SEM.

0.0
2.0

trl
10 I

']
'lol
2l^
of

0.0

z
al,
E

3oo
6
ot

at,

t
v)
d
o

a
E(,
8.(t,

aO^
ET
F5
EB

EE
gt
u.

960
L

950o
CL

-tmi:

'Jt30o
E20o

lio(nt



34

Bebre volume expansion
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Figure 16: changes in spectral power of renal sympathetic nerve aaivity (RSNA) before and after
volttme expansion (l.5ml-min'r.kgrfor 15 min) in one rabbit which showed a distinct low frequency (0.2

- 0.4 Hz) oscillation. Bar graph: Mean results (n = 4) of total power of low frcquency p€aks in RSNA
before (black bar) and after (white bar) volume expansion. Error ban show within animal SEM and
asterisk indicates a significant difference (p < 0.0S).
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Figure 17: Changes in specbal power at freguencies less than I Hz for one rabbit before (efi) and after
(right) vofume expansion (l.5ml.minr.kgr for 15 min). MAP, mean arterial pressure; HR, heart rate;

RBF, renal blood flow; and RSNA, renal sympathetic nerve activity.
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Transfer function analysis indicated a stong coupling between RSNA and RBF in the 0.2 - 0.4Hzfrequency
band (coherence 0.54 t 0.07). This coupling was unchanged by volume expansion, i.e. although the power of
oscillations may have been smaller the coupling between RSNA and RBF was unaffected. The admittance
gain of RSNA to RBF was also unchanged following volume expansion (0.11t 0.02 ml.min.'rpyr). The

average phase, between RSNA as the input and RBF as the output, was negative (-0.35 t 0.08 radians of pi)
showing that RSNA was leading RBF by an average time delay of 2.2*0.1 s. This phase remained negative

after volume expansion although it was significantly reduced (-0.10 t 0.07 radians of pi).

DISCUSSION

In this study we used blood volume expansion to decrease mean RSNA in conscious rabbits and studied both
the dynamical and steady state relationship between RSNA and RBF. Our main findings were firstly, that
oscillations in RSNA centered around 0.3 Hz, can be selectively altered, independent of spectral power in
other frequency bands, and that this is reflected in the oscillations in RBF. Secondly, that small reductions in
total RSNA produce reciprocal increases in RBF.

Our principle finding, - that a selective decrease in the strength of RSNA and RBF oscillations in the 0.2 -
0'4 Hz frequency band occurred following volume expansion - raises the question as to why this rhythm
alone has been selectively adjusted? While the origin of this rhythm is unresolved, current evidence favors a
feedback loop (30, 37,57, 158,252) whse an initial change in blood pressure is sensed and produces a

corresponding change in sympathetic nerve activity which in turn alters vascular resistance. Critically, due to
time delays in central processing and the vascular response, rather than buffering the initial change in blood
pressure' the feedback loop causes its own change in blood pressure. Previous work has identified that the
arterial baroreflex is a principle component in setting the sfiength of this oscillation and that changes in
baroreflex gain are likely to lead to changes in the strorgth of the oscillations(32). However, in the present

study we did not find a change in arterial baroreflex gain, suggesting that the reason(s) for the decrease in the
sfrength of the oscillation lie elsewhere in the feedback loop. It is possible that alterations in the ability of
SNA to affect vascular resistance, and/or changes in vessel capacitance may contribute to changes in the
strength of the oscillation. We found hansfer gain between RSNA and RBF to be unaltered following
volume expansion, indicating that with regard to the renal vasculature there was no change in the ability of
changes in RSNA to regulate RBF after volume expansion. This does not discount the possibility that there
were alterations in gain between sympathetic nerve activity and the vasculature in other organs.

Altematively' inputs from cardiopulmonary receptors may also play a role in modulating the 0.3 Hz
oscillation in RSNA as volume expansion in rabbits has been shown to decrease RSNA largely via its action
on cardiopulmonary receptors (15).

The 25Vo decrease in total RSNA was due to a decrease in the mean amplitude of discharges, reflecting a

decrease in the number of nerve fibers recruited (l7l). However, the lack of a change in spechal power
associated with the cardiac and respiratory frequencies, indicates that the variation around this mean was
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unchanged except at 0.2 - 0.4 Hz. The decrease in amplitude of discharges provides further indirect support
for a role for cardiopulmonary receptors in mediating the oscillations at 0.2 - 0.4 Hz.Ithas been speculated
that some of the control over the number of recruited fibers lies within the intermediolateral column of the
spinal cord which receives direct descending input from the paravenbicular nucleus (pvlg 062).
Furthermore, direct stimulation of the PMV increases only the amplitude of discharges without changing
their frequency of firing (165). As cardiopulmonary receptors project to the PMrI (14) it is feasible that they
had a role in mediating the changes in the oscillations in RSNA.

Our finding of a selective decrease in the 0.2 - 0.4 Hz oscillation in the absence of significant changes in the
respiratory or cardiac frequency is novel. Although a range of rhythms have been identified in RSNA, the

emphasis has been on showing how an individual frequency, predominantly 0.2 - 0.4 Hz,has increased in
strength with certain stimuli without considering the comparative response in other frequencies(124). It has

also been assumed that changes in these various frequency bands reflect changes in the mean level of RSNA.
our study shows that a change in total RSNA does not necessarily indicate changes have occurred in all
frequency bands. We suggest that this ability to alter oscillationsselectively allows the system a potentially
greater complexity of contol.

Previous research indicates that oscillations in RSNA between 0.2 - 0.4H2 candirectly induce oscillations
in RBF and that the stength of these blood flow oscillations is increased when the power of RSNA between
0'2 - 0'4 Hz is increased (124). Our present results indicate that RBF oscillations also follow the reduction in
RSNA oscillations at this frequancy. Transfer function analysis shows coherence, i.e. coupling, and gain at
0'2 - 0'4 Hz to be unchanged, thus RSNA itself is less variable and therefore by default RBF is less variable.
Interestingly, we found a faster response of RBF to RSNA following volume expansion, as indicated by the
decreased phase. This requires further investigation but may be atributable to the changed dynamics of
smooth muscle contraction in a distended vessel. This would affect the dynamical portion of the feedback
loop, thus changing the phase relationships.

The dynamic regulation of RBF by RSNA provides support for our hypothesis that the renal vasculature is
sensitive to changes in RSNA. Recent research has established that the renal vasculature acts like an
integrator to the various frequencies of RSNA (168). Frequencies above 0.6 Hz do not induce oscillations in
RBF but instead conhibute to the level of tone within the vessel, while oscillations below 0.6 Hz are slow
enough to induce a cycle of vasoconstiction and vasodilatation. That is, oscillations associated with
respiratory and cardiac frequencies do not impact on the variability of RBF but play a major role in setting
the mean RBF level, whereas oscillations in the 0.2 - 0.4 Hz frequency band are a major regulator of
variability within the renal vasculature.

Analysis of the mean changes in RSNA and RBF over time also provides important information in
understanding sympathefic control of renal function. Previously it had been considered that the renal
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vasculature was relatively insensitive to small changes in RSNA, these being preferential for regulating renin

release or sodium excretion (61). There are also studies showing modest increases in RSNA will not affect

RBF (98, 200). Howevern using a range of stimuli, a number of other studies have shown that the renal

vasculature is sensitive to small increases in mean RSNA (124, 139, 237) and that the RBF decrease is a

mirror image of the increase in RSNA (166, 167). When decreases in RSNA occur, as during volume

expansion, the RBF response isn however, contentious. Studies which simultaneously record both RSNA and

RBF during volume expansion are rare. Morita and Vatner (195), using conscious dogs, failed to show any

effects on RBF with RSNA changes of 18 - 88%. Our results show a clear decrease in RSNA and increase in

RBF, further supporting our hypothesis that the renal vasculature is sensitive to changes in RSNA. The

reason for the discrepancy between our results and those of Morita and Vatner (195) is unclear but it has

been suggested that in the dog RBF is relatively insensitive to changes in RSNA (166).

In this study we used renal denervation to contol for neural effects on RBF. Steady state analysis showed a

clear alteration in the RBF response to volume expansion after renal denervation However, frequency

domain analysis is complicated as RBF is controlled by both direct SNA input at 0.2 - 0.4 Hz and a MAP

oscillation at the same frequency. These MAP oscillations are also driven by the sympathetic nervous system

but are due to its effect on other vascular beds, thus specral analysis of the denervated animal may still show

an0.2 -0.4H2 rhythm, i.e. a unilaterally renal denervated animal does not provide a definitive test as

oscillations in other vascular beds can lead to the retained presence of oscillations in MAP.

We found no effect of volume expansion on baroreflex control of HR or RSNA. In rabbits, RSNA inhibition

in response to acute volume expansion is thought to be mediated predominantly by cardiac afferents(I5,

2M). Otx study provides further evidence for the role of cardiac afferents in blood volume control as the

decrease in RSNA occurred independently of any change in MAP. Chronic volume expansion, however,

does appear to result in changes in baroreflex control of HR and SNA (174,253).

Limitations

A potential confounding factor associated with volume expansion is the possibility that changes in blood

viscosity or changes in the oxygen carrying capacity of the blood may have affected the RBF response.

Franchini et al. (83) suggest that changes in renal hemodynamics with volume expansion are due to changes

in hematocrit. However, their study involved large changes in hematocrit of I0 - I5o/o whereas we induced

hematocrit changes of only 4olo, thus reduced oxygen carrying capacity of the blood was unlikely to be a

factor as suggested by Faris et al. (78). Furthermore, that the group of ranal denervated animals did not show

an increase in RBF with volume expansion, supports our hypothesis that the response was solely neurally

mediated.

We used a multi-fiber technique to record endogenous RSNA. Using this technique direct comparisons of the

absolute level ofnerve activity are not possible due to the effect ofnon-physiological factors such as nerve to
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elechode contact, proximity of the electrode to active fibers, and the amount and conductance of
extracellular fluid between the elechodes. To overcome these limitations comparisons are made relative to
the resting level of SNA. For this reason it is important that a true resting level of SNA is attained and not
one which is artificially elevated due to factors such as shess (surgical or experimental) or decreased blood
volume' Our methods (recordings made 7 days postoperatively, use of a quiet room, minimal 40 min
recovery period after the initial minor surgery on the experimental day) ensured a resting level of SNA was
achieved' Recording of SNA also requires the correct setting of the tlneshold over which changes in the
voltage of the nerve signal will be defined as SNA. If this threshold is too high SNA will be underestimated
and if set too low noise in the signal will be interpreted as nerve activity. By setting the threshold for SNA
detection at 10 - 15% of the average maximum discharge height, and not adjusting this level during the
experiment, our protocol will have avoided this problem. An unavoidable limitation of the whole fiber
recording is that simultaneous spikes in nerve activity may be counted as a single spike, thus underestimating
the actual nerve activitv.

Percpectives

Our finding, that selective alterations within the different frequancies of RSNA can occur, may divulge a role
for RSNA in situations where the mean RSNA response has been negligible and thus neural involvement
previously discounted. The significant loss of RSNA and RBF variability following volume expansion may
have implications for chronic volume expanded states such as heart failure as a change of variability in heart
rate and arterial pressure has already been associated with other pathologies(160, 243). The ability to detect
a slow rhythm in MAP that can be athibuted to SNA may eventually provide a diagnostic tool where the
power of the oscillation gives an indication of sympathetic drive. The change of RBF in response to both
steady state and dynamic changes in RSNA is further evidence that RSNA plays an important role in the
day-to-day control of renal hemodynamics.
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INTRODACTION

Renal sympathetic nerve activity ESNA) plays a significant role in the regulation of renal hemodynamics
and excretory firnction (61, 166, 172). However, little is known about the influence of renal nerves on
regional kidney blood flow, and in particular, blood flow in the renal medulla. This issue is important, since
although only about l0olo of renal blood flow (RBF) enters the medulla (za1,the medullary microcirculation
appears to play a critical role in the long-term control of arterial pressure. This appears to be mediated
chiefly through the influence of medullary blood flow (lv{BF) on tubular reabsorption of salt and water(Sg).
Thus, renal neryes may have a profound effect on the long-term conhol of arterial pressure mediated via
effects on the medullary microcirculation.

Previous experiments investigating the effects of electrical stimulation of the renal nerves on blood flow in
the renal medulla relative to that in the cortex have produced conflicting results. For example, in studies
where the renal nerves were stimulated at, or close to maximum, similar reductions were observed in both
medullary and cortical (or total renal) blood flow (CBF) (11, 43). However, in studies in which the renal
nerves were stimulated at a range of frequencies, the authors concluded variously that either MBF is
sensitive to low frequency renal nerve stimulation (l l2), or in contrast, that the medullary microcirculation is
relatively insensitive to renal nerve stimulation(224).In agreement with this latter study, Ledderhos et al.
(144) recently found that CBF, but not MBF, was reduced by chemical stimulation of arterial
chemoreceptors in conscious rats. A range of factors may have contributed to the differences between these

studies, including the methodology used to assess regional kidney blood flow, the species studied, and the
precise physiological conditions during the experiment (e.g. volume status and anesthesia). Importantly only
one of these previous studies (l12) administered graded levels of nerve stimulation ranging from threshold to
maximum. However, Rubidium-86 uptake was used to measure regional kidney blood flow; the validity of
which has since been questioned (102). A study using graded nerve stimulation together with valid methods
for determination of regional kidney blood flow, seems critical for a full understanding of the relative
impacts of renal nerve stimulation on CBF and MBF. Therefore, in this study we examined the effects on
total RBF, and on CBF and MBF determined by laser-Doppler flowmebry, of graded stimulation of the renal
nerves at amplitudes (0.5 - 8 V) and frequencies (0.5 - 8 Hz) which produced renal vascular effects across
the entire range from threshold to maximum.

In the intact animal, neural control of renal hemodynamics may be dependent not only on the mean level of
RSNA, but also on the pattern of RSNA. Different pattems, or oscillations, in nerve activity may have
different functions and RSNA has been shown to contain oscillations over a range of frequencies from 0.1 to
l0 Hz (162). Lower frequencies (< 0.6 Hz) directly induce oscillations in RBF while faster frequencies (>
0'6 Hz), associated with respiration or the cardiac cycle, appear to set the degree of vascular tone (168).

Thus, one possible means by which the renal nerves might differentially regulate CBF and MBF is through
different frequancy response characteristics of the vasculature in these two regions. Differences in vessel

structure (135, 210), density and distribution of innervation (20, 94), or the kinetics of smooth muscle
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contraction between cortical and medullary vascular sites may result in a difference in the ability to respond
to the different frequencies in RSNA. To investigate the possibility of differences in frequency responses we
also examined the responses of total RBF, and CBF and MBF, to stimulation of the renal nerves with an

oscillating pattem of stimulation. Using this techniquer we have previously observed resonance at 0.16 Hz in
RBF in the rabbit (168). The present experiment allowed us to test whether this resonance is specific to the

cortical or medullary vasculature.

METHODS

Experiments were performed on New 7-ealand white rabbits (n = 8, mean weight 3.06 t 0.1 kg) and were

approved by the University of Auckland Animal Ethics Committee. Animals were allowed food and water
ad libitum until the experimental procedues began.

Surgical procedures

Induction of anesthesia was by intavenous administration of pentobarbitone sodium (90 - 150 mg
Nembutal; Virbac Laboratories New Zealandltd) and was immediately followed by endotracheal intubation
and artificial respiration. Anesthesia was maintained throughout the surgery and experiment by
pentobarbitone infusion (30 - 50 mg.h-r).

During surgery 154 mmol.L-' NaCl solution was infused intravenously at a rate of 0.lg ml.kg-r.min-r to
replace fluid losses' A heated blanket was used throughout the surgery and experiment to maintain body
temperafure at around 36oC. A catheter was inserted into the cenfral ear artery for monitoring arterial
pressure' The left kidney was approached via a retroperitoneal incision and the renal artery and nerves
carefully exposed. A transit time flow probe (type 2SB, Transonic Systems, New yorlq USA) was placed

around the renal artery. The kidney was then freed from the peritoneal lining and surrounding fat and placed

in a stable cup' The renal nerves were identified using a surgical microscope and placed across a pair of
hooked stimulating elechodes. The nerves were then sectioned proximal to the stimulating electrodes.
Paraffin oil was applied to the nerves throughout the experiment to prevent dehydration. Medultary perfusion
was monitored using a24 gauge needle-type laser-Doppler flowprobe (DP4s, Moor lnstruments Ltd, Devon,
England) inserted into the kidney using a micromanipulator (Narashige, Tokyo, Japan), so that its tip lay l0
mm below the mid-region of the lateral surface of the kidney, within the 'white' inner medulla. For
monitoring cortical perfusion, a standard plastic straight probe (DP2b, Moor Instruments Ltd) was placed on

the dorsal surface ofthe kidney, and secured in place using gauze packing.

Experimental protocol

Electrical stimulation of the renal nerves was produced using purpose written software in the LabVIEW
graphical programming language (National Instruments, Texas, USA) coupled to a Lab-PC+ data acquisition

board (National lnstruments). Three series of stimulation were applied, all using a pulse width of 2 ms. In the

first sequence the following voltage stimulations were applied in a random order: 0.5, 1.0, 1.5,2.0,3.0, S.0,
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and 8.0 V at a constant frequency of 5 Hz. The second stimulation sequence used a constant voltage with
step changes in frequency. The following frequencies were applied in random order: 0.5, 1.0, 1.5, 2.0, 3.0,
5'0, and 8.0 Hz. The voltage used in this sequence was the minimal voltage required to produce a maximal
RBF response. In both of these sequences stimulation was of 3 min duration per step with a 5 min recovery
period before delivering the next stimulus. The final stimulation sequence used a base frequency of 5 Hz (Z
ms pulse width) and an amplitude varying in a sine fashion. A full description of this stimulation approach
has been described previously (168). The amplitude chosen was the minimal voltage required to produce a
maximal RBF response. This ensured that the sinusoidal stimulation patterns were not supra-maximal and

thus not clipped, which would result in a non-sinusoidal stimulation pattem. The modulated sine stimulation
was delivered at the following frequencies applied in a random order: 0.04, 0.08, 0.12, 0.16, 0.2, 0.25,0.32,
0'4, 0'5, and' 0.72 Hz for periods of 7 min with 5 min recovery periods. At the conclusion of the experiment
each animal was killed with an intravenous overdose of pentobarbitone (300 mg).

Data acquisition

The ear artery catheter was connected to a pressure transducer (Cobe, Columbia, USA), the hansit-time
flowprobe was connected to a compatible flowmeter (T106, Transonic Systems), and the laser-Doppler flow
probes were connected to a laser Doppler flowmeter (DRT4, Moor Instruments). These analog signals were
digitized and continuously displayed by the nerve stimulation progmm, allowing continuous sampling of
mean arterial pressure (MAP, mmHg), RBF, (ml.min-r), and cortical and medullary perfusion (CBF and
MBF respectively, perfusion units; equivalent to the instrument output in mV/10). Heart rate (HR, beats.min-

'; was derived from the MAP waveform. During each experiment data were saved continuously as 2 s

averages of each variable and as the mean value per heartbeat. This latter file was used for spechal analysis.
Each experiment was saved to videotape via a digital recorder (lnstnrtech Corporation, New york, USA).
Levels of CBF and MBF recorded in the 60 s after the animal was humanely killed (but still being artificially
respired) averaged 29 * l0 and 4 t + 8 perfusion units respectively. Prior to analysis, these offset values were
subhacted from the values obtained throughout the experiment.

Data analysis

Steady-state: Steady-state results were calculated from the files of 2 s averages. Mean results show average

blood flow for the minute before the stimulus began (control) and the percentage decrease from this contol
value during the final minute of stimulation.

Spectral analysis: The beat-to-beat data were re-sampled at 10.24 Hz using a cubic interpolation and no
prefiltering. Data were then partitioned into segments of 100 s (1024 points) length, overlapping by 50 s

(168)- Each segment was subjected to dehending to remove the underlying mean value and windowed with a

tapered cosine. This was subjected to an overlapped Fast Fourier Transform according to methods described

by Berger et al. (29). The resulting frequency resolution was 0.05 IIz.
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Statistical analysis

Since RBF was measured in ml.minr, and CBF and MBF as perfusion units, changes in these variables
during renal nerve electrical stimulation were frst normalized as percentages of the I min confrol period
prior to each stimulation. This allowed us to make comparisons between responses to different stimulation
parameters and between the different vascular beds. All values are expressed as mean * SEM andp values (
0'05 were considered significant. Satistical analyses were performed using analysis of variance (ANOVA),
the factors comprising rabbit, flow (i.e. RBF, CBF and MBF) and the stimulus level (i.e. frequency or
amplitr[de of the stimulus). We tested whether the responses to nerve stimulation differed for the different
flow variables by performing separate analyses for each comparison (ie RBF v CBF, RBF v MBF, and CBF
v MBF)' The main effect of flow (Pp6*) from these analyses tested whether flow responsesto graded nerve
stimulation differed for the different flow variables. To protect against the increased risk of experiment-wise

Upe I error associated with multiple hypothesis testing, P values were conservatively adjusted using the
Dunn-Sidak correction ( I 52).

To test whether the sensitivity of the renal vasculature to renal nerve stimulation was stable throughout the
experiment, a single 5 V, 5 Hz stimulus of 30 s duration was applied at the completion of each stimulation
sequence in 5 of the rabbits. The magnitude of the reductions in RBF, CBF and MBF were similar at all three
trials (P1;,,," > 0.07), and averaged 8l + 8%, 80 * lTo/oand 7l t l2o/oof their baseline levels respectively.

Ltser Doppler validation

A separate series of experiments was undertaken to compare flow measurements between the two different
types of flow probe used (i'e. needle-type probe versus plastic sbaight probe). Four New Zealand Whire
rabbits (2.74 + 0.12 kg) were prepared idurtically to those in the main experiment, except that the renal
nerves were not stimulated, and a catheter was placed in a side branch of the ranal artery for renal arterial
infusion of endothelin-l (American Peptide Company, Califomia, USA). Also, the needle probe was not
placed in the renal medulla, but was instead positioned I mm below the cortical surface.

In the 4 rabbits in which it was tested, renal arterial infusion of endothelin-l (2 ng.kg-r.min'r) produced
slowly developing reductions in RBF and CBF, as we have described previously e$. The percentage
reductions in CBF measured using the two types of laser-Doppler flowprobe were similar. Model II
regression analysis (151) of the data, expressed as percentage change from contol, demonstrated strong

correlations between the two methods (r = 0.86 - 0.92), and an overall relationship with a slope not different
from unity (1.06 + 0.17; Fig. t8).
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Figure 18: Relationship between cortical perfusion (laser-Doppler flux) determined by a standard flat
probe on the dorsal surface ofthe kidney, and determined by a needle probe inserted into the renal cortex
at a depth of I mm' In the main study (Figs. 19 -24) the needle probe was advanced to a depth of l0 mm,
so that its tip lay in the 'white' inner medulla. Data are expressed as a p€rcentage of the mean resting
level for the l0 min before the infusion commenced. Each point represents the average coordinate for a 4
s period during a 25 min renal arteriat infusion of endothelin-l (2 ng.kgt.min'r;. Values for the 4 rabbits
studied are represented by different symbols. The solid line shows the mean relationship across the 4
rabbits, which could be described by the equation (%change[needle probe]: (-0.69 + 6.g0) + (1.06 +
0. I 7)X(%change[fl at probe])).
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RESALTS

B aseli ne cordiovas c ul ar vartsbl es

The baseline levels, as measured during the final I min of the control periods prior to each electrical
stimulation period, of MAP, HR, RBF, CBF and MBF averaged 67 * 2 mmHg, 224 + 6 beats.min-, 26 + 3
ml.minr, 319 + 24 perfusion units and 109 + 13 perfrrsion units respectively. None of the stimulation
sequences caused significant changes in MAP or IIR, which remained relatively stable across the course of
each experiment. RBF, CBF and MBF all retumed to resting levels during the 5 min control period between
stimulations. Hematocrit also remained stable throughout the experiment, averaging3l +3%.

wat of varying amplitude of renal sympathetic nerue sthnulation

For each of the flow variables, there was a clear curvilinear relationship between the amplitude of renal
nerve stimulation and the percentage reduction in blood flow (Ppn"1 < 0.001 for each flow variable; Figs. l9a
and l9b). All amplitudes of nerve stimulation produced a decrease in RBF and CBF from control levels. For
example, stimulation at the minimum amplitude of 0.5 V produced a mean decrease in RBF of 2l * Bo/o. A2
V stimulus produced a near ma;cimal RBF response (84 t 3yo decrease from contol levels) and further
increases in amplitude to 8 V produced minimal further decreases in RBF (gl * 3%). CBF responses were
not significantly different from RBF responses (Pno*: 0.25), but MBF responses were significantly less than
those of RBF and CBF (Pp6* < 0.001). For example, a 0.5 V stimulus decreased MBF by only 4 t 60/o and
the maximum stimulus of 8 V decreased MBF by only gl *,7To.

Elfects ofvaryingfrequenE of renal sympothaic neme stimulation

Increasing the frequency of nerve stimulation whilst maintaining a constant, near maximal, amplitude of
stimulation caused progressive decreases in blood flow in all three regions (P,.""r ( 0.001 for each flow
variable; Figs. 20a and 20b). RBF was decreased by I I + l% from control levels at 0.5 Hz,and by g7 + 4%
at 8 Hz. RBF and CBF responses were not significantly different (prro* = 0.99), but MBF responses were

significantly less than both RBF and CBF responses (&o* ( 0.001), especially at lower frequencies of
stimulation. For example, stimulation at 0.5 Hz caused only a z+ lo/odecrease in MBF.
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Figure l9a: Responses of renal blood flow (RBF), cortical blood flow (CBF) and meduilary blood flow
(MBF) in one rabbit to renal sympathetic nerve stimulation of constant frequency (5 Hz) but wo different
amplitudes (1.5 V, 5 V). Vertical lines represent the period of stimulation. RBF was determined by
transit-time ultrasound flowmetry and CBF and MBF were determined by laser Doppler flowmety.
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open circles) and medullary blood flow (MBF, triangles) to increasing amplitude of renal sympathetic

nerve stimulation (5 Ha 2 ms pulses). Data were calculated from mean values for the I min immediately
prior to stimulation (conrol) and the percentage decrease from this contol value during the final I min of
stimulation. Error bars show SEM.
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Figure 20a: Responses of renal blood flow (RBF), cortical blood flow (CBF) and medullary blood flow
(lvfBF) in one rabbit to renal sympathetic nerve stimulation of constant amplitude (2 V) but two different
frequencies (2 Hz, 8 Hz). Vertical lines represent the period of stimulation. Flow determinations were as

for Fig l9a.
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Figure 20b: Mean resPonses (n: 8) of renal blood flow (RBF, closed circles), cortical blood flow (CBF,

open circles) and medultary blood flow (MBF, riangles) to increasing frequency of renal sympathetic
nerve stimulafion. The amplitude of pulses used in this sequence was the minimal voltage required to
produce a maximal RBF response (mean across animals was 2 V). Pulses were of 2 ms duration. Data
were calculated from mean values for the I min immediately prior to stimulation (control) and the

percentage decrease from this control value during the fural I min of stimulation. Enor bars show SEM.
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S inu s o idal s timulatio n

Although each modulated sine pattern of electrical stimulation varied in the frequency of modulation, (0.04
to 0.72 Hz), the base frequency remained the same (5.0 Hz), as did the range of amplitude of stimulation (0 -
5 V), thus the mean voltage applied to the nerves at each sinusoidal frequency was the same. Consistent with
this, the mean decrease from contol for each flow variable was not significantly affected by the frequency of
the modulated sine pattern (Fig. 2l), and averaged 40 + lyo,42 + lyo, and 19 x 2o/o respectively, for RBF,
CBF and MBF across all stimulus frequencies. To allow comparison between animals the absolute spechal
power was normalized against the spectal pow€r at 0.04 Hz stimulation. The mean frequency response curve
for RBF (Fig.22) shows sinusoidal stimulation at 0.4 Hzproduced an oscillation with an amplitud e only 3o/o

of that at 0.04 Hz- That is, while mean RBF always decreased in response to the nerve stimulation, at higher
frequencies (> 0.32 Hz) it did not oscillate (fl.u"r < 0.001). CBF and MBF also failed to oscillate at higher
frequencies.

Mean and individual frequency response curves (Figs. 22 and,23 respectively) also showed differences in the
ability of the vasculature to respond to the different sinusoidal frequancies of nerve stimulation. An increased
amplifude of oscillation in the medullary vasculature was seen over two frequency bands, as evidanced by
the two peaks in the mean frequency response curve for MBF (Fig.2z). Although these peaks occurred at
different frequencies in individual animals (Fig. 23), mean results show them centered around 0.12 Hz and
0'32 Hz in MBF (Fig. 22). They were also present, but less obvious, in the RBF frequency response curve.
Neither peak was evident in the CBF frequency response curves (Figs.22 and 23). Thus, the mean frequency
response curve for MBF was significantly different from that for CBF (Pno* < 0.001), but not that for RBF
(PRo* : 0.96). Furthernore, the mean frequency response curves for RBF and CBF were also significantly
different from each other (Pe6* < 0.001). As the input stimulus to the nerves was the same at all sinusoidal
frequencies, the spectral power of the resulting oscillation in blood flow reflects the transfer function.
However, in addition to spectral power we also calculated the gain and phase between the electrical
stimulation and the respective blood flow response (Fig. 2a). RBF and MBF showed similar decays (20d8
per frequency decade) while CBF decayed at 40dB per frequency decade. The phase delay betrveen stimulus
and response was not significantly different between the different vascular regions. The minimum time delay
was between l.l - 1.5 s following stimulation at0.72 Hz. This indicates the minimal time for a decrease in
flow to occur in response to the elecfical stimulus.
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Figure 2l: Responses of renal blood flow (RBF, rop), cortical blood flow (CBF, niddle) and medulary
blood flow (IvfBF, bottom) in one rabbit to renal sympathetic nerve stimulation with a modulated sine
pattem of electical stimulation at 3 different fiequencies (0.08 Ha 0.16Hz0.4Hz; refer to methods
section for stimulation details). Vertical lines represent the period of stimutation. Flow determinations
were as for Fig. l9a. Changes in baseline tevels of flow between stimulation at 0. I 6 Hz and stimulation at

0.4 Hz are within standard deviation for the group (RBF, 26 t B ml.min'r; CBF, 319 t 67 perfusion units;

MBF, 109 t 37 perfusion units).
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DISCUSSION

By electrically stimulating the renal sympathetic nerves and simultaneously recording RBF, CBF and MBF
in anesthetized rabbits, we have shown that the renal nerves can influence blood flow in both the renal cortex
and medulla. However, rather than exerting the same effect on these two vascular territories, there appear to
be at least two ways in which the renal nerves can differentially contol MBF and CBF. Firstly, MBF appears

to be less sensitive than CBF to a mean increase in renal nerve activity. That is, for a given steady-state
frequency or amplitude of nErve stimulation, the MBF response was always less than the CBF response

@igs' l9 and 20). Our examination of the frequency response characteristics of each region, using sinusoidal
electrical stimulation, revealed another, more subtle mode of differential control. Our results indicate that the
medullary microvasculature is more able to respond to higher frequancies in renal nerve stimulation than the
cortical vasculature (Fig. 22). This raises the possibility that, although the medullary circulation only
accounts for a small proportion of total RBF, it makes an important contribution to the previously reported
resonant properties of total RBF (16g).

The few previous studies that have examined the role of the renal nerves in conhol of intarenal blood flow
have provided conflicting results. Rudenstam et al.(224) used graded electrical nerve stimulation and laser
Doppler flowmebry in anesthetized rats and found RBF and CBF responded with similar percentage
decreases at 0.5, 2 and 5 Hz, while papillary blood flow showed small and variable changes at all levels.
They concluded that, while total RBF and CBF are profoundly influenced by extrinsic neural input, blood
flow in the papilla is likely to be under stong local conbol. These conclusions are at odds with those of
Hermansson et al. (ll2), who used Rubidium-86 extraction to determine the effects of renal nerve
stimulation (at 2, 5 and l0 Hz), and renal denervation, on levels of intrarenal blood flow in anesthetized rats.
They found that blood flow in all regions of the kidney was reduced by nerve activity in a stimulus-
dependent manner' with MBF being more sensitive to lower frequency (o - z Hz) stimulation. After renal
denervation' percent changes in blood flow were greatest in the medulla. They concluded from this that MBF
is more sensitive to neural activity than CBF. In confast, Aukland(I1), using anesthetized dogs and a local
hydrogen gas clearance method, found that electical stimulation of the renal nerves (l ms, 5 - 15 V, 3 - 20
Hz) reduced outer medullary blood flow by a similar magnitude to total renal blood flow.

Our present results provide evidence of stimulus-dependant reductions in mean MBF following step changes

in the frequency or amplitude of renal nerve stimulation. However, MBF appears to be less responsive than
CBF, particularly with smaller mean changes in the level of renal nerve stimulation. Differences between our
results and those of the studies described above may be partially attributed to the techniques used to record

MBF. In a critical review of methods for measurement of MBF, Hansell (102) refers to ten-fold
discrepancies between reported control values for MBF using different measurement techniques, and

concludes particularly that the Rubidium-86 at best gives only a qualitative indication of RBF and its
distribution. While Rudenstam etal. (224)used laser Doppler flowmety, they measured papillary blood flow
using a 'papillary window' technique. This may have resulted in renal nerve scarring, thus influencing their
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results' Alternatively, a hypothesis consistent with the findings of both Rudenstam et al. (224) and the
present study, is that the renal nerves have less influence on papillary blood flow than on blood flow in other
regions of the renal medulla. This hypothesis merits further investigation in future studies.

Consistent with our observations, anatomical and functional data from other studies support a role for RSNA
in the control of MBF. For example, both the afferent and efferent arterioles ofjuxtamedullary glomeruli,
and the outer medullary descending vasa recta, receive neural innervation (45,z}g),and constrict in response

to application of norepinephrine or stimulation of sympathetic nerves (U,2Sg). The inner medullary vasa

recta gradually loses sympathetic innervation as the smooth muscle cells of the efferent arteriole are replaced

by pericytes (199,209)' Thus, MBF could be reduced in response to vasoconstriction of juxtamedullary
afferent and efferent arterioles, their upsteam interlobular arteries, and the outer medullary portions of the
descending vasa recta.

we propose that RSNA can now be added to the growing list of factors that differentially regulate intarenal
blood flow, including local and/or circulating hormones that reduce MBF more than CBF (e.g. vasopressin
(75' 84)) or reduce CBF more than MBF (e.g. endothelin (74)). However, we can only speculate at present as

to the physiological mechanisms underlying this differential sensitivity of CBF and MBF to RSNA. Regional
differences in innervation density (20, g4), the post-junctional responsiveness to norepinephrine or in the
amount of vascular smooth muscle (135, 210), may contribute. Alternatively, as juxtamedullary afferent and

efferent arterioles have significantly greater diameters than those in other regions of the cortex (209),
Poiseuille's relationship predicts that for equivalent levels of smooth muscle fiber shortening, smaller
changes in vascular resistance should occur than in the smaller vessels outside the juxtamedullary region
(134).

In addition to finding that MBF and CBF are differentially regulated by the steady-state activity of the renal
nerves, our use of a modulated sinusoidal stimulation pattern (which better reflects the frequency-rich nature
of endogenous SNA (162)) demonstrated differences in the dynamic control of blood flow in these two
vascular territories. Neither CBF nor MBF were able to follow high (> 0.5 Hz) frequencies of sinusoidal
stimulation. It has been proposed that this loss of oscillation in the vasculature at higher frequancies of nerve
stimulation or activity (I24,236) is due to time delays in the rates of smooth muscle contraction ( 124, 16g\.

While the vascular confraction rate is too slow to follow oscillations in sympathetic nerve activity above 0.5

Hz, decreases in steady-state flow occur due to the tonic constriction of the vessel. Slower frequencies of
neural stimulation allow the vasculature to oscillate, albeit with some delay period, in synchrony with
RSNA' Our results demonstrate an increased ability of the medullary microvasculature, (but not cortical
vasculature), to constrict in response to nerve stimulation at frequencies around 0.12 and 0.32 Hz. This
increased amplitude of oscillation was also seen in RBF. Earlier studies in otn laboratory(168) suggested

that RSNA reveals resonance in the vasculafure, where the input stimulus, in this case electrical nerve
stimulation, contains the frequency components necessary to induce resonant oscillations in the vasculature.
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Our interpretation of the cunent data is that the resonance seen in RBF (also observed by us previously
(168)) is due chiefly to resonance in the medullary microcirculation. However, as we measured CBF only in
the outer cortex, we cannot discount the possibility that these resonant fiequencies are present in vascular
territories deeper in the renal cortex. Nevertheless, our results clearly show different frequency response

characteristics for outer CBF compared with MBF. In vivo recordings in rabbits have shown oscillations in
RSNA and RBF around 0.3 Hz which increase in strength during hemorrhage (167) and hypoxia (124).

Possibly this is reflected in our current results in the increased oscillation in MBF and RBF around this
frequency.

The mechanisms underlying the differences in frequency response characteristics between CBF and MBF are

undefined. Electical stimulation allows non-selective recruitment of all nerve fibers without any functionally
specific recruitment' as may occur during reflex stimulation (65). Therefore we are confident that our
electrical stimulation was activating the nerves innervating the cortex and medulla similarly and the reasons

for the different responses are likely to reside within the vasculature itself. This notion is supported by a

study by Navar et al. (199) which describes differences in activation mechanisms, in response to mechanical

and vasoactive stimuli, between vascular smooth muscle cells in different renal microvascular segments.

Stauss et al. (240) also describes potential time limiting steps in sympathetically mediated smooth muscle

contraction (including neurotransmitter release rates, adranergic cleft width, receptor type and densifies,

calcium enfiy mechanisms, intacellular electrochemical coupling, neuroffansmitter reuptake) and it is
possible that any one of these steps might differ between cortical compared with medullary vascular sites,
thus contributing to the difference in frequency response characteristics. Described differences in lumen
diameter, smooth muscle thickness (135, 210) and density of innervation of vessels (zo, 94) may also
contribute. Juxtamedullary efferent arterioles have larger lumen(135,210), more layers of smooth muscle
cells (135, 210) and more extensive adrenergic innervation(2},94) than superficial or outer cortical efferent
arterioles.

Limitations

We have used laser-Doppler flowmetry to measure intrarenal blood flows. ln this technique, a helium-neon
laser light illuminates a small area of tissue and the doppler shift of light scattered by moving red blood cells
is analyzed, yielding a voltage proportional to red blood cell velocity and number (223).In recent studies it
has been the dominant technique used to measure intrarenal flow(69, 150,224,264\.lt is superior to earlier
techniques (e.g. PAH extraction measurement, albumin accumulation, measurement of diffrrsible tracer,

Rubidium-86 uptake, transit-time indicator dilution, red cell velocity tracking, measurement of radioactively
labeled microspheres, fluorescent labeling of red cells) in its simplicity of use, relatively non-invasive
application and ability to record continuously. However, measurements are not comparable between animals
and analysis is restricted to relative changes. Laser-Doppler flowmety is also unable to distinguish between

flow into or out of the medulla or to sense whether a change in flow is due to capillary recruitnent (102).
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PersDectives

It is likely that the ability of RSNA, along with circulating and locally acting hormonal factors, to
differentially regulate CBF and MBF, allows considerable precision in the regulation of regional kidney
blood flow unds physiological conditions. Precise conhol of MBF is crucial to long-term blood pressure

regulation, as evidenced by the fact that chronic desreases in MBF (independent of changes in CBF) can lead
to the development of hlpertension, while chronic increases in MBF can ameliorate established genetic

hlpertension in experimental animals (50). The influence of MBF on the long-term set point of arterial
pressure seems to be due at least in part to its roles in the maintenance of medullary solute gradients and the
regulation of renal interstitial hydrostatic pressurc, and thus tubular handling of salt and water(50, 209). O.n
present results indicate RSNA may have a role in chronic blood pressure contol by affecting MBF, which in
turn influences these chronic 'reiral medullary' blood pressure conhol mechanisms.
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INTRODUCTION

It is now clear that blood flow in the renal medulla can be regulated differentially from cortical blood flow
(CBF) and that this has profound implications for tubular salt and water handling and blood pressure control
(50' 76)' Renal sympathetic nerve activity (RSNA) may contribute to this differential regulation, yet while
RSNA has been shown to be important in the confiol of total renal blood flow (RBF) (166,l7Z) its role in
the conhol of regional kidney blood flow remains a matter of considerable controversy. This requires

resolution before we can fully understand the impact of RSNA on blood pressure control.

ln a previous study investigating the role of renal nerves in the control of regional kidney blood flow, we

induced changes in RBF, CBF and medullary blood flow (MBF) by electrically stimulating the renal nerves.
We tested the effects of both graded electrical stimulation of the renal nerves and of electrical stimulation
with a sinusoidal pattem of varying frequency (see Chapter 3). Our results indicated that RSNA reduces both
CBF and MBF and that these reductions are differentially affected in at least two different ways. Firstly, for
any given steady-state frequency or amplitude of nerve stimulation the MBF response is always less than the

CBF response. Secondly, the medullary microvasculature appears to be morc able to respond to sinusoidal
oscillations in renal nerve stimulation, particularly around frequencies normally observed in the renal

vasculature of conscious animals (0.16 and 0.3 Hz) (167).lnterpretation of these experiments was limited,
however, by the non-physiological nature of the stimulus. Elecbical stimulation recruits nerve fibers in a
non-selective way, yet functionally dependent recruihnent might occur during reflex stimulation of RSNA
(65) which could profoundly affect the relative responses of CBF and MBF. We are not aware of any
previous studies that have tested the effects of reflexly activated increases in RSNA while simultaneously
measuring RSNA, CBF and MBF; thus allowing direct analysis of the influence of RSNA on blood flow in
these regions. Such a study, as presented here, seems imperative to clarifuing the role RSNA may have in the

control of regional kidney blood flow.

In this study we induced progressive increases in RSNA by exposing pentobarbitone anesthetized rabbits to
graded hypoxia. We simultaneously measured RSNA, CBF, and MBF (determined by laser-Doppler
flowmeby), and used standard renal clearance techniques to measure effective renal blood flow @RBF),
glomerular filtration rate (GFR), urine flow (Uv) and urinary sodium excretion (U""*vy. A renal denervated
group of animals (control goup) allowed us to determine the contribution RSNA made to the observed

changes in inharenal blood flow. Our results show that moderate physiological activation of RSNA reduces

CBF but has little impact on MBF.

METHODS

Experiments were performed on rabbits of a multicolored English shain or the New Zealand White strain (n

= 13, mean weight 3.02 + 0.13 kg). Animals were randomly assigned to the two experimental groups (intact

or denervated), meal fed and allowed water ad libitum until experimental procedures began. All procedures

were performed in accordance with the Australian Code of Practice for the Care and Use of Animals for
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Scientific Purposes and were approved in advance by the Animal Ethics Committee of the Deparbnent of
Physiology, Monash University.

Surgical procedures

Induction of anesthesia was by inhavenous administration of pantobarbitone sodium (90 - 150 mg
Nembutal; Boehringer Ingelheim, New South Wales, Australia) and was immediately followed by
endoftacheal intubation and artificial ventilation. Anesthesia was maintained throughout the surgery and

experiment by inhavenous pentobarbitone infusion (30 - 50 mg.h't;. Ouring surgery and throughout the
experiment, a solution of compound sodium lactate (Hartrrnann's, Baxter Healthcare, New South Wales,

Australia) was infused intravenously at a rate of 0.18 ml.min-'.kg-r to replace fluid losses. A heated table and

infrared light were used to maintain body temperature at 36 - 3g"c (75).

A catheter was inserted into the central ear artery for monitoring arterial pressure. The left kidney was
approached via a retroperitoneal incision, freed from the peritoneal lining and surrounding fat and placed in a
stable cup. A Silastic catheter was inserted into the left ureter for urine collection. In 6 of the 7 rabbits in the
intact group, the renal nerves were then identified using a surgical microscope, freed from surrounding tissue

and carefully placed across a pair of hooked silver recording elechodes. The nerve and electrode were

insulated from the surrounding tissue using Wacker Sil-Gel (Wacker-Chemie, Munich, Germany). In I of the
rabbits in the intact group, the renal nerves were left undisturbed, so that RSNA was only recorded in 6 of
the 7 rabbits. In the 6 rabbits in the denervated group, the left renal nerves were sectioned and the area was
painted with l0% phenol in alcohol. In all rabbits, MBF was monitored using a26 gaugeneedle-type laser-
Doppler flowprobe (DP4s, Moor Instmments Ltd, Devon, England) inserted into the kidney using a

micromanipulator (Narashige, Tokyo, Japan), so that its tip lay t0 mm below the mid-region of the lateral
surface of the kidney within the 'white' inner medulla. For monitoring CBF, a snaight plastic probe (Dp2b,

Moor Instruments Ltd) was placed on the dorsal surface of the kidney, and secured in place using gauze

packing.

Following completion of the surgery, bolus doses of [3H]inulin (4pCi; NEN Research products, Sydney,

Australia) and [raC]para-aminohippurate ((PAH); lpCi; NEN Research Products) were administered. The

infusion of Hartmann's solution (0.18 ml.min-t.kt-t; was supplemented with 30gnCi.ml-t [3H]inulin and
83nCi.ml-t 1t4c1reu. Following 75 min of initial loading this protocol maintains stable plasma levels of
[3H]inulin and 1t4C1tAH throughout the experiment.

Expertmentol protocol

The experiment was started 90 min after the completion of surgery. Animals were artificially ventilated (tidal
volume = 14 - 18 ml, rate = 30 - 50 breaths per minute) so that during the control periods (room air), pas,

was 90 - I l0 mmHg. Each of the gas mixtures (lO%,l2o , l4yo,16%o,rcomair (-2lo/o),and 100% 02) were
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administered for 15 min' Each gas was preceded by a 15 min contol period and followed by a 15 min
recovery period, which also served as the conhol period for the subsequent gas mixture. Gas mixtures were

administered in random order. Urine samples (for clearance measurements) were collected over the final 5

min of each 15 min period- Arterial blood samples (0.7 ml totat; for clearance and blood gas measgrements)

were collected in the mid-point of each of these 5 min periods. At the conclusion of the experiment each

animal was killed with an intravenous overdose ofpentobarbitone (300 mg).

Data acguisition

The ear artery catheter was connected to a pressure transducer (Cobe, Colombia, USA) and the laser Doppler
flow probes were connected to a laser Doppler flowmeter (DRT4, Moor Instruments). Sympathetic nerve
activity was amplified, filtered between 50 - 5000 Hz, full wave rectified and integrated using a low pass

filter with a time constant of 20 ms. The average voltage from the sympathetic neurogram over 2 s periods

was defined as total RSNA. Changes in voltage of the nerve signal above a defined threshold were classified
as RSNA discharges' Total RSNA, mean arterial pressure (MAP), CBF, MBF and heart rate (HR, calculated
from triggering of the systolic blood pressure wave), were all continuously recorded throughout the

experiment and were sampled using an analog to digital data acquisition card (Lab-pC+, National
lnstruments, Texas, USA). Calibrated signals were displayed on screen and saved to disk as 2 s averages of
each variable using a program written in the LabWEW graphical programming language (National

lnstruments). CBF and MBF were recorded in the 60 s after the animal was humanely killed (but still being

artificially ventilated), and averaged 14t 2 and 35 t 5 perfusion units respectively. prior to analysis, these

offset values were subtacted from the values obtained throughout the experiment.

Analltsis of urine and hlood samples

[3H]inulin clearance was used to estimate glomenrlar filtration rate (GFR), while the clearance of 1'4C1pAH
was used to calculate effective renal plasma flow, which was corrected for hematocrit to provide effective
renal blood flow (ERBF) (75). Sodium concentrations in plasma and urine were measured by flame
photomety (943; krsfumentation Laboratory, Milan, Italy). At the completion of experiments the kidneys
were removed, desiccated, and the dry weight determined, thus ERBF, GFR and renal excretory variables are

expressed per gram of kidney dry weight (g). Blood gas analysis was performed on 0.2 ml blood samples
(ABL5 I 0, Radiometer Copenhagen, Denmark).

Data analysis

MAP, HR, RSNA, CBF and MBF were calculated from the files of 2 s averages. Comparisons were made
between the average value for the final 5 min of the control period prior to each gas exposure and the

average value for the final 5 min during gas exposure. The final 5 min period of gas exposure was used as

this allowed sufficient time for blood gases to stabilize. The 5 min period also allowed suflicient time for
urine volume collection for later analysis of both urine flow rates and estimation of GRF and ERBF. Since

total RSNA voltages vary between animals and as ERBF was measured in ml.min-t.g-' *d CBF and MBF
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were measured in perfusion units, changes in these variables were nonnalized as percentage change from the

final 5 min of the conhol period prior to each gas exposure (with the control period equal to 0%). This
allowed comparison of responses to different levels of nerve inhibition between the different vasoular beds.

GFR, Uv and Up"*V are also expressed as percentage change from conhol levels.

Statistical analysis

AII values are expressed as mean * SEM and p values < 0.05 were considered statistically significant.
Student's unpaired l-test was used to test for differences between the intact and renal denervated groups

during the control periods. For comparison of responses during gas exposure, statistical analyses were

performed using split-plot analysis of variance (ANOVA), the factors comprising rabbit, gas (i.e. % 02 of the
inspired gas) and state (i.e. intact or renal denervated). The main effect of gas (Pr*) tested whether, across

the two groups of rabbits, progressive hlpoxia altered the levels of the measured variables. The main effect
of state (P'"*) tested whether the levels of each variable differed between intact and denervated rabbits in a
runner independent of the inspired gas mixture. The interaction term (Pgrr.rob) tested whether the responses

to graded hlpoxia differed in intact compared with denervated rabbits.

RESULTS

Boseline cardiovascular variabl,es and renal hemodvnamics

Baseline levels of MAP, HR, hematocrit, Paor, Pacoz, pH, CBF, MBF, ERBF, GFR and filtration fraction

measured during the 5 min control period immediately before each gas adminishation, were similar in
innervated and denervated rabbits (Table 2). Baseline levels of Uv, {lN"*V, and fractional excretions of urine
and sodium were all significantly greater in denervated than innervated rabbits (fable 2).

Arterial blood gas durtng gos exposure

hogressive hypoxia caused Pas, to fall similarly in innervated and denervated rabbits (Fig. 25). pa66,and

pH remained unchanged from baseline levers during hypoxia (datra not shown).
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Table 2: Resting cardiovascular and renal hemodynamic variables for innervated and denervated rabbits.

fnnervated Denervated Pvalue

MAP (mmHg)

HR (beats.min-r)

Hematocrit (%)

Pao, (mmHS)

Pa6e, (mmHg)

pH

CBF (perfusion units)

MBF (perfusion units)

Body weight (g)

Dry kidney weight (g)

Filtration fraction (%)

ERBF (ml.min-r.g'r)

GFR (ml.min'r.g'r)

Uy (ml.min-r.g't)

UN.*V (pmol.min'l.g'l)

FEN". (%)

FE""1(%)

77 t3

230 t9

34tl

98r3

2t t2

7.43 t0.03

366l.39

96x25

3040 r 150

1.76 t0.04

29 t3

r3.5 t2

2.4Q !.0.39

0.1I t 0.03

13.6 t 3.7

4.5 r 0.5

5.2t0.4

76tl

237t5

34t2

96 t2

2lt3
7.47 t 0.A3

353 r 15

60r 16

2980 t220

1.93 * 0.07

3l x2

12.0 i 1.6

2.39 t0.34

0.2610.04

30.3 t4.6

t0.5 * 2.1

tt.6 t2.l

0.69

0.50

0.89

0.70

0.85

0.47

0.76

0.25

0.82

0.07

0.52

0.56

0.99

0.02

0.02

0.04

0.03

Values are the average of the final 5 min of the contol periods prior to exposure to each of the gas

mixtures. MAP, mean arterial pressure; I{R, heart rate; Pao2 and Pa6sr, arterial partial pressures of 02 and

CO2 respectively; CBF, cortical blood flow; MBF, medullary blood flow; ERBF, effective renal blood
flow; GFR" glomerular filfiation rate; Uy, urine flow; UN.*V, urinary sodium excretion; FEp.*, fractional

excretion of sodium; FE"o6 tactional excretion of urine. Values shown as mean t SEM. p values show

the outcomes of Student's unpaired t-tests comparing levels in innervated and denervated rabbis.
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Figure 25: Levels of Pao, during progressive hlpoxia in innervated (closed circles, n = 7) and denenrated

(open circles, n : 6) rabbie. P values refer to tho outcomes of split-plot ANOVA testing the effects of 0,6

inspired oz (Ps.J and the effects of state (renal innervated or denennted) independent of (p,6") and

dependent on (Psrtrr) inspired 02.
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RSNA and intrurenal blood flow responses to orogressive hynoxia

As blood flow measurements were.taken during the final 5 mins of gas exposure, the effects of RSNA on
CBF that we describe are actually underestimated relative to the effect seen in the initial 5 mins of gas

exposure. An increase in RSNA and decrease in CBF was seen in response to hlpoxia in innervated animals
(Figs. 26 - 28). As the percentage 02 of the inspired gas decreased, RSNA progressively increased. The CBF
response was a miror image of the RSNA response (Figs. 26 - 28) with a progressive decrease seen as

percentage 02 of the inspired gas progressively decreased. For exampl e, l0%o Oz caused an average 76 *
37%o inctease in RSNA and 14 * l% decrease in CBF by the final 5 min of gas exposure. These responses

were significantly different from denervated animals where CBF did not decrease in response to progressive

hypoxia (e'g. I + 2%o decrease in response to l0o/o 02 (Figs. 27 and 28)). MBF responses in both innervated
and denervated groups of animals were more variable than CBF responses (Fig. 28). Although MBF
increased in response to progressive hypoxia in some animals, overall there was no significant effect on

MBF, and responses were indistinguishable between innervated and denervated rabbits.

MAP remained stable throughout the experiment in both innervated and denervated animals. However, a

significant increase in HR occurred in response to hypoxia in both groups (e.g. 230 + 9 to ZM + ll
beats.min-r and 237 + 5 to 247+ 6 beats.min-r in response to l0%o 02 in innervated and denervated rabbits
respectively (Fig. 29)).

In innervated rabbits, ERBF, GFR, Uv and UN"*V, fell progressively with graded hypoxia, so that during
l0yo 02 they averaged respectively 37 + 16,40 + 14, 60 * 14 and 60 + I l% Iess than control. This response
was not observed in denervated rabbits, in which these variables remained fairly stable as inspired 612 was

reduced,andduring L}o/oO2averagedrespectively3 +6,3+8, 15+ 13 and ll +l4yolessthancontol.
However, because of the variability in these data in both groups of rabbits, a significant gaststate interaction
was found only for Uy @ig. 29).

Cardiovascular voriobles and renal
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Figure 26: Responses from one innervated rabbit showing changes in renal sympathetic nerve activity
(RSNA)' cortical blood flow (CBF) and medullary blood flow (MBf) during exposure to l0o/oOz. paoz =

34 mmHg during the final 5 min of gas exposure. Heart rate increased from 245 beats.min I during
control to 267 beats.min-l during exposure to l0% 02. MAP during exposure to l0o/oO2 was unchanged

from the control period (88 mmHg).
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10o/o 02
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time (min)

Figure 27: Mean responses in renal sympathetic nerve activity (RSNA), corticat blood flow (CBF) and

medullary blood flow (MBF) during exposure to l}vo 02 in innervated (closed circles) and denervated
(open circles) rabbits. Innervated rabbits: n = 6 for RSNA, n: Z for CBF and MBF; denervated rabbits: n
: 6' Mean Pao, during the final 5 min of gas exposue was 39 t 2 nmHg and 44 t 2 mmHg for

innervated and denervated rabbits respectively. Heart rate in innervated animals increased from a contol
level of 223 t 4 beats.min'' to 246 t 5 beats.min I during exposure to l0o/o 02. [n denervated rabbits, heart

rate increased from a confrol level of 242 t 3 to 249 t 3 beats.min'r during exposur€ to l0o/o cl2. MAp
was maintained at 78 t 2 mmHg in innervated rabbits and changed from74 t I mmHg (control) to 79 t2
mmHg during the final 5 min of exposure to l}yoOzin denervated animals. Error bars show SEM.
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Po"r= 0.03

Pgar < 0.001, Pd"r" = 0.02, Ps""'dsb < 0.001
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Figure 28: Mean responses of renal sympathetic nerve activity (RSNA), cortical blood flow (CBF) and

medullary blood flow (IvBF) during changes in percentage inspired 02 in innervated (closed circles) and

denervated (open circles) rabbie. Values shown are percentage changes during the final S min of each qas

exposure compared with the final 5 min of the preceding control period. Innervated rabbits: n : 6 for
RSNA, n:7 for CBF and MBF; denervated rabbits: n = 6. Enor bars show SEM. P values are as for Fig.
25.
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Figure 29: Cardiovascular and renal function variables during changes in percentage inspired O2 in
innervated (closed circles, n : 7) and denervated (open circles, n = 6) rabbits. Values shown are

percentage changes during the final 5 min of each gas exposure compared with the final 5 min of the

preceding conhol period. MAP, mean arterial pressure; H& heart rate; ERBF, effective renal blood flow;
GFR, glomerular filration rate; Uy, urine flow; UN*V, urinary sodium excretion. Enor bars show SEM.

P values are as for Fig. 25.
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DISCUSSION

In the present study we tested whether reflex increases in RSNA differentially affect CBF and MBF. Our

major finding was that moderate increases in RSNA reduced CBF but not MBF. We have previously shown

that elecbical stimulation of the renal nerves produces larger steady-state changes in CBF than in MBF,
indicating that RSNA differentially regulates blood flow in these regions (see Chapter 3). Both these results

support the hypothesis that CBF and MBF are differentially regulated by RSNA. While previous studies

have examined the effects of electrical stimulation of the renal nerves on CBF and MBF(I l, 43, lll, Z24),

or have tested the effects on CBF and MBF of stimuli that were presumed to reflexly increase RSNA(144,
262), we are aware of no previous studies in which RSNA, CBF and MBF have been monitored durins
stimuli that influence renal hemodynamics exclusively by reflex activation of RSNA.

Our results clearly show that hypoxia-induced increases in RSNA reduce CBF but not MBF. The blood

supply to the renal medulla arises from the efferent arterioles ofjuxtamedullary glomeruli, which comprise

only about l0o/o of the total glomerular number. Thus, it is possible for MBF to change dramatically, even

when total RBF and CBF do not change appreciably. It might be hypothesized that hypoxia selectively

activates a sub-population of cortically directed nerve fibers, and that other stimuli which reflexly increase

RSNA may produce a different pattern of response. However, our previous study shows that when renal

nerves are recruited in a functionally non-specific manner, (i.e. by electrical stimulation), MBF is insensitive

to the very low levels of stimulation which still reduce CBF (see Chapter 3). Furthernore we attibute the

effects of hypoxia on renal hemodynamics and excretory function solely to the increase in RSNA as in a

separate group of renal denervated rabbits hypoxia did not significantly alter MAP, renal hemodynamics or
excretory function. Thus, we would expect other stimuli which similarly increase RSNA to have similar
effects on CBF and MBF.

Our results should not be interpreted as indicating that the medullary vasculature is unaffected by increases

in RSNA, rather that the level of sympathetic activation we induced was not sufficient to cause a reduction in
MBF. Previously we found that MBF was only reduced at levels of electical stimulation that reduced CBF
by more than 20o/o (see Chapter 3), yet in the present study the maximal stimulus (10% hypox ia; 76 + 37yo

increase in RSNA) reduced CBF by only 14 + l%. A reduction in MBF is not confined to artificial nerve

stimulation as we have also found that when RSNA was increased by around l3S% with nasopharyngeal

stimulation in conscious rabbits, an-30% reduction occuned in both MBF and CBF (76).

Thus, taken together with the results of previous experiments (144, 224), Clrrpter 3), our present findings
provide sfrong evidence that the medullary microcirculation is less sensitive to the vasoconstrictor influence

of RSNA than is the cortical microcirculation. The mechanisms responsible for this remain to be precisely

determined, but may include differences in vascular elements controlling MBF and CBF; in vascular

structure or innervation density, in sursitivity to norepinephrine, or even in locally acting counter-regulatory

mechanisms. This insensitivity occurs despite juxtamedullary efferent arterioles having more layers of
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smooth muscle cells (135, 210) and denser innervation (94) than superficial or outer cortical efferent
arterioles. Conversely, as we have discussed in detail previously (see Chapter 3), Poiseuille's relationship
predicts that the greater diameters ofjuxtamedullary efferent arterioles, relative to those in other regions of
the cortex, should render blood flow less sensitive to equivalant degrees of smooth muscle contraction in
these vessels, consistent with our present observations.

Limitations

Our experimental design did not include direct blockade of the renin/angiotensin system. However we feel

we are still justified in atbibuting the responses seen to the direct vasoconstrictor effects of RSNA rathEr

than indirect effects mediated by increased circulating angiotensin II (Ang tr) for the following reasons.

Firstly, the temporal nature of the CBF response when the test gas is removed and the animal returns to
breathing room air is too rapid to be attributed to Ang II (see Fig.26). Secondly, the denervated preparation

was a unilateral denervation only, so any neurally mediated renin release would have still occurred in the

confralateral kidney. This renin release would lead to increased circulating Ang tr, and so renal

vasoconstriction. Since we saw no change in CBF in response to hypoxia in the denervated preparation,

hypoxia-induced reductions in CBF in the innervated rabbits likely resulted chiefly from the direct effects of
increased RSNA.

Our use of an anesthetized and surgically shessed animal may also be interpreted as influencing our results

as surgery and stress are known to result in high circulatory levels of adrenaline, renin-angiotensin and

vasopressin, all of which reduce levels and possible responsiveness of MBF. However our results are

consistent with those seen in conscious instumented rats in response to chemoreceptor stimulation(I44,
224).

Percpectives

If MBF is not affected when RSNA is moderately increased, and in fact only responds when RSNA is

increased to levels that cause CBF to fall by more than 20o/o, canwe consider it to be outside the regulatory
range of RSNA under physiological, and even pathophysiological conditions? This question remains

unanswered but we can at least draw some tentative conclusions from studies in which total renal blood flow
and RSNA have been measured under a range of experimental conditions. [n conscious rabbits, stimuli such

as noise-stress, air-jet stress and hypoxia increase RSNA by only lO - 31yo, and reduce RBF by only about

l0% (166), so these stimuli are unlikely to reduce MBF. [n comparison, it may be expected that during

severe hemorrhage (167) and during the nasopharyngeal reflex when RSNA more than doubles it is likely
that MBF also falls (76). It seems reasonable to hypothesize therefore, that chronic increases in RSNA such

as occur in heart failure, (265) where noradrenaline spillover increases by over 200% and RBF decreases to

65% of control levels (104), could also be associated with decreases in MBF. This is likely to have important

consequences for the control offluid balance in these subjects.



Slow oscillations in sympathetic nerve activity and mean arterial pressure



73

INTRODACTION

A common theme throughout this thesis has been the investigation of the effect on the renal and intarenal
vasculature of the oscillations in renal sympathetic nerve activity (RSNA). The low frequency oscillation in
RSNA has been of particular interest as it is slow enough to induce cyclic contraction and relaxation in the

renal vasculature. These oscillatory changes in renal vascular tone, which also occur in other vascular beds,

lead to the presence of the low frequency oscillation in mean arterial pressure (MAp).

The low frequency oscillation in MAP has been described at 0.4 Hz in rats (36), 0.3 Hz in rabbits (124) and

0.1 Hz in humans (160, 231). Its presence is generally atbibuted to time delays in the baroreflex loop(30, 37,

57, I 58, 252) where a change in blood pressure is sensed by arterial baroreceptors and relayed to the cental
nervous system causing reciprocal changes in mean SNA which in turn change vascular tone. However, due

to time delays in transmission around the loop from the baroreceptors to vascular smooth muscle, instead of
buffering the initial change in blood pr€ssure the change in vascular resistance leads to its own change in
blood pressure, thus inducing a low frequency oscillation in MAp.

In the rabbit the 0.3 Hz oscillation has been observed in renal blood flow (RBF) under resting conditions
(167) and its power in MAP has been reported to be greater when mean SNA is elevated (124, 167). It has

also been proposed that changes in the strength of the oscillation in MAP reflect mean SNA and thus may be

used clinically to reflect changes in the newal control of the cardiovascular system(8,40, 160). However, rn

the course of our more recent investigations, (including those presented in Chapter 2), we have noted that the

0.3 Hz oscillation in RSNA, and thus RBF and MAP, appears inconsistently and there is exteme inter and

intra-animal variability in the appearance or non-app€arance of the oscillation in either SNA or MAp. This
variability raises the question as to what initiates the oscillation and why is it sometimes present and

sometimes absent?

To elucidate reasons for the intermittent appearance of the low frequency oscillation two series of pilot
studies were undertaken' The first series, presented as Part A, investigated the shength of the low frequency

oscillation in MAP under varying levels of sympathetic activation. Conscious rabbits were exposed to a

range of stimuli selected to increase SNA to different vascular beds by varying amounts, thus provoking a

0.3 Hz oscillation in regional circulations that could be recorded in MAP. The second series, presented as

Part B, investigated the degree of baroreceptor stimulation required to induce oscillations in MAP via SNA.

Using baroreceptor denervated, anesthetized rabbits we electically stimulated the aortic depressor nerve

(ADN) with a sinusoidal pulse, thus inducing a slow oscillation in MAP via SNA effects on vascular

resistance. Together both series of experiments aim to give some insight into the etiology of the 0.3 Hz
oscillation in MAP.
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METHODS: PART A

Experiments were performed on conscious New Zealand white rabbits (n: 17, mean weight 3.1 + 0.2 kg).

All procedures were approved by the University of Auckland Animal Ethics Committee.

Animal preparation

Animals in which RBF was recorded underwent surgery at

implantation of the renal flow probe (type 2SB, Transonic

techniques for implantation are detailed in Chapter 2.

least seven days prior to experiments for

Systems, New Yorlg USA). The surgical

A group of five rabbits were implanted with chronic fourth ventricle catheters for intracerebroventricular
(i.c.v.) administration of drugs. Catheters were surgically implanted according to the method described by
Head et al' (108). In brief, rabbits were anesthettzed and placed in a stereotaxic frame with near maximal
head flexion. The atlantooccipital membrane was exposed through a midline incision and a hole made with a

25 gauge needle at the rostal midline border of the membrane with the occipital bone. A vinyl catheter (SV

10, 0.28 mm intemal diameter, 0.61 mm extemal diameter) was inserted 8 mm into the hole so that it lay in
the fourth ventricle. Cerebrospinal fluid flow under gentle hydrostatic pressure was considered confirmation
of correct placement. The catheter was held in place by suturing it to the atlantooccipital membrane and the

wound closed. Animals were allowed seven days to recover from surgery before undergoing experiments.

The patency and positioning of all i.c.v. catheters was further tested using clonidine (Sigma Chemical,

Missouri, USA). Catheters were considered to be in situ when decreases in MAP of greater than 15 mmHg

occurred in response to a 3 pg i.c.v. dose (107).

Experimental protocol

Minor surgical procedures on the day of the experiment were performed under local analgesia (2% wlv
lignocaine, Nopaine, Phoenix Pharmaceuticals, New Zealand). A catheter was inserted into a cenhal ear

artery and connected to a presstne transducer for continuous arterial pressure measurements. Animals with
implanted RBF probes had their exteriorized skin buttons connected to a flowmeter. If animals were

undergoing hemonhage a second ear artery catheter was inserted for withdrawal and replacement of blood.

A catheter was inserted into the marginal ear vein of those animals receiving i.v. drugs. In animals

undergoing cooling a small incision was made between the shoulder blades for insertion of a temperature

probe. In animals receiving i.c.v. administration of drugs the fourth ventricle catheter was retrieved from
under the skin and flushed with 50 pl of sterile saline at room temperature. Once preparation was complete

rabbits were left for at least 40 min before starting the experiment.

Rabbits were subjected to a ftmge of stimuli designed to increase SNA to different vascular beds by varying

amounts. Each protocol was preceded by a 20 min confiol period and not more than one procedure was

tested on any day. The stimuli used, and their previously reported effects on SNA, are described below and

summarized in Fig. 30.
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Cooling: Sealed ice packs wrapped in toweling were placed around the animal. Body temperature was

recorded via a probe inserted under the skin between the shoulder blades. Animals were exposed to ice for 20
min. Previous studies in anesthetized rabbits have reported decreases in RSNA and lumbar SNA of 9l and

18% respectively with cooling to 30oC Q45). Local spinal cord cooling in anesthetized rabbits has also been

shown to cause decreases in splanchnic and cardiac SNA concurrent with increases in cutaneous SNA(I17,
l le).

Hemofthage: Blood was withdrawn using a constant withdrawal pump at a rate of 1.35 ml.min-r.kgr to a
maximum volume of 50 ml. This rate is equivalentto 3o/o of blood volume per minute(ll3). Blood was

reinserted at the end of the experiment and animals were allowed at least seven days recovery before

undergoing any further experiments. Malpas et al. (167) report increases of RSNA of up to 201% using the
same rate of blood withdrawal for 20 min in conscious rabbits.

Hypercapnic hypoxia: The rabbit was placed in a sealable perspex chamber (volume 30 L). The perspex

chamber was perfused through a small hole with a gas mixture of l0% 02 and 3% c}2delivered at l0 L.min'
I for 15 min' Arterial blood samples (0.2 ml) were taken at the end of the hypoxic period for determination

of blood gas levels. Exposure of conscious rabbits to a gas mixture of l0% 02 and 3% Co2delivered at the

same rate has previously been shown to cause increases in RSNA of 49 -90% (124,l7Z).

Intravenous quinpirole administration; Following the initial 20 min control period a sham saline injection
(2.5 ml) was administered i.v. followed by a further l0 min control period. Rabbits were then preteated with
domperidone (l mg.kg'r i.v., Research Biochernicals International, Massachusetts, USA) to block the effects
of quinpirole on systernic dopamine D2 receptors (142). Quinpirole (Research Biochemicals International)

was administered i.v. l0 min after this at a dose of 0.3 mg.kg-r dissolved in 1.5 ml saline. This was followed
by a 1.5 ml saline flush. Domperidone and quinpirole doses used were based on those previously reported to
increase RSNA 3.5 fold in conscious rabbits (247).

Air jet rtress" Air jet stess was achieved by directing a fine jet of air (8 L.min't) towards the rabbits' face for
15 min' This same protocol has previously been shown to increase RSNA by 3l%in conscious rabbits (166).

Post-surgery: A 20 min recording of MAP and HR was made 2 days postoperatively. Studies in conscious

rabbits show increases in RSNA of up to 500Yo at 2 - 3 days postoperatively, compared with conhol values

at days 23 -29 postoperatively (24).
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Intracerebroventricular drug administration: For all i.c.v. drug adminishations, the volume of injection

medium was 25 pl followed by a 50 pl saline flush. Prior to i.c.v. administration, the shongest dose of each

drug was administered i.v. in 100 pl volume followed by a I ml saline flush. Only one drug was

administered on any day. The following four drugs were used at the doses listed to attain graded inc,reases in
RNSA: endothelin-l (Sigma Chemical) l0 pmol, 50 pmol and 100 pmol; f-niro-r.-arginine methyl ester (L-

NAME, Sigma Chemical) l0 pmol,20 prmol; Angiotensin II (Ang II, Auspep, Victoria, Australia) l0 pmol,

20 pmol and 30 pmol; idazoxan hydrochloride (Sigma Chemical) 30pg.kg', 100 pg-kg-r and 200 pg.kg-t.

Doses used were based on previously published data for conscious rabbits (107, 109, 176, 177). Matsumura

et al. showed i.c.v. administation of 25 pmol.kg-r endothelin and 20 pmol 1,-NAME (rabbit weight of 2.5 -
3.0 kg) to increase RNSA by 150% and -100% respectively (176, 177). Head and Williams (109) report a
20Yo deqease in total peripheral conductance in response to a 25 pmol i.c.v. dose of Ang II in conscious

rabbits weighing 2.25 - 3.03 kg. The changes in conductance were specific to different vascular beds with
decreases in mesenteric conductance and increases in hindlimb conductance. Idazoxan hydrochloride
decreases RSNA when administered i.v. at doses of -100 mg.kg-t (tOZ). Stronger doses of L-NAME,
endothelin and idazoxan caused animals distess as evidenced by head shaking, agitated movements and

increased respiratory rates or labored breathing. Stonger doses of Ang II had effects when administered

intravenously' On the conhol day an equivalent volume of sterile saline was to be injected.

Data acquisifion

The arterial catheter was connected to a pressure hansducer (Cobe, Colombia, USA) and when lz-situ the
renal flow probe was connected to a compatible flowmeter (T106, Transonic Systems). MAp, HR (derived
from the MAP waveform) and RBF were recorded throughout the experiment and were sampled using an

analogue-to-digital data acquisition card (Lab-PC+, National Insblments). Calibrated signals were

continuously displayed on screen and saved to disk as 2 s averages of each variable and as the mean value

per heartbeat using a program written in the LabMEW graphical programming language (National

Instruments). The mean-per-heartbeat file was used for specFal analysis.

Dota analysis

Steady-state: Steady-state results were calculated from the files of 2 s averages. Mean control values

represent the mean value during the final l0 min of the confrol period. Mean values in response to each

stimulation protocol represent the mean value for the final l0 min of the stimulation period (cooling,

hypoxia, air jet sfress, hemorrhage) or a mean value averaged over 10 min once the response had reached

steady-state (quinpirole, endothelin, L-NAME, Ang II, idazoxan).

Spectral analysis: Spectral analysis was performed on frequencies less than 3 Hz. The beat-to-beat data

were re-sampled at 10.24 Hz using a cubic interpolation and no prefiltering. Data were then partitioned into
segments of 100 s (1024 points) length, overlapping by 50 s. Each segment was subjected to detrending to

remove the underlying mean value and windowed with a tapered cosine function. This was subjected to an
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overlapped Fast Fourier Transform according to methods described by Berger et al (29). The resulting

frequency resolution was 0.05 Hz.

Statistical analysis

All values are expressed as mean + SEM. Sfudents paired t-test was used to test for differences between ths

contol and stimulated state when z >3. P values < 0.05 were considered significant.

RESULTS: PART A

A summary of these results is presented in Table 3.

Responses to cooling (n = 2)

Cooling decreased body temperature from 38 + 0.5"C to 35 + 0.5oC, at which temperature animals were

shivering. MAP and HR tended to increase during cooling (79 *7 to 84 * I mmHg and2S9 +7 to 3Zg * 5

beats.min-r respectively) while RBF tended to decrease (42 * 5 to 38 * 6 ml.minr). Neither animal showed a

distinct oscillatory peak in the 0.2 - 0.4llz frequency band of MAP or RBF either before or during cooling,

although both animals showed an increase in absolute power of the band in both variables (mean increase =
2313 + 1613 % and 452 + 152% for MAP and RBF respectively). Although the percentage increase in the

absolute power of the band is large, this is mainly due to the small amount of power in the band during the

control period. The absolute power in the band during cooling remains a small psrcentage of total power

with most power being at frequencies less than 0.2H2(data not shown).

Responses to hemorrhage (n = 5)

Control values of MAP and HR prior to hemorrhage were 7l + 6 mmHg and 206 * 18 beats.min-r

respectively. During hemorrhage MAP decreased to 6l + 5 mmHg and HR increased to 263 + 17 beats.min''
(P < 0.01 for changes in both MAP and HR). Power spectral analysis failed to show any clear peak in MAp
in the 0-2 - 0-4 Hz frequency band before or during hemorrhage, however absolute power in this band

increased by 295 *. 132%o during hemorrhage (p = 0.05) (Fig. 3l).

Responses to hypercapnic hypoxia (n = 7)

Values for Pa6r, Pas6, and pH during exposure to hypercapnic hypoxia were 43.2 + 2.0 mmHg, 28.8 +

mmHg and 7.5 * 0.02 respectively. Mean levels of MAP and HR were unchanged by hypercapnic hyryoxia

and remained at conhol levels of 75 + 3 mmHg and 206 + 14 beats.min-l respectively. RBF was recorded in
two animals and decreased dtning hlpercapnic hypoxia in both animals (from 28 to 20 and from 46 to 2l
ml.minr respectively). Although there were no distinct oscillations in MAP before or after gas exposure, all
animals showed an increase in the absolute power in this band during hypercapnic hlpoxia (mean increase:
79 + 28Vo, P = 0.01). There were no distinct oscillations in RBF at 0.2 - 0.4 Hzbefore or during hypercapnic
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Table 3: Summary of percentage shanges in absolute spectral power in the 0.2 - 0.4 Hztequency band

in response to a range of stimuli in conscious animals (see text for details).

stimulus n 7o change in absolute

spectrel powerMAP

7" change in absolutc

spectral power RBF

cooling

hemorrhage

hypercapnic hypoxia

i.v. quinpirole

airjet stress

2 days postoperatively

i.c.v. endothelin

i.c.v. I--NAME

i.c.v. Ang II

i.c.v. idazoxan

2

5

7

3

I

I

3

4

3

3

23t3 t t6t3

295 + t32*

79 *28*

15l + 57

no change

no change

563 *352

no change

no change

no change

452t t52

not r€cotded

no trend (n = 2)

360 +2M

no change

no change

471+283*

no change

no change

no change

Asterisk indicates significant difference fi,om contol (P < 0.05, Students paired r-rcst). MAp, mean

arterial pressure; RBF, renal blood flow; i.v. inhavenous; i.c.v., intracerebroventricular; L-NAME, lf-
nitro'L-arginine methyl ester; Ang [I, angiotensin I[.
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hlpoxia. One animal showed an increase and the other a decrease in absolute power of RBF in the 0.2 - 0.4

Hz band in response to hypercapnic hypoxia.

Responses to intravenous quinpirole (n: 3)

Intravenous quinpirole was administered to the same animal on three separate days. Mean control values

over the three trials were 70 + 2 mmHg, 243 * 12 beats.min-r and 30 * 6 ml.min-r for MAp, HR and RBF
respectively. MAP and RBF values were unchanged following administration of quinpirole and HR
increased significantly to 287 + 14 beats.min-r (p = 0.05). Injection of an equivalent volume of saline had no

effect on steady state values of any variable. Analysis of spectral power in MAP and RBF between 0.2 - 0.4

Hz showed an increase in absolute power in both variables on each occasion following quinpirole
administration. However, because of the large variability in responses and the small group size, these

increases were not statistically significant (l3l + 57Yo and 360 + 244Yo for MAp and RBF respectively).

Multiple small peaks in spectral power occurred in RBF at around 0.3 - 0.5 Hz on one occasion following
quinpirole administration, although these were not present in MAp.

Responses to air jet s/res.s (n = I)
As the stronger SNA stimulants of hemonhage and hypercapnic hypoxia had failed to induce an oscillation
in MAP at0.2-0.4H2, this milder test was trialled in only one animal. MAP was unchanged by air jet stress

(85 mmHg) although there was an inqease in HR (234 to 279 beats.min-r) and decrease in RBF (zt4 to 3g

ml'min't)' There were no distinct oscillations evident in MAP or RBF in the 0.2 - 0.4 Hz frequency band

before or during air jet shess and no change in absolute power occurred during stimulation.

Responses poshsurgery ft: 1)

MAP and HR were recorded in one animal for 20 min at two days postoperatively and compared with
control values made two days preoperatively. Preoperative values for MAP and HR were 80 mmHg andZST

beats.min-t respectively. Postoperatively these values were 69 mmHg and 2ll beats.min-r respectively.
Power spectral analysis of MAP failed to show any distinct oscillation (pre- or postoperatively) or any

postoperative change in absolute power in the 0.2 -0.4Hzfrequencyband.

Responses to administration of i.c.v. drugs

Endothelin (n = 3) Endothelin was administered i.c.v. at doses of 50 and 100 pmol. Steady state MAP and

RBF did not change significantly from control levels (74 + 0.5 mmHg and 48 + 5 ml.min-r respectively) at

either dose although HR responses were significantly bradycardic (e.g. 250 * 13 to 214 + 2l beats.min-r in
response to 100 pmol dose). No oscillations were seen in the 0.2 -0.4H2 frequency band in MAp (Fig. 3l)
or RBF in response to either dose. However, all animals showed an increase in absolute power in this band in
both variables at both doses (563 + 352yo, p = 0.14 and 471 + 283yo, p = 0.05 for MAp and RBF

respectively averaged over both doses). Due to the variability of the response, changes in spectral power of
MAP were not significant.
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Figure 3l: Top: Spectral power of mean arterial pressure (MAP) in one rabbit before (lefi) and during

(right) hemorrhage. Although there are no distinct oscillations in spectal power in the 0.2 - 0.4 llz
frequency band (between dashed lines), absolute power of the band in this animal increased 300% (mean

increase for the group, n = 5, was 295 + l3lo/o). Steady state MAp in this animat decreased fiom a control

value of 72 mmHg to 64 mmHg during hemorrhage. Bottom: Spectral power of MAP before (control) and

after intracerebroventicular (i.c.v.) administration of endothelin (100 pmol). There were no distinct

oscillations in specral power in the 0.2 -0.4H2 frequency band before or after endothelin. However,

absolute power of the band in this animal increased 199%o (mean increase for the g.oup, n = 3, was 563 *
352 o/o). Steady state MAP in this animal during the controt period was 73 mmHg and following i.c.v.

endothelin was 7l mmHg. A similar pattern of response, i.e. a lack of any distinct oscillatory peak in the

0.2 - 0.4 Hz frequency band but increased absolute power in the band, was seen following exposure to

cooling, hypoxia and intravenous quinpirole.

i.c.v. endothelin (100 pmol)
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LNAME (n = 4) I.c.v. administration of 20 pmol of t -NAME caused a mild but significant pressor response

(72+lto79+3mmHg)withnochangeinHRorRBFe4S+gbeats.min'rand33+3ml.min-r

respectively; n = 3 for RBF). No distinct oscillations were seen in MAP or RBF in the 0.2 - 0.4 Hz

frequency band before or after 20 pmol i.c.v. t -NAME. Absolute power of the band also failed to change in

both variables. l0 pmol of L-NAME failed to cause changes in steady state responses or specfial power of
any variable.

Ang II (n = 3) Steady-state MAP or RBF did not change in response to a 30 pmol i.c.v. dose of Ang U(72 +

1 mmHg md 42 * 3 ml.min-r respectively) while HR decreased significantly (267 + 7 to Z4l + 8 beats.min'r,

P : 0.03). No oscillations were seen in the 0.2 - 0.4 Hz frequency band in MAP or RBF and there was no

change in absolute power of the band in response to the 30 pmol dose in either variable. Lower doses of Ang

II failed to cause any change in mean responses or spectral power while higher doses had effects when

administered intavenously.

Idazoxan (n = 3) MAP showed a tendency to inctease (70 + I to 76 * 5 mmHg) and RBF to decrease (34 *
I I to 28 + 8 ml.min'r; following i.c.v. adminishation of 200 pg.kg't idazoxan, although changes were not

statistically significant. HR was unchanged (277 + 10 beats.min't). In one animal oscillations in RBF

occurred in the 0.2 - 0.4 Hz frequency band following administration of 200lrg.kg t idazoxan, with several

peaks spread over the band. Although the oscillations were present in RBF, they were absent from MAp and

there was no change in absolute power of MAP in the 0.2 - 0.4H2 frequency band. The other two animals

failed to show any distinct oscillation or change in power in the 0.2 -0.4q1zfrequency band in RBF or MAP
following a 200 pg.kg-t dose. Lower i.c.v. doses of idazoxan also failed to induce changes in steady state

responses or spectral power ofany variable.
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METHODS: PART B

Experiments were performed on anesthetized New Zealand white rabbits (n = 6, mean weight 2.gt 0.2 kg).

All procedures were approved by the University of Auckland Animal Ethics Committee.

Surgical procedures

Induction of anesthesia was by infavenous administration of pantobarbitone sodium (90 - 150 mg

Nembutal; Virbac Laboratories New Zealandltd) and was immediately followed by endoracheal intubation

and artificial respiration. Anesthesia was maintained throughout the surgery and experiment by
pentobarbitone infusion (30 - 50 mg.h-r).

During surgery 154 mmol.L-' NaCl solution was infused inhavenously at a rate of 0.18 ml.kg't.min-r to

replace fluid losses. A heated blanket table and infrared light were used throughout the surgery and

experiment to maintain body temperature at around 36oC. A midline incision was made in the neck and a

catheter inserted into the right common carotid artery for monitoring arterial pressure and to eliminate

baroreflex input from the right carotid sinus. Our pilot studies, where the right carotid sinus nerve was

crushed in lieu of carotid cannulation (and an ear artery cannulae inserted for recording of MAP), and studies

by other groups (137) have shown common carotid artery ligation or baroreceptor denervation to be equally
effectual in opening the aortic baroreceptor loop. The right ADN was located in the cervical region between

the vagus and the sympathetic trunk using a dissecting microscope, separated free and sectioned near tts
junction with the superior laryngeal nerve. The left carotid sinus was exposed and left arterial baroreceptors

were denervated by cutting all the visible n€rves between the internal and external carotid arteries and

sfipping these vessels. The Ieft ADN was located, separated free and placed across a pair of hooked

stimulating electrodes. Paraffin oil was applied to the nerve tlroughout the experiment to prevent

dehydration.

The left kidney was approached via a retroperitoneal incision and the renal artery exposed. A transit time
flow probe (type 2SB, Transonic Systems) was placed around the renal artery and the wound then closed.

Experimental protocol

Electrical stimulation of the left ADN was produced using purpose written software in the LabVIEW
graphical programming language (National Instruments, Texas, USA) coupled to a Lab-pC* data acquisition

board (National Instruments). Prior to ADN stimulation a 20 min period of conhol data was recorded. This
was followed by a 15 min stimulation sequence with a base frequency of 20 or 40Hz(2 ms pulse width) and

an amplitude of 0 to l0 V varying in a sinusoidal fashion at a frequency of 0.1 Hz (Fig.32). Stimularion

parameters were based on those previously reported to induce oscillations in MAP in anesthetized rats and

rabbits (32, 137). The base frequency selected was that required to reduce MAP by -15 mmHg. Further

increases in base frequency or amplitude of stimulation were not used as they caused damage to the nerve.

An oscillation at a frequancy of 0.1 Hz was used, rather than 0.3 Hz, as preliminary experiments showed this
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to be more effective in inducing an oscillation in MAP. At the conclusion of the experiment each animal was

killed with an inhavenous overdose of pentobarbitone (300 mg).

Data ocouisition

As described in Part A.

Data analvsis

Steady-state: As described in Part A.

Spectral analysis: As described in Part A.

RESULTS: PART B

Bas eline cardiovas c ular variab les and renal h emodv namics

The baseline levels of MAP and tIR, as measured during the final 5 min of the control period immediately

prior to ADN stimulation, were 75 t 4 mmHg and 247 t 12 beats.min'r respectively. RBF and renal

resistance prior to ADN stimulation were 24 f.2 mt.min-r and 3.1 t 0.3 mmHg'l.ml.min-l respectively.

During elechical stimulation of the ADN, MAP, HR and renal resistance decreased to 59 t 4 mmHg, ZZg t
13 beats.min'r and 2.4 t 0.2 mmHgt.ml,min'r respectively while RBF was unchanged. That is, ADN

stimulation caused a decrease in MAP of 15 t 4 mmHg, a decrease in FIR of 20 * 3 beats.min-l and a

decrease in renal resistance of 0.7 t 0.2 mmHgt.ml.min'1.

Amolitude of oscillations durine sinusoidal ADN stimulotion

Stimulation of the ADN caused small amplitude oscillations in MAP and RBF (Fig. 33). The amplitude of an

oscillation in MAP or RBF in mmHg and ml respectively, can be calculated from the peak spectral power of
the oscillation using the following formula (156):

ampl itude of oscillatio, : (Equation I)

Using this equation, the calculated mean amplitudes of the oscillations at 0.1 Hz in MAp and RBF in

response to sinusoidal stimulation of the ADN at the same frequency were and 3.0 t 0.6 mmHg and 1.45 t
0.25 ml respectively.
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Figure 33: Oscillations in mean arterial pressure (MAP, tefr) and renal blood flow (RBF, right) in one

rabbit in response to aortic depressor nerve (ADN) stimulation with a sinusoidal pulse oscillating at 0.1

Hz (0 to l0 V, base frequency 20 or 40 Hz, 2 ms pulse width). In this animal the amplitude of the MAp
oscillation was 2.2 mmHg and the RBF oscillation L3 ml. Mean amplitude of oscillation for the group (n

= 6) was 3.0 * 0.6 mmHg and 1.45 + 0.25 ml for MAP and RBF respectively. Steady state MAP and RBF

during stimulation in this animal were 49 mmHg and 28mr.min'r respectivery.

DISCUSSION

The aim of these pilot experiments was to investigate more fully the criteria required for a 0.3 Hz oscillation

to occur in MAP. Despite many attempts, using a variety of stimulation techniques in conscious animals, we

were unable to induce the oscillation. As the oscillation is thought to be due to resonance in the baroreflex

loop, it is possible that the gain of the loop under the conditions we tested was insufficient to induce an

oscillation. Consequently, a second series of experiments was performed in baroreceptor denervated,

anesthetized animals in which we used an electrical stimulation protocol to artificially produce an oscillation

in the baroreflex loop. Sinusoidal stimulation of the ADN at a frequency of 0.1 Hz was used to stimulate

baroreceptors, thus inducing a 0.1 Hz oscillation in RSNA and consequently in RBF and MAP. The aim of
these experiments was to assess the magnitude of the baroreceptor activation required to induce a slow

oscillation. In initial experiments we found sinusoidal stimulation at 0.3 Hz did not induce an oscillation in

MAP suggesting that baroreflex gain at this frequency must be very low. With stimulation of the ADN at 0.l
Hz we were able to induce oscillations in MAP and RBF. However, despite strong baroreceptor stimulation

the oscillations were small. This discussion presents possible explanations as to why, in both experimental

series, the slow oscillation in MAP was so difficult to initiate and what this may reveal about neural control

of the cardiovascular svstem.

We proposed that by elevating mean SNA in conscious animats we would provide the environment for the

instigation of the low frequency oscillation in SNA, thus inducing the oscillation in vasomotor tone and

ultimately in MAP. Although we did not record SNA to any vascular bed, we are oonfident the stimuli we

used did cause sympathetic activation as has been reported in other studies (109, I17,166,172, 176, 177,
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245,247). Further evidence that SNA was elevated comes from the increases in HR and decreases in RBF

recorded in response to some stimuli.

Variability in the presance or absence of a low fiequency oscillation is evident in other studies. Malpas and

colleagues have described the oscillation at rest in some rabbits(167) while it is absent at rest or following
an increase in RSNA of l3o/o in another study (124). The experiments presented in Chapter I also report the

0.3 Hz oscillation in RSNA being present at rest in only 4 of the 7 animals studied. Abu-Amarah et al.(2)

describe an inexplicable lack of a discrete 0.45 Hz oscillation in arterial pressure in anesthetized

spontaneously hypertensive rats. Reasons as to discrepancies between the absence or presence of the slow

oscillation under similar experimental conditions remain evasive.

Our results, showing increased mean SNA without changes in the power of the oscillation, indeed without

even inducing an oscillation, may presant another example of differential contol of SNA. Our earlier studies

(see Chapter 2) show a decrease in the 0.3 Hz oscillation in RSNA together with a decrease in the mean level

of RSNA, without significant changes in the power of oscillations in other frequency bands. This current

study presents another facet of this ability of dynamic and mean changes in RSNA to be selectively altered.

That is, the ability of changes in the mean level of RSNA to occur without changes in the presence or power

of the slow frequency oscillation. If the 0.3Hzoscillation can change independently of changes in the mean

level of RSNA, it may allow maintenance of a degree of homeostasis while still having scope for adaptive

changes. In situations where basal SNA may already be elevated e.g. hypertansion, increasing the strength of
the oscillation without increasing the mean level of RSNA may allow RBF to be effectively contolled
without the potentially detimental effects of further elevations in mean RSNA.

The 0.3 Hz oscillation in MAP (or its equivalent at 0.1 Hz in humans) is considered indicative of
sympathefic neural function and alterations in the strangth of this rhythm have been proposed to indicate

changes in sympathetic tone (8, 40, 160). However using stimuli that previous studies in conscious rabbits

have reported to increase SNA by between 30 and 200% (117, 166, 172, 176, 177, 245, 247) or decrease

total peripheral conductance by 20%(109), we did not observe a low frequency oscillation in MAp. This

raises the possibility that there is no direct correlation between change in the mean level of SNA and change

in the power of the low frequancy oscillation. Others have also raised similar questions as to the relationship

between mean levels of SNA and the power of the low frequency oscillation. Stauss et al. (238) measuring

splanchnic nerve activity in a range of rat species with different levels of basal sympathetic tone, concluded

that the low frequency arterial blood pressure oscillation cannot be related to the mean level of SNA. Arai et

al. (9) found low-frequency power to be reduced during exercise while sympathetic activity is increased.

However, despite not seeing an oscillation in MAP at 0.3 Hz, we did find increases in power of the 0.2 - 0.4

Hz frequency band in response to cooling, hemorrhage, hypoxia, quinpirole and i.c.v. endothelin. Changes in

power spread over a broad frequency (non-peaked power) have been reported in both normotensive and

hypertensive subjects during reduced sympathetic and increased vagal activity (59,211) and in conscious
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cats following sinoaortic denervation (60). It is possible that changes in the variability of SNA over a
frequency band, (indicated by changes in power of that band), rather than changes in a distinct oscillation,

may be a more appropriate measure of mean SNA, although further studies are required.

The absence of a distinct 0.3 Hz oscillation in MAP does not denote the complete absence of low frequency

oscillations in SNA. It is possible that the strength of oscillations in SNA at frequencies other than 0.3 Hz

may override the 0.3 Hz oscillation, or that the range of frequencies present in SNA, and thus MAp, may

result in no one frequency dominating the MAP specba. As rates of sympathetic transmission to vascular

smooth muscle differ from one vascular bed to another(240), oscillations in these different vascular bed may

occur at frequencies other than 0.3 Hz. The variability in mean SNA levels between different vascular beds,

coupled with the different frequancy response characteristics, may determine the final frequency of any

oscillation detected in MAP. Recent studies by Malpas and Burgess (164) has suggested that the 0.3 Hz
oscillation in MAP in rabbits is due largely to the presence of the same oscillation in RSNA and therefore

RBF. However, SNA responses to cooling are unlikely to be specific to the renal vasculature with the

greatest effect being on cutaneous SNA. The cutaneous vasculature is controlled by both sympathetic

vasodilator and vasoconstrictor fibers and this may result in different frequency response characteristics than

for example in the renal vascular bed, which lacks a sympathetic vasodilator system (240).The dominance of
the cutaneous vasculature in the response to decreased body temperature(l 17) could result in the lack ofan
oscillation at 0'3 Hz in the rabbits exposed to cooling. Similarly, in the animal exposed to air jet stress,

changes in the mean level of SNA in beds other than renal, which have different frequency response

characteristics, may result in a final outcome of no definitive low frequency oscillation in MAP. It is also

possible that in a state of stress, the distinction between a'flight'response and a'freezing'response(226),

may determine which vascular beds receive geater levels of SNA, and thus be another possible differentiator

as to the absence or presence of a 0.3 Hz oscillation. A flight response, during which the animal is prepared

for movement, may induce greater visceral SNA and less muscle SNA compared to a freezing response,

during which the animal remains motionless. This differentiation between mean SNA levels in the muscle

versus viscera, coupled with their differences in frequency response characteristics (240) may influence the

final frequency of any oscillation detected in MAP. Abu-Amarah et al. (2) suggest that synchronised

oscillation of all vascular beds may be destabilizing to arterial pressure, thus providing an explanation as to

why different vascular beds show different frequancy responses.

If the 0.3 Hz oscillation is the result of baroreflex feedback then it may be expected that factors that change

baroreflex gain may alter the strength of the oscillation. Sato et al.(225') decompose the baroreflex loop into

two arcs - the mechanoneural arc from baroreceptor pressure to SNA and tlre neuromechanical arc from

SNA to arterial pressure (Fig. 3a). The final power of any oscillation in MAP would be a reflection of the

final balance of gain between the two halves of the loop i.e. gain between SNA and the vasculature versus

gain between blood pressure and SNA. If there is equivalent adaptation in both halves of the loop it is

possible no change in the power of the oscillation will be seen despite changes in mean levels of sympathetic
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activation. If changes in oscillatory stength are seen, it is difficutt to attribute this to any one portion of the

loop. There may have been adaptations in the mechanoneural arc or changes in the neuromechanical arc, or

both' Such changes may include changes in vessel structure affecting compliance in the carotid sinus and

aortic arch, changes in the afferent sensing of pressure, changes in central processing of afferent information,

changes in the amount of neurohansmitter release at the neuromuscularjunction, changes in sensitivity of the

vasculature to this neurotransmitter release or changes in the peripheral vasculature structure affecting

compliance. This is particularly relevant to the possible clinical application of measurement of the oscillation

in MAP as an indicator of mean SNA. The measurement of solely the outcome of the system (i.e. the

oscillation in MAP) gives no indication as to where in the loop the change(s) has occuned and therefore may

not be an appropriate measure of sympathetic activity.

MECHANONEURAL ARC

f . increase in BP

arterial
baroreceptors

2. decrease in mean SNA

4. decrease in MAP

NEUROMECHANICAL ARC

Figure 34: Schematic showing division of the baroreflex loop into the mechanoneural arc (from

baroreceptor pressure to sympathetic nerve activity (SNA) and neuromechanical arc (SNA to arterial

pressure) as described by Sato et al. Q25). Changes in the power of the 0.3 Hz oscillation may reflect

changes in any portion of the loop (see text for details). MAp, mean arterial pressure.

3. decrease in vascular resistance



90

It has been proposed that for vascular resistance to any particular organ to contribute to the occurrence ofthe
slow oscillafion in MAP, SNA to that organ must be baroreflex sensitive(164). However, while not inducing

the oscillation, changes in SNA to vascular beds that are not baroreceptor sensitive may contribute indirectly

to the appearance or non-appearance of the oscillation by changing compliance in the system. There is little
baroreflex modulation of skin SNA (58, 251) and it has been proposed that because of this changes in

vascular resistance in cutaneous circulation will not contribute to the occurrence of the oscillation in MAP.

However, a decrease in compliance, e.g. secondary to increased mean levels of SNA, in the cutaneous

circulation may dampen any oscillation occurring in other vascular beds thus negating or dampening the

oscillation in MAP.

On two occasions in conscious animals, in response to i.v. quinpirole and i.c.v. idazoxan, we observed

oscillations present in RBF in the 0.2 - 0.4H2 frequency band which were not present in MAP. This raises

the question as to how large an oscillation in RBF (ml) has to be before it occurs in MAP in the conscious

animal. The calculated average amplitude of the oscillation in RBF on these two occasions was -1.3 ml and

this was insufficient to induce an oscillation in MAP. This can be compared to results from the anesthetized

experiments where an oscillation in RBF of 1.45 ml was sufficient to induce an oscillation in MAP, although

the contribution of oscillations from vascular beds other than renal is unknown. It is possible that under

differing cardiovascular conditions, e.g. anesthetized versus conscious, gain in both mechanonegral and

neuromechanical portions of the baroreflex loop also differs, thus influencing the amplitude an oscillation in
RBF must be to induce an oscillation in MAP. Stauss et al. (239) report that the frequency response

characteristics of sympathetic tansmission to the mesenteric vascular bed did not differ between conscious

and anesthetized states, however the response was blunted by anesthesia. Results from our anesthetized

animal experiments provide an indication as to the degree to which the baroreflex loop can dampen changes

in baroreceptor input. Large amplitude oscillatory input to the baroreceptors produced minimal amplitude

oscillations in RBF and MAP. While we cannot pinpoint where in the baroreflex loop the oscillations were

dampened, it does indicate that large-scale perturbations to the loop are required before oscillations in MAp
or RBF occur.

Limitations

Conscious animal experiments.' These pilot studies are limited by measurement of only MAP and assumption

of changes in SNA. More detailed studies would require synchronous recording of MAP, RBF and RSNA.

RSNA was not recorded in these studies as they were a pilot series aimed at identi$ing stimuli most

effective at inducing a 0.3 Hz oscillation before undertaking a more complete study inclusive of RSNA

recordings. A guaranteed presence of the oscillation in conscious animals would also be more conducive to

studying changes in its power. Central electrical stimulation (e.g. of the paraventricular nucleus) at 0.3 Hz

may be one means of inducing such a result.

Anesthetized animal experiments.' It may be supposed that a greater response to ADN stimulation may have

been achieved if both ADN nerves were stimulated, thus allowing the system to be driven harder. However,
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the right ADN is physically smaller and therefore more susceptible to damage during high levels of electical
stimulation. Yamazaki and Sagawa (257) lnve also shown moderate inhibitory summation of aortic neive

inputs at levels of stimulation comparable to those used in this study; thus we propose there would be no

advantage in bilateral ADN stimulation.

Perspectives

Although it is difficult to study an oscillationin absentia, its absence in itself provides some information as

to its properties. Understanding the reasons why the low frequency oscillation is able to appear and disappear

may aid in clariffing its origin, aid in understanding oscillations at both faster and slower frequancies and

provide general insights into cardiovascular control systems. Possible future experiments may involve

synchronised recording of SNA and blood flow from more than one vascular bed so that the effect of
different frequancy response characteristics on the MAP specha can be better ascertained.
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GENERAL DISCUSSION

From the experiments described in this thesis a more detailed picture of the sympathetic neural control of
renal blood flow (RBF) has evolved. We have investigated RBF responses to small decreases in the mean

Ievel of renal sympathetic nerve activity (RSNA), as well as responses to changes in the oscillations around

this mean. We have broadened the study of RSNA control of RBF to include confiol of cortical and

medullary blood flows (CBF and MBF). Finally, we have presented some hypotheses, based on pilot data,

regarding the possible role of RSNA in the etiology of the 0.3 Hz oscillation in mean arterial pressure

(MAP).

This study concludes six main points:

o a change in a particular frequency band in RSNA can occur independently of changes in other frequency

bands (Chapter 2)

o small reductions in total RSNA can produce reciprocal increases in RBF (Chapter 2)

' MBF is less sensitive than CBF to increases in the mean level of sympathetic nerve stimulation (Chapter

3)

o MBF is more sensitive than CBF to particular frequencies of sympathetic nerve stimulafion (Chapter 3)

o CBF but not MBF reduces in response to moderate, reflexly induced increases in RSNA (Chapter 4)

o slow oscillations in MAP appear inconsistently and changes in the power of the oscillation in MAP do

not always reflect changes in mean levels of RSNA (Chapter 5)

Each of these points and their relationship to current literature is discussed in detail in the respective

chapters. This chapter discusses the functional significance and possible clinical application of these results.

The possible direction of future studies is also discussed.

F UN C TI O NAL S I G N I F I CANCE

In the experiments presented in Chapter 2 we show RBF to increase in response to a25o/o decrease in mean

RSNA. This result, showing that RBF is able to respond to small decreases in RSNA, supports a role for
RSNA in routine control of RBF. In comparison, MBF is relatively non-responsive to moderate changes in

RSNA. The experiments presented in Chapters 3 and 4 show MBF to be unresponsive to reflex increases in

RSNA of up to 75o/o above conhol levels, and to be less responsive than CBF at higho levels of renal

sympathetic nerve stimulation. It is possible this non-responsiveness of MBF to RSNA functions as a
protective mechanism for the perpetually hypoxic environment within the medulla. Resting medullary Po2 is

as low as 20 mmHg (34) and maintenance of medullary oxygenation is a fine balance between oxygen use

(determined largely by active salt reabsorption by the ascending limbs of the loop of Henle) and oxygen

delivery (determined by MBF). The relative insensitivity of MBF to RSNA may prevent further decreases in

medullary oxyganation which may occur secondary to sympathetically induced vasoconstriction. It is
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possible that any responsiveness of the medullary vasculature to RSNA is counteracted by local vasodilatory

mechanisms such as prostaglandins and other arachidonate metabolites, adenosine, nitric oxide, urolatin and

dopamine (1L4,263). The factors underlying the relative insensitivity of the medullary vasculature to RSNA

are an important area of future investigation.

A focus of the studies presented here has been the role of oscillations in RSNA in control of RBF. The

experiments presented in Chapter 2 show that oscillations in RSNA occurring at different frequencies

(cardiac related, respiratory related and -0.3 Hz) can be altered independently of each other. Experiments

presented in Chapter 3 show cortical and medullary blood flows respond differentially to oscillations in renal

nerve stimulation, with MBF more able to respond to the higher frequencies. However, the physiological

relevance and functional significance of the oscillations in SNA remains unclear. It has been proposed that

synchronized bursts of nerve activity may enhance the efficiency of signal transmission both at sympathetic

ganglia and at the neuromuscular junction by temporal (grouping of impulses in individual sympathetic

preganglionic neurons) and spatial (synchronization of activity in many neurons belonging to the same

system) summation (101, l8l). In support of this, Mclachlan (184) has shown that acetylcholine release

from preganglionic nerve terminals of the superior cervical ganglion of the guinea-pig is enhanced at higher

frequencies of stimulation, (replicating temporal summation), leading to an increase of excitatory

postsynaptic potentials in postganglionic neurons. Bao(19) shows increased contractile responses of rat tail

artery with increased frequency of stimulation but attributes this to decreased nerve-activity induced

suppression of noradrenaline clearance, rather than facilitation of release. Other purposes for the oscillations

in RSNA have also been suggested. Pilowsky (215) proposes the functional significance of the respiratory

rhythm may lie it its ability to optimize ventilation, circulation and gas exchange and that the coordination of
respiratory and cardiovascular activity may enstue optimal blood delivery during increased physiological

shess such as exercise. McAllen and Malpas (181) also suggest synchronized firing maximizes the possible

range of nerve activity available through use of a signal that allows independent adjusfinent of either its

amplitude and/or its frequancy.

Electrical stimulation studies comparing responses between bursting and constant stimulation protocols also

provide some reasoning for a rhythmic or bursting pattern of SNA. Pattered, rather than continuous

stimulation, (mean frequency of 6 Hz), has been shown to cause -65% greater release of accumulated

radioactive noradrenaline from perivascular adrenergic nerves supplyrng rabbit ear arteries. The same study

also showed that vessel contraction was -50% greater during pattemed rather than continuous electrical field

stimulation (103). Nilsson et al. (201), using electrical field stimulation of vasomotor nerves at l.8 Hz, have

shown the same contractile responses in rat mesenteric arteries. Similarly, greater changes in nasal blood

flow of pigs have been recorded with inegular elecfical stimulation of the cervical sympathetic hunk (0.5

and 2 Hz) than with continuous stimulation (141). Patterned stimulation of preganglionic nerves to the

superior cervical ganglion in cats, (mean frequency of 2 Hz), lead to a 75o/o greater recruifrnent of
postganglionic neurons (as measured from area of the compound action potential) than stimulation at the
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same frequency with evenly spaced pulses (33). Peak perfusion pressures evoked in pig spleen and dog

gracilis muscle, by stimulation of the splenic and gracilis nerves respectively, were also greater following

burst stimulation than constant stimulation at low mean frequencies (0.59llz)(212). In comparison, in the

cat inegular eleckical stimulation of the lumbar sympathetic chain at frequencies of 0.5 - 16 Hz caused no

greater response in skeletal muscle vasculature than constant stimulation at the same mean frequency(6).

Kishi et al. (l3l), found high frequency intermittent stimulation(10 -20H2) of renal nerves in rabbits

evoked faster and larger responses of renal vascular conductance than continuous low-frequency stimulation

(5 Hz), when the total number of stimulus pulses was the same. This is consistent with the results of plevious

papers showing intermittent high frequency stimulation at l0 -20Hzof lumbar sympathetic nerves produces

faster rates of vasoconstriction (measured as time to half of maximum perfusion pressure) in rabbit

hindquarters than continuous stimulation (7). Liu et al. (147) have shown phasic aortic depressor nerve

(ADI'I) stimulation (12,24 and 48 Hz) to be more effective in eliciting synaptic depression in nucleus tractus

solitarii neurons than a constant pattern at the same frequency. Phasic carotid sinus nerve stimulation in

anesthetized dogs also caused greater inhibition of SNA (renal, abdominal sympathetic chain, or splanchnic)

than a constant pattern of stimulation(42,219). These studies, with the exception of responses in cat skeletal

muscle (6), provide evidence that the pattern of impulses and not just their number may influence the degree

of vasoconstriction, supporting a functional reason for the different frequencies present in SNA.

Further functional relevance for the different frequencies in SNA may be in their influence on

neurohansmitter and co-transmitter responses. In rat mesenteric and rabbit ear arteries noradrenaline is

released during high frequency stimulation (4 - 16 Hz and > 5 Hz respectively) of perivascular sympathetic

nerves, but becomes a less dominant co-transmitter as frequency decrcases (< 5 Hz)(130, 230). In the pig

spleen, neuropeptide Y release is enhanced at high frequency intermittent stimulation (20II2,240 impulses)

while at low frequency continuous stimulation (2H2,240 impulses) both neuropeptide Y and noradrenaline

are released (157). The pattern of stimulation also affects the calcium dependence of vascular smooth muscle

contraction. Low frequency stimulation (( 2 Hz) of sympathetic nerves supplying rat mesenteric arteries

shows contraction to be highly calcium dependent, whereas at higher frequencies (4 - 16 Hz), contraction is

largely unaffected by moderate changes in exfracellular calcium (z2g).

Another function of the oscillations in RSNA may be in their differential effects on the renal vasculature

(Fig. 35). Recent studies by our group and others (124, 168,236, 239) indicate that high frequency, (i.e.

cardiac and respiratory related), sympathetic oscillations increase vasoconstrictor tone but do not cause

oscillations in vascular resistance. The inability of the vasculature to follow the faster oscillations in SNA

has been attributed to the rate of vascular smooth muscle contraction. However, this is a multi-stage pathway

and it is difficult to define where exactly in this pathway rates differ. The system is complicated by the

number of different co-transmitters which in turn activate a number of different neuroreceptor subtypes as

well as the different pathways and signaling mechanisms for increasing intracellular calcium. Potential time-

limiting steps include nelve density and distribution, neuroEansmitter release rates, rates of neurotransmitter
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diffirsion across the synaptic cleft, synaptic cleft width, neuroreceptor type and densities, catcium entry

mechanisms, rates of increase in infuacellular calcium, intracetlular electromechanical coupling and rates of
noradrenaline reupake into the sympathetic varicosities (240). Recentty Berham et al. (31) have shown tha!
at least in the hindlimb circulation, the removal rate of noradrenaline via neuronat reuptake is not the

frequency limiting step. Stauss et al. (235) suggest that in aortic vascular smooth muscle cells, it is the

frequency of a1-adrenergic signal transmission into the cell which is rate limiting. The functional

significance of the inability of the renal vasculature to follow very high frequency oscillations in RSNA may

lie in the resulting reduction of the effect of rapid changes in arterial pressure on RBF (163). A similar
frrnction has been ascribed to the frequency-limited processing in the nucleus hactus solatirus. Liu et al.

(147) found that the nucleus tractus solatirus filten high frequency ADN discharges and proposed that this

may lessen reflex mediated sympathoinhibition, ultimately dampening excess fluctuations in arterial

pressure.

Fast oscillations in RSNA > 0.6 Hz Slow oscillation in RSNA < 0.6 Hz

0
constriction

Dampens the effect of oscillations
in arterial pressure on RBF

Enhances the stability of RBF

Figure 35: Schematic representation of the way different frequencies in renal sympathetic nerve activigr

(RSNA) may contibute to the control of renal blood flow (RBF) and the possible physiological

implications of these different responses. The generat pattern of response to fast and slow frequency

oscillations in sympathetic nerve activity may be similar in other vascular beds, although the specific

frequency response characteristics between beds may vary.
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ln contrast to the high frequancy oscillations in RSNA, slower frequency oscillations allow time 
", 

;:
vascular smooth muscle to contact and relax alternately; thus slow frequency oscillations in RSNA directly

induce oscillations in RBF. The ability of the high frequency oscillations in RNSA to provide tone in the

vasculafure while low frequencies induce oscillations, indicates the renal vasculature functions as an

integrator/low pass filter(168). The benefit to the kidney of such a biological filter might be in maintaining a

degree of RBF stability that allows the maintenance of consistent glomerular filrafion rate (GFR) and thus

urine flow. If RBF responded to oscillations in RSNA greater than 0.6 Hz, this consistency of flow would be

compromised. Conversely, a system which has no variability, and in which the inputs only adjust to the mean

level of RBF, would be one with reduced conhollability. These properties may also ensure a relatively stable

flow within the renal microvasculature and therefore steady GFR, sodium excretion and renin release. Low

pass filter characteristics may also allow the incoming signal (SNA) to have a wide dynamic range, (and

therefore be less subject to noise) and to be converted to a smaller dynamic range (and therefore more able to

be modulated by other inputs) (147). This would be advantageous to the renal vasculature as it allows a more

integrative control of RBF by allowing interactions between RSNA and other systems controlling RBF e.g.

hormonal.

The experiments described in Chapter 3 of this thesis show that MBF is more responsive than CBF to the

oscillations present in RSNA. The functional significance of the enhanced ability of the medullary

vasculature to respond to oscillations in sympathetic stimulation is unknown.

Other forms of noncontinuous or oscillatory activity also occur in the cardiovascular system and have been

shown to be beneficial. Pulsatile systemic blood flow decreases peripheral vascular resistance to flow(70,

228) and enhances release of endothelium derived nitric oxide (198) compared with non-pulsatile flow.

Oscillations in renal perfusion pressure alleviate the onset of renal hypertension in the conscious dog(197).

This antihlpertensive mechanism is probably mediated via an increase in renal fluid and electrolye

excretion via increased nitric oxide and decreased renin release(197). Decreases in heart rate variability are

associated with an increased risk of an anhythmic episode or sudden death after myocardial infarct (243),

and a decrease in fetal HR variability during labor signifies fetal distress (10).

CLINICAL IMPLICATIONS

The maintenance of the renal circulation is critical for normal renal function and whole body homeostasis.

The control of MBF is of particular importance due to its role in maintaining the corticomedullary

concentration gradients of NaCl and urea. An increase in MBF will decrease the corticomedullary gradient

(corticomedullary washout), change the efficiency of the countercurrent exchange mechanism and therefore

decrease the ability of kidney to concenhate urine. In humans, quantiffing intrarenal blood flow is not

possible, thus indication of compromised MBF relies on symptoms of compromised function such as a

reduction in urine osmolality (34). However, our studies (Chapters 3 and 4) record the changes in total RBF

and changes in MBF in response to the same change in RSNA. If this relationship is developed further it may
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ultimately be extrapolated to humans and from changes recorded in RBF, deductions made about the

concurrent changes occurring in MBF.

Decreases in MBF, induced by RSNA, may have pathoganic significance. Experiments in animal models

have shown that arterial presstue can be chronically influenced by MBF with chronic decreases in flow
leading to the development of hypertension (51). Studies in humans, using norepinephrine spillover as a

measure of SNA, have shown RSNA to be elevated in both heart failure (104) and early stage hypertension

(73). If the link between the increase in RSNA and the decrease in MBF in pathologies such as heart failure

and hypertension can be established, it provides a potential basis for freabnent of these pathologies. Renal

hemodynamic dysfunction is also implicated in salt-sensitive hypertension, where the normal vasodilation

accompanying an increase in sodium intake is impeded(129). The rise in pressure in these patients could be

due to systemic vasoconstriction (including renal vasoconsbiction) which has been shown in sodium

sensitive individuals (80, 248). MBF sensitivity to RSNA may be altered in salt-sensitive hypertension, thus

affecting the ability to regulate salt and water.

Analysis of the slow oscillations in MAP may also have clinical application. It has been proposed that power

spectral analysis of blood pressure variability may provide a non-invasive and quanfitative measure of SNA,

thus allowing ease of clinical assessment of SNA. This concept remains one of debate as increases in SNA

have been associated with either increases (7 I , 85, 206, 221 , 222) or no change in the power of the slow

oscillation (5, 9, 41, 196,213).In support of the concept, Rimoldi and colleagues have reported an increase

in the low frequency component of blood pressure variability (0.1 Hz) in conscious dogs during maneuvers

known to increase SNA such as responses to i.v. administration of nihoglycerine (206), exercise (221) and

transient bilateral coronary occlusion (222). The same group reports increases in the power of the 0.1 Hz

oscillation in humans during mental shess(206), exercise (85) and tilt (206), also maneuvers associated with
increased SNA. Duprez et al. (71) have reported greater low frequancy components of systolic blood

pressure variability in borderline hypertensive patients (who therefore have elevated SNA) than contol
subjects.

In direct contrast, other studies in both humans and experimental animals have concluded that mean levels of
sympathetic activity are not always specifically reflected by the power of slow oscillations in blood pressure

or SNA. Ceritti et al. (41) using conscious rats found no relationship betwean the MAP response to

ganglionic blockade and power of low frequency oscillations and therefore concluded that low frequency

power of MAP is an inappropriate measure of SNA. Arai et al. (9) found conflicting changes in SNA and

low frequency power during exercise in humans, indicating the low-frequency oscillation does not reflect

mean sympathetic drive. Similar responses were seen in conscious rats during exposure to hypoxia and/or

hypercapnia where low frequency power of systolic blood pressure did not change despite increases in mean

SNA of 125 -242% (196). Also using rats, Stauss et al. (238) found oscillations in MAP at 0.2 to 0.8 Hz did

not relate to a range of mean SNA levels measured from the splanchnic nerve. A lack of significant
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difference in the power of arterial blood pressure oscillations at either 0.07 - 0.35 Hz or 0.15 - 0.6 Hz

between normotensive rats and spontaneously hypefiensive rats has also been reported (5, 213). Our results

presented in Chapter 4 report the absence of an oscillation in MAP during a range of stimuli normally
associated with increased RSNA.

On the basis of these conflicting results it would seem blood pressure oscillations are not a consistent marker

of sympathetic activity and thus clinical use of the low frequency oscillation in MAP as a predictor of
sympathetic tone may not be fully justified.

Differences in the spectral power of the oscillation in MAP between healthy and diseased states have aiso

been proposed as a possible early clinical detector of pathologies such as heart failure and hypertension.

Compared with normotensives, hypertensives have been reported to show increased power of low frequancy
(0.1 Hz) blood pressure oscillations at rest and a smaller increase in this power during active standing(69).

However, in patients with congestive heart failure spectal indexes conelated poorly with other measures of
autonomic function (e.g. noradrenaline spillover) (3). If the appropriateness of the use of spectral power as

an indicator of sympathetic tone is still under debate, the argument as to whether it is an appropriate indicator
of pathological change may be premature.

FUTURE DIRECTIONS

The conhol of RBF by RSNA, and its extrapolation to the confiol of MAP by SNA will continue to be of
interest to cardiovascular scientists. Many areas lie open to investigation and the studies are often self-
perpefuating as they raise more questions than they aim to answer. Presented here are some questions that

may be studied in the foreseeable future.

Recent work by Malpas and Burgess (164) has shown that the increase in the strength of the 0.3 Hz
oscillation during hemorrhage in conscious rabbits is primarily mediated by RSNA. In contrast, the

abrogation of the 0.47 Hz oscillation in arterial pressure in anesthetized rats has been reported following
mesenteric but not renal denervation (2). The renal sympathetic nerves may not be the primary mediator of
the 0.3 Hz oscillation under all conditions and the role of RSNA in determining the power of the 0.3 Hz

oscillation in conditions other than hemorrhage is still undetermined and warrants further investigation.

In our studies of inharenal blood flow we have used an anesthetized animal preparation. The simultaneous

recording of RSNA, RBF, CBF and MBF in a conscious animal would be an ideal next step. While the

technical difficulties of such an experiment may require some effort to ov€rcome, it would provide

invaluable information on RSNA control of intrarenal blood flows. Ultimately, long-term recording of these

variables in a homecage environment would provide further information regarding their regulation at resting

levels, and following perturbation, at graded levels above resting. How RSNA control of inharenal

circulation is influenced by exhinsic factors such as arterial pressure, salt intake, obesity etc is another area
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open to investigation in a homecage environment. This study could also include investigation of whether

oscillations in MBF are presant under physiological conditions and whether the power of these oscillations

changes in response to physiological sbessors.

Mediators of infrarenal blood flow other than RSNA have been shown to exert differential effects on cortical

and MBF. Vasopressin reduces MBF more than CBF (75, 84) while endothelin has the opposite effect,

reducing CBF more than MBF (74). Understanding the role of these mediators and their interaction with

RSNA, rather than in isolation, will result in a more integrative understanding of RSNA control of intrarenal

blood flow.

We have shown differential conhol of blood flow in the cortex and the inner medulla of the kidney. It is
possible this differentiation is even more exact with control of outer medullary and/or papillary flow being

different from inner medullary flow. Whether this is so and the physiological significance of such control is

an area of potential study.

Future studies may also investigate the changes in neural conhol of RBF that may occur in pathology. For

example, how does the elevated RSNA that occurs during hypertension affect inharenal blood flows? Does

the vasculature develop an insensitivity or hypersensitivity to elevated mean RSNA? How are slow

oscillations in RSNA and consequurtly RBF, CBF and MBF changed during pathology?

CONCLUSION

Based on my studies to date I conclude that RSNA is indeed involved in the control of renal and intrarenal

blood flow. At minimal to moderate levels of neural activation this control may be largely directed at RBF

and CBF, while greater levels of RSNA also contol MBF. Study of the oscillations present in RSNA,

adjunctive to the study of the mean levels of activity, provides further valuable insights into the extent of this

control. The control of these oscillations allows for precise, rapid and highly differentiated adjustments in

RSNA. Thus the oscillations in RSNA may augment its role in the control of total and intrarenal blood flows

by allowing a greater scope and precision of control.

While the results of this work have added to the body of knowledge conceming the renal neryes, there is still

much to know and perhaps Carl Ludwig presents the best synopsis in his thesis submitted to the Faculty of
Medicine, Philipps-Universitiit, Marburg in 1842 (153):

De decursu, nevorum, renalium hactenus pauca constant, denuo, eos examini subjeci, nondum vero

ad finem perveni. (There is still little known about the course of the renal nerves. I have again

subjected them to examination but I have not reached a conclusion.)
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