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The Sympathetic Nervous
System’s Role in Regulating
Blood Pressure Variability
Understanding How SNA Controls Vascular Tone Is an Important
Step in Determining the Pathogenesis of Hypertension
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mechanisms in the control of arterial pressure. By rapidly regulating the level of activity, sympathetic nerve activity (SNA)
alters the degree of vasoconstriction in the
blood vessels of many key organs in the
body. This, in turn, increases or decreases
blood flow through the organs, affecting
both the function of these organs and arterial pressure. In contrast to the activity
present in motor nerves, sympathetic
nerves are continuously active, meaning
that all innervated blood vessels remain
under some degree of continuous constriction. Since its first description in the
1930s [1, 2], SNA has engendered itself to
researchers in two camps; neurophysiologists have seen its inherent properties as an
opportunity to understand how areas of
the central nervous system may be connected to generate and control such activi t y [ 3 - 5 ], w h ile c a r d io v a s c u la r
physiologists have viewed its regulation
of blood flow as a direct index of circulatory control in response to different stimuli, drugs, and pathological conditions
[6-8].
There is now evidence from several
animal models that sympathetic overactivity can initiate and/or subsequently
maintain a blood pressure increase. In humans, essential hypertension is associated
with elevated plasma noradrenaline levels, while muscle SNA is elevated in borderline hypertensives [9]. With regard to
blood pressure variability, when one considers general variability using a simple
standard deviation of blood pressure over
24 hours, the variability becomes progressively greater from normotensive to borderline, mild, and more severe essential
hypertensive subjects [10]. While the
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mechanisms responsible for overall blood
pressure variability are not yet defined,
there is good evidence that the amplitudes
of certain frequency bands strongly reflect the level of sympathetic drive. Understanding the origin and effect of these
rhythms is likely to be of considerable
clinical importance, as previous studies
have shown altered blood pressure and
heart rate variability to be associated with
increased risk of cardiovascular mortality
[11-13], raising the possibility of a diagnostic test using measurement of blood
pressure and heart rate variability.
This article focuses on how SNA contributes to the variability seen in blood
pressure. Specifically, it examines the following questions: why do oscillations occur at certain frequencies, why do only
certain frequencies of oscillations in SNA
induce oscillations in the vasculature, and
what may be the functional purpose of
these oscillations?

The Cardiac- and
Respiratory-Related
Oscillations in SNA
Postganglionic sympathetic nerves are
composed of thousands of unmyelinated
fibers [14], whose individual contributions to the recorded signal are exceedingly small. But fortunately, their ongoing
activity can be measured from whole
nerve recordings, because large numbers
of fibers fire action potentials at almost
the same time, to give discharges of
summed spikes. For a detailed report of
the nature and origin of the burst-like
properties of SNA, readers are referred to
a recent review [15].
Sympathetic activity can be thought of
as a complex output of the central nervous
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system, providing subtle control over end
organ function. This control is exerted in a
number of frequency bands, including
rhythms related to the cardiac and respiratory cycles, 10 Hz, and between 0.2-0.4
Hz. The generation and control of each of
these rhythms is likely to be quite separate. Although afferent feedback from
sources such as baroreceptors can explain
some of the rhythmical properties, in each
case there is also good evidence for generation of aspects of these rhythms from
central sources. The relevant aspect with
regard to blood pressure is in understanding how these various rhythms set the
level of blood pressure and regulate the
amplitude of oscillations in blood pressure. With this understanding, it may be
possible in the future to describe the
changes in the control of blood pressure
variability and thus identify early pathological changes before the onset of hypertension.
The most obvious rhythm present in
direct recordings of postganglionic SNA
is that related to the cardiac cycle (generally between 2-6 Hz in rats, rabbits, and
cats). In spectral analysis of SNA, it is this
frequency band that dominates, accounting for between 50-60% of the total power
seen within the neurogram of rabbits [16],
although to a lesser extent in rats [17].
While muscle SNA displays a much
slower burst rate in humans, SNA still
conforms to the same pattern of synchronized activation of many individual fibers
at a certain phase of the cardiac cycle. Factors that govern the timing of these bursts
are of some debate and beyond the scope
of this review, other than to say the cardiac
related discharges reflect inherent generation by a network of cell groups within the
central nervous system and their entrainment by pulsatile input from arterial
baroreceptor inputs. Readers are referred
to a recent review specifically on this
topic [18].
A respiratory-associated oscillation is
the next most dominant rhythm present in
SNA. Because blood pressure oscillates
with a respiratory cycle, to some extent
the strength and phase of the respiratory
rhythm in SNA is a product of reflex modulation [19]. In other words, ventilation itself causes changes in intrathoracic
pressure, which in turn affect venous return, cardiac output, and arterial pressure.
This, in turn, activates both arterial and
cardiopulmonary baroreceptors. However, such mechanically induced changes
cannot account for differences among the
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rhythms of SNA to different end organs,
some of which show little baroreceptor
modulation; e.g., sudomotor [20]. Furthermore, it is known that artificial ventilation combined with a pneumothorax and
vagotomy removes the afferent lung inflation signals and baroreceptor-mediated
oscillation in arterial pressure, yet SNA
still contains a respiratory signal that occurs out of phase with the ventilator [21].
The origin of inherent respiratory rhythm
in SNA is thought to be due to a central
coupling between respiratory neurons and
neurons of autonomic pathways [22]. The
magnitude of the respiratory modulation
is proportional to respiratory drive.
Hypercapnia enhances it, while hyperventilation decreases the sympathetic activation during inspiration [23, 24].

How do the Cardiac- and
Respiratory-Related Oscillations in
SNA Influence the Vasculature?
While blood pressure and blood flow
display cardiac and respiratory related oscillations, this does not mean that these
are induced by SNA. Instead they are
rather simply due to the mechanical
pumping nature of the heart and ventilation. Thus, an average sympathetic discharge rate between 2-6 Hz does not lead
to a 2-6 Hz cycle of vasoconstriction and
dilation in the vasculature, as the time
constants for responses to changes in
sympathetic activity at the neuromuscular
junction are in the order of 1-25 s (see below) [25, 26]. This raises the possible assumption that the respiratory- and
cardiac-related rhythms in SNA simply
reflect the processes of their generation,
and by themselves do not influence the
vasculature and therefore blood pressure.
This is not correct: these rhythms in SNA
are vitally important for contributing to a
s t eady le v e l o f to n e w ith in th e
vasculature.
How then does one determine the specific role of the faster sympathetic
rhythms in setting tone? One approach
has been to measure how oscillations in
blood pressure are transmitted through a
particular organ; e.g., the kidney. The
pressure signal may be dampened or amplified, and this is reflected in the calculated transfer function (gain) between
blood pressure and renal blood flow
(RBF). By comparing gain between animals with intact renal sympathetic nerves
and animals who had undergone prior renal nerve denervation, it was shown that
the gain was significantly reduced in the
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presence of SNA. This indicates that SNA
acted to dampen the effect of changes in
blood pressure on RBF [27]. In addition,
the coherence between blood pressure and
RBF was higher in renal denervated animals, indicating that in the absence of
SNA there is a greater coupling between
blood pressure and RBF. That is, the presence of SNA reduces the effect of rapid
changes in arterial pressure on RBF, thus
altering the pressure-flow relationship.
One caveat in the above discussion is
that while the cardiac and respiratory frequencies in SNA appear to contribute to
vascular tone rather than inducing oscillations, one cannot assume that the synchronization of activity in individual axons
has no purpose and that the same effect
could be achieved by nonsynchronized
unpatterned activity. Indirect evidence
and theoretical studies suggest that such
coordination leads to an increase in the
gain of the system. That is, to have a signal
where many thousands of nerve fibers are
activated synchronously with a level of
activation that may vary in both frequency
and amplitude domains greatly increases
the number of responses that can be configured to different stimuli. Birks [28]
showed that electrical stimulation of
preganglionic neurons with patterned
stimulation, rather than constant frequency stimulation, increased the acetylcholine output of the terminals by as much
as threefold. It was also shown that patterned stimuli assist the recruitment of a
broader range of neurons than could be recruited by simple constant frequency
stimuli [29]. The coordinated nature of the
discharges may lead to a coordinated rele a s e o f n e u r o tr a n s m itter a t t he
neuromuscular junction [30, 31]. In the rat
caudal artery, burst patterning at a net frequency of 6 Hz resulted in a 44% greater
contractile response than using equally
spaced stimuli [32].

An Integrating-Like
Phenomena of the Vasculature
Evidence that faster rhythms in SNA set
tone within the vasculature and thus the
level of blood pressure, rather than its absolute variability, is indicative of an integrating-like phenomena of the vasculature.
(The lowpass filter effect dampens high
frequencies and leaves the dc level, which
sets the tone.) Although it is well established that the neuroeffector delays at
vasculature smooth muscle have relatively
long time constants, comparable to nerve
conduction times or skeletomuscular
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neuroeffector junctions, until recently a
precise frequency response profile of the
vasculature response to SNA had not been
defined. This response was clarified in a
study of anesthetized rabbits in which the
renal nerves were stimulated using modulated sine patterns (base frequency 5 Hz, 5
ms duration pulses), which varied in amplitude between 0 and 10 V at a frequency
between 0.04 and 1.0 Hz. The strengths of
the induced oscillations in RBF were calculated using spectral analysis. The faster
rhythms in simulated SNA above 0.6 Hz
contributed to the level of vascular tone,
but only the slower frequency oscillations,
less than 0.6 Hz, induced an oscillation in
RBF (Fig. 1). The overall frequency response curve is shown in Fig. 2, with 95%
of the power below 0.6 Hz, indicating an
integrating characteristic of the
vasculature. The ability of an SNA rhythm
at 0.6 Hz to induce a rhythm in RBF was 21
times less than that at 0.25 Hz, if one calculates the oscillation amplitude as a percentage of the oscillation induced at 0.04 Hz
(overall gain equaled −20 dB per decade).
It was also shown that sinusoidal stimulation at 0.16 Hz produced larger oscillations
in RBF than at surrounding frequencies;
i.e., the vasculature was more sensitive to
SNA at this frequency, suggesting that
SNA reveals resonance in the vasculature
at this frequency. Such a phenomena of the
renal vasculature has been observed using
oscillations in blood pressure as the input
[33-35], but it has not previously been considered that SNA could also evoke/reveal
the same effects. Resonance is likely to result from a complex series of interactions
among the characteristics of the
neuro-muscular coupling, the characteristics of the second messenger pathways in
the smooth muscle (i.e., the excitation-contraction coupling [25, 26, 36]), and
the interaction with the intrinsic regulatory
systems of the kidney (tubuloglomerular
feedback and the myogenic response).
Other research groups have investigated the ability of the vasculature to respond to the different frequencies present
in SNA. In an elegant study, Stauss et al.
(37) electrically stimulated the
paraventricular nucleus of the hypothalamus in conscious rats at frequencies ranging from 0.05 to 2.0 Hz, while measuring
splanchnic sympathetic nerve activity and
mesenteric artery blood flow. This caused
activation of SNA, with synchronous discharges up to stimulation frequencies of 2.0
Hz. Similar to the rabbit, the ability of the
faster frequencies to induce an oscillation in
March/April 2001

mesenteric blood flow was negligible beyond stimulation frequencies of 1.0 Hz.
It must also be acknowledged that all
vascular beds may not necessarily have the
same frequency-dependent response time.
In a recent study in humans, using a unique
form of acoustic stimuli to produce periodic sympathetic activation, Haynes et al.
[38] observed that skin blood flow was
most sensitive below 0.1 Hz, suggesting
that for this bed the frequency response
curve is shifted to the left.
Another important piece of information to come from determining the frequency response characteristics of the
vasculature is the phase relationship between SNA and the vasculature response
(Fig. 2). While the phase difference shows
a decrease with higher frequencies of
stimulation, it also displays a portion that
is frequency independent. This portion
represents the pure time delay, and it reflects the total time (e.g., the release of
neurotransmitter) from stimulation until
the beginning of vasoconstriction. This
time has been calculated at 1.13 s for the
renal vasculature [39]. After subtracting
this pure time delay, one is left with a dynamical time constant that varies with the
frequency of stimulation, and it is more
dominant at frequencies below 0.4 Hz.
Such information may be useful in model-

0.04 Hz Nerve Stimulation

ing the relationship between SNA and
blood flow.
The characteristics of the filter response of the neuroeffector junction in the
renal vasculature is such that higher SNA
frequencies are effectively filtered and integrated to give most of the vasoconstrictor tone of the vasculature at a relatively
steady level. Slower frequency oscillations in SNA (< 0.6 Hz) induce oscillations in RBF at these same slower
frequencies. The result of this duality appears to be to smooth the pulsatile impact
of the blood pressure on RBF at the cardiac frequency, but to allow slower oscillations in SNA to be reflected in RBF. The
question arises as to whether there is any
inherent benefit to the kidney of such a biological filter. One might hypothesize that
the maintenance of adequate glomerular
filtration rate, and thus urine flow, requires RBF to remain relatively stable. If
RBF responded to oscillations in SNA
greater than 0.6 Hz, this consistency of
flow might be compromised. Conversely,
a system that has no variability, and in
which the inputs only adjust the mean
level of RBF, may be have reduced controllability. Also the contribution of the
renal bed in baroreflex control of the circulation would be limited, which would
be undesirable for the short- to me-

0.6 Hz Nerve Stimulation
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1. Examples of the effect of two sinusoidal stimulation sequences applied to the renal
nerves on RBF (5 Hz base frequency using 5 ms pulses, see [39] for details). Note
that some of the pulses at 0.04 Hz nerve stimulation have been removed for clarity.
The amplitude of each of these pulses was varied in a sinusoidal fashion between 0
and 10 V at a predetermined frequency. It is clear that the faster frequency, while
still producing a reduction in RBF, did not produce an oscillation. Note that the
stimulation sequence shown is for 35 s, while the RBF response is from 7 min.
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Spectral Power as a % of
Control Power at 0.04Hz
Phase Lag (Fraction of π)

dium-term (minutes) regulation of blood
pressure. Therefore, the low-frequency
oscillations in SNA may actually assist in
the dynamic control of RBF, ensuring a
rapid response with sufficiently high gain
to the stimuli of daily life (Fig. 3). This dynamic control may also ensure a relatively
s t abl e flo w w ith in th e re n a l m icrovasculature and therefore steady glomerular filtration rate, sodium excretion,
and renin release.
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2. The mean frequency response curve
(top panel: mean ± SEM) for the RBF
response to modulated sine patterns of
electrical stimulation to the renal
nerves. The amplitude of the induced oscillations was normalized to a percentage of the power of the oscillation at 0.04
Hz. Middle panel: the phase plot from
the transfer function between nerve
stimulation as the input and RBF as the
output. This was converted to time delay
(bottom panel) and illustrates a pure
time delay that is independent of the frequency (mean 1.13 s).

Fast Oscillations in RSNA >0.6 Hz

1s
Tonic Constriction of Renal Arteries

It is well established that blood pressure and SNA contain a distinct oscillation between 0.1 and 0.4 Hz, depending
on the species. In humans, this is 0.1 Hz,
and it is analogous to 0.3 Hz in rabbits and
cats and 0.4 Hz in rats. The probable reason for the difference in this frequency between species is discussed below. It
should be noted that this oscillation comprises only a small proportion of the total
spectral power of all oscillations in SNA.
With regard to renal SNA in conscious
rabbits, the power in this band generally
comprises no more than 15% of the overall power [16]. One could argue therefore
that this rhythm is of little importance
other than of esoteric interest. However,
t he ma in d if f e re n c e b e tw e e n th e
higher-frequency cardiac- and respiratory-related rhythms is that these low-frequency oscillations are slow enough to
directly induce a rhythm of vasoconstriction and vasodilation in the smooth mus-

Slow Oscillation in RSNA <0.6 Hz

1s
Cycles of Constriction and Dilation in
Renal Vasculature

Dampens the Effect of Oscillations
in Arterial Pressure on RBF

Slow Oscillations in RBF

Enhances the Stability of RBF

Increased Responsiveness to Stimuli

3. Schematic representation of the way different frequencies in SNA may control renal blood flow. Refer to text for explanation.
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cles of the vessels that the nerves
innervate (see above). The end result of
these oscillations is that blood pressure
also contains a rhythm that is tightly
linked to the same frequency [17]. Following from this is the suggestion that
measurement of the strength of this oscillation in blood pressure may provide an
index of SNA.
One of the potential pitfalls in measuring variability in blood pressure is in understanding that the absence of change
does not necessarily mean an absence of
an alteration in neural control. It is often
overlooked that control of SNA is differential. Measurement of SNA to a single
organ cannot be used to describe an effect
of a treatment as increasing or decreasing
global SNA [40, 41]. The SNA response
to almost all stimuli is adjusted in a differential manner to different end organs,
with quite clear differences among types
of stimuli. In this way, a tailored response
to each stimulus can be produced. For example, the response to moderate hypoxia
in the rabbit is one of little change in blood
pressure, which, however, belies a tremendous redistribution of blood flow
[42]. SNA is profoundly increased to the
kidney and gut, but decreased to the heart
and skin [43]. It should be stressed that
this differential control system is likely to
provide a primary means of circulatory
control in daily life. There is no reason to
suggest that this differential control does
not extend to the various oscillations present in SNA, where there may be increases
in the strength of oscillations to the kidney, but decreases to other organs, with
overall little effect on blood pressure variability (see below).
Since the development of a method for
simultaneously recording of SNA and
blood flow to the same kidney [16], it has
been possible to analyze how the 0.3 Hz
oscillation directly influences the
vasculature. In rabbits, stimuli that increase the mean level of renal SNA, such
as hypoxia and hemorrhage, have been
shown to increase the strength of 0.3 Hz
oscillations in both SNA and RBF
[16,27]. Likewise, stimuli which decrease
the mean level of SNA, such as plasma
volume expansion, have been shown to
decrease the strength of this oscillation
(Fig. 4). Renal denervation abolishes this
rhythm in RBF, providing it is not dominant in blood pressure. (A 0.2-0.4 Hz oscillation may be apparent in blood flow
through sympathetic influences on other
vascular beds, which will influence RBF
March/April 2001
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The Origin of the Oscillation
Between 0.1 and 0.4 Hz
The origin of this rhythm in SNA is
still unresolved. Some authors have attributed it to an intrinsic central nervous system network [45, 46], although there
seems little empirical evidence to support
such a hypothesis. Current evidence and
opinion seems to favor the concept of a
resonant oscillation in the baroreflex loop
[47-51]. In this model, a change in blood
pressure is sensed by the arterial
baroreceptors, altering the afferent signal
to the central nervous system, and after
some time constant (τ1 in Fig. 5) this alters
March/April 2001
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in a direct pressure-flow relationship.)
Taken together, these data indicate that
oscillations in renal SNA are important in
regulating oscillations in resting RBF, i.e.
oscillations in SNA help to regulate the
variability of RBF.
In developing a procedure for quantifying SNA by measurement of blood
pressure variability, it must be considered
that not all the frequencies present below
0.5 Hz blood pressure may be driven by
SNA. In a recent study, we observed that
oscillations in blood flow and arterial
pressure could occur at frequencies very
close to the rhythm of neural origin, but
quite distinct from it [27]. In conscious
rabbits, hemorrhage was used to activate
overall SNA, which led initially to an increase in oscillations at 0.3 Hz in renal
blood flow. This rhythm could be directly
ascribed to oscillations in SNA, as it did
not occur in denervated rabbits (unless a
0.3 Hz oscillation also occurred in blood
pressure via sympathetic effects on other
end organs). However, as blood pressure
began to fall, a new rhythm between
0.15-0.20 Hz became dominant in arterial
pressure and renal blood flow in both intact and renal denervated rabbits. This
rhythm also became apparent in SNA
through arterial baroreflexes. This rhythm
may reflect resonance within the
vasculature that can be stimulated by the
high circulating levels of angiotensin II or
norepinephrine, which are known to occur
in hemorrhage [44]. Importantly, the frequency of such a rhythm was very close to
the 0.3 Hz oscillation normally induced
by SNA. Thus, when measuring the spectral components of blood pressure under
different conditions in humans, it is not
possible to ensure that the increase in
power at this frequency (approximately
0.1 Hz) can be solely ascribed to an increase in SNA.
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4. Power spectrums of SNA from individual conscious rabbits before and during
hemorrhage (1.35 ml/min/kg for 10 min, mean increase in SNA 21% [27]), after
blood volume expansion (1.5 ml/min/kg for 15 min, mean decrease in SNA 25%
[62]), and during noise stress (mean increase in SNA 21% [63]. Note the difference
in the power of the 0.3 Hz SNA rhythm to rabbits under resting conditions. The 0.3
Hz rhythm in rabbits is analogous to the 0.1 Hz rhythm in humans and to 0.4 Hz in
rats.

the SNA level. The resulting change in
vascular tone in the target organ occurs after another delay, which is composed of a
pure time-delay constant (τ 2 : this includes conduction velocity, neurotransmission, calcium release in the smooth
muscle, etc.) and a dynamical time constant, T. This latter time constant will
show up as frequency-dependent phase
delay in a transfer function analysis (see
above). Fundamental to this model is that
the combination of these delays means
that the input change in blood pressure results in an output change in vascular resistance that is slightly phase shifted and,
instead of buffering the initial change in
blood pressure, it leads to the develop-

ment of its own change in blood pressure.
Thus, the model is composed of an afferent arm and an efferent arm.
Fundamental to this model is the understanding that for an oscillation to occur
in SNA, and thus in blood flow through
that target organ, the SNA to that organ
must be baroreceptor sensitive. It is well
established that SNA to all organs does
not display a uniform baroreceptor sensitivity. Lung, renal, and splenic SNA are
highly baroreceptor sensitive [52, 53],
displaying bursts of synchronized activity
in a cardiac-related fashion (a hallmark of
baroreceptor modulation [18]). However,
SNA to the skin and gut are only weakly
regulated by baroreceptor activity
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5. Schematic explanation accounting for the origin of the oscillation in SNA and
blood pressure between 0.1 and 0.4 Hz, depending on the species. τ1 refers to the
time delay between baroreceptor sensing of the increase in blood pressure and the
resulting decrease in SNA. τ 2 refers to the pure fixed time taken for the vasculature
to respond to the decrease in SNA (this includes conduction velocity,
neurotransmission, calcium release, etc.). T refers to a dynamical time constant that
varies according to a range of frequency dependent factors.

[53-55]. Thus, we hypothesize that it is
SNA to a few key organs, in particular the
kidney, that dominates in the production
of these oscillations. This does not mean
that SNA to other organs does not play a
role in regulating blood pressure but
rather that their role is more confined to
the steady state (dc gain) control of blood
pressure, rather than variability in the
0.1-0.4 Hz range. In support of this hypothesis, if all organs contributed to the
origin of the oscillations in this frequency
range in proportion to their percentage of
cardiac output, then it is suggested that no
oscillation would be evident, as the slow
conduction velocities in postganglionic
nerves (0.7 m/s [56]) would mean that
SNA to the extremities would reach its
target up to 1 s later than the innervation to
major organs in the thoracic cavity. This
delay would result in the vasoconstriction
response to the SNA signal being
nonuniform, which should not be misinterpreted to indicate that blood flow to
nonkey organs (e.g., skin) would not display a 0.1-0.4 Hz oscillation (species dependent). An oscillation at this frequency
in blood pressure would drive an oscillation in blood flow.
Another aspect of the oscillations between 0.1-0.4 Hz that requires discussion
is the difference in the frequency among
species. While it is true that the frequency
appears to be related to the resting heart
rate, there is no evidence to suggest that
this is anything other than an association.
Rather, it is more likely that the larger dis22

tance between arterial baroreceptors, the
brain, and the target organ in man as compared to rabbits and rats, means that conduction times—a component of τ1 and τ 2
in Fig. 5—accounts for the difference.

Future Directions
While overactivity of the sympathetic
nervous system has been indicated in a
number of pathologies, including heart
failure [57], cirrhosis of the liver [58], and
in the initiation and development of some
types of hypertension [59-61], it remains
unknown whether the various rhythms in
SNA may also be altered. The question is
also whether these changes are the cause
or are the result of the increase in blood
pressure. One possibility is that chronic
changes in specific SNA frequencies may
occur in some pathologies.
There is a need to establish long-term
recordings of SNA in conscious animals to
test the hypothesis that a chronic change in
the SNA oscillatory processes can be the
initiator or a contributor to a pathological
series of events; that is, that altered SNA,
perhaps without necessarily an increase in
its mean level, can act as an initiator for altered control of end organ function and ultimately lead to the development of
hypertension. Given that recordings can be
made in conscious rabbits for up to three
weeks, this species seems the ideal candidate. Such experiments would go some
way to defining the role of the various frequencies present in SNA in the long term
regulation of arterial pressure.
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