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HYPOTHESIS: SET-POINTS AND LONG-TERM CONTROL OF
ARTERIAL PRESSURE. A THEORETICAL ARGUMENT FOR A
LONG-TERM ARTERIAL PRESSURE CONTROL SYSTEM IN
THE BRAIN RATHER THAN THE KIDNEY
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SUMMARY

1. It has been hypothesised that the ‘set-point’ for the long-
term control of mean arterial (MAP) resides within the kidney.
In this model, the set-point of the ‘chronic renal function
curve’ establishes the steady state relationship between renal
perfusion pressure and urinary excretion of sodium and water,
which, in turn, affects blood volume and cardiac output. The
‘renal-MAP set-point’ theory predicts that the kidney controls
MAP to maintain its own excretory function and that long-
term regulation of blood volume and cardiac output are para-
mount to the regulation of arterial pressure.

2. An alternative hypothesis is proposed in which the ‘set-
point’ for the long-term control of MAP resides within the
central nervous system (CNS) rather than the kidney. In
contrast with the ‘renal-MAP set-point’ model, the ‘CNS-
MAP set-point’ model dictates that the brain controls MAP to
maintain cerebral blood flow and CNS function.

3. The ‘CNS-MAP set-point hypothesis’ predicts that long-
term regulation of MAP is paramount to the regulation of
blood volume and cardiac output. It is proposed that the
‘CNS-MAP set-point’ system operates independently of the
arterial baroreceptor reflex, which is a short-term controller of
MAP.

4. The precise mechanisms by which the CNS ‘senses’ MAP
are complex and remain to be discovered. The MAP ‘sensor’
likely involves integration of hormone levels linked to body
fluid homeostasis and osmoreceptor and baroreceptor inputs.
It is also proposed that an as yet undiscovered ‘central
baroreceptor’ exists within the brain itself.
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5. The ‘CNS-MAP set-point hypothesis’ predicts that many
forms of experimental and essential hypertension are due to a
primary shift in the CNS-MAP set-point.
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INTRODUCTION

Understanding the mechanisms for the long-term control of arterial
pressure has important clinical significance, particularly in regard
to human essential hypertension, one of the major risk factors for
cardiovascular disease. Because the regulation of arterial pressure
involves complex, time-dependent interactions among multiple
neural, hormonal and intrinsic regulatory systems, theoretical
models of the long-term control of arterial pressure are essential
for the development of testable hypotheses. Central to these models
has been the concept that a ‘long-term arterial pressure set-point’
exists and that hypertension is caused by a primary shift of this
set-point to a higher operating pressure.

Does a set-point exist within the body for the long-term control
of mean arterial pressure (MAP)? Although the set-point concept
provides a logical format to construct physiological control
models, it can be argued that the long-term level of arterial pressure
is established independent of a set-point-based control system. The
reader is referred to the companion paper by Fink in this journal
for this viewpoint.'

In the present paper, I will defend the position that a set-point
for the long-term control of arterial pressure does exist. The term
‘set-point” will be used to designate a true control system for
arterial pressure in contrast with a system that modulates pressure
irrespective of a ‘reference point’. If such a system does, indeed,
exist, then where is it in the body? The most well-established
model is that developed by Guyton and colleagues in the 1970s, in
which the ‘chronic renal function curve’ determines the relation-
ship between renal perfusion pressure and urinary sodium and
water excretion and, therefore, body fluid balance and blood
volume.? In what will be referred to in this paper as the ‘renal—
MAP set-point model’, the kidney essentially regulates its own
perfusion pressure to maintain normal renal excretory function.



CNS-MAP set-point hypothesis

I will present an alternative teleological argument for the
existence of a long-term MAP set-point that exists within the
central nervous system (CNS) rather than the kidney. Analogous to
the renal-MAP set-point model, the ‘CNS-MAP set-point model’
predicts that the brain regulates its own perfusion pressure to
maintain normal central nervous system function, which is vital to
long-term survival and homeostasis. The CNS-MAP set-point
model differs from the renal-MAP set-point model in two
fundamental ways. First, the CNS-MAP set point model is a true
pressure control system in that long-term regulation of arterial
pressure supersedes the control of cardiac output. Second, the main
focus of the CNS-MAP set-point model is maintenance of cerebral
and coronary metabolism, in contrast with the ‘whole-body auto-
regulation’ theory of the renal-MAP set-point model. This paper
will conclude with a discussion of the role of the CNS-MAP
set-point model in the pathogenesis of experimental and human
essential hypertension.

THE RENAL-MAP SET-POINT MODEL

The details of the renal-MAP set-point theory have been presented
in several reviews”™ and a monograph® by Guyton. These serve
as the basis for presentation of the renal-MAP set-point in this

paper.

The teleological argument

This model is based on the argument that long-term control of
arterial pressure is required to maintain normal renal excretory
function, which is essential to the maintenance of body fluid
homeostasis and regulation of blood volume and cardiac output.
The primary goal of this system is to ensure that nutrient delivery
to the tissues (i.e. cardiac output) is tightly matched to the meet
metabolic demand of the tissues. In this model, the regulation of

Fig.1 Schematic of the renal-mean
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blood volume and cardiac output is paramount to the control of
arterial pressure.

Fundamental pillars of the renal-MAP set-point model:
The chronic renal function curve and whole-body
autoregulation

Figure 1 illustrates the basic features of the renal-MAP set-point
model and the role of the ‘chronic renal function curve’ and
‘whole-body autoregulation’ as the central pillars of this hypo-
thesis. The first pillar of this model, the chronic renal function
curve, contains the long-term set-point for arterial pressure and
establishes the steady state relationship between renal perfusion
pressure and renal excretion of sodium and water. In this model,
extracellular fluid volume and, therefore, blood volume, is
determined primarily by two factors: (i) the intake of salt and water;
and (ii) the renal function curve. More importantly, as explained
below, the only way in which arterial pressure can change over long
periods of time is by changing the relationship between sodium and
water intake and renal excretion of sodium and water, which is
determined by the position of the renal function curve along the
pressure axis.

Whole-body autoregulation is the second pillar of the renal—
MAP set-point model. This theory predicts that long-term
regulation of blood flow within individual vascular beds is
determined by intrinsic controllers linked to metabolic signals
within the tissues. These intrinsic signals, which remain to be
elucidated, exert dominant control of arteriolar tone over
neural and hormonal control systems such that blood flow is
regulated to meet the metabolic requirements of the tissues.
Because systemic haemodynamic pressure—flow relationships
are determined by the sum of individual organ arteriolar
and blood flows, whole-body autoregulation
ultimately establishes the long-term steady state relationships
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between venous return, cardiac output and total peripheral
resistance.

Hypertension caused by a primary shift in the
renal-MAP set-point: The whole-body
autoregulation haemodynamic profile

The reader is referred to Guyton’s excellent monograph Arterial
Pressure and Hypertension® for a detailed description of the
application of control theory to understanding the role of the
kidney in the long-term control of arterial pressure. As stated in
this monograph:

‘... the equilibrium point in the pressure-analysis diagram is the
‘set-point” of the kidney—blood volume—pressure feedback control
system. And, as has been discussed in the previous few chapters,
once this equilibrium point (set-point) is changed to a new pressure
level, the arterial pressure soon follows.”

Because the renal function curve determines the long-term set-
point of arterial pressure, the renal-MAP set-point model predicts
that the only way in which arterial pressure can change over long-
periods of time is by a primary shift in the set-point of the chronic
renal function curve. Based on this model, Guyton predicts that:

‘It is impossible for the long-term arterial pressure to stabilize at
any other pressure level besides the set-point level, for at no other
level can intake and output be in balance.’3

Finally, because whole-body autoregulation establishes the long-
term levels of cardiac output, the only way cardiac output will
change over long periods of time is if metabolic activity changes
over the long-term.

Assuming a constant metabolic rate, the renal-MAP set-point
model predicts that all forms of hypertension, regardless of the
specific underlying cause, are initiated by a specific sequence of
events that result in the temporal haemodynamic profile illustrated
in Fig. 2. First, a shift of the renal function curve to a higher
operating pressure results in a decrease in renal excretion of sodium
and water because renal perfusion pressure is no longer high
enough to maintain urine output at this new set-point. Second,
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Fig.2 The ‘whole-body autoregulation haemodynamic profile’ as
proposed by Guyton.? The sequence of events is described in detail in the
text and steps 1-5 are described in the figure. MAP, mean arterial pressure;
BV, blood volume; CO, cardiac output; TPR, total peripheral resistance;
UO, urine output; AP, arterial pressure.

assuming sodium and water intake remain constant, the decrease in
urine output leads to expansion of extracellular fluid volume,
increased blood volume and an elevation of cardiac output. This
results in an ‘acute’ phase in which arterial pressure is elevated due
to increased blood volume and cardiac output. At this point, total
peripheral resistance may be decreased due to baroreceptor reflex-
mediated vasodilatation. Because cardiac output is now elevated
and metabolic rate has not changed, overperfusion of tissues evokes
a whole-body autoregulation response and total peripheral resis-
tance gradually increases over time. At steady state, arterial pres-
sure reaches the new ‘set-point’ and urinary excretion of sodium
and water returns to normal. The normalization of renal function,
coupled with the rise in total peripheral resistance and resistance to
venous return, results in a return of blood volume and cardiac
output towards normal levels. As a result, the steady state haemo-
dynamic profile is one in which hypertension is sustained by a
marked increase in total peripheral resistance and small immeasur-
able changes in blood volume or cardiac output. In other words,
cardiac output is chronically regulated at the expense of an elevated
arterial pressure.

Cracks in the pillars of the renal-MAP set-point model

The renal-MAP set-point model put forth by Guyton and col-
leagues is elegant in its simplicity and logic. At the present time, it
is the most comprehensive model for the long-term control of
arterial pressure and has provided a strong theoretical framework
for the role of the kidney in the pathogenesis of human essential
hypertension. However, the renal-MAP set-point model contains
three ‘absolutes’ that, upon careful examination of the literature,
suggest the model is incorrect. The first absolute is that the renal
function curve always determines the level of arterial pressure and
hypertension cannot occur without a primary shift in the curve. The
second absolute is that hypertension is always initiated by blood
volume expansion and increased cardiac output. Finally, the last
absolute is that chronic blood volume expansion always leads to
hypertension as a result of whole-body autoregulation. The incon-
sistencies of these absolutes with the literature are discussed below.

The most difficult component of the renal-MAP set-point model
to validate experimentally has been the chronic renal function
curve. Although it is clear that there is an acute relationship
between renal arterial pressure and urine output,’ to date it has been
essentially impossible to establish in vivo the long-term relation-
ship between these variables and the link of that relationship to
regulation of arterial pressure. In order to circumvent this problem,
the shape of the chronic renal function curve is established by first
plotting the steady state relationships between sodium and water
intake, as the independent variable, and arterial pressure as the
dependent variable.? It is then reasoned that, because renal excre-
tion and intake of sodium and water are equivalent at steady state,
the axes can be flipped such that arterial pressure is now plotted on
the x-axis and sodium and water excretion, rather than intake, is
plotted on the y-axis. This approach clearly does not establish any
long-term ‘cause and effect’ relationship between renal perfusion
pressure and sodium and water excretion. Moreover, similar to
resetting of arterial baroreceptors, the acute renal function curve
may reset to changes in arterial pressure. If this is true, then the
cause-and-effect relationship of the chronic renal function curve is
invalid.
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The second absolute of the renal-MAP set-point model predicts
that all forms of hypertension are initiated by blood volume
expansion in response to a primary shift in the renal function curve
and that, in the steady state, only a 5% expansion of blood volume
is required to maintain the increase in vascular resistance driven
by whole-body autoregulation. Establishing the validity of this
component of the model is hampered by the fact that most
techniques for determination of blood volume have a substantial
degree of error, approximately 10-20%. Nonetheless, there are
studies in which experimental renovascular hypertension®® and
human essential hypertension!® appear to occur without a transient
increase in blood volume. Conversely, there are also reports in
which an elevation in sodium and water intake increases blood
volume, but not arterial pressure, chronically,''™'* which further
calls into question the link between blood volume and arterial
pressure. Indeed, this is perhaps the weakest link in the renal-MAP
set-point model: the assumption that increased blood volume
always leads to hypertension.

The fact that chronic blood volume expansion does not always
lead to hypertension is inconsistent with the whole-body auto-
regulation hypothesis. The clearest examples of this are studies in
normal rats,'' dogs'? and humans,'* in which a chronic increase in
sodium and water intake results in a sustained increase in blood
volume and cardiac output, but no change in arterial pressure.
These studies are inconsistent with the two pillars of the renal-
MAP set-point model in that volume expansion occurred in the
presence of normal renal function and this volume expansion did
not trigger a whole-body autoregulation haemodynamic profile.

THE CNS-MAP SET-POINT HYPOTHESIS

In the 30 years since it was first proposed, the renal-MAP set-point
model of Guyton and colleagues has provided valuable insight into
mechanisms for the long-term control of arterial pressure and the
pathogenesis of hypertension. However, it has become increasingly
evident over time that the main tenets of the model are inconsistent
with many studies. In addition, there has been a significant amount
of new knowledge generated since the model was introduced
regarding neural pathways that maintain fluid and metabolic
homeostasis. The remainder of this paper will present a theoretical

argument for an alternative model in which a long-term MAP set-
point exists within the CNS rather than the kidney. The basic
components of the model will be introduced, including proposed
sensory mechanisms of the model. The role of this model in
experimental hypertension will be discussed briefly.

The teleological argument for a CNS-MAP set-point
for the long-term control of arterial pressure

Why would a long-term set-point for arterial pressure exist within
the CNS? Similar to the logic of the renal-MAP set-point model in
which arterial pressure is regulated to maintain normal renal
function, it is proposed that a CNS-MAP set-point exists for the
maintenance of normal cerebral function. Clearly, homeostasis and
survival of the organism is dependent on maintenance of cerebral
blood flow. In addition, because of the anatomical proximity of
the coronary circulation within the vascular tree, maintenance of
cerebral perfusion would insure maintenance of coronary perfusion
as well. As a result, this system ensures perfusion of the vital organs
of the body: the brain and the heart.

Dismissing the arterial baroreceptor reflex does not
rule out the nervous system in the long-term control
of arterial pressure

The renal-MAP set-point model largely dismissed the nervous
system in the long-term control of arterial pressure on the basis that
the arterial baroreceptor reflex is strictly a short-term control
system. This idea is based on the fact that arterial baroreceptors
reset'>1% and that sinoaortic denervation does not affect the basal
level of arterial pressure or the steady state levels of pressure in
experimental models of hypertension.!”2°

The problem with this argument is it assumes the arterial baro-
receptor reflex is the primary neural controller of arterial pressure.
This is understandable because much of the research on the neural
control of arterial pressure was centred on the arterial baroreceptor
reflex at the time the renal-MAP set-point model was first intro-
duced. However, since that time, it has become increasingly evident
that long-term levels of sympathetic nerve activity are regulated
independent of arterial baroreceptor input.?! For example, although
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sinoaortic denervation does result in an acute increase in sympa-
thetic nerve activity and hypertension, the normalization of arterial
pressure over time appears to result from a return of sympathetic
activity to control levels,?>* rather than pressure natriuresis as
originally proposed by Guyton and colleagues.? In other words, the
reason that sinoaortic denervation does not alter basal levels of
arterial pressure chronically is not because the kidneys are
dominant in the long-term control of arterial pressure but, rather,
because sympathetic activity is controlled by ‘baroreceptor-
independent’ pathways. These findings redirect our search for the
neural site of the long-term MAP set-point away from the baro-
receptor reflex, which is most likely a short-term controller of
arterial pressure, to ‘non-baroreceptor reflex’ pathways in the
brain.

The brain has many ‘tools’ it can use to control its own
perfusion pressure

In the renal-MAP set-point model, arterial pressure is controlled
by regulation of a single variable, blood volume, which, in turn,
affects haemodynamics via whole-body autoregulation. Although
several variables are involved in this control system, they are
essentially linked in a series fashion, with blood volume being the
single determinant of arterial pressure. This is clearly a weak aspect
of this model because the control of arterial pressure is entirely
dependent on regulation of one variable.

A more powerful control system is one that incorporates
redundant parallel pathways that converge on the regulated
variable, arterial pressure. Indeed, the brain has several ‘tools’ it
can use to control its own perfusion pressure and these tools are
arranged in parallel pathways that ultimately influence arterial
pressure (Fig. 3). As in the renal-MAP set-point model, regulation
of blood volume is an important component of this model, but it is
not solely responsible for the regulation of arterial pressure. Blood
volume is regulated in several ways, such as direct control of
tubular sodium reabsorbtion, control of tubular water reabsorbtion
via vasopressin, control of thirst and salt appetite and regulation of
the renin—angiotensin—aldosterone system. However, in addition to
controlling cardiac output via regulation of blood volume, the
CNS-MAP set-point model also controls heart rate and cardiac
contractility and indirectly controls cardiac filling pressure via
regulation of venous capacitance. All these variables (blood
volume, cardiac pumping ability and venous capacitance)
ultimately establish cardiac output, which, in turn, affects arterial
pressure. Finally, the brain regulates arteriolar resistance of several
vascular beds, which also will determine the final level of arterial
pressure.

The power of a control system of this design, in which several
parallel pathways can be used to control arterial pressure, is that
loss of one pathway does not necessarily impair the ability of the
system to control arterial pressure. The impact of this control
strategy in regulating arterial pressure around the ‘set-point’ is
discussed below.

Arterial pressure is more tightly controlled than cardiac
output

Unlike the renal-MAP set-point model, in which cardiac output
is regulated at the expense of arterial pressure, the CNS-MAP

set-point prioritizes the control of arterial pressure over cardiac
output. This is based on the concept that most peripheral vascular
beds are overperfused at rest and increases or decreases of flow are
not deleterious because oxygen extraction can be regulated at the
tissue level independent of modest changes in oxygen delivery. In
contrast, the cerebral and coronary circulations are more suscep-
tible to reductions of oxygen delivery, so the driving force for flow
for these vascular beds (arterial pressure) must be tightly regulated.
This design permits a larger degree of error in the regulation of
cardiac output than arterial pressure.

This concept is consistent with numerous studies in animals
and humans?® in which blood volume and cardiac output are poorly
regulated chronically but arterial pressure is tightly controlled. It is
also explains experimental models of hypertension in which the
haemodynamic profile is inconsistent with regard to the relative
contributions of cardiac output versus peripheral vascular
resistance over time. For example, hypertension produced by
administration of deoxycorticosterone acetate (DOCA) and salt, a
model that is neurogenically driven,”-° has been shown to occur
as a result of either increased cardiac output, total peripheral

11,12

resistance or a combination of the two.3%32 These studies are
inconsistent with the renal-MAP set-point model in which a single
haemodynamic pattern, the whole-body autoregulation haemo-
dynamic profile, is proposed to underlie all forms of hypertension.
In contrast, the CNS-MAP set-point model predicts that arterial
pressure is the regulated variable and does not impose any single
haemodynamic profile to the pathogenesis of hypertension. Rather,
when arterial pressure deviates from the ‘set-point’, any combin-
ation of efferent pathways may be used to return arterial pressure
to normal and this could result in more than one haemodynamic
profile to achieve this goal.

The concept of multiple parallel pathways converging to regulate
arterial pressure is further supported by studies of DOCA-salt
hypertension. A study in DOCA-salt dogs showed that, under
control conditions, the haemodynamic profile was one in which the
hypertension was driven by an increase in cardiac output. Although
administration of a [j-adrenoceptor antagonist prevented the
increase in cardiac output, it did not affect the magnitude of
hypertension, which then resulted from an increase in peripheral
vascular resistance.> These observations support the idea that
DOCA-salt shifts the CNS-MAP set-point and activates the
multiple parallel pathways shown in Fig. 3 until arterial pressure
reaches the new set-point. The effect of blocking a single pathway
on arterial pressure will depend on the ‘relative power’ of that
pathway in affecting arterial pressure. For example, the above study
suggests that, in dogs, DOCA-salt increases arterial pressure by
increasing cardiac sympathetic activity and cardiac output, but this
pathway does not carry much ‘power’ because blocking it does not
prevent the system from reaching the new set-point via other
pathways. In contrast, it has been shown that renal denervation
attenuates, but does not abolish, the development of hypertension
in the DOCA-salt model in the rat,*® which is consistent with the
concept that the renal nerves carry more ‘power’ in this control
system.

It is important to note that this concept has been proposed in
the past. Over 20 years ago, Bohr hypothesised that DOCA-salt
hypertension is due to mineralocorticoid actions that result in
‘...resetting of a pressure regulating centre in the hypo-
thalamus’.>* This conclusion resonates with the idea that arterial
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pressure is, indeed, the regulated variable and that hypertension is
due to shifting an MAP set-point in the brain. Although these ideas
remain speculative at this time, they do fit within the framework of
the CNS-MAP set-point model.

Afferent inputs modulating the CNS-MAP set-point:
The search for the ‘sensor’

The viability of the CNS-MAP set-point hypothesis is dependent
on the complete elucidation of sensory inputs that determine the
ultimate level of sympathetic nerve activity and arterial pressure.
As discussed previously, the majority of studies suggest that
surgical interruption of arterial baroreceptor inputs to the brain
have no long-term effect on arterial pressure.'”?* Recent reports
also suggest that sympathetic nerve activity appears to be chroni-
cally regulated independent of arterial baroreceptor input.?>->* This
leads to the question if arterial baroreceptors do not modulate the
CNS-MAP set-point, then what does? At the present time, the
answer to this question is unknown.

Two possibilities for sensory modulation of the CNS-MAP set-
point are presented in Fig. 4. The first predicts that pathways
originating in the hypothalamus that play a critical role in the
maintenance of body fluid homeostasis are, in fact, the site of the
CNS-MAP set-point. The second possibility is that an as yet
undiscovered ‘central baroreceptor’ exists within the brain that
plays a major long-term role in establishing basal levels of
sympathetic activity.

Forebrain modulation of the CNS-MAP set-point

Because body fluid homeostasis is linked to the control of arterial
pressure, it is logical to predict that central pathways involved in
the control of extracellular fluid volume and osmolality modulate
the CNS-MAP set-point. In the 1970s, Brody et al. proposed that
the tissue surrounding the anteroventral region of the third ventricle
of the hypothalamus, the AV3V, played a crucial role in the
regulation of body fluid composition and sympathetic activity

Fig.4 Schematic of proposed sen-
sory inputs modulating the central
nervous system (CNS)-mean arterial
pressure (MAP) set-point. Forebrain
structures within the lamina termin-
alis are responsive to blood-borne
signals (hormones and osmolality)
related to arterial pressure and body
fluid composition. These structures
include the subfornical organ (SFO),
median preoptic nucleus (MnPO) and
organum vasculosm of the lamina
terminalis (OVLT). These signals are
integrated and this information is
transmitted via efferent projections of
the paraventricular nucleus (PVN),
which sends excitatory projections
to sympathetic premotor neurons in
the rostral ventrolateral medulla
(RVLM). It is also proposed that a
‘central baroreceptor’ exists within
the brainstem, perhaps within the
RVLM itself.

“Pressure- and salt-
sensitive” hormones

Osmolality
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and the pathogenesis of hypertension.’>3¢ Indeed, lesion of the
AV3V prevents several forms of experimental hypertension,
including the DOCA-salt model.>” This is consistent with the idea
proposed by Bohr that that DOCA-salt results in ‘. . . resetting of a
pressure regulating centre in the hypothalamus’** and the AV3V is
a site at which DOCA-salt acts.

The AV3V includes the median preoptic nucleus and organum
vasculosum of the lamina terminalis (OVLT). These structures, in
combination with the subfornical organ (SFO), are referred to as
the lamina terminalis. Since the discovery of the role of this region
in fluid balance regulation, the neuroanatomical and neurochemical
substrates of the lamina terminalis, as well as its afferent and
efferent connections, have been studied intensively in several
laboratories. The reader is referred to several excellent reviews for
a detailed discussion of this work.¥!

The possible role of the lamina terminalis in modulation of the
CNS-MAP set-point is summarized in Fig. 4. The SFO and OVLT,
like other circumventricular organs in the brain, have a poor blood—
brain barrier and are able to ‘sense’ plasma concentrations of
several hormones involved in the maintenance of body fluid volume
and osmolality.*® The SFO and OVLT are also osmosensitive, with
some suggesting that the OVLT is the ‘central osmoreceptor’.>
Moreover, there are prominent efferent projections from these
structures to the paraventricular nucleus (PVN), which sends
excitatory projections to the sympathetic premotor neurons in the
rostral ventrolateral medulla (RVLM).**** Studies indicate that
these efferent projections, from the lamina terminalis to the
PVN to the RVLM, may mediate the sympathetic excitatory
responses to both increased cerebral fluid osmolality and plasma
angiotensin I1.440

Clearly, these forebrain structures are critical to the maintenance
of body fluid homeostasis by regulating thirst, salt appetite, vaso-
pressin secretion and sympathetic activity.***! However, the
question that needs to be answered is this: do these pathways
simply modulate arterial pressure or do they in fact control it? It
remains to be shown whether the lamina terminalis and down-
stream neural pathways do, in fact, comprise a true CNS-MAP
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set-point system. In other words, can all the sensory inputs to these
structures be integrated in such way as to ultimately regulate
arterial pressure around a predetermined ‘set-point’? One argument
against this idea is that that we still do not understand how these
sensory inputs are integrated to reflect the absolute level of arterial
pressure. This leads us to question whether there is another input to
the brain related to the arterial pressure that we have yet to discover.

Could a ‘central baroreceptor’ exist and modulate the
CNS-MAP set-point?

Surgical removal of arterial baroreceptors does not chronically
affect arterial pressure or the pathogenesis of experimental hyper-
tension. It is now becoming apparent that this is because the long-
term basal level of sympathetic activity is regulated independent of
arterial baroreceptor input.2! One possible mechanism responsible
for the chronic regulation of sympathetic activity is the existence
of a ‘central baroreceptor’ within the brain itself. Such a possibility
has not been discussed in the literature or explored experimentally.

Similar to peripheral and central chemoreceptors that serve
different roles in the regulation of ventilation, it is hypothesised
that both peripheral and central baroreceptors exist and serve
different roles in the regulation of sympathetic activity and arterial
pressure. Peripheral chemoreceptors located in the carotid sinuses
and aortic arch sense oxygen tension in the blood and send afferent
nerve activity via the 9th and 10th cranial nerves, respectively, to
the ventral lateral medulla to modulate respiratory activity.*’” In
contrast, central chemoreceptors are located in the ventral medulla
itself and sense pH primarily to influence ventilation.*® Dener-
vation of peripheral chemoreceptors can alter ventilatory patterns,
but it is clear that regulation of ventilation still occurs and blood
gases are regulated long term in the absence of peripheral chemo-
receptor input.*’#3

Is it not possible that a similar strategy exists for arterial
baroreceptors? Similar to the peripheral chemoreceptors, arterial
baroreceptors located in the carotid sinuses and aortic arch send
afferent projections to the ventral medulla via the 9th and 10th
cranial nerves, respectively. It is suggested that a central baro-
receptor exists within the ventral medulla that exerts predominant
control over the long-term control of sympathetic nerve activity and
arterial pressure. It is logical to predict that this baroreceptor is
located in close proximity to, or within, the RVLM itself. It remains
to be established whether sympathetic activity is generated by
pacemaker neurons within the RVLM or if this region is one
component of a network within the brainstem that regulates
sympathetic preganglionic neurons. Regardless, it is still an ideal
location for a central baroreceptor because this site is clearly
integral to the regulation of sympathetic activity*® It is suggested
that the ‘central baroreceptor’ may play a predominant role in
establishing the basal level of sympathetic activity, whereas the
peripheral baroreceptors are involved primarily with the short-term
regulation of sympathetic activity and arterial pressure.

The central baroreceptor hypothesis is compatible with two lines
of investigation. First, both animal®*' and clinical studies’*>?
suggest that neurovascular compression in the RVLM region
increases sympathetic activity and arterial pressure. These studies
are consistent with the idea that mechanical compression of RVLM
neurons can alter sympathetic nerve discharge independent of the
arterial baroreceptor reflex and may be linked to hypertension.>>33

Second, there is a well-established relationship between cerebral
perfusion pressure and sympathetic activity, the so-called ‘Cushing
response’, in which decreases in pressure below approximately
60 mmHg result in large increases in sympathetic activity in
anaesthetized animals. In a recent commentary to a review by
Thrasher by Dickinson,>* the possibility is raised that, in
unanaesthetized animals and humans, this relationship may be
responsible for sustained increases in arterial pressure and sympa-
thetic activity secondary to occlusion of cerebral arteries.>* It is
argued that this °...putative hypertensive effect should be
powerful and sustained enough to overcome the automatic resetting
such as is seen in all peripheral baroreceptor systems’.>

This concept of perfusion pressure modulating pacemaker
activity is not without precedent in cardiovascular control systems.
It has been proposed that the pacemaker potential of sinoatrial node
cells in the heart is directly influenced by a mechanotransduction
mechanism in which changes in vascular pressure within the
sinoatrial node alter the membrane properties of cardiac pacemaker
cells.’>7 This has been proposed to be one mechanism underlying
the direct relationship between coronary perfusion pressure and
heart rate in the isolated heart>® and respiratory sinus arrhythmia in
cardiac transplant patients.® Although it remains controversial
whether RVLM neurons exhibit pacemaker activity, it is certainly
possible that changes in vascular pressures within the RVLM itself
alter membrane excitability of sympathetic premotor neurons in
this brainstem site.

Although there are presently no data to directly support the
concept of a ‘central baroreceptor’, it is a possibility that needs to
be explored. It is important to point out that the existence of a
baroreceptor in the brain for the CNS-MAP set-point model is
similar to the proposed existence of the ‘renal baroreceptor’ that
plays a role in the regulation of renin release and the long-term
control of arterial pressure.®!

The CNS-MAP set-point hypothesis and the
pathogenesis of arterial hypertension

The concept that a neural control system exists for the long-term
control of arterial pressure has been presented. This model is based
on the teleological argument that evolutionary strategies have
developed to maintain the driving force for cerebral blood flow and
arterial pressure. Under conditions in which these are threatened,
specifically hypovolaemia as a result of water deprivation or
haemorrhage, mechanisms are in place to counteract the effects of
these challenges on cerebral blood flow. These strategies evolved
such that hormones released during hypovolemic stress (e.g. angio-
tensin II, aldosterone), in concert with other signals, such as
osmolality, act on the brain to stimulate sympathetic outflow to
several peripheral targets, including the kidney, the heart and the
vasculature to maintain cerebral and coronary perfusion pressure to
protect the metabolic needs of these vital tissues.

Could primary dysfunction of the CNS-MAP set-point
contribute to the pathogenesis of human essential hypertension?
The evidence for increased SNA in humans with essential hyper-
tension is extremely compelling. This is supported by assessment
of sympathetic activity using complementary techniques, such as
microneurography and noradrenaline spillover rate to plasma,
which have yielded remarkably consistent results.®>% More
recent studies measuring single fibre activity have provided
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unequivocal proof that sympathetic activity is increased in
hypertension.®+63

Theoretically, neurogenic hypertension occurs as the result of a
primary shift of the CNS-MAP set-point to a higher operating
pressure, resulting in increases sympathetic nerve activity. Such a
shift may result from either increases in blood-borne signals that
act on the CNS-MAP set-point, such as plasma osmolality, angio-
tensin II or mineralocorticoids, and/or alterations in the cellular
signalling pathways within the neural networks responsive to these
signals. Studies in patients with chronic angiotensin-dependent
renovascular hypertension have generally demonstrated sympa-
thetic activation, the magnitude of which is correlated with
circulating angiotensin II concentrations.®®*®” The centrally acting
sympatholytic drug clonidine is effective in lowering blood
pressure in humans with renovascular hypertension without
suppressing circulating angiotensin I1.° Furthermore, angiotensin-
converting enzyme inhibitors®’® and angiotensin receptor
antagonists’! tend to suppress sympathetic nerve activity when
used to lower arterial pressure in hypertensive humans (although
baroreflexes can mask this response). Similar to humans, the
literature supports the concept that angiotensin II mediates many
forms of neurogenic hypertension in the rat as well.”?

CAVEATS

During the peer review of this manuscript, two concerns were
raised regarding the validity of an ‘MAP set-point’ in general that
I would like to address here.

The first issue was related to the concept of a set-point in general
in cardiovascular control:

‘What is really a set-point? Is it a reference value? If so, how do
biologists transfer this well defined engineering term to biological
settings and hypotheses? It would be very appropriate to define this
issue so that we know explicitly what we are dealing with.”

This is a valid point to which I do not have a definite answer. As
stated at the beginning of this paper, the term ‘set-point’ is used to
designate a control system that does, in fact, maintain the regulated
variable (i.e. arterial pressure) via feedback control pathways in
response to deviation from a ‘reference value’. Within the frame-
work of the Guyton model, for example, the ‘renal function curve’
is a two-dimensional plot of renal perfusion pressure on the x-axis
and urine output on the y-axis with the ‘equilibrium point’ (i.e. set-
point) establishing the long-term level of arterial pressure. This is
clearly an oversimplification and the precise variables influenced
by renal perfusion pressure that result in natriuresis and diuresis are
still unknown and the subject of ongoing research. As such, if the
‘long-term MAP set-point’ is in the kidney, we still have no clear
idea what the physical nature of this ‘set-point’ is. Does that mean
that a set-point does not exist within the kidney or that we have yet
to discover how the kidney tranduces changes in perfusion pressure
to changes in sodium and water excretion?

The second issue raised by the reviewer relates to a link between
arterial pressure and organ blood flow, specifically renal and
cerebral blood flow:

‘Furthermore, it is surprising that the author provides an (in many
ways adequate and interesting) overview of the potential roles of the
kidneys and the brain without mentioning that these organs
represent vascular beds which are heavily autoregulated. Powerful

local autoregulation has always been difficult to reconcile with
phenomena related to efficient regulation of blood supply.’

There is no question that both the cerebral and renal vascular
beds are extremely efficient at autoregulation of blood flow when
whole-organ blood flow is measured. However, over the past few
years, the concept has emerged that flows within specific regions
may not be well autoregulated. For example, the hypothesis has
been advanced that renal medullary flow is poorly autoregulated
and that the physical link between renal perfusion pressure and
sodium excretion is via changes in renal medullary blood flow.” Is
it not possible that a similar situation exists within the brain, where
blood flow in a specific region is poorly autoregulated? For
example, what if flow in the RVLM is poorly controlled such that
a decrease in arterial pressure results in a localized decrease in flow
through the RVLM? Could that not serve as the transduction
mechanism that established the ‘long-term physical link’ between
cerebral perfusion pressure and sympathetic activity? In essence,
such a system would act as a highly sensitive localized ‘Cushing
response’. I am not aware of any studies that refute such a
possibility.

Both of the concerns are valid and in need of further discussion
and debate. Most importantly, the idea that a ‘set-point’ for arterial
pressure control can, in fact, be described in physical terms, its
location within a specific organ system and the underlying physio-
logical mechanisms defined is the subject of an entire meeting by
itself.

CONCLUDING COMMENTS

The long-term control of arterial pressure is extremely complex,
involving time-dependent interactions of neural, hormonal and
local control systems acting on the heart, kidney and vasculature to
control the systemic circulation. Understanding the complexity of
these interactions is impossible without applying a computational
biology approach to generate testable hypotheses. In 1974, Guyton
et al. published their classic paper A Systems Analysis Approach to
Understanding Long-Range Arterial Blood Pressure Control and
Hypertension.? This paper was revolutionary in that it was the first
to use computer modelling methods to understand the long-term
control of arterial pressure. This approach, combined with the
emphasis of conducting longitudinal studies in conscious animals,
has been extremely powerful in advancing our understanding of the
regulation of arterial pressure and hypertension. Thirty years later,
this approach is again in vogue in the new age of ‘systems biology’.

Although the renal-MAP set-point model has provided valuable
insights into our understanding of the long-term control of arterial
pressure, it has become outdated in terms of incorporating advance-
ments in our knowledge of central neural networks involved in the
maintenance of body fluid homeostasis and sympathetic drive to
the cardiovascular system. In the present paper, a model is pre-
sented in which the brain, rather than the kidney, establishes the
long-term set-point for arterial pressure. A theoretical argument is
presented for the existence of a CNS-MAP set-point system.

It remains to be shown whether a CNS-MAP set-point system
exists and the relative importance of such a system to the renal—
MAP set-point model. Moreover, as proposed by Fink in a
companion paper in this journal,! the use of ‘set-point control
theory’ to understand long-term control of arterial pressure may not
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be the correct approach. It may be that a ‘set-point” does not exist
and arterial pressure is simply an ‘emergent property’ of the
system. Whether a ‘set-point model’ or a ‘free market system’ is
what determines the long-term level of arterial pressure remains to
be established. What is clear is that we must move forward with the
goal of developing an updated model of the long-term control of
arterial pressure in order to better understand the underlying
mechanisms of hypertension, as well the development of
therapeutic strategies to treat this disease.
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