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ABSTRACT

Baroreceptors are mechanosensitive elements of the peripheral nervous system that maintain
cardiovascular homeostasis by coordinating the responses to external and internal environmen-
tal stressors. While it is well known that carotid and cardiopulmonary baroreceptors modulate
sympathetic vasomotor and parasympathetic cardiac neural autonomic drive, to avoid excessive
fluctuations in vascular tone and maintain infravascular volume, there is increasing recognition
that baroreceptors also modulate a wide range of non-cardiovascular physiological responses via
projections from the nucleus of the solitary tract to regions of the central nervous system, including
the spinal cord. These projections regulate pain perception, sleep, consciousness, and cognition.
In this article, we summarize the physiology of baroreceptor pathways and responses to barore-
ceptor activation with an emphasis on the mechanisms influencing cardiovascular function, pain
perception, consciousness, and cognition. Understanding baroreceptor-mediated effects on car-
diac and extra-cardiac autonomic activities will further our understanding of the pathophysiology
of multiple common clinical conditions, such as chronic pain, disorders of consciousness [e.g.,
abnormalities in sleep-wake), and cognitive impairment, which may result in the identification and
implementation of novel treatment modalities. © 2021 American Physiological Society. Compr

Physiol 11:1373-1423, 2021.

Didactic Synopsis

Maijor Teoching Points

Baroreceptors are specialized stretch receptors activated
by increases in blood pressure or vascular volume.

High-pressure baroreceptors are located in the carotid
sinus and aortic arch. Low-pressure baroreceptors are
found in the heart and lungs.

Baroreceptor stimulation triggers a reflex that reduces
arterial blood pressure and heart rate by decreasing and
increasing sympathetic vasomotor and parasympathetic
cardiomotor outflows, respectively.

In addition to its cardiovascular effects, baroreceptor
reflexes exert a substantial influence on nociception,
consciousness, and cognition.

Baroreceptor influences on cardiovascular and non-
cardiovascular functions are mediated by descending and
ascending central projections arising from the nucleus of
the solitary tract.

Baroreceptor stimulation predominantly diminishes noci-
ception, although an opposite influence is present under
certain conditions.

Baroreceptor stimulation promotes sleep.

There is an overall inverse association between barorecep-
tor function and cognitive processes that is influenced by
low resting systolic AP, aging, and sleep.

Volume 11, April 2021

» Baroreceptor dysfunction can lead to altered pain percep-
tion, sleep, consciousness, and cognition.

Introduction

In the mid-19™ century, it was understood that the natural or
intrinsic oscillatory pattern of arterial pressure (AP) is medi-
ated by dynamic changes in sympathetic tone (38, 185, 295).
The anatomical substrates responsible for the associated
cardiovascular oscillations in sympathetic tone were largely
unknown until von Cyon and Ludwig reported in 1866 that
stimulation of the proximal end of the cut depressor nerve,
a nerve that innervates the aortic arch in rabbits, caused a
vascular dilatation and a decrease in AP (564). In 1867,
Stelling reported that transecting the spinal cord at the cer-
vical level abolishes this response, indicating that this effect
requires communication with supraspinal structures (509).
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Hering (218) in 1927 and Koch and Mies (271) in 1929
showed that the stimulation of a branch of the glossopha-
ryngeal nerve (i.e., Hering’s nerve), which innervates high-
pressure baroreceptors in the carotid sinuses, produces
profound hypotension and bradycardia. Throughout the 1930s
and 1940s, several studies showed that stimulation of carotid
sinus baroreceptors evokes multiple non-cardiovascular
effects, including, but not limited to, effects on arousal, con-
sciousness, pain, and memory. In 1932, Koch demonstrated
that mechanical stimulation of the carotid sinus with a surgi-
cally implanted balloon induces somnolence in dogs (270).
This observation was extended to humans by Schlager and
Meier (478), who reported that carotid stimulation by neck
massage elicits sleep in humans, via evoking an inhibitory
effect on CNS arousal. During the late 1970s and early 1980s,
the observation that antihypertensive drugs induced analgesia
led Dworkin et al. (154), Zamir and Segal (604), Zamir and
Shuber (606), and Maixner et al. (323, 326) to independently
demonstrate that there is a functional relationship between
AP and central venous pressure on nociceptive behaviors
and pain perception in rodents and humans that is mediated
by the activation of the carotid sinus and cardiopulmonary
baroreceptors. These early studies paved the way for more
recent studies that have deepened our understanding of the
anatomical and physiological basis underlying baroreceptor-
mediated effects on cardiovascular and non-cardiovascular
associated pathologies.

Baroreceptor Modulation
of Cardiovascular System

Baroreceptors afferents

Baroreceptor-mediated reflexes occur in response to a stimuli
that activate specialized stretch receptors (i.e., baroreceptors)
following mechanical or chemical stimulation. High-pressure
arterial baroreceptors are found in large arteries (e.g., carotid
and aorta), and respond to resting levels and cardiac cycle-
related changes in AP, whereas low-pressure (low-volume)
cardiopulmonary baroreceptors reside in the heart and lungs
where they detect changes in blood volume, ventricular and
atrial stretch, and the dynamics of lung inflation and defla-
tion. Nerve impulses generated by activation of high- and
low-pressure baroreceptors convey information to the nucleus
of the solitary tract (NTS) via autonomic afferents that travel
in cranial nerves X and IX. Hypotension and hypovolemia
result in the unloading of peripheral high-pressure barorecep-
tors and low-volume receptors, respectively (439). Of note,
some cardiopulmonary vagal afferents are chemoreceptors
that can elicit a cardiovascular response that interacts with
baroreflexes.

Carotid sinus and aortic arch autonomic afferents

Slowly adapting myelinated AS and unmyelinated C-fibers,
which branch and form loops within the inner adventitial
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layer of the arterial wall, serve as the peripheral transduc-
tion substrates associated with high-pressure baroreceptors
(284). These carotid and aortic afferents respond to vascular
wall stretch caused by transient changes in AP and invoke
brainstem-mediated baroreflexes that maintain AP oscillation
within a homeostatic range. The stabilization of AP within a
homeostatic range is achieved by dynamically adjusting, on a
beat-to-beat basis, the sympathetic and parasympathetic out-
put to the heart, as well as the peripheral arterial and venous
blood vessels. When AP rises, there is an increase in vagal
output to the heart that lengthens the interbeat interval, as
well as inhibition in sympathetic tone; these changes result in
(i) reduced vascular a-adrenoceptor stimulation which leads
to vasodilatation and a drop in peripheral vascular resistance,
and (ii) reduced stimulation of myocardial f1-adrenoceptors
resulting in depressed myocardial contraction and a reduction
in cardiac stroke volume (35, 446). Opposite cardiovascular
effects occur in response to a fall in AP (35, 446). There are
two types of carotid baroreceptors, (i) low-threshold type 1
baroreceptors mostly innervated by myelinated A-fibers
that undergo acute resetting, and (ii) high-threshold type II
baroreceptors innervated by both unmyelinated C-fiber and
myelinated A-fibers axons that have a higher threshold and do
not reset (480, 481). Based on their functional features, type I
carotid baroreceptors might contribute to the stabilization of
AP, whereas type II carotid baroreceptors encode absolute
AP levels.

Two types of aortic baroreceptors have been identified in
rats, the classical “quiescent” baroreceptors that are silent
below the AP threshold and the “autoactive” baroreceptors
that discharge continuously, even below the AP threshold.
Subthreshold discharge is an intrinsic property of aortic
“autoactive” baroreceptors that is not affected by either reset-
ting or changes in aortic vascular tone. Aortic “autoactive”
baroreceptors may extend the range of the baroreflex, but
probably do not improve its sensitivity to transient fluctua-
tions in AP or its ability to correct changes in mean pressure
over extended periods (371). Two functionally different affer-
ents, type A and C afferents, innervate aortic baroreceptors in
rabbits and rats; Activation of C-afferents evokes a stronger
and longer sympathetic inhibition and refractory period than
A-afferents (390, 391). The operational features of these
baroreceptors have been widely studied and are described in
more detail in the sections below.

Cardiac vagal afferents

Vagal Ad- and C-type afferents innervate low-pressure
baroreceptor stretch receptors located in large veins, atrium,
as well as in the ventricles (22, 542). They respond to changes
in blood volume and corresponding changes in central venous
pressure and cardiac chamber pressures (4, 333). There are
vagal Ad afferent terminals at the junction of the vena cava
and right atrium, and at the junction of the pulmonary vein
and left atrium (22). Vagal Ad afferents innervate two types of
atrial receptors, type A receptors that are activated during the
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systolic upstroke of the cardiac cycle, and type B receptors
that respond to atrial filling (402). Activation of type B affer-
ents, by atrial pulsation or by an increase in blood volume,
inhibits NTS neurons in cats (20). Like arterial high-pressure
baroreceptors, cardiac low-pressure baroreceptors participate
in a rapid negative feedback loop that regulates AP. Aug-
mented central venous pressure and cardiac filling within the
physiological range (e.g., by passive elevation of the legs in
supine position) stimulate cardiac low-pressure baroreceptor
activity that inhibits sympathetic tone and causes reflex
vasodilation in skeletal muscles (451). Moreover, decreases
in central venous pressure with lower body negative pressure
or increases in venous pressure produced by leg elevation
stimulate low-pressure baroreceptors without affecting arte-
rial baroreceptor’s modulation of sinusal heart rate and AP in
humans (527).

Under unique conditions, cardiac low-pressure barore-
ceptors located in the atria exert an excitatory, rather than
an inhibitory modulation of heart rate and AP, which func-
tionally opposes the influence of arterial high-pressure
baroreceptors. Specifically, non-physiological elevations in
central venous pressure caused by either the fast intravenous
injection of small volumes or the slow intravenous infusion
of large volumes of saline or blood increase heart rate in
dogs (22, 557), and to a lesser degree in humans (117).
This phenomenon is known as the Bainbridge reflex. The
elevation of central venous pressure increases venous atrial
pressure, which initiates a chain of events that includes, (i) a
rise in ventricular end-diastolic pressure, (ii) ventricular dila-
tion, (iii) activation of cardiac low-pressure baroreceptors,
(iv) reflex inhibition of vagal outflow and enhancement of
sympathetic outflow to sinoatrial node resulting in sinus
tachycardia (22). Conversely, reduction in central venous
pressure (e.g., due to bleeding, dehydration) decreases
atrial low-pressure baroreceptor firing, increases sympa-
thetic outflow and vascular tone, leading to an increase in
venous return, heart rate, cardiac output, and AP (408).
Vagal deafferentation (22) and pharmacological autonomic
blockade of the heart (557) abolish the Bainbridge reflex
in dogs.

Vagal non-myelinated C-type afferents primarily inner-
vate the endocardium of the left ventricle, especially, the
inferoposterior wall (542). These afferents mediate the
Bezold-Jarisch reflex (245, 246), described by von Bezold
and Hirt in 1876 (563). This cardiovascular reflex is rep-
resented by a triad of responses that includes bradycardia,
hypotension, and apnea and occurs after intravenous infu-
sions (563) of small intracoronary doses of veratrum alkaloids
(245, 246), prostaglandin E2 (198), prostacyclin (405), and
5-HT3 receptor agonists (265), as well as after mechanical
distension of the left heart ventricle (331, 542), or in response
to myocardial ischemia or infarction (331). This reflex pro-
duces the inhibition of sympathetic outflow that results in
a decrease in heart rate and peripheral vascular resistance
(245, 246) and mediates hypotension-induced increases in
plasma renin activity (198).
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In addition to fast-acting neural reflexes, low-pressure
baroreceptors produce slow dynamic adjustments in
blood volume and AP via secretion of vasopressin, renin,
angiotensin, and atrial natriuretic peptide. The pituitary secre-
tion of vasopressin occurs in response to decreased plasma
volume and hyperosmolarity (18). Vasopressin increases
arteriole tone (increasing systemic vascular resistance) and
augments renal water reabsorption (reducing diuresis), which
acts in concert to reduce plasma osmolarity and increases
both blood volume and AP (18, 439). Also, hypotension and
hypovolemia elicit secretion of renin from the kidneys; renin,
in turn, induces synthesis of angiotensin II, which further
stimulates vasopressin’s release and vasopressor effects (18,
439). As a counterbalance, the atrial natriuretic peptide
is released in response to volume expansion from atrial
myocytes to promote natriuresis and diuresis (17). The sub-
sequent activation of high-pressure baroreceptors evoked by
an acute increase in AP selectively inhibits the spontaneous
activity of vasopressin-containing magnocellular neurons
located in the supraoptic nucleus and the paraventricular
nucleus of the hypothalamus (202, 248).

Pulmonary vagal afferents

The NTS receives input from vagal A8 and C afferents
originating in the lung and viscera that can influence barore-
flex gain. Indeed, pulmonary vagal afferents exert a tonic
inhibition on the vasomotor center (543). Four types of
Ad fibers have been functionally identified, which have
been reviewed by Lee and Yu (297). These are (i) slowly
adapting stretch receptors, both low-threshold afferents that
tonically discharge throughout the respiratory cycle and
high-threshold afferents that display phasic firing during lung
inflation; (ii) rapidly adapting receptors activated by stretch
of respiratory mucosa, changes in lung compliance, and rate
of lung inflation, (iii) deflation receptors activated during
expiration, and (iv) high-threshold Ad afferents, which are
chemoreceptors that are stimulated by hypertonic saline,
hydrogen peroxide, bradykinin, tumor necrosis factor-alpha
(TNFa), and interleukin 1 beta (IL-1f).

Non-myelinated C-fiber afferents innervate chemorecep-
tors that respond to inhaled irritants and inflammatory medi-
ators (such as nicotine, ammonia, hydrogen ions, adenosine,
reactive oxygen species, capsaicin, and phenyldiguanide),
as well as changes in osmolarity and temperature. These
chemical mediators can also act indirectly by changing the
mechanical properties of airways and lung parenchyma
(297). An increase in lung interstitial pressure or volume
produced by a rise in pulmonary intra-capillary pressure
stimulates vagal C-fiber endings (403). Several lines of evi-
dence show that the activation of pulmonary vagal C-fibers
during exercise and airway inflammatory diseases are asso-
ciated with the sensation of dyspnea and cough (340). The
injection of capsaicin into the pulmonary artery stimulates
lung vagal C-fibers, which triggers a pulmonary chemoreflex
that includes the triad of cardiovascular and respiratory
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responses similar to the Bezold-Jarisch reflex, that is, initial
apnea followed by rapid shallow breathing, hypotension, and
bradycardia, as well as bronchoconstriction (514). Of note,
species differences are of relevance since stimulation of lung
vagal C-fibers by injection of capsaicin in the superior vena
cava does not elicit the pulmonary chemoreflex but it can
produce cough in man (587).

There are functionally distinct pulmonary C-fibers exem-
plified by the selective activation of vagal C-fibers arising
from the nodose ganglia that evokes only tachypnea; whereas,
those arising from the jugular ganglia induce respiratory slow-
ing and apnea in guinea pigs (94). Moreover, the breathing
pattern observed during the classic pulmonary chemoreflex
is a complex phenomenon that is initiated primarily by the
stimulation of pulmonary C-fibers and which is significantly
influenced by the stimulation of slowly adapting Ad-fiber
stretch receptors secondary to bronchoconstriction (514). The
stimulation of pulmonary vagal C-fibers, evoked by increas-
ing lung interstitial pressure or volume during moderate
exercise, also leads to respiratory reflexes and inhibition of
skeletal muscle reflexes (12, 403). Thus, pulmonary C-fiber-
mediated chemoreflexes results in a complex summation of
multiple processes (514).

Cranial and other vagal afferents

The NTS also receives afferent sensory input from cranial
vagal Ad and C afferents arising from the ear’s concha, which
can be activated by mechanical (216) and electrical stimuli
(216, 602). Additionally, vagal afferents from different tissues
and organs can be stimulated by the release of proinflam-
matory cytokines from neutrophils and monocytes during
inflammation, which triggers a CNS-mediated reflex release
of acetylcholine from vagal efferents, which counteract
inflammation by inhibiting the secretion of pro-inflammatory
cytokines from macrophages (549). This process is referred
to as the “vagal inflammatory reflex.” (for further details,
see the section titled “Parasympathetic Modulation of
Inflammation”).

Baroreceptor central pathways and networks

Baroreceptor afferent stimulation activates two groups of
pathways arising from the NTS (Figure 1). First, there are
descending pathways that project to nearby brainstem nuclei,
which sends information to peripheral targets via sympathetic
and parasympathetic autonomic efferents and represents the
efferent limb of the baroreflex arc. Many of the brainstem
regions that send projections to the intermedial lateral cell
column of the spinal cord also send projections to the sensory
spinal dorsal horn and contribute to baroreflex-mediated
modulation of nociceptive processing (433, 545). Second,
ascending pathways that project to several supraspinal CNS
structures coordinate and integrate autonomic, somatosen-
sory, motor, endocrine, affective, and immune responses
to both external and internal environmental stimuli (317,
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318, 431). Baroreflex descending and ascending branches
support both a “bottom-up” and a “top-down” integration
of physiological and behavioral responses to life-relevant
environmental events by coordinating autonomic outflow,
sensory awareness, cognitive-emotional states, conscious-
ness, hormonal, and immune responses. Table 1 summarizes
the major features of baroreceptor central pathways and
networks.

Baroreceptor descending pathways

Baroreceptor afferent input activates neuronal substrates
in the NTS that project to key brainstem autonomic nuclei
[parapyramidal region, rostral ventrolateral medulla (RVLM),
A5 cell group] which blunt AP oscillations by adjusting heart
rate, peripheral resistance, and cardiac output (74). Specif-
ically, the NTS sends excitatory glutamatergic projections
to the caudal ventrolateral medulla (CVLM), which sends
GABAergic inhibitory projections to the RVLM (Figure 1A).
This short neural circuit converts baroreceptor excitatory
input that activated NTS neurons into an inhibitory output
that reduces the descending excitatory tone originating in the
RVLM via descending projects to sympathetic preganglionic
neurons in the intermediolateral cell column of the spinal
cord. Activation of this pathway produces a reduction in
cardiosympathetic tone and peripheral vascular resistance.
The NTS also sends direct excitatory projections to the
dorsal vagal motor nucleus and to cardiovagal motor neurons
in the periambigual field of the compact formation of the
nucleus ambiguus, which enhances cardiac parasympathetic
output and reduces heart rate. Based on phylogenetic, func-
tional, and structural differences, Porges (416, 417) proposed
two groups of vagal pathways that modulate heart rate,
(i) unmyelinated efferent pathways arising from the dorsal
vagal motor nucleus modulate heart rate, and (ii) myelinated
efferent pathways arising from the nucleus ambiguus mediate
the effects of respiration on heart rate; in addition, there is
evidence suggesting that the rapid vagal control of heart rate
occurs only in mammals. However, Grossman and Taylor
(203) have challenged this polyvagal hypothesis based on two
premises, (i) the presence of cardiac aliasing—respiratory
sinus arrhythmia occurring in a frequency range lower than
the respiratory frequency when heart rate is at least twice that
of respiration rate (457), which is seen in some newborns,
and (ii), the observation of fast vagally mediated respiratory
control systems of the heart that is seen in sub-mammalian
species. In sum, baroreceptor input to the NTS shifts the
autonomic balance towards the parasympathetic nervous
system, exerting a tonic peripheral sympathetic inhibition
and a cardiovagal activation, both of which increase during
the systolic and decrease during the diastolic phase of the
cardiac cycle under resting conditions (258, 416).

Baroreflex brainstem centers receive modulatory inputs
from multiple central and peripheral sources. Brainstem
respiratory neurons, which are thought to be localized in
the preBotzinger complex (a respiratory rhythm generator)
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Figure 1 Schematic representation of key nuclei and pathways involved in the interactions between cardiovascular and pain
modulatory systems. Panel A: The nucleus of the solitary tract (NTS), afferent input, and descending projections. NTS in the
medulla oblongata received inputs from the glossopharyngeal (IX) nerve originating from carotid high-pressure baroreceptors and
the vagus (X) nerve originating from the aortic high-pressure baroreceptors, cardiopulmonary low-pressure baroreceptors, concha,
lung’s stretch-mechanoreceptors, lung’s chemoreceptors, and inflamed tissues. Afferents from the NTS excite the CVLM, which in
turn inhibits neurons in the rostral ventrolateral medulla (RVLM). Thus, there is a reduction in the RVLM tonic excitation of spinal
intermediolateral neurons and a reduction in the sympathetic output to the heart and blood vessels. Afferents from the NTS also
excite neurons in the dorsal vagal motor nucleus (DVN) and nucleus ambiguous (NA), which enhances parasympathetic output.
The resulting autonomic efferent balance diminishes heart rate and AP by a mechanism commonly referred to as the baroreflex.
This change in autonomic balance can modulate inflammation, as a result, inflammatory pain. The baroreflex response is asso-
ciated with increases in the release of acetylcholine (Ach) from vagal efferents, which reduces inflammation by inhibiting the
secretion of pro-inflammatory cytokines from macrophages. Also, there is the sympathetic release of norepinephrine (NE) and
adrenal epinephrine, which have both pro-inflammatory and anti-inflammatory effects depending on the stage of the inflammation.
Panel B: NTS ascending afferent projections to rostral CNS sites. NTS afferents project directly to the parabrachial nucleus (PB),
periaqueductal gray (PAG), amygdala (Amy), hypothalamus (Hyp), and thalamus (Thal), involved in autonomic and emotional
responses to pain. PB provides a parallel ascending pathway to NTS afferents (continuous orange line). Also, the NTS indirectly
projects to the: (i) insula (Ins), somatosensory cortex (SM), prefrontal cortex (PFC), anterior cingulate cortex (ACC) via the thala-
mus, (i) CA1 region of the dorsal hippocampus (Hip) and amygdala, through the nucleus paragigantocellularis (NGi) and locus
coeruleus (LC) (broken black line). The ascending activation of these higher CNS structures by NTS afferents initiates a pattern of
autonomic, sensory, and behavioral responses. Conversely, several CNS areas (e.g., Hyp and PAG) exert a descending modulation
on NTS and RVIM-mediated autonomic activity (not depicted). Similarly, respiratory centers, as well as from peripheral visceral
and somatosensory afferents, exert an overall inhibitory influence on the baroreflex nuclei at the brainstem (not depicted).

Baroreceptor Modulation

exert an oscillatory GABAergic inhibition of premotor
parasympathetic cardioinhibitory neurons in the nucleus
ambiguus during inspiration that increases heart rate during
inspiration and can under certain conditions contribute to
respiratory sinus arrhythmia (176). Furthermore, renal and
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muscle afferents exert inhibitory influences on baroreflex
supraspinal centers during exercise and pathological con-
ditions. Specifically, blockade of muscle afferents during
exercise attenuates the baroreceptor-mediated resetting of
AP levels to a higher level (504). Renal denervation, which
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Table 1

Summary of Baroreceptor Central Pathways and Networks

® Baroreceptor afferent inputs activate the NTS, which project to key
brainstem autonomic nuclei to adjust heart rate, peripheral
resistance, and cardiac output

® NTS projects to the caudal ventrolateral medulla (CVLM), which
converts baroreceptor input to a GABAergic inhibitory output to
the rostral ventrolateral medulla (RVLM). The inhibition of the RVLM
reduces the excitatory drive to the spinal intermediolateral cell
column and sympathetic vasomotor oufflow, and as a result,
produces a reduction in cardiosympathetic tone and vascular
resistance (peripheral vasodilation)

e NTS also sends direct excitatory projections to the dorsal vagal
motor nucleus and nucleus ambiguus, which enhances
parasympathetic output and reduces heart rate

® Vagal efferent pathways arising from the dorsal vagal motor
nucleus could mainly modulate heart rate, whereas those arising
from the nucleus ambiguus could mediate the influence of
respiration on heart rate

e Baroreflex brainstem centers receive modulatory inputs, generally
inhibitory, from central respiratory structures, as well as peripheral
renal and muscle afferents

¢ The baroreflex has three closed-loop components: the cardiac
branch that modulates inter-beatinterval (chronotropic), the
vascular branch that regulates sympathetic vasomotor tone, and
the myocardial branch that influences stroke volume (inotropic)

e NTS also conveys baroreceptor input to brain regions that
influence non-cardiovascular functions, notably nociception,
consciousness, and cognition by ascending projections to the
parabrachial nucleus, periaqueductal gray, hypothalamus,
thalamus, prefrontal cortex, amygdala, and bed nucleus

¢ The parabrachial nucleus is a parallel system that additionally
projects to the insular and entorhinal cortices either directly or
indirectly through the thalamus

¢ Activation of the medial prefrontal cortex improves baroreflex
sensitivity, selectively increases parasympathetic (but not the
sympathetic) component of the cardiac baroreflex, but it lacks of
tonic influence on brainstem vasomotor neurons

e Activation of the insula enhances the parasympathetic component
of the cardiac baroreflex but shows a lack of tonic cardiovascular
control

¢ The “defense areas” produce an overall inhibitory (i.e., clamping)
influence on baroreflexes

* Psychological stress resets baroreflex and sympathetic activity to a
higher operating range by activating regions of the hypothalamus
and PAG

¢ Baroreceptor influence on brain structures is asymmetric, with a
stronger effect on the right hemisphere

interrupts the renal afferent input to the NTS, produces an
improvement in arterial baroreflex function and heart rate
variability and reduces resting cardiac sympathetic tone in
animal models of congestive heart failure (477) and chronic
kidney disease (85). Improvement in arterial baroreflex
function in chronic kidney disease can be achieved by nor-
malizing the exaggerated inhibitory GABAergic tone at the
NTS (85). Thus, respiratory centers, as well as input provided
by peripheral visceral and somatosensory afferents, exert an
overall inhibitory influence on the baroreflex mechanisms in
the brainstem.

Consistent with the baroreflex process listed above, Reyes
del Paso et al. (441, 446) conceptualized three closed-loop

1378

Comprehensive Physiology

control branches: (i) a cardiac branch that modulates interbeat
interval; (ii) a vascular branch that regulates vasomotor tone;
and (iii) a myocardial branch that influences stroke volume.
These branches are differentially affected by pathological
conditions. For instance, in chronic hypertension, the inhi-
bition of the baroreflex cardiac branch (i.e., heart rate) by
transmural stimulation of the carotid baroreceptors is reduced,
but this phenomenon is not observed in the vascular branch
(177). Furthermore, differences in baroreflex responses can
occur within the same functional branch depending on the
location of stimulated specific baroreceptor afferents. For
example, the stimulation of low-pressure cardiopulmonary
baroreceptors has a predominant influence on forearm ves-
sels, but only minor effects on splanchnic vessels, whereas
stimulation of high-pressure carotid baroreceptors exhibits
opposite modulatory effects (3).

Baroreceptor ascending pathways

Afferent pathways originating in the NTS relay baroreceptor
afferent signals to the midbrain, diencephalon, limbic fore-
brain, and cortical areas involved in integrating autonomic,
sensory, interoceptive, and motor input-output responses to
environmental demands to maintain homeostatic balance
(Figure 1B) (74, 260). Complex higher level CNS processing
is made possible because the NTS sends ascending projec-
tions to the parabrachial nucleus (PBN), periaqueductal gray
(PAG), hypothalamus (paraventricular nucleus, dorsomedial,
and lateral areas), thalamus (paraventricular nucleus), central
nucleus of the amygdala, medial prefrontal cortex (mPFC),
and bed nucleus of the stria terminalis. The PBN also sends
projects to these loci, as well as to the insular and entorhinal
cortices either directly or indirectly through the thalamus
(74, 260). Thus, the NTS conveys baroreceptor input to CNS
regions that influence non-cardiovascular functions, notably
nociception, consciousness, and cognition (Figure 1B).

Role of the prefrontal cortex in baroreflexes

Several studies have demonstrated that discrete areas in the
mPFC and insula send reciprocal afferent projections back
to the NTS and other brainstem autonomic nuclei (537). The
infralimbic area of the mPFC sends projections to the NTS,
the RVLM (74), and the parasympathetic nuclei—dorsal
motor nucleus and nucleus ambiguus (537). Excitotoxic
lesions in the ventral mPFC (prelimbic and infralimbic areas)
reduce baroreflex gain (sensitivity), and slightly lower the
AP threshold for baroreceptor activation (resetting) without
affecting resting mean arterial pressure (MAP) and heart
rate (562). Reversible inhibition of neurons within the mPFC
resets the threshold for the bradycardic response (parasym-
pathetically mediated) to phenylephrine-evoked increase in
AP to higher MAP values without affecting the tachycardiac
response (sympathetically mediated) evoked by nitroprusside
administration (440). Electric or chemical stimulation of the
mPFC lowers AP and enhances baroreflex bradycardia by
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activation of neural networks within NTS (400, 486). Exci-
tation of infralimbic mPFC dampens the increase in heart
rate and AP induced by environmental stress in rats (369).
Overall, these findings suggest that the mPFC (i) improves
baroreceptor sensitivity (BRS), (ii) selectively augments the
parasympathetic component of the cardiac baroreflex with-
out significantly involving the sympathetic component, and
(iii) lacks tonic influence on brainstem vasomotor neurons.
In addition, there is evidence that the activation of the mPFC
(561) or the lateral PFC (518), with either electrical stim-
ulation or glutamate microinjections, induces hypotensive
responses and inhibits RVLM pre-sympathetic barosensitive
neurons via a GABA receptor-mediated process (518).

Role of the insula in baroreflexes

The insula is functionally more complex than the mPFC.
Ischemic lesion of the insula and adjacent lateral frontopari-
etal cortices enhances reflex vagal bradycardia in response
to a phenylephrine-induced increase in AP without altering
resting MAP, heart rate, and sympathetic responses (461). In
contrast, a reversible and selective blockade of the insula with
lidocaine attenuates baroreflex gain in rats without altering
resting AP, heart rate, or plasma norepinephrine (NE) levels
(467). Focal stimulation reveals a functional heterogeneity
within the structure; for example, activation of the caudal and
rostral areas of the posterior insula produces increases and
decreases in heart rate and AP, respectively (398). Thus, like
the mPFC, the insular cortex has a facilitatory influence on
the parasympathetic component of the cardiac baroreflex and
shows a lack of tonic cardiovascular control, as insula inhibi-
tion does not modify ongoing heart rate or AP. However, the
insula is involved in more complex lateralized modulatory
patterns, as reviewed by Oppenheimer and Cechetto (398).

Role of the autonomic cortical network
in baroreflexes

Gianaros et al. proposed a central network integrating auto-
nomic and motor responses to stressors that involve the
anterior cingulate cortex (ACC), mPFC, orbitofrontal cortex,
amygdala, and the insula (191). Neural networks within
autonomic cortices integrate baroreceptor afferent input,
as well as visceral, somatomotor, visual, cognitive, emo-
tional, and interoceptive afferent information to generate
responses that activate specific areas of the pontomedullary
and hypothalamic-mesencephalic “defense areas” (193). The
“defense areas” produce an overall inhibitory (i.e., clamping)
influence on baroreflexes (108, 575). Thus, psychological
stress resets baroreflex and sympathetic activity to a higher
operating range by activating regions of the hypothalamus
and PAG. These areas project excitatory neurons to (i) the
medial NTS that inhibits the dorsolateral NTS, an area within
the NTS area that receives baroreceptor input (121, 182), and
(ii) sympathetic premotor neurons in the RVLM (69, 575).
In contrast, electrical and chemical (D,L-homocysteic acid)
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stimulation of the preoptic area of the hypothalamus elicits
behavioral relaxation (511) and enhances baroreflex-mediated
bradycardia (486). Thus, the hypothalamus generates an intri-
cate modulatory pattern that depends on the triggering event,
similar to the insula. Of note, the NTS conveys baroreceptor
input through ascending projections to the supraoptic nucleus
and the paraventricular nucleus of the hypothalamus to con-
trol the secretion of arginine vasopressin from the pituitary,
which is relevant to long-term regulation of vascular volume
and AP (202, 248).

Functional neuroimaging studies have extended these find-
ings to humans (266). Exercise and vasopressor activation
of baroreceptors stimulate neuronal responses in the mPFC
and the insular cortex in humans (80). Also, stimulation of
cardiopulmonary baroreceptors with respiratory challenges
(e.g., Valsalva maneuver) or lower body negative pressure
alters neural activity in the insular cortex, ACC, mPFC,
amygdala, and cerebellum (266, 267).

Asymmetric baroreceptor modulation of cortical
activity

The outcomes of several studies reveal an asymmetric nature
of baroreceptor influence on cortical function. In dexterous
or right-hand subjects, baroreceptor activation during the
systolic phase of the cardiac cycle produces a prolongation
of sensorimotor task reaction time cued by a visual stimulus
only if it is applied to the right eye field, suggesting that
baroreceptor activation exerts a predominant influence on the
left hemisphere (579). However, more recent electrophysio-
logical and imaging studies have shown the right-hemisphere
lateralization of baroreceptor modulation of cortical activ-
ity. Indeed, cardiac-cycle and direct stimulation of carotid
baroreceptors induce changes in event-evoked potential (569)
and task-evoked cortical activation of blood-oxygen-level-
dependent (BOLD) signals (28) only or predominantly in
the right hemisphere, even following bilateral baroreceptor
stimulation (28). Basile et al. (28) suggested that this asym-
metry in baroreceptor modulation of cortical activity reflects
the prominent control of the right hemisphere on vagal
function, which is consistent with the observed increased risk
for developing complex arrhythmias in stroke patients with
selective damage to the right insula (103).

Operational features of the baroreflex

Table 2 displays a summary of the relevant operational fea-
tures of the baroreflex. Arterial baroreceptors are stimulated
by changes in transmural pressure that are mainly mediated
by systolic AP and intraluminal pulse pressure that stretches
baroreceptor mechanoreceptors (137). Arterial barorecep-
tors are tonically active and exert a continuous restraining
influence on heart rate and vasoconstrictor tone by modulat-
ing medullary vasomotor centers. This restraining activity
increases when AP increases above resting levels, whereas it
diminishes when AP is below the resting level (224). Indeed,
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Table 2 Summary of the Most Relevant Operational Features of the
Baroreceptor Mediated Baroreflexes

Changes in fransmural pressure stimulate arterial baroreceptors
Mechanosensitive ion-channels PIEZO1 and PIEZO2, and
probably some types of voltage-gated calcium receptors, mediate
AP-activation of arterial baroreceptors

Baroreceptors exert a continuous restraining influence on heart rate
and vasoconstrictor tone

Arterial and cardiopulmonary baroreflexes influence shortterm
control AP mainly by reducing systemic vascular resistance rather
than cardiac output

Either arterial or cardiopulmonary baroreceptors could be
sufficient for normal AP control, and both systems interact for a
non-additive attenuation on cardiovascular centers

Both arterial and cardiopulmonary baroreceptors inhibit
sympathetically mediated vasoconstriction, causing vasodilatation;
yet, only arterial baroreceptors parasympathetically influence the
heart rate

Chronic activation of arterial baroreceptors can contribute to
long-term control of AP by diminishing sympathetic nerve renal
activity (and circulating catecholamines), which reduces renin
release, sodium reabsorption in proximal tubule, vasopressin
release, and sodium appetite; as a result, urine output increases
Baroreceptors regulate either the occurrence or the strength of the
sympathetic vasoconstrictor tone depending on the vascular bed
(e.g., muscle vs. renal) and other moderating factors

Baroreceptor activation produces a shortlatency parasympathetic
response on heart rate and a long-latency sympathetic response on
vascular smooth muscle tone and myocardial contraction
Baroreceptor activation exhibits laterality with respect fo the side
experiencing afferent stimulation

Baroreceptors stimulation produces a hysteresis effect on vascular
and heart rate responses fo an increase in AP that is followed by a
decrease in AP

Baroreflex sensitivity (BRS) is the relation (slope) between variations
of blood pressure and corresponding changes in cardiovascular
effectors (e.g., heart rate, sympathetic vasoconstrictor, myocardial
contractions) over time

The baroreflex effectiveness index (BEI) is the ratio between the
number of systolic AP ramps that evoke reflexive heart rate
changes and the total number of systolic AP ramps

Resetting of the baroreflex occurs when there is a change in the
reflex operating point to adjust AP to a new level that meets
environmental or internal demands (e.g., exercise) or during
chronic hypertension

Electrical field stimulation of the arterial baroreceptors can
overcome their resefting and induce reductions in MAP and
sympathetic outflow under chronic hypertension

Baroreflex resetting has more influence on heart rate than on mean
AP and systemic vascular resistance

Changes in BRS generally occurs in chronic baroreceptor resetting
but usually not during acute resetting

Baroreceptor resetting can be challenging to defect when vascular
distensibility decreases with atherosclerosis or age

Arterial baroreflexes are active during exercise but undergo
resetting by central commands and the exercise pressor reflex

The exercise pressor reflex begins with the activation of

vagal mechanoreceptor (type Ill) and chemoreceptor (type V)
afferents

Central commands initiate skeletal muscle contraction at the onset
of exercise and inhibit NTS sensitivity to baroreceptor input, which
results in a resetting of baroreflexes towards the prevailing
pressure evoked by exercise
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Table 2 (Cont))

¢ The resetting of the arterial baroreflex to resting AP levels at the
end of dynamic exercise occurs by the inactivation of central
command and activation of cardiopulmonary reflexes

¢ Cardiopulmonary reflexes counteract exercise pressor reflex by
inhibition of the sympathetic vasoconstrictor tone

¢ Cardiac baroreflexes override vascular baroreflexes to counter
exercise evoked hypertensive stimuli

® Closeloop system studies have observed that exercise produces a
baroreflex AP-heart rate stimulus-response curve where MAP resets
to a higher AP set point with greater maximal response output [i.e.,
upward and rightward) without changes in the slope of the curves
(i.e., constant BRS)

e At the onset of exercise, there are dynamic changes in BRS that are
effector-dependent in both animals and humans; thus, the gain of
the baroreflex is lower for controlling heart rate (atrial sinus node),
unchanged for regulating AP (vascular smooth muscle), and higher
for modulating sympathetic nerve activity (post-ganglionic
sympathetic nerve)

e As workload exercise increases in humans, the gain of the
baroreflex at the onset decreases for controlling heart rate and
increases for modulating muscle sympathetic nerve activity during
high intensity isometric or dynamic exercises, whereas it does not
change for regulating AP at any intensity level

¢ The “exercise pressor reflex” and central commands could mediate
changes in BRS observed during the time course of exercise

¢ Open-loop system analysis reveals the differential dynamic
properties of two subsystems responding fo changes in
pressure-load speeds. Baroreceptor input to the NTS activates the
neural arc, which results in sympathetic output with fast changes in
AP input, producing higher amplitude peripheral sympathetic
nerve activity (e.g., high-pass filter). The peripheral arc is the
chemical-mechanical coupling between sympathetic nerve endings
and the innervated vascular smooth muscle, which determines the
systemic AP. The peripheral arc exhibits low-pass filter dynamics
such that faster changes in peripheral sympathetic activity have
little effects on the systemic AP responses

e During orthostatic stress, the higher transfer function of the neural
compensates for the lower transfer function associated with the
peripheral arch

e BRS exhibits circadian variations; it is lower in the morning and
higher in the evening

¢ Vagally mediated cardiovascular Bainbridge (tachycardia and
hypertension following volume-induced atrial stimulation), and
Bezold-Jarisch (bradycardia and hypotension after chemical
ventricular stimulation) reflexes blunt arterial baroreflexes

¢ Cardiopulmonary reflexes suppress both the carotid baroreflexes
and chemoreflexes

baroreceptor modulation of sympathetic outflow correlates
with cardiac cycle variations in AP rather than with static
AP levels (519). The threshold for baroreceptor activation in
normotensive humans is a mean carotid AP above 60 mmHg
(329, 435). This threshold changes with age, 45 mmHg during
the third decade, and 80 mmHg during the sixth decade of
life (172).

Vagal deafferentation or cold block increases mean
AP (328, 393); this increment is much more significant
when carotid sinus pressure is low compared to when it is
high. Noteworthy, the rise in AP after aortic baroreceptor
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deafferentation is transient and does not cause chronic
hypertension, suggesting that the arterial baroreflex is more
relevant for short-term regulation of AP. Persson et al. (410)
proposed that this lack of long-lasting hypertension could be
due to either compensatory hormonal and renal mechanisms
or the activity of cardiopulmonary receptors. Moreover,
either arterial or cardiopulmonary baroreceptors are suffi-
cient to maintain a normal AP, and both systems interact to
produce non-additive effects on cardiovascular centers (410).
However, the effectiveness of compensatory mechanisms in
transient acute hypertension following baroreceptor dener-
vation has been challenged (520). Finally, total sinoaortic
and cardiopulmonary baroreceptor denervation in dogs does
not produce a significant increase of MAP but does result
in a greater variation in MAP values (253) as a result of
reduced modulatory capacity; (for further discussion, see the
section titled “Baroreceptor Long-term Regulation of Arterial
Pressure”).

Under resting conditions, carotid baroreflex controls AP
primarily by reducing systemic vascular resistance (165)
rather than by decreasing heart rate and stroke volume and
associated changes in cardiac output (395). Carotid barore-
flex control of AP during exercise depends exclusively on
modifications in systemic vascular resistance (395) with the
sympathetically regulated vascular tone of arterioles and
pre-capillaries, establishing the level of systemic vascular
resistance (165). Changes in the vascular resistance across
different vascular beds (e.g., skin, muscle, and viscera) show
considerable variation and can change in opposite directions
due to: (i) differences in sympathetic vasoconstrictor outflow
(81, 283); (ii) differences of the density and functional proper-
ties of a- and p-adrenoceptors in the vascular smooth muscle;
(iii) local production of vasoactive metabolites; (iv) the
presence of vasodilatory efferents (283). Like arterial barore-
flexes, cardiopulmonary reflexes can also produce dilation
of resistance vessels and a bradycardic response following
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low-frequency stimulation of otherwise silent vagal cardiac
afferents, but additionally, they can also produce venous
dilatation in dogs (393). Of note, carotid baroreceptor activity
has a much more pronounced influence on vascular tone in
the skeletal muscle than in the kidney with a limited effect on
heart rate, while cardiopulmonary baroreceptor activity has
a more powerful modulation on both renal vessels and heart
rate (393).

Baroreflex control of sympathetic vasoconstrictor
response

Baroreceptors produce a fine-tuning of vascular sympathetic
discharges. Intraneural multi-unit recordings of skeletal
muscle impulses in the median and the peroneal nerves at the
level of the elbow and the fibula head are used to estimate
baroreflex regulation of vasoconstrictor sympathetic efferents
in man (124, 125). The sympathetic nature of these nerve
recordings is supported by the correlation with maneuvers that
elicit changes in vascular muscle resistance, such as changes
in body position, Valsalva’s maneuver, muscle exercise (125),
as well as with sympathetically dependent noradrenaline
release from the heart (570). Figure 2 shows that the activity
pattern of muscle sympathetic efferents consists of bursts
of discharges that follow the oscillation of AP waveform
across the cardiac cycle that occurs predominantly during
diastole rather than systole (124, 519). Kienbaum et al. (264)
proposed that the baroreflex control of vasoconstriction is an
on-off regulatory system that controls sympathetic outflow.
Baroreceptor processes also regulate the strength (ampli-
tude) of sympathetic effector responses in the kidney. Acute
cutaneous heat pain and volume-induced stimulation of
low-pressure cardiopulmonary baroreceptors increases and
decreases, respectively, the renal sympathetic burst amplitude
without altering burst frequency in the rat (129). Simi-
larly, stimulation of high-pressure arterial baroreceptors

mmHg

Figure 2 The relationship between variations in AP pressure and muscle sympathetic activity from
recordings made from the right peroneal nerve. Record showing more bursts occurring during decreas-
ing than during increasing AP. Dotted areas indicate corresponding sequences of bursts and heart-
beats. There is compensation made for a reflex delay of 1.3 s between blood pressure and neural
events. Reproduced, with permission, from Sundlof G and Wallin BG, 1997 (519).
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Figure 3 Hypothetical model for arterial baroreceptor influence on
muscle sympathetic activity at two CNS synapses proposed by
Kienbaum et al. Baroreceptors modulates the strength and occurrence
of sympathetic outflow at two CNS locations depending on the strength
of the respective input. Arterial baroreceptor input and other CNS influ-
ences have graded effects on the amplitude of the sympathetic impulses
on one site, whereas they exert a gate control on the occurrence of a
sympathetic discharge on the other site. Reproduced, with permission,
from Kienbaum P, et al., 2001 (264).

mainly diminishes the burst amplitude of renal sympathetic
discharges in conscious Wistar-Kyoto and spontaneously
hypertensive rat strains (130). In patients with congestive
heart failure, the amplitude of sympathetic bursts in multiunit
mean voltage recordings is related to the firing frequency of
individual vasoconstrictor sympathetic fibers (523).

It is not clear how this differential modulation of specific
components of the sympathetic outflow occurs, but central
inputs contribute to and even override peripheral barore-
ceptor afferent influences (264). For example, mental stress
increases the amplitude of muscle sympathetic bursts, but it
does not change the occurrence of the discharges (221). In
contrast, the frequency of muscle sympathetic burst increases
with age in healthy subjects without modifying sympathetic
burst amplitudes (523). Kienbaum et al. (264) proposed that
baroreceptor modulation of sympathetic outflow occurs at
two CNS locations in a manner that is dependent on the
strength of the respective input (Figure 3). In one region,
arterial baroreceptor input acts in concert with other CNS
influences to mediate graded effects on the amplitude of the
sympathetic impulses (264). In another region, impulses from
the arterial baroreceptors exert a “gate control” that regulates
sympathetic discharge (264). This dual regulatory system is
involved in distinct populations of arterial baroreceptor affer-
ents, which differ in modulatory sensitivity, AP operational
ranges (371), and effects on the strength and duration of
sympathetic inhibition and refractory period (390, 391). The
clinical relevance of these physiological features remains to
be established.

Baroreflex response latency

There are differences in the response latencies between the
autonomic branches associated with the arterial baroreflex.
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The cardiac component of the baroreflex is largely parasym-
pathetically mediated and produces a latency response of less
than a second (50). In contrast, the vasomotor and myocardial
component of the baroreflex is sympathetically mediated,
resulting in a slower resulting from a longer latency of onset,
duration, and offset (50, 455). In humans, the baroreflex
delay from an AP pulse wave to the corresponding inhibition
of sympathetic activity in the skeletal muscle ranges from
0.9 to 1.4s, depending on the recording site (124). This is
accompanied by a corresponding lag of 1 to 2 heartbeats
between a change in systolic AP and the subsequent effect on
sympathetic discharge (264, 330, 519). Reyes del Paso et al.
(441) attribute these dynamic differences to the relatively
slow release and diffusion of NE from the nerve ending
effectors and the slower conduction velocities of sympathetic
fibers compared to rapid release and action of acetylcholine
released from postganglionic vagal fibers.

Laterality and asymmetry of the baroreceptor
function

There is a functional asymmetry in the baroreceptor mod-
ulation of the heart. Mechanical stimulation of the right
carotid sinus slows heart rate more than stimulation of the
left, whereas the stimulation of left carotid sinus reduces
cardiac contractility more than the stimulation of the right
vagus (526). These differences result from the asymmetric
cardiac innervation and ipsilateral projections of carotid sinus
afferents to the NTS (526). Also, there is hemispheric lateral-
ity with respect to the side experiencing afferent stimulation
(as discussed in the section titled “Asymmetric Baroreceptor
Modulation of Cortical Activity”). Within the CNS, the
baroreceptor delaying effect on a visuospatial attention task
is associated with positive modulation of the right brain (28).
(Also, see the section titled “Influence of Cognitive Demands
on Baroreceptor Function™.)

Baroreceptor sensitivity (BRS)

BRS is a measure of the gain of the baroreflex and is deter-
mined by examining the relationship between an afferent
stimulus input (e.g., resting AP oscillations, acute phasic
AP changes) and an efferent output (e.g., heart rate, vaso-
constrictor sympathetic discharges) over time. This index is
commonly measured by deriving a slope from a baroreflex
generated stimulus-response (SR) curve, where the slope of
the curve is an index for gain. BRS is an index of the reflex
efficacy that can be estimated for each functional branch of
the autonomic nervous system (i.e., the cardiac, vascular,
and myocardial branches of the autonomic nervous system).
The cardiac BRS can be measured from the slope derived
from the inter-beat interval (R-R interval, RRI) versus the
level of AP, whereas vascular BRS can be measured from
the slope derived between the change in AP versus the
resulting change in peripheral vascular resistance (441, 446).
High cardiac BRS results in a broader variation of heart
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rate and a narrower oscillation of AP, and vice versa for
low cardiac BRS (106). The cardiac BRS can be further
analyzed by evaluating the mechanical and neural transduc-
tion mechanisms of the baroreflex (231, 533). Specifically,
the mechanical transduction component, that is, vascular
compliance to blood pressure changes, is the relationship
between ultrasonographic systolic carotid diameter and AP
changes. The neural transduction, that is, the conversion of
vessel stretching into baroreceptor afferent discharges, central
integration, and efferent autonomic activity on the heart, is the
relationship between systolic carotid diameter and interbeat
interval (RRI). Within the normotensive range of resting AP,
there is an inverse relationship between BRS and resting AP
(79, 148). Acute changes in AP do not generally change BRS
(373); however, BRS decreases in chronic hypertension (79)
and increases in persistent hypotension (144). BRS values
display an inverted U-shaped distribution, being maximal
in the mid-portion of the SR curve (around resting AP) and
decrease with APs lower or higher than the resting AP (224).

Cardiac BRS exhibits a functional hysteresis. Under rest-
ing conditions, BRS is greater during spontaneous ascending
systolic AP ramps associate with a bradycardic response than
during descending AP ramps associated with a tachycardiac
response (44, 446). BRS assessed during rising AP correlates
more closely with heart rate than with BRS assessed during
decreasing (446). In cats, the muscarinic receptor antago-
nist atropine blocks both the decrease in heart rate and the
high-frequency heart rate variability induced by an increase
in AP, whereas the pB-adrenergic antagonist practolol blocks
the increase in heart rate evoked by a decrease in AP (341).
Under resting conditions, the parasympathetic mediates the
bradycardic response to rising AP without changing the
peripheral vascular resistance, whereas sympathetic activa-
tion and vagal withdrawal provoke the tachycardiac response
to falling AP (446, 475). Vascular BRS also displays a func-
tional hysteresis, yet unlike cardiac BRS, vascular BRS is
mainly sympathetically mediated. In humans, vascular BRS
also displays a functional hysteresis such that spontaneous
decreases in AP produce a greater increase in systemic
vascular resistance than the decrease in systemic vascular
resistance produced by an increase in spontaneous AP, sug-
gesting a more efficient baroreflex control of the systemic
vascular resistance during decreases in AP compared to
increases in AP (519). This differential efficiency permits the
maintenance of perfusion to vital organs, for example, brain
and viscera.

Baroreflex effectiveness index

Progressive beat-to-beat increases or decreases in AP do not
always trigger homeostatic baroreflex responses. Di Rienzo
et al. (127) proposed the baroreflex effectiveness index (BEI),
which is the ratio between the number of systolic AP ramps
followed by reflex changes in heart rate and the total num-
ber of systolic AP ramps. This ratio is near zero following
denervation of arterial baroreceptors in cats (127). BEI and
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BRS are differentially affected by physiological variables;
BEI decreases, whereas BRS increases during sleep (127),
and it is differentially affected by distinct types of cognitive
demands in humans (443). Like BRS, BEI is asymmet-
ric since it was more substantial for increasing systolic
AP ramps—“up” sequences—than for increasing systolic
AP ramps—*“down” sequences—(443). Thus, BEI and BRS
provide complementary information, and as a result, they
give a more comprehensive assessment of the baroreceptor
regulation of the heart (443).

Baroreceptor resetting

Under acute external environmental or internal demand, the
AP homeostatic operating point (OP) is centrally reset to
a new level (e.g., it increases during exercise), and arterial
baroreflex acts as a negative feedback loop to adjust AP to a
new homeostatic level (132). After the external stressor sub-
sides, the arterial baroreflex readjusts AP back to a lower OP
(132). Acute resetting of the aortic arch afferents (<20 min)
occurs following rapid changes in AP and is quickly reversed
in about an hour, whereas the BRS remains unchanged (373).
Moreover, very high AP levels acutely evoke a constant tonic
firing of baroreceptors, but eventually, they adapt and begin
reflecting once again the cardiac-cycle entrained oscillations
of the AP (152).

Resetting also occurs as an adaptation to chronic hyperten-
sion, in which there is an adjustment of the AP threshold for
baroreceptor activation to higher values, where the baroreflex
SR function shifts to the right (280). In spontaneously hyper-
tensive rats, there is a resetting of the baroreflex inhibition
of renal sympathetic nerve activity (RSNA) arising from
stimulation of either high-pressure or low-pressure barore-
ceptors, located respectively in the carotid sinus and right
atrium (130). Patients with renal hypertension, in addition to
resetting, display smaller slopes in the baroreflex SR function
(i.e., reduced BRS, compared to normotensive controls)
(503). Persistent hypotension produces baroreceptor reset-
ting, but unlike chronic hypertension, without altering the
gain of the baroreflex (274). Baroreceptor resetting can be
challenging to detect when vascular distensibility decreases
with atherosclerosis or age; this lessened distensibility results
in an increased systolic AP and a compensatory change in the
setpoint for vagally mediated cardiopulmonary reflexes (326).

Since AP is the product of cardiac output (set by heart rate
and stroke volume) and total peripheral vascular resistance
(set by sympathetic vasoconstrictor activity), resetting of
resting AP occurs for the heart rate (165, 167, 458) and/or
total peripheral vascular resistance (130, 131, 356). The reset-
ting of the baroreflex SR curve for the heart rate is greater
than that for mean AP, the latter being more influenced by
total peripheral resistance (165, 395). Baroreflex resetting
can take place at several levels of the baroreflex pathway
(412), including but not limited to baroreceptor afferents, the
sinoatrial node, vascular adrenoceptors, the NTS, and central
regulatory structures (329, 412). Most of the peripheral
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baroreflex resetting is at the level of baroreceptor afferent
mechanotransduction (312). Moreover, carotid type I barore-
ceptors (mainly myelinated A-fibers) undergo acute resetting,
whereas carotid type II baroreceptors (unmyelinated C-fibers
and myelinated A-fibers) do not reset (480). Aortic barore-
ceptor afferents (unmyelinated C-fibers) do not reset during
hypertension in rabbits, and instead, they exhibit an increased
tonic firing (32). Finally, there are two neural mechanisms
involved in baroreceptor resetting during exercise, (i) central
command arising from CNS centers that set basic patterns
of cardiovascular activity and (ii) the exercise pressor reflex
that provides homeostatic feedback from contracting skeletal
muscles (458).

Baroreceptors and exercise

Arterial baroreflexes are active during both rest and exercise
but reset in a magnitude related to the intensity of exercise
(165). There are two basic types of physical exercises, iso-
metric/static exercise, (e.g., muscle contraction without a
noticeable change in muscle length, which can be produced
by handgrip exercise) and dynamic exercise, (e.g., active
shortening and lengthening of large muscles, which can be
produced by treadmill running). Both types of exercises
evoke an “exercise pressor reflex” that increases systolic AP,
and to a lesser extent, diastolic AP, heart rate, and cardiac
output (10). Muscle contraction activates mechanoreceptors
and chemoreceptors (vagal thinly myelinated type III and
unmyelinated IV afferents, respectively), which reflexly
increase mean AP and cardiac output to meet the energetic
demands of the organism (167, 342, 458). Although the
simultaneous increase in heart rate and AP during exercise
suggest at first glance baroreflexes may not be active, the arte-
rial baroreflex indeed remains functional to stabilize AP (165,
395) As such, functional blockade of carotid baroreceptors,
by reversible vascular isolation of carotid sinus plus deaf-
ferentation of the aortic arch, causes exaggerated increases in
AP in response to dynamic running exercise in dogs (568).
Similarly, preventing the activation of baroreceptors evoked
by the rise of AP during handgrip exercise with the vasode-
pressor nitroprusside enhances exercise-induced increases in
heart rate and sympathetic muscle activity in humans (476).
These findings suggest that arterial baroreceptor pathways
are functional during exercise.

Rowel and O’Leary (458) proposed that isometric exercise
produces metabolites that stimulate muscle chemoreflexes
that increase AP sympathetically mediated vasoconstriction.
During dynamic exercise, there is an initial activation of
central commands that produce a vagal withdrawal resulting
in an increase in heart rate and baroreflex resetting of resting
AP to a higher value (458). If the rise of AP meets tissue
perfusion needs, there is no sympathetic activation; if it does
not meet the metabolic demands, AP level rises further due
to a sympathetically mediated increase in cardiac output,
with an additional contribution of sympathetically mediated
vasoconstriction resulting in increased systemic vascular
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resistance (458). Hence, exercise-related vasoconstriction
may be related to an amelioration of baroreceptor inhibitory
modulation on sympathetic outflow due to baroreflex reset-
ting. Indeed, there is an upward resetting of the arterial
baroreflex control of renal sympathetic outflow in rabbits
(131) and rats (356) during dynamic exercise. At the end of
dynamic exercise, the central command is no longer active
(132), and cardiopulmonary reflexes reset the OP of the
arterial baroreflex to a lower pressure (366, 396) by decreas-
ing sympathetic vasoconstrictor tone resulting in a lower
systemic vascular resistance.

Cardiopulmonary baroreflexes can also influence the
sympathetic response to dynamic exercises (e.g., treadmill).
Muscle pumping during dynamic exercise increases central
blood volume and pressure (599), which activates the car-
diopulmonary baroreceptors. Activation of cardiopulmonary
baroreceptors with blood volume expansion reduces the
muscle chemoreflex-mediated increase in mean AP and heart
rate elicited by mild dynamic exercise in rats (104). Con-
versely, procaine-block of cardiac vagal afferents augments
the increase in renal sympathetic activity induced by dynamic
exercise in rabbits (397). In humans, increasing central blood
volume via postural changes that stimulate cardiopulmonary
baroreceptors reduces the magnitude of exercise-induced
increases in mean AP and resets carotid baroreflex function
to lower AP levels (396). Cardiopulmonary baroreflex influ-
ence on the exercise pressor reflex takes place through the
inhibition of the sympathetic vasoconstrictor tone. Indeed,
the postural elevation of central venous pressure decreases
muscle sympathetic nerve activity during dynamic exercises
(436). Of note, light-intensity dynamic exercise inhibits
muscle sympathetic nerve activity, presumably by a mech-
anism mediated by cardiopulmonary baroreceptors (466).
However, high-intensity dynamic exercise increases muscle
sympathetic nerve activity, and in this case, by activation
muscle chemoreceptors due to increased metabolic demands
(466). Together, cardiopulmonary baroreceptors exert a tonic
inhibitory influence on the pressor response to mild-intensity
dynamic exercise, which may be overcome by the facilitatory
modulation of muscle chemoreflexes at high-intensity levels
(366). Redistribution of the cardiac output to contracting
skeletal muscle occurs due to the generation of vasodilatory
metabolites (e.g., nitric oxide), which produce a reduction
in vascular resistance in active muscle relative to inactive
muscles (366). Finally, cardiopulmonary baroreflexes exert
a limited modulation on sympathetic response to isometric
exercises (e.g., handgrip) in humans (469, 482), perhaps due
to the limited impact of this type of exercise on central blood
volume and central venous pressure.

Central commands arising from higher brain structures
reset the baroreflex during exercise in animals. The elec-
trical stimulation of the mesencephalic locomotor region
resets carotid baroreflex upwardly in paralyzed cats (346).
Non-human exercise studies have provided evidence that
pre-sympathetic neurons on the hypothalamic paraventricular
nucleus contribute to baroreflex resetting via vasopressin

Volume 11, April 2021



Comprehensive Physiology

inhibitory projections to the NTS; see Michelini et al. for a
review (355). The exercise pressor reflex produces a GABA-
mediated inhibition of the NTS (120). Similarly, there might
be a reduction in the tonic GABAergic inhibitory input to the
hypothalamic paraventricular nucleus, which leads to further
inhibition of the NTS function. These modulatory changes
could be relevant during long-term sympathetic challenges
but negligible for short-term sympathetic challenges (120).
Also, deep-brain stimulation in humans has revealed two
central structures engaged in autonomic changes of the circu-
lation during exercise, the PAG and the subthalamic nucleus.
Electrical stimulation of the dorsal subthalamic nucleus and
ventrolateral PAG enhances vasomotor BRS and reduces the
fall in AP following an acute orthostatic challenge (522).

Several studies have provided evidence that central com-
mand pathways reset baroreflexes during exercise in humans;
[see Fadel and Raven for a review (167)]. Central commands
engage several motor centers to initiate skeletal muscle
contraction at the onset of exercise, while simultaneously
inhibiting the NTS sensitivity to baroreceptor input; thus, the
arterial baroreflex resets the operating setpoint to a higher AP
level around the prevailing exercising pressure (132, 366).
Baroreflex resetting makes baroreceptors less responsive
to increases in AP elicited by the exercise pressor reflex
and reduces their inhibitory influence, allowing heart rate
and AP to rise to meet exercise hemodynamic demands.
Figure 4 shows that under steady-state exercise conditions,
the baroreflex resetting for the control of heart rate and mean
AP is different at different levels of exercise intensity.

The SR curves shown in Figure 4 display three parameters
that are routinely analyzed in response to exercise. First, the

Baroreceptor Modulation

OP, which is the ongoing resting or exercising associated
heart rate or AP (167). Second, the centering point (CP),
which is the point at which there is a depressor or pressor
response following a change in AP. Changes in CP produce
either increases or decreases in heart rate or mean AP where
the maximal gain of the baroreflex is estimated (172, 437).
Third, the threshold is the point in the SR curve, where no
further increase in mean AP or heart rate occurs despite
reductions in the estimated carotid sinus pressure (172).
Measurements done under steady-state exercise conditions
reveal that the AP-heart rate baroreceptor-mediated SR curve
resets during dynamic exercise, resulting in higher carotid
sinus pressure, higher maximal heart rate, and mean AP
output responses (i.e., upward and rightward shift of the
SR curve) as exercise intensity increases, without a change
in the curve’s slope of the SR curves (i.e., a constant BRS
value) (167). The heart rate OP resets to a higher value away
from the SR curve’s CP and closer to the estimated carotid
sinus pressure threshold, resulting in a narrower SR range
(165, 167). In contrast to the baroreflex associated mean AP
SR curve, the OP also resets to a higher value but remains
at the CP of the SR curve resulting in a constant operating
range (165, 167). The relocation of the operating setpoint
for heart rate control (but not for mean AP control) provides
feedforward central command signals during exercise that
produce a greater modulation of heart rate relative to AP
(428). Moreover, the displacement of the OP away from the
CP of the curve, and toward the baroreflex threshold, during
exercise reduces the ability to respond to hypotension while
enhancing the capacity to buffer against hypertension in
response to escalating exercise intensity (172).
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Figure 4 Intensity-dependent resetting of the carotid baroreflex that controls heart rate and AP
during steady-state dynamic exercise. The operating point (OP) is the ongoing, either resting or
exercising, prevailing AP before carotid sinus stimulation. The centering point (CP) is the carotid sinus
pressure that, when applied to the baroreceptor, can equally evoke either increases or decreases in
heart rate or mean AP, and at which, the maximal gain of the baroreflex is estimated. The threshold
is the point in the stimulus-response curve, where no further increase in mean AP or heart rate occurs
despite reductions in the estimated carotid sinus pressure. The stimulus-response curve for heart
rate (panel A) and MAP (panel B) gradually resets upward and rightward with increasing levels of
exercise intensity without changes in the slope of the curve, that is, the gain of the baroreflex (BRS)
remains constant during steady-state dynamic exercise. Reproduced, with permission, from Fadel PJ,

etal., 2012 (167).
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Figure 5 Shifts in the baroreflex curve for renal sympathetic nerve
activity (RSNA) obtained during pre-exercise (resting), treadmill
exercise, and the post-exercise periods. Curves reflect data averaged
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respectively, estimated over each 2.5mmHg bin of arterial pressure
(Pa). Unlike the baroreflex controlling heart rate and mean blood, notice
a decrease in the slope of the curve before and after the exercise, which
indicates a lower gain of the baroreflex before and after the exercise.
Reproduced, with permission, from lkeda Y, et al., 1996 (356).

Isometric and dynamic exercise increase the renal sym-
pathetic activity in rats (356), rabbits (131), and cats (337,
338) that results from the rapid resetting of baroreflexes
(Figure 5). Matsukawa et al. (338) proposed that the initial
increase in renal sympathetic activity during sustained elec-
trically evoked muscle contraction in anesthetized cats is due
to the activation of muscle mechanoreceptors. In addition,
post-exercise inhibition of sympathetic nerve activity can
contribute to the post-exercise hypotension (356).

Dynamic features of the baroreflex during exercise

Dynamic exercise produces changes in cardiac derived and
vascular derived BRS values (165). Temporal changes in
BRS, either at the onset of exercise or during incremental
workload exercise, are effector-dependent. At the onset of
exercise, cardiac and vascular BRS is diminished, producing
an increase in both heart rate and sympathetic nerve activity.
In decerebrate cat preparations, the initial skeletal muscle
contraction evoked by electrical stimulation of ventral roots
activates muscle afferents triggering a central command
mediated “exercise pressor reflex,” that attenuates cardiac
BRS (349). In conscious cats, central command systems also
blunt cardiac BRS at the onset of voluntary isometric exercise
(275, 336, 376). Noteworthy, the gain of the baroreflex on AP
remains unchanged at the onset of exercise (275, 336, 376).
In humans, baroreflex control of heart rate, AP, and periph-
eral sympathetic activity exhibit different dynamic responses
during exercise. While the gain of the baroreflex on AP does
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not change across a range of exercise intensities, there is a
transient blunting of the gain of the baroreflex on heart rate at
the onset of high-intensity isometric hand-grip exercise—but
not at lower intensities (173). In contrast, BRS for muscle
sympathetic nerve activity increases at the onset of isometric
handgrip exercise with a delay of approximately 60s (483).
This delayed increase in sympathetic nerve activity is likely
due to the time needed for the accumulation of metabo-
lites around the metaboreceptor afferents, and subsequent
activation of the muscle metaboreflex (118, 234). Also,
the BRS for controlling muscle sympathetic nerve activity
increases during the time course of the incremental work-
load of dynamic exercise—leg cycling (233). Specifically,
compared with resting values, the slope of the relationship
between spontaneous beat-to-beat diastolic AP and muscle
sympathetic nerve activity (vascular BRS) is smaller during
very mild exercise, is unchanged during mild and moderate
exercise, and higher during heavy and exhausting exercise
(233). Likewise, moderate dynamic exercise does not affect
vascular BRS as estimated by the reduction in both muscle
sympathetic activity (166) and vascular conductance (261)
induced by mechanical activation of carotid baroceptors
when compared with resting values.

The evidence presented above indicates that the vascular
branch of the baroreflex differentially modulates peripheral
sympathetic nerve activity and AP. Moreover, the increase
in the amplitude of the muscle sympathetic nerve activity
evoked by orthostatic stress is smaller when baroreceptor
loading with head-up tilt is applied at a slow or very slow
speed—compared with higher speed—in healthy humans
(Figure 6A), whereas no significant difference is observed for
heart rate and AP (Figures 6B and 6C) (255). To understand
the mechanisms contributing to these regulatory differences,
baroreflex activity cannot be analyzed as a closed-loop
feedback system because effector responses depend not only
on the instantaneous input but also on the history of the
input change (517, 598). Open-loop models are required.
In open-loop animals (236) and humans (256) studies,
experiments have unveiled the dynamic properties of two
baroreflex subsystems, the neural and peripheral arcs, which
differentially respond to pressure loading speed experienced
by the terminal endings on baroreceptors (236, 256). Barore-
ceptor input is quickly conveyed through the neural reflex
arc, whereas the resulting baroreflex changes in AP occur
at a slower rate by way of peripheral processes. Baroreflex
changes in AP depend on a slow chemical-mechanical cou-
pling between sympathetic nerve endings and the innervated
end-organs, that is, vascular smooth muscle, sinus node,
and the myocardium, which determines the dynamics of
baroreflex responses associated with the peripheral vascular
resistance (316, 558), heart rate (406, 558), and cardiac con-
tractility (282). Thus, the neural arc, which is activated by AP
input, produces a change in sympathetic nerve activity that
exhibits high-pass filter dynamics (i.e., faster AP changes)
that produce higher amplitudes of peripheral sympathetic
nerve activity (Figure 6A). In contrast, the peripheral arc

Volume 11, April 2021



Comprehensive Physiology

(A) (B)
3 804 control
= Sg HUT test Heart rate
beats/min
g 2 (boatsimin)
= o0
RRI variability
— LF amplitude
3 807 Slow "
A (ms)
< 40 HUT test
5) 20 ) RRIvaria}biIity
= oM HF amplitude
308 | Inclining (5 min) [ socnur | (ms)
3 80
S 5 xfﬁfst':;’t" Respiratory rate
; 40 (times/min)
w 20 i
= 0

=l

Inclining (30 min)

30s |

Baroreceptor Modulation

C
© Control (©) O Control
A S| A Slow
o @ Veryslow
® Veryslow
{ ) 140 5
—pt—i—t—t— Brach@l level 120 = P —
systolic and 1004
L - | diastolic AP o
mmH
( 9) 604
=1 f‘j’idzi’*"i |
CSlevel 120
# systolicand 100 ~=F i* Lo
* % 4w g u s up dasoicAP g I
1 T EsT e gy (mmHg) et
L H—!“'l"‘!‘ﬂ—-l_l_!‘ 60 ‘
* 1109 ¢ = -
Thoracic  1p5
——— impedance
i (%) 100
|_a_a_.; 9B 0
0 102030 0 102030
) e oy Ll L 1 1 1 1 1 3
O 0 2 4 6 8 © 0 2 4 6 8
(min) (min)
Inclining Fix 30° HUT Inclining Fix 30° HUT ‘

Figure 6 (A) Representative muscle sympathetic nerve activity (MSNA,; integrated signals) data during control (top), slow (middle), and very
slow (bottom) head-up filt (HUT) tests in a human subject. | (top), a period of inclination of the tilt bed from 0° supine to 30° HUT posture at
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averaged over every 10° tilt angle during inclination from O° supine to 30° HUT, and the x-axis to the right of the dotted line indicates that data
are averaged over every 1 min after reaching 30° HUT. #P < 0.05 versus control and slow tests; *P <0.05 versus 0° supine posture. (C) Systolic
and diastolic arterial pressure (AP) measured at the height of brachial level and predicted at the height of carotid sinus (CS) level, and thoracic
impedance (percentage of baseline value at 0° supine) during control (O), slow (4}, and very slow (e) HUT tests. The x-axis fo the left of the vertical
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the dotted line indicates that data are averaged over every 1 min after reaching 30° HUT. *P <0.05 versus O° supine posture. Error bars denote
SE. Modified and Reproduced, with permission, from Kamiya A, et al., 2009 (255).

regulates AP in a manner that exhibits low-pass filter features
(Figures 6B and 6C), that is, faster AP loading has little effect
on baroreflex responses of end-organs (e.g., systemic AP and
heart rate) (255).

The higher transfer function of the neural arc depends
on the change in speed (i.e., acceleration) of the pressure
load, which compensates for the lower transfer function
observed in the peripheral arc observed during orthostasis
(256). Ikeda et al. (236) assessed the physiological rele-
vance of the open-loop system dynamic properties of the
neural arc by performing a closed-loop system simulation
in response to exogenous perturbations (e.g., orthostasis)
under varying levels of baroreflex gain. They found that
the neural arc is involved in optimizing the AP response to
attain quick adjustments and stable AP levels. In Figure 7A,
the simulation under neural arc acceleration shows that the
attenuation of pressure changes in response to exogenous
perturbation becomes larger when baroreflex gain changes
from 1 to 3 but produces increases in oscillatory response and
instability in the system (236). However, at a gain of 2 (bold
line on Figure 7A) a quick response is achieved that is stable
with minimal undershooting. In the absence of neural arc
acceleration (Figure 7B), the step pressure change results in
a slow, undershooting response, indicating system instability.
Of note, anesthetics reduce BRS in dogs (26-28), which
implies that baroreflex regulation is more unstable in the
conscious state (with higher BRS) than in anesthetized states.
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Ikeda et al. (236) concluded that the accelerating properties of
the neural arc are more crucial in stabilizing AP in conscious
compared to anesthetized conditions.

Circadian variability of the baroreflex

Physiologically, baroreflexes are involved not only in the
well-established short-term modulation of AP but also in
the regulation of AP throughout the day (107). BRS exhibits
a very complex circadian rhythm. Hossmann et al. (227)
were the first to report circadian variations of the cardiac
BRS on NE-evoked increases in AP; they found that BRS
reaches its highest levels at 3:00 aM and 12:00 pm and
lowest values at 3:00 pm and 9:00 AM. The variation in the
pattern of cardiac BRS on resting AP oscillations is different,
highest during sleep (11:00 pm to 1:00 am) and lowest in
the morning (9:00 am to 11:00 Am) and afternoon (4:00 pm
to 6:00 pm) (407). Furthermore, spontaneous cardiac BRS
shows a bimodal pattern during the evening with a peak
at 7:00 pm and trough at 11:00 pm (548). These circadian
patterns influence baroreflex activity in such a way that
baroreflexes exert greater control of heart rate and AP during
sleep compared to restful wakefulness (500). The diminished
BRS observed in the morning results from (i) a decrease in
carotid sinus mechanical sensitivity in response to a rise in
AP, and (ii) a reduction in neural sensitivity in response to
falling in AP (534).
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Figure 7 Simulation of a closed-loop step-change in response to exogenous perturbation with (A) or without (B) neural accel-
eration while the gain of baroreflex is changed from one to three. The magnitude of exogenous step perturbation is T mmHg.
Attenuation of pressure changes in response to exogenous perturbation becomes larger with an increased gain of baroreflex,
whereas response becomes increasingly oscillatory at a higher gain, indicating instability of the system. Step response at gain
2.0 with the neural acceleration revealed quick and stable response (bold line in A). In contrast, step response without accel-
eration showed a slow and undershooting response in arterial pressure (bold line in B), indicating instability of the system.

Reproduced, with permission, from lkeda Y, et al., 1996 (236).

The mechanisms underlying these patterns are not fully
understood. However, Clock genes (Cry) have been reported
to regulate BRS circadian rhythm in part by altered al-
adrenergic receptor-mediated vasoconstriction of peripheral
vessels (335). Cry-null mice do not show a diurnal variation
in BRS but exhibit an enhanced cardiac baroreflex where
resting AP is controlled by cardiac output rather than by
peripheral vascular resistance (335).

Clinically, baroreflex circadian variability leads to car-
diovascular circadian rhythm generation (127, 327), which
expresses as diurnal changes in AP, heart rate, endothelial
function, platelet aggregation, and thrombus formation (89).
Noteworthy, the day-night variations in AP, heart rate, and
cardiac BRS coincide with diurnal variations in arrhythmias
(418), myocardial infarction (368), and sudden cardiac death
(367, 593). The disruption of circadian rhythm predicts
the onset of the aforementioned cardiovascular events (89).
Taylor et al. proposed that interventions that reverse dimin-
ished cardiac BRS in the morning should be considered when
managing hypertension (534).

Baroreceptors interactions with other vagally
mediated cardiovascular reflexes

The Bainbridge reflex (tachycardia and hypertension fol-
lowing volume atrial stimulation) and the Bezold-Jarisch
(bradycardia and hypotension after chemical ventricular
stimulation) are two vagally mediated cardiovascular reflexes
that are functionally opposed. These reflexes do not show
the expected homeostatic inverse relationship between heart
rate and AP (87, 557). Indeed, these vagally mediated
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cardiovascular reflexes evoke a response in which both
heart rate and AP change in the same direction (22, 245,
246). Given the antagonistic nature of these cardiovascular
reflexes, they should mutually interfere with each other.
In this regard, baroreflexes are either disable or ineffective
during the Bainbridge reflex since denervation of the arterial
baroreceptors does not enhance the volume-loading reflex
tachycardia in conscious dogs (557). Furthermore, Bain-
bridge reflex diminishes the cardiac BRS since the elevation
of atrial pressure with volume loading decreases heart rate
responses to rises in AP induced by intravenous injection
methoxamine in conscious dogs (557).

Similarly, Bainbridge reflex evoked by increasing right
atrial pressure in response to volume expansion reduces
baroreflex responses evoked by changes in isolated carotid
sinuses pressure (86). Specifically, the Bainbridge reflex
diminishes both the bradycardic/depressor response to carotid
sinuses pressure rise and the tachycardiac/pressor response
to carotid pressure fall (86). Transecting the aortic nerve
prevents Bainbridge reflex inhibition of the carotid baroreflex
depressor/bradycardic response, whereas sectioning the cervi-
cal vagus prevents Bainbridge reflex inhibition on the carotid
baroreflex pressor responses (86). Thus, Bainbridge reflex
inhibits baroreflex pressor response through cardiopulmonary
vagal afferents, whereas it reduces the baroreflex depressor
and bradycardic responses via aortic vagal afferents. Finally,
the intensity of stimulation determines the activation and
predominance of some vagally mediated cardiovascular
reflexes. For example, a modest increase in central blood
volume induces a cardiopulmonary baroreflex that produces
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bradycardia, whereas a sustained volume expansion elicits
the Bainbridge reflex that caused tachycardia in humans (24).

Activation of the Bezold-Jarisch reflex with intravenous
veratridine attenuates the carotid baroreflex tachycardia in
anesthetized rabbits (87). Also, stimulation of left ventricular
vagal afferents dramatically attenuates the arterial baroreflex
control of heart rate in awaked dogs (613). Figure 8 shows
the interaction between the Bezold-Jarisch reflex evoked
by intracoronary infusion of veratrine (that mainly acts on
the left ventricle) and the carotid sinus baroreflex elicited
by AP manipulations with the hydraulic occlusion of either
the thoracic inferior vena cava (AP fall) or the descending
thoracic aorta (AP rise) in dogs (224). The Bezold-Jarisch
reflex substantially inhibits the carotid baroreflex tachycardia
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Figure 8 Interaction between the Bezold-Jarisch reflex (evoked by
infracoronary veratrine) and the carotid sinus baroreflex. Mean curves
representing the mean arterial blood pressure (MABP)—heart rate
relationship (top) and MABP—baroreflex sensitivity relationship (bot-
tom) during control and intracoronary veratrine infusion (Ver.-L.C.) in
10 dogs. Note that the Bezold-Jarisch reflex resets mean AP optimal
level for maximal BRS to lower levels and diminishes BRS. Control
mean baseline values: MABP = 93 mmHg and heart rate =91 beat/min.
Reproduced, with permission, from Zucker IH, 1986 (613).
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to AP fall, whereas there is a slight or no alteration in the
carotid baroreflex bradycardia to AP rise. The Bezold-Jarisch
reflex resets the carotid baroreflex control of heart rate to
lower AP values (left shift of the heart rate-AP curve), as
well as a reduction in BRS (224). The Bezold-Jarisch reflex
induces a downward resetting of the cardiac baroreflex curve
by an atropine-resistant sympathetic mechanism, whereas it
elicits a reduction of BRS by decreasing vagal withdrawal
during baroreceptor unloading (224).

Finally, the selective blockade of cardiopulmonary
baroreflexes potentiates carotid chemoreflex (muscle vaso-
constriction, paw vasodilation, and increased ventilation),
and augments the gain of the carotid baroreflex at low
carotid pressures in anesthetized, ventilated dogs (273).
Thus, cardiopulmonary reflexes suppress both the carotid
baroreflex and chemoreflex via different central autonomic
mechanisms (273).

Baroreceptor long-term regulation of arterial
pressure

Besides its crucial role in short-term regulation, the arterial
baroreflex contributes to long-term control of AP modu-
lating hormonal and renal processes (312). Studies using
acute preparation for short recordings have observed that
the baroreflex rapidly resets during sustained increases in
AP and that baroreceptor deafferentation does not produce
long-lasting hypertension or an increase in the AP levels
in ongoing hypertension (112, 113, 544). The extrapolation
of these findings to chronic states has led to the viewpoint
that arterial baroreflexes did not contribute to long-term
regulation of AP (312). However, studies using telemetry-
based implantable amplifiers for prolonged recordings (up to
1 week) have shown that the relationship between MAP-
RSNA, that is, the vascular baroreflex branch, does not reset
in rabbits with angiotensin II-induced chronic hypertension;
in contrast, there is a resetting of the association between
MAP and heart rate, that is, cardiac baroreflex branch (27).

Moreover, there is a sustained reduction in RSNA through-
out the acute and chronic phases of angiotensin II-induced
hypertension in rabbits (27). A reduction in efferent RSNA
elevates renal blood flow and glomerular filtration rate (due
to vasodilation), decreases the renal tubular reabsorption of
sodium and water (leading to natriuresis and increased urine
output) and increases renin release (250). Thus, Lohmeier
and Iliescu (312) recently proposed that baroreflexes have
indeed a role in the long-term regulation of AP by exerting a
sustained suppression of RSNA and increasing renal sodium
excretion in chronic hypertension.

The disruption of the arterial baroreflex afferent pathways
by sinoaortic denervation abolishes the inhibition of RSNA
under chronic hypertension (26). Brainstem c-fos expression
during angiotensin II-induced chronic hypertension reveals
an increased neural activation of NTS (primary recipient of
baroreceptor afferent input) and CVLM but without acti-
vation of the RVLM (314). Baroreceptor-mediated chronic
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suppression of sympathoexcitatory cells in the RVLM
exerts a descending excitatory influence on basal sympa-
thetic outflow at the spinal level, which diminishes RSNA
and augments sodium excretion (312). Together, chronic
activation of arterial baroreceptors can contribute to the long-
term control of AP by regulating sympathetically mediated
natriuresis.

Electrical field stimulation of the carotid sinuses induces
reductions in MAP and plasma NE concentration for up to
3 weeks, overcoming central and peripheral baroreceptor
resetting (311, 313). Thus, electrical stimulation of carotid
sinuses to control baroreceptor afferent input into the central
nervous system could allow a device-based approach for
the treatment of pharmacological-resistant hypertension in
humans (311).

Pharmacology of baroreceptors

Numerous pharmacological agents modify the barorecep-
tor function. These agents include clinically used drugs,
exogenous irritants, and endogenous molecules used at
physiological and pharmacological concentrations. These
agents exert their actions at peripheral and central sites to
modify baroreceptor function. This section describes the
pharmacological effects of agents known to alter barorecep-
tor function and distinguishes direct actions on baroreceptor
pathways from indirect processes that result from secondary
actions mediated by the cardiovascular system. Table 3 lists
pharmacological agents and endogenous substances that
affect isolated arterial and cardiopulmonary baroreceptors
preparations.

Isolated afferent preparations and signal
transduction

Electrophysiological studies examining the effects of direct
application of various substances to isolated carotid sinus or
aortic arch preparations have contributed to the elucidation of
the transduction mechanisms by which mechanical pressure
stimuli induce baroreceptor afferent discharges. The use
of these isolated tissue preparations has also permitted the
characterizing of the pharmacological actions on barorecep-
tor afferents. Table 4 provides a summary of the effects of
several pharmacological agents and endogenous mediators
on baroreflex SR curves obtained using isolated carotid and
aortic preparations.

Baroreceptor mechanotransduction of AP levels

The exposure of the isolated carotid sinus to veratrine (a
veratrum alkaloid) evokes discharges from baroreceptor
fibers in rabbits by triggering action potentials at the spike
initiation zone and prevents voltage-gated sodium channel
inactivation (211). Small decreases in extracellular sodium
concentrations substantially diminish the firing of barore-
ceptive C-fibers both at constant intraluminal pressure and
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during a pressure ramp in aortic arch/aortic nerve prepara-
tions of rats (541). The rise in transmural AP stretches the
arterial wall producing a mechanical deformation, which is
transduced into an electrical depolarization of the barore-
ceptor afferents by stretch-activated ion channels that are
sensitive to gadolinium (211). The molecular components
of these stretch-activated mechanisms are related to the
degenerin/epithelial sodium channel, which is non-voltage
gated and was initially characterized as a touch-sensitive
mechanoreceptor in nematode Caenorhabditis elegans (229).
Earlier studies found that the blockade of a specific degenerin
protein,  epithelial sodium channel, with low concentrations
of amiloride or its analog benzamil, inhibits baroreceptor
activity in mouse carotid and aortic preparations (139, 140).
Later studies identified PIEZO1 and PIEZO2 channels as
the mammalian homologous of degenerins (111). Genetic
ablation of both PIEZO1 and PIEZO2 in baroreceptive pri-
mary neurons located in the nodose and petrosal sensory
ganglia abolishes both drug-induced baroreflex and aortic
depressor nerve activity in mice (610). Optogenetic acti-
vation of Piezo2+ sensory afferents is sufficient to initiate
a baroreflex response in mice (610). These mice exhibit
labile hypertension and increased AP variability, similar to
baroreceptor-denervated animals and humans with baroreflex
failure (610).

The role of calcium channels on baroreceptor mechan-
otransduction of AP is not clear. Voltage-activated T-type
calcium channels Cav3.2 contribute to the function of tactile
C-low threshold mechanoreceptors in humans (379) and D-
hair mechanoreceptors in mice (141). Mibefradil, a selective
T-type calcium channel antagonist, inhibits venoconstrictor
reflex in response to tilt and causes postural hypotension in
the rabbit, suggesting a role for this channel in baroreceptor
afferent mechanotransduction (141). In contrast, the L-type,
voltage-dependent, calcium channel agonist Bay K 8644, and
the inorganic calcium channel blocker cobalt, do not alter aor-
tic arch or atrium baroreceptor activity in cats (13). Similarly,
the L-type, voltage-dependent, calcium channel antagonists
nitrendipine, diltiazem, and verapamil do not alter single
baroreceptor fiber discharges in rat aortic arch preparations
in rats (287). These findings suggest that calcium entry does
not contribute to baroreceptor transduction in rats and cats
(13, 287). However, L-type calcium channel antagonists
alter the firing of carotid sinus nerves in dogs; nifedip-
ine increases activity by a calcium-dependent mechanism,
whereas verapamil decreases activity by a sodium-dependent
mechanism (217). Together, these findings suggest that
PIEZO1 and PIEZO2 channels mediate the conversion of
pressure-induced stretch stimuli into electrical signals at
the terminal fields of baroreceptor afferents, whereas the
contribution of voltage-gated calcium channels to afferent
activation is species-dependent.

Several exogenous agents and endogenous substances mod-
ify ongoing stretch-evoked baroreceptor activity. Capsaicin
increases pressure-evoked nerve afferent discharges from per-
fused isolated carotid sinus preparations in anesthetized rats
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Table 4 Changes in the Baroreflex Stimulus-Response Functions Following Perfusion of Selected Pharmacological Agents Into Isolated Carotid

and Aortic Preparations

Pharmacologic agent/ Pressure Saturation  Slope Curve Curve Reflex responses:
overall effect on baroreflex  threshold pressure (reflex gain)  horizontal shift  vertical shift ~ Effect of systemic administration
Adenosine (92)/facilitation  Decrease ~ Decrease  Increase Leftward Upward Increased pressure-evoked carotid sinus
nerve activity/hypotension (222)
Angiotensin Il (374)/ Increase No change No change Rightward Downward  Reduced pressure-evoked carotid sinus
inhibition nerve activity/hypertension (18, 439)
Agmatine (425)/inhibition  Increase No change Decrease Rightward Downward ~ Reduced pressure-evoked carotid sinus
nerve activity/hypotension (by
vasodilation) (360)
Bradykinin (588)/inhibition  Increase Increase Decrease Rightward Upward Reduced inhibition of mean
AP/hypotension (by vasodilation)
Cholecystokinin Increase Increase Decrease Rightward Upward Reduced inhibition of mean
octapeptide AP/hypertension
(CCK-8)/inhibition
Doxapram (399)/inhibition  Increase Increase Decrease Rightward Downward  Reduced pressure-evoked carotid sinus
nerve activity/hypertension
Endothelin-1 low conc. Decrease Decrease Increase Leftward Downward  Enhanced inhibition of mean
(301)/facilitation AP/hypotension (6, 93)
Endothelin-1 high conc. Increase Increase Decrease Rightward Upward Reduced inhibition of mean
(301)/inhibition AP/hypertension
17- Estradiol (574)/ Increase Increase Decrease Rightward Upward Reduced inhibition of mean
inhibition AP/hypotension (by vasodilation)
(309)
Ginkgolide B (572)/ Increase Increase Decrease Rightward Upward Reduced inhibition of mean
inhibition AP/hypotension (by vasodilation)
Indomethacin aspirin Increase Increase Decrease Leftward Downward  Reduced pressure-evoked inhibition of
(345)/inhibition lumbar sympathetic nerve
activity/hypertension
Moxonidine (591)/ Increase Increase Reduction Rightward Upward Reduced inhibition of mean
inhibition AP/hypotension (by vasodilation)
Prostacyclin (PGI2) (88, Decrease Decrease Increase Rightward Upward Increased pressure-evoked inhibition of
345) /facilitation lumbar sympathetic nerve
activity/hypotension (pulmonary
vascular bed) (123)
Simvastatin (51, 362, No change Decrease Increase Leftward Upward Increased pressure-evoked aortic
507)/facilitation depressor nerve activity/hypotension
(51, 507)
Streptomycin (426)/ Increase Increase Decrease Rightward Upward Reduced inhibition of mean

inhibition

AP/hypotension (toxic effect) (97)

Note 1: Stimulus is the intraluminal arterial pressure in the carotid sinus or aortic arc. Responses are neural (baroreceptors neural activity, sympathetic
outflow) or vascular (systemic mean AP).
Note 2: The vertical displacement of the baroreflex function for the neural responses are generally equivalent to opposite shifts in vascular responses.
Note 3: Pressure threshold is the lowest intraluminal arterial pressure that elicits a baroreflex response. Saturation pressure is the intraluminal arterial
pressure level beyond which there is no further increase in baroreflex response.

Note 4: Although agmatine, bradykinin, and 17-g estradiol inhibit the carotid baroreflex, systemic administration of these agents induce hypotension

by peripheral vasodilation.

by stimulating the vanilloid receptor TRPV1, which medi-
ates the opening of K*(ATP) channels (611). Intravenous
capsaicin produces a triphasic arterial pressure response that
consists of an initial fall, recovery, and a delayed progressive
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fall in rats (7). The involvement of TRPV1 receptors, which
are stimulated by acidity, temperature, and several irritants,
indicates that a wide range of diverse stimuli influences the
baroreceptor function.
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Pharmacology of the carotid baroreceptors

Endogenous substances and pharmacologic agents can mod-
ify carotid sinus glossopharyngeal afferents, which results in
either acute changes or chronic dysregulation of AP. Serotonin
(5-HT) and endothelin-1 are early markers of endothelial
dysfunction that increase in plasma before the development
of essential arterial hypertension. Young humans (6) and
spontaneously hypertensive rats (93) have elevated plasma
endothelin-1 and serum 5-HT. The administration of a low
concentration (1nM) of endothelin-1, into isolated carotid
sinus preparations, facilitates the baroreflex in anesthetized
rats by shifting the SR curve to the left and downward with an
increase in the curve’s slope and baroreflex-mediated inhibi-
tion of the mean AP (301). Conversely, a higher concentration
(10nM) of endothelin-1 inhibits the carotid baroreflex by
shifting the SR curve to the right and upward with a decrease
in the curve’s slope and baroreflex-mediated inhibition of
the mean AP (301). 5-HT displays a complex systemic
cardiovascular effect. It produces a triphasic AP response in
anesthetized rats characterized by a short-lasting depressor
phase with intense bradycardia, a pressor phase, followed
by prolonged hypotension (254). The 5-HT pressor response
is reversed by blockade of 5-HT2 receptors with ketanserin
(254) without affecting carotid sinus activity induced by
intravenous 5-HT (600). Serotonin-evoked stimulation of
carotid sinus nerve activity in anesthetized rats is mediated
by 5-HT3 receptors because the selective and competitive
5-HT3 receptor antagonist GR38032F produces a parallel
rightward shift of the SR curve (600). Of note, intravenous
administration of the neuropeptide cholecystokinin octapep-
tide (CCK-8), which stimulates CCK-A receptors, evokes a
pressor response by shifting the baroreflex SR curve to the
right and upward (308). Young spontaneously hypertensive
rats display an increased density of CCK-8 binding sites in
the nucleus accumbens that precedes the onset of hyperten-
sion (268). These findings suggest that the local actions of
endothelin-1, 5-HT, and CCK-8 on arterial baroreceptors
contribute to the development of essential hypertension.
Some endogenous vasoactive mediators, such as adenosine,
prostaglandins, agmatine, bradykinin, and 17-f estradiol,
enhance their hypotensive effects by altering the carotid
baroreceptor SR properties. Adenosine stimulates adenosine
Al receptors and can induce hypotension by an endothelial-
dependent relaxation of smooth muscle (222). Adenosine
can also enhance pressure-evoked sinus nerve activity in
perfused isolated carotid sinus preparations of rats, which
is associated with a leftward and upward shift in the SR
curve and an increase in the curve’s slope (92). Admin-
istration of prostacyclin (PGI2) and arachidonic acid to
isolated carotid sinus preparations displaces the stimulus
(AP)—response (lumbar sympathetic nerve activity) curve
leftwards and upwards with an associated increase in the
curve’s slope (88, 345). This PGI2 effect is selective in cats
because prostaglandins PGE2, PGA2, and PGF2a do not
effect carotid baroreceptor and chemoreceptor activity (348).
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Conversely, the COX inhibitors aspirin and indomethacin
(345) and the mechanical removal of the carotid endothe-
lium (88) decrease the relationship of intrasinus pressure
with the sinus nerve activity, and lumbar sympathetic nerve
activity. These findings suggest that the endothelium releases
prostaglandins in response to pressure-induced stretching of
the carotid sinus, which in turn augments the activation of
baroreceptors (88, 345).

Several agents inhibit action baroreceptor function by
producing shifts in baroceptor SR curves. Agmatine, an
endogenous agonist of a2-adrenergic and imidazoline recep-
tors (302), lowers AP and sympathetic nerve activity (360)
by acting centrally on brainstem nuclei (594) and the
peripheral vasculature by releasing nitric oxide (215). In
addition, agmatine induces vasodilation by the direct stim-
ulation of imidazoline I-2-receptors (90). Agmatine shifts
the intrasinus pressure-carotid sinus nerve activity curve to
the right and downward, with a reduction in the SR slope
via an a-adrenergic receptor-mediated inhibition of calcium
influx (425). Bradykinin, an endogenous hypotensive and
vasodilator peptide, shifts the baroreflex SR curve to the
right and upward, resulting in a reduction of the slope of
the SR curve and a decrease in resting mean AP. These
effects have been attributed to the activation of nitric oxide
synthase and cyclooxygenases (588). The sex hormone
17- estradiol has anti-hypertensive activity (309) and shifts
the baroreflex SR curve to the right and upwards. It also
produces a decrease in the curve’s slope by a mechanism
sensitive to blockade with the nitric oxide synthase inhibitor
L-NAME (574). Thus, bradykinin, 17-f estradiol, and agma-
tine share in common an inhibitory effect on the baroreflex
sensitivity, but they diminish AP by inducing peripheral
vasodilation that is independent of an effect on baroreceptor
function.

The cardiovascular effects of some clinically used drugs
such as doxapram, streptomycin, simvastatin, and mox-
onidine are due, at least in part, to actions on arterial
baroreceptor pathways. For example, doxapram, a cen-
tral respiratory stimulant that increases AP and heart rate,
inhibits the baroreflex by shifting downwards the intrasi-
nus pressure-nerve activity curve recorded from perfused
isolated carotid sinus resulting in a reduction in barore-
flex activation thresholds and an increase in the maximal
reflex responses in rabbits (399). Streptomycin, an antibiotic
with hypotensive and hypoventilatory toxic effects (97),
shifts the carotid reflex SR curve to the right and upward,
with an associated decrease in the curve’s slope, which
blunts the baroreflex reduction in AP (426). Streptomycin’s
effects have been linked to a reduction in calcium influx in
unidentified structures within the carotid sinus (426). Oral
administration of simvastatin, a lipid-lowering HMG-CoA
reductase inhibitor used to prevent atherosclerosis-related
complications, increases aortic depressor nerve activity, and
baroreflex gain in male spontaneously hypertensive rats
(362). The simvastatin-elicited enhancement of baroreceptor
function contributes to the pleiotropic effects of statins,
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which include blood pressure reduction (51, 507), reduced
muscle sympathetic nerve activity (196), and the production
of anti-inflammatory mediators (68). The antihypertensive
moxonidine (a2-adrenergic/imidazoline receptor agonist)
displaces the carotid baroreflex SR curve to the right and
downward, with a reduction in the curve’s slope and the
reflex inhibition of mean AP (591). Although moxonidine
inhibits the carotid baroreflex, it systemically lowers AP
by reducing sympathetic outflow and evoking peripheral
vasodilation. Finally, the diterpenoid trilactone Ginkgolide B,
a biologically active component of the traditional medicine
plant Ginkgo biloba, displaces the baroreflex functional curve
to the right and upward, decreases the curve’s slope and reflex
decrease in mean AP (572). Ginkgolide B inhibitory effect on
baroreceptor reflexes results from decreasing calcium influx
and increasing potassium efflux in carotid baroreceptor nerve
endings (572). Thus, the hypotensive effect of Ginkgolide B
is mediated by producing vasodilation secondary to blockade
of L-type calcium channels (424, 473). Of note, there is no
conclusive clinical evidence of the efficacy of Ginkgo biloba
in the treatment of essential hypertension (590).

Pharmacology of the aortic arch baroreceptors

Compared to carotid baroreceptors, there is less known
about the pharmacology of aortic baroreceptors, which is
mostly limited to the effects of endogenous substances.
Like the carotid baroreceptors, prostaglandins also have an
excitatory effect on aortic baroreceptors. Indeed, the PGI2
analog carbacyclin diminishes the activity of inhibitory
calcium-activated potassium channels in cultured aortic
baroreceptor neurons from rat nodose ganglia, which facili-
tates baroreceptor activity (305). Acetylcholine has complex
pharmacological effects on aortic baroreceptor activity. The
perfusion of relatively low concentrations of acetylcholine
into the rabbit aortic arch/aortic nerve preparation indirectly
increases the discharges of baroreceptor afferents, by pro-
ducing a relaxation of aortic smooth muscle by stimulating
the muscarinic receptor-mediated synthesis of nitric oxide
(372). Of note, acetylcholine can also increase the activity
of a subset of aortic baroreceptor afferents by stimulating
nicotinic receptors (372). In contrast, higher concentra-
tions of acetylcholine indirectly diminish the discharges
of aortic baroreceptor afferents by inducing a muscarinic
receptor-mediated contraction of smooth muscle (372). The
intravenous infusion of NE increases aortic BRS to hemo-
dynamic aortic distension in rabbits, whereas it reduces
baroreceptor discharges as the aortic diameter diminishes due
to contraction (1).

Electrical stimulation of cervical sympathetic efferent
fibers increases the firing rate of carotid sinus afferent nerves
independent of changes in AP (468). Together, this finding
suggests that sympathetic efferents innervating the carotid
sinus and the aortic arch sensitize baroreceptors by either a
direct action of NE on afferent endings or changing vascular
wall tension maintained at a constant intrasinus pressure
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(468). Of note, angiotensin II improves aortic wall tension
by locally inducing vasoconstriction. As a result, it inhibits
the baroreflex, which is reflected by displacement of the
pressure-discharge curve to the right and downward and
reduces baroreceptor afferent firing frequency recorded from
a rabbit aortic arch-aortic nerve preparation (374).

Pharmacology of the cardiopulmonary afferents

Several pharmacologic agents can stimulate cardiopulmonary
afferents either by a direct action on afferent nerve endings
or by the indirect induction of mechanical changes in respira-
tory tissues. Inflammatory mediators can activate pulmonary
sensory afferents and generate clinical signs and symptoms
(e.g., cough, bronchoconstriction, neurogenic inflammation)
of airway inflammatory (306). For example, TNFa increases
the sensitivity of vagal pulmonary C-fibers and silent, rapidly
adapting receptors to capsaicin through a direct action on
TNFa receptors located in pulmonary sensory neurons (306).
Histamine, capsaicin, and bradykinin, released in response
to the lung defense reaction, activate pulmonary rapidly
adapting receptors by indirectly increasing airway smooth
muscle tone in guinea pigs (37). Capsaicin and bradykinin,
but not histamine, activate lung C-fiber endings (37). Further-
more, the pulmonary arterial injection of capsaicin induces
rapid shallow breathing (tachypnea) in response to activating
pulmonary C-fibers (201).

Systemic infection can release endotoxins into the circula-
tion inducing respiratory distress characterized by increased
respiratory rate and tidal volume in both humans (39, 54)
and non-humans (530). Bilateral cervical vagotomy prevents
tachypnea induced by the intravenous administration of
B4 lipopolysaccharide (LPS) in the rat (530). The intra-
venous administration of Escherichia coli LPS indirectly
activates rapidly adapting receptors in rats by inducing
bronchoconstriction (292). Endotoxins can also stimulate
vagal pulmonary C fibers in rats, which is blocked by COX
inhibitors and hydroxyl radical scavenger (292). However,
treatment with ibuprofen does not prevent acute respiratory
distress syndrome and does not improve survival in patients
with sepsis (39).

Injury of the endothelial cells by pulmonary and systemic
hypertension reduces their capacity to remove 5-HT from
the lungs, before the expression of observable functional and
anatomical abnormalities (214). Indeed, the lungs of sponta-
neously hypertensive rats uptake and metabolize less 5-HT
(456). In rats, intravenous infusion of the 5-HT3 receptor
agonist phenylbiguanide blunts the vagal C fiber-mediated
reduction in RSNA in response to volume loading (559). This
effect of phenylbiguanide has been proposed to be mediated
by activation of lung chemoreceptors because the intravenous
administration of this 5-HT3 receptor agonist increases the
firing of single vagal pulmonary afferent C fibers (101, 560).
Of note, pulmonary C-type afferents contribute to respiratory
symptoms (e.g., dyspnea, tachypnea) seen in pulmonary
hypertension and edema (201, 450).
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The exposure of lungs to exogenous irritants directly
activates cardiopulmonary afferents. Ammonia exerts an
excitatory influence on lung spinal sensory afferents by
a mechanism that is drastically reduced after vagal nerve
transection (230). High-nicotine cigarette smoke increases
vagal afferent activity evoked from rapidly adapting afferents
(279), and nicotine aerosol stimulates slowly adapting stretch
receptors in the dog’s lungs, indirectly by producing nicotine-
induced bronchoconstriction (534). Similarly, intravenous
administration of veratridine stimulates slowly adapting
stretch receptors in the lung (339).

There are opioid receptors on subpopulations of pulmonary
vagal afferents that contribute to the generation of cough and
the antitussive activity of opioid codeine (34). Vagotomy
or vagal block suppresses cough in humans and animals
(34). Activation of pulmonary C-fiber afferents inhibits
cough reflexes, whereas slowly adapting pulmonary stretch
receptors strengthen the reflex cough (532). Intravenous
administration of the opioid agonist [D-Ala 2]-methionine
enkephalinamide, as well as volume expansion, induces
analgesia in rats by a mechanism that is blocked by bilateral
cervical vagotomy that further supports a role for cardiopul-
monary afferents activation in modulating pain (324, 430).
Of note, cough-related sensations are commonly described as
“irritation,” “rawness,” and even “pain” (581).

Factors moderating drug effects on baroreceptors

Dose, route of administration, mechanism of action, func-
tional tissue status, and type of baroreceptor are factors that
determine the effects of various agents on baroreceptor path-
ways. Dose-dependent biphasic effects occur following the
exposure of carotid and aortic baroreceptors to endothelin-1
and acetylcholine, respectively; in both cases, low doses
stimulate, whereas high doses inhibit baroreceptor afferent
activity (301, 372). However, high concentrations of acetyl-
choline can stimulate, rather than inhibit, a small subset
of aortic baroreceptor afferents (33% of the firing units) by
directly activating nicotinic receptors, whereas it inhibits most
baroreceptor afferents (66% of the units) by indirectly con-
tracting vascular smooth muscle via stimulation of muscarinic
receptors (372). Vascular muscle tone is an important factor
that determines the direction of drug effects on baroreceptor
responses. The facilitatory effect of a low concentration of
acetylcholine on baroreceptor activity secondary to vasore-
laxation is prevented or augmented in the pre-relaxed or
pre-contracted aortic arch, respectively (372). Similarly,
intravenous NE excites or inhibits aortic baroreceptor affer-
ents under pre-distension or pre-constriction of the aortic arch,
respectively (1). Finally, the pharmacological effects of many
agents can vary depending on the type of baroreceptor affer-
ent stimulated. Angiotensin II inhibits aortic baroreceptor
afferents by inducing aortic arch vasoconstriction (374), but
it does not affect carotid baroreceptor afferents (344). PGI2
inhibits high-pressure carotid baroreceptor activity but does
not act on cardiopulmonary low-pressure baroreceptors (508).

Volume 11, April 2021

Baroreceptor Modulation

Pharmacology of baroreceptor-modulation
of nociception

Pharmacologic studies using systemic administration or
microinjections of drugs in selected CNS structures have
shown that opioid receptors and adrenoceptors modulate
baroreceptor-mediated physiological responses, including
nociception. The opioid receptor antagonist naloxone blocks
the hypoalgesia observed in both genetically- and experimen-
tally induced hypertensive rats (326, 383, 462, 463, 501, 604,
607). In hypertensive rats that show elevated opioid activity
in the spinal cord and CNS structures (605, 607), the systemic
administration of naloxone blocks pressor-induced baroreflex
bradycardia evoked by the stimulation baroreceptor afferents
in rabbits (578). The intravenous administration of opioids
in normotensive rats produces a profound hypoalgesia, which
is dependent on intact vagal afferents (429-431). Hyper-
tensive patients who are less sensitive to experimentally
administered noxious stimuli have increased concentrations
of circulating endorphins (494), but naloxone does not block
this association (343, 479).

Several animal studies support the involvement of adreno-
ceptors in baroreceptor-mediated physiological processes.
Systemic administration of the -adrenergic receptor antag-
onist propranolol lowers AP and reverses the hypoalgesia
observed in spontaneously hypertensive rats, whereas the
o2-adrenergic agonist clonidine does not (463). However,
the direct administration of the a2-adrenergic receptor ago-
nist clonidine into the NTS results in naloxone-sensitive
hypotension, bradycardia, and analgesia in spontaneously
hypertensive rats and some normotensive rat strains (286).
Finally, the NTS, RVLM, and CVLM, which are relay nuclei
for baroreflexes, contain noradrenergic and adrenergic neu-
rons (414, 521). Although there is no direct evidence in
human subjects, elevated AP within the normotensive range
is associated with increased pain tolerance along with higher
circulating levels of NE (453).

Baroreceptor Modulation
of Non-cardiovascular Functions

In the late 1970s and early 1980s, Lacey and Lacey (288, 289)
postulated that natural variations in arterial baroreceptor acti-
vation produce changes in cortical inhibition, which creates
differences in sensorimotor performance across the cardiac
cycle. More recently, investigations have further characterized
and described the complexity of this baroreceptor-mediated
process. The following sections review the three more exten-
sively studied non-cardiovascular functions modulated by
baroreflexes: pain perception, consciousness, and cognition.

Baroreceptor regulation of pain and other sensory
perceptions

In this section, we describe the evidence supporting a role
for baroreceptors in modulating the perception of pain and its
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Table 5 Summary of Baroreceptor Regulation of Pain and Other Sen-
sory Perceptions

* Hypoalgesia occurs in rats following an acute rise in AP and
chronic hypertension

* Low BRS allows the development of neuropathic pain in rats

® Acute baroreceptor stimulation during systole or neck suction
reduces experimental pain ratings and pain-evoked EEG potentials
in humans

® Chronic hypertension and hypotension are associated with
hypoalgesia and hyperalgesia, respectively

® Chronic pain patients have low BRS

¢ The inverse relationship between baroreceptor function and pain is
altered by resting systolic and diastolic AP levels, pain modality,
type of vagal afferent activated, and the presence of a chronic
pain condition

® Parasympathetic efferents exert an anti-inflammatory influence,
whereas the sympathetic activity is mostly pro-inflammatory

® Baroreceptors modulate parasympathetic and sympathetic outflow
to regulate inflammation and associated pain

¢ Orthostatic reduction in AP increases pain perception by hormonal
(non-baroreceptor) mechanisms, such as activation of the
renin-angiotensin-aldosterone system, and subsequently, stimulation
of angiotensin Il type-2 receptors

* Baroreceptors exert a gating of nociception at brainstem nuclei
and cortical/subcortical structures

® Both AP levels and pain are under the influence of variations in the
gene encoding catechol-O-methyltransferase (COMT)

¢ Although pain is not always associated with an increase in AP,
nociceptive stimuli can increase in AP and heart rate, and the
subsequent baroreceptor activation is a compensatory negative
feedback to avoid an exaggerated cardiovascular response to
pain

* Baroreceptors modulate other sensory inputs, including touch,
cold, heat, or non-cutaneous senses, vision, and hearing

® The physiological mechanisms underlying the association between
hypoalgesia and increased AP or baroreceptor activation has not
been elucidated. However, current evidence suggests central and
peripheral mechanisms

¢ At the level of the brainstem, baroreflex input to the NTS inhibits
pronociceptive ON-cells and excites antinociceptive OFF-cells in
the rostroventral medial medulla via projection to the lateral
parabrachial nucleus, which leads to enhanced descending control
on pain transmission within the dorsal spinal cord

 Baroreceptor input also modulates the neural activity within cortical
and subcortical structures to modulate the different dimensions of
pain, such as the cognitive aspects of pain perception, by
influencing the neural activity of the anterior insula

e Peripherally, baroreflexes indirectly regulate tissue inflammation by
modulating parasympathetic and sympathetic outflow. For
example, inflammatory mediators activate vagal afferents and
trigger the vagal anti-inflammatory reflex that attenuates the
production of pro-nociceptive molecules

physiological mechanisms. Table 5 summarizes the content of
this section.

Blood pressure influence on pain

Numerous studies have reported that increases in either arte-
rial or venous blood pressure and BRS are associated with
hypoalgesia in laboratory animals and humans; see review
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by Suarez-Roca et al. (515). Briefly, hypoalgesia has been
observed in rats in the following conditions, (i) acute increase
in AP in response to vasopressor agents (154) or abdominal
aortic occlusion (545), (ii) experimentally induced chronic
hypertension by renal artery clipping or increasing dietary
salt in salt-sensitive animals (607), (iii) genetically induced
spontaneous hypertension in rats (326), (iv) elevation of
venous pressure by volume expansion with activation of low-
pressure cardiopulmonary baroreceptors (324, 363, 431), and
(v) pharmacological activation of baroreceptor afferents with
intravenously administered morphine, met-enkephalimamide,
or other vagal afferent stimulants (429-431). Moreover, only
those rats that exhibit reduced baroreceptor function develop
neuropathic pain 2 to 3 weeks after nerve ligation (188).
Finally, like baroreceptor afferents, the activation of cranial
vagal afferents with long-term auricular electrical stimu-
lation excites the NTS and prevents the development of
thermal hyperalgesia and mechanical allodynia in Zucker
diabetic fatty (fa/fa) rats by enhancing central serotoninergic
activity (303).

In humans, several experimental findings support an
inverse relationship between baroreceptor activity and pain.
Pain sensitivity decreases as resting AP increases in healthy
normotensive individuals (63, 64, 170, 171, 207, 343, 411).
Pain perception diminishes during systole, that is, maximal
baroreceptor load, compared to diastole (153, 156, 157,
163). The direct activation of carotid baroreceptors reduces
electrically induced pain ratings and somatosensory-evoked
cortical potentials (N150-P260) in normotensive subjects
(15). In agreement, activation of carotid baroreceptors with
phase-related external neck suction (systole simulation)
decreases electrically induced cutaneous pain ratings (138,
153). Clinical evidence also supports an inhibitory influ-
ence of baroreceptors on pain perception in humans. Chronic
hypertensive patients experience hypoalgesia (189, 190, 606),
whereas subjects with chronic hypotension display thermal
hyperalgesia (142). Finally, it has been recently reported that
chronic pain patients display significantly lower BRS (66).

A controversial issue is whether medical treatment can
reverse the hypoalgesia observed in four cases, (i) borderline
hypertension (189), (ii) normotensives with a family history
of hypertension (8, 9, 135, 136, 174, 175), (iii) after resetting
of baroreceptors during hypertension, and (iv) before the
expression of arterial hypertension in spontaneously hyper-
tensive rats (326). In these cases, cardiopulmonary baroreflex
mechanisms could also explain hypoalgesia in normotensives,
such as an early increase in venous pressure preceding the
onset of chronic hypertension, which stimulates low-pressure
cardiopulmonary baroreceptors and induces hypoalgesia
before the development of hypertension (326, 332, 603).

Physiological factors moderating baroreceptor
modulation of pain

Several physiological factors moderate the magnitude and
the direction of baroreceptor modulation of pain perception,
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Figure 9 Baroreceptor activation and inhibition by external mechan-
ical manipulations of the neck have an opposite influence on pain-
evoked potentials in the three groups of normotensive subjects with
relatively low, normal, and high resting AP levels. Compared with the
inhibitory condition, baroreceptor activation decreases and increases
the amplitude of pain-evoked potentials in normotensive subjects with
relatively high and low AP, respectively (59).

including (i) resting systolic and diastolic AP, (ii) pain
modality and dimension, (iii) type of activated vagal afferent,
and (iv) the presence of a chronic pain condition. Resting
AP levels modifies baroreceptor modulation on pain in a
complex manner. Several studies have shown that systolic
AP has a stronger influence on pain perception than dias-
tolic AP (63, 205, 207, 343, 377, 490). Moreover, resting
systolic AP and spontaneous BRS (under resting conditions)
correlate inversely with the inhibition of suprathreshold
cold-pressor pain (146) and threshold electrical pain in
normotensive (15).

Conversely, resting DAP shows a positive correlation with
threshold electrical pain in normotensive (15). Resting AP
levels also influence the effect of direct mechanical barore-
ceptor stimulation on pain. Figure 9 shows that neck suction
activation of carotid baroreceptor reduces pain-evoked cor-
tical potentials and subjective pain scores in subjects with
higher (above group mean) resting systolic AP; in contrast,
individuals with lower (below the group mean) systolic AP
exhibit either opposite effects (59) or are not affected at
all (15). Also, carotid baroreceptor stimulation exerts an
inhibitory influence on pain perception in borderline hyper-
tensives (systolic AP, 130-160 mmHg) by prolonging the
latency for electrical pain detection whereas it has oppo-
site effects on normotensive subjects with relatively lower
AP (163).

Baroreceptor modulation of experimentally evoked pain
also depends on the sensory modality, that is, thermal, elec-
trical, mechanical, or ischemic. Neck suction baroreceptor
activation decreases the sensitivity to threshold mechanical
pain, but it does not alter the threshold for thermal pain
detection in normotensive and non-treated labile hyperten-
sive subjects (434). Similarly, stimulation of baroreceptors
by neck phase-related external suction reduces subjective pain
ratings to electrical stimuli (138), but it does not affect sensory
detection thresholds (138, 257). This modality-dependent
baroreceptor modulation of pain perception could be due to
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the type of baroreceptor afferent being stimulated. Generally,
anti-nociceptive effects take place after high-intensity elec-
trical stimulation that mainly activates non-myelinated vagal
afferent C-type fibers, whereas pro-nociceptive effects occur
following low-intensity electrical stimulation that likely
excites A-type fibers (55, 387, 438).

Finally, on-going chronic pain impairs the relationship
between AP levels, presumably through impairments in
baroreceptor function, and pain perception. Chronic low
back pain patients report greater electrically evoked cuta-
neous pain during neck suction stimulation of carotid
baroreceptors than pain-free patients (59). Similarly, there
is a positive relationship between resting diastolic AP and
ischemic pain in patients with chronic low back pain (65).
Maixner et al. (321) reported impairment in the relation-
ship between resting AP and the perception of ischemic
and thermal pain perception in patients with temporo-
mandibular disorders. Conditioned pain modulation values,
a marker of the strength of endogenous pain regulatory
systems, are inversely correlated with reports of acute and
chronic postoperative pain (596) and is inversely asso-
ciated with persistent post-endodontic pain (386). Thus,
altered baroreceptor inhibitory modulation of pain in chronic
pain conditions may contribute to the general dysregula-
tion of pain perception observed in acute and chronic pain
conditions.

Parasympathetic modulation of inflammation

Acute inflammation results from the production of diverse
local mediators, including but not limited to, cytokines,
chemokines, and essential fatty acids derivatives that pro-
mote leukocyte recruitment to the site of injury (249). In
healthy subjects, acute inflammation is self-limited through
an active resolution mechanism that requires the synthesis
of specialized pro-resolving mediators (SPMs) and other
molecules (484). The autonomic nervous system can influ-
ence the initiation and resolution of acute inflammation
by changing the balance and tone of the parasympathetic
(484) and sympathetic (415) branches. A review by Serhan
et al. (484) summarizes the current evidence supporting
the anti-inflammatory effect of parasympathetic vagal acti-
vation. Right vagotomy increases the magnitude of acute
infectious peritonitis in mice by causing amplified neutrophil
infiltration, reduces bacteria phagocytosis by leukocytes,
and increases exudate bacterial counts (119, 358). Right
vagotomy delays the resolution phase of both acute sterile
(zymosan) and infectious (E. coli) peritoneal inflammation
in rodents (119, 358). Vagotomy-induced delay in resolu-
tion occurs by reducing the local expression of netrin-1, an
axonal guidance molecule and resolution activator (358),
and the secretion of pro-resolving mediators, including
the protectin conjugate in tissue regeneration 1 (PCTR1)
from Group 3 innate lymphoid cells, (119), which are
involved in regulating both innate and immune responses
(364).
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Conversely, the pharmacological and electrical stimulation
of the vagus nerve diminishes the production of TNFa serum
and heart, but not lung, in rats (41). In the rat, electrical
vagal stimulation attenuates endotoxin-induced production
of TNFa in the spleen and liver but not in the lung (232). In
humans, repeated electrical stimulation of the vagus reduces
LPS-induced release of pro-inflammatory cytokines from
whole-blood in vitro and significantly attenuates the disease’s
severity in rheumatoid arthritis patients (276). Experimental
evidence indicates that acetylcholine mediates vagal modula-
tion of inflammation. Acetylcholine and nicotine attenuate the
release of TNFa, IL-1p, IL-6, and IL-8 from LPS-stimulated
human macrophage cultures, whereas it does not alter the
activity of anti-inflammatory cytokines IL-10 and trans-
forming growth factor-f (52). These cholinergic agonists
inhibit the synthesis of proinflammatory cytokines post-
transcriptionally (52). Acetylcholine released from vagal
efferents binds and stimulates the nicotinic acetylcholine
receptor subunit o7 («7nAChR) to inhibit the intracellular
cascade that is involved in the release of proinflammatory
cytokines (549, 550). Mice deficient in the gene encoding
a7nAChR (Chrna7) exhibit a blunted cytokine response to
endotoxemia, suggesting that an inhibitory cholinergic tone
on innate immune responses (573). Clinical evidence sup-
ports the translational value of this observation as observed in
a randomized, double-blind study where transdermal nicotine
reduced the severity of ulcerative colitis (423), and nicotine
enemas diminished the Crohn’s disease activity index (238).

The activation of innate immune cells by tissue injury and
pathogenic agents induces the release of cytokines and other
pro-inflammatory molecules, which stimulate sensory vagal
afferents (549, 550) that are capable of sensing low threshold
levels of inflammatory mediators at the site of tissue injury
even before a rise in circulating concentrations (549). Sub-
diaphragmatic vagotomy (212) or administration of selective
IL-1 antagonist (194) prevents the onset of fever induced by
the intraperitoneal injection of IL-1. Of note, vagal afferent
discharges activate neuronal pathways in the NTS, which
results in stimulation of vagal efferents and parasympathetic
suppression of the release of pro-inflammatory cytokines
(549, 550), prostaglandins, leukotrienes (485), and increases
the local production of SPM at the site of injury (485).
In addition to the SPM produced by inflamed tissue, the
vagus nerve provides another source of SPM involved in
an anti-inflammatory reflex. Electrical stimulation of post-
mortem of human vagus nerves produces SPMs (RVEI,
NPD1/PD1, MaR1, RvDS5, and LXA4), whereas freshly
dissected mouse vagus nerves release a different SPM profile
(RvD3, RvD6, and RvVE3), demonstrating a species selec-
tivity (485). On the contrary, electrical vagus stimulation
decreases pro-inflammatory prostaglandins (PGD2, PGE2,
and PGF2a), as well as leukotrienes, chemoattractant LTB4,
and slow-reacting substances LTC4, LTD4, and LTE4 (485).
Similarly to electrical stimulation, the incubation of human
and murine vagus nerve with E. coli increases the production
of SPMs (485).
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Alteration in autonomic tone precedes the onset of chronic
inflammatory diseases. Among individuals at risk of devel-
oping rheumatoid arthritis (i.e., asymptomatic carriers of
autoimmune antibodies), those with relatively elevated
resting heart rates subsequently developed arthritis, which
suggests an early imbalance in parasympathetic/sympathetic
tone (277). Alterations in peripheral nicotinic receptors
(7nAChR) contribute to autonomic parasympathetic dys-
function because individuals at risk for rheumatoid arthritis,
who have elevated resting heart rates, show a reduction in
the expression of a7nAChR on circulation monocytes (277),
which impairs the cholinergic anti-inflammatory influence
of parasympathetic efferents. Stimulation of «7nAChR
attenuates proinflammatory cytokine (e.g., TNFa, IL-1f)
production in whole human blood and human monocytes
(62, 454). Also, the activation of parasympathetic cholinergic
efferents by electrically stimulating the vagus nerve or by
direct pharmacological activation of peripheral a7nAChR
improves arthritis, reduces cytokine production, and protects
against progressive joint destruction (278). Alpha7nAChR
knockout mice display an increase in arthritis disease activ-
ity (554). These findings suggest that augmenting cholinergic
parasympathetic activity may prove effective in treating
rheumatoid arthritis and other inflammatory pain conditions.
It is plausible that inflammatory mediators stimulate vagal
afferents and, thus, trigger functionally opposing sympathetic
reflex responses at local and systemic levels (415).

Sympathetic modulation of inflammation

Indeed, the sympathetic system promotes inflammatory
responses through the peripheral release of NE (415). Sym-
pathetic efferents directly influence inflammation through
the modulation of immune cells expressing adrenocep-
tors (381). Norepinephrine increases the LPS-elicited
rise in plasma TNFa by activation of a2-adrenoceptors
on murine macrophages (506). Stress-induced sympa-
thetic activation increases the production of immature,
proinflammatory monocytes in the bone marrow by stimu-
lation of P-adrenoceptors (420). B2- and p3-adrenoceptors
blockade reduces the secretion of pro-inflammatory and pro-
nociceptive cytokines in rodents (378, 529, 535). In humans,
there is a positive correlation between sympathetic tone
and circulating levels of proinflammatory TNFa (421) and
IL-6 (42). Sympathetic efferent activation indirectly enhance
inflammation by decreasing lymphatic flow to immune organs
in complex regional pain syndrome patients (228).

There is also evidence that sympathetic activation can
produce complex effects on inflammatory responses that
are tissue and stimulus-dependent. Bilateral cervical vago-
tomy does not affect the LPS-induced rise in circulating
TNFa in the rat, whereas sympathectomy (by cutting greater
splanchnic nerves) enhances it, which suggests a substan-
tial anti-inflammatory sympathetic-mediated effect (334).
Selective sympathetic denervation of the intestine, but
not vagotomy, augments the clinical signs of chemically
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induced colitis in mice, whereas stimulation of the sympa-
thetic intestinal nerves reduces the clinical manifestations
of colitis (169, 582). Pharmacological sympathectomy (by
pre-treatment with reserpine) enhances LPS-evoked elevation
of TNFa plasma levels (525). The non-selective adrener-
gic receptor antagonist phentolamine increases neurogenic
microvascular response to antidromic stimulation (353), sug-
gesting a tonic sympathetic inhibitory influence on cutaneous
inflammation.

The complexity of the sympathetic modulation likely
results from the ability of NE to activate functionally
opposing mechanisms in a concentration-dependent man-
ner. Norepinephrine produces a dose-dependent biphasic
modulation of cytokine production in immune cells; at low
NE concentrations (0.1 pM) increases LPS-induced mRNA
expression levels of pro-inflammatory cytokines IL-1p,
IL-6, IL-12, and TNF-a in murine bone marrow-derived
macrophages (583). In contrast, higher NE concentrations
significantly decrease the expression and release of cytokines
in mice, whereas an opposite effect is exerted on the anti-
inflammatory cytokine IL-10 (583). High concentrations of
the p2-adrenoceptor agonist salbutamol mimic the inhibitory
effect of high NE concentrations (583). Similarly, the
non-selective P-adrenoceptor agonist isoproterenol inhibits
LPS-evoked rise in TNFa plasma levels by a mechanism
sensitive to f-adrenoceptor antagonist propranolol (525).

Loss of sympathetic innervation also plays a role in
chronic inflammation. In humans, there is a reduced density
or a dysfunctional sympathetic innervation in some chronic
visceral inflammatory conditions, such as Crohn’s disease
and intestinal areas adjacent to endometrial lesions, which
correlates with the severity of pain and other clinical features
(47, 169, 512). Similarly, sympathetic innervation density
is lower in fresh synovial tissue from rheumatoid arthritis
patients compared with osteoarthritis patients and other
controls (577). In animal models of arthritis, the loss of
sympathetic innervation is due to macrophage production
of the nerve repellent factors of sympathetic nerve fibers
semaphorin 3C, and SEMA3F and TNFa (285).

The effects of the sympathetic nervous system on inflam-
matory responses depend on the stage of the inflammation.
Sympathectomy performed at different time points during
the development type II collagen-induced arthritis in mice
provides evidence that early sympathetic ablation low-
ers arthritis scores and increases tissue anti-inflammatory
cytokines, whereas late sympathectomy increases both
arthritis scores and tissue pro-inflammatory cytokines (213).
This biphasic effect of sympathectomy suggests that sym-
pathetic efferents exert an early pro-inflammatory and late
anti-inflammatory modulation (415). Moreover, Pongratz
and Straub (415) suggested that the early pro-inflammatory
sympathetic activity takes place in lymphoid organs (e.g.,
spleen and lymph nodes), whereas the late anti-inflammatory
sympathetic influence occurs at the site of local inflammation.
The mechanisms involved in this complex sympathetic mod-
ulation of the inflammatory responses depend on changes
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in the pattern of sympathetic discharge across time that
results in different local and systemic NE levels, for example,
initial low pro-inflammatory concentrations followed by late
high anti-inflammatory concentrations. Also, a reduction in
the local sympathetic innervation density at late stages of
inflammation, with intact sensory innervation (i.e., preserved
neurogenic inflammation), can cause an uncoupling from
central nervous inhibitory regulation and an autonomic-
sensory imbalance that marks the turning point from acute to
chronic inflammation.

Baroreceptor modulation of inflammation

Very few studies have directly evaluated whether barorecep-
tors can influence host inflammatory response to injury and
infection. Animal studies have found that activation of aortic
baroreceptors by electrical stimulation of aortic depressor
nerve reduces neuroinflammation in response to LPS chal-
lenge by a mechanism that is independent of hemodynamic
changes (60). Similarly, electrical stimulation of carotid sinus
nerve attenuates circulating markers of systemic inflamma-
tion in conscious rats, suggesting a modulation of the innate
immune response to an endotoxemic challenge (470). Con-
versely, several clinical studies show that patients with carotid
atherosclerosis (553), subclinical hypothyroidism (524), and
pregnancy-induced hypertension (516) exhibit impaired
baroreceptors function (reduced BRS) along with elevated
low-grade inflammation markers. Baroreceptors modulate
both the parasympathetic and sympathetic autonomic system,
and thus, they exert a dual control on inflammation. Thus,
manipulation of baroreceptor activity could be a therapeutic
strategy for the management of chronic inflammatory pain
conditions.

AP modulation of pain by hormonal mechanisms

Hormonal mechanisms also contribute to the modulation of
chronic pain by changes in AP, although it could be different
in normotensive versus hypertensive subjects. In healthy
young males, a 70° tilt-up postural maneuver increases
the perception of electrically evoked pain, as shown by
reduced thresholds for nociceptive C/Ad-type fibers stim-
ulation (496). Long-lasting upright posture produces two
primary physiological responses. First, there is a decrease
in plasma volume (due to lower extremities blood pool-
ing), venous blood return, cardiac output, and systolic AP,
which leads to cardiopulmonary and arterial baroreceptor
unloading that is accompanied with increases in heart rate
and plasma catecholamines (155, 243). Second, there is
an activation of the renin-angiotensin-aldosterone system
reflected by elevated plasma renin activity, aldosterone, and
vasopressin (155, 243). Thus, it is plausible that, in addition
to baroreceptor-mediated mechanisms, the activation of the
renin-angiotensin-aldosterone system (with increased levels
of angiotensin II) can contribute to the hyperalgesia observed
in upright posture-evoked changes in AP levels.
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The blockade of the renin-angiotensin-aldosterone path-
ways with angiotensin II type-2 receptor antagonists elicits
analgesic effects on reflexive measures of mechanical pain
hypersensitivity in animal models of neuropathic and can-
cer pain (4, 375). Of note, angiotensin II type-2 receptor
antagonists diminish ongoing neuropathy pain-like behaviors
in mice (493) and thermal and mechanical hypersensitivity
under conditions of chronic inflammation (82), although
they do not alter responses to acute inflammatory induced
mechanical and cold pain (493). Angiotensin II concen-
tration increases at the site of sciatic nerve injury, which
leads to the activation of angiotensin II type-2 receptors
located on infiltrating macrophages (492). The blockade
of angiotensin II receptors, the chemogenetic depletion
of the macrophages, or the transplantation of bone mar-
row tissue lacking angiotensin II receptors attenuates the
neuropathic mechanical and cold pain hypersensitivity in
mice (492). Similarly, the pharmacological blockade of
angiotensin II type-2 receptors attenuates both thermal and
mechanical hypersensitivity in chronic inflammation in rats
(82). A phase II clinical trial provides supporting transla-
tional evidence because the angiotensin II type-2 receptor
antagonist EMA401 ameliorates pain in post-herpetic neu-
ralgia patients (448). Finally, a human exome sequencing
study has shown that the angiotensin pathway is enriched in
individuals responsive to noxious stimuli (585), providing
further evidence that angiotensin pathways contribute to pain
perception.

In chronic hypertensive subjects, there is an increased
threshold (hypoalgesia) and tolerance to dental pain, which
is reversed by 4 to 8 months antihypertensive treatment
with the angiotensin-converting enzyme inhibitor enalapril
(206). However, the enalapril’s anti-hypoalgesic effect is
not related to the normalization of AP (i.e., unloading
arterial baroreceptors) since the reduction of AP for 3
months with diuretics or p-blockers does not restore dental
pain sensitivity in hypoalgesic hypertensive patients (189).
Similarly, the inhibition of angiotensin II synthesis or its
receptors abolishes the analgesia observed in spontaneously
hypertensive rats, and these anti-hypoalgesic effects are
independent of changes in AP (240). Shimoda and Ikuta
(496) suggested that the activation of the renin-angiotensin-
aldosterone system can contribute to the regulation of pain
perception when moving to an upright posture. Angiotensin
IT might evoke a pro-algesic effect in normotensives and
analgesic action in chronic hypertension. The current
lack of explanation for this difference warrants further
investigation.

Role of brainstem mechanisms in baroreceptor
modulation of pain

Although the neural mechanisms by which baroreceptors
modulate pain have not yet been elucidated, it is well-known
that it requires baroreceptor afferent input. The hypoalgesia
observed under hypertensive conditions (154, 324, 350,
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432) and following circulatory volume expansion (324,
363, 431) is attenuated or abolished by impairing the vagal
afferent limb of the cardiopulmonary baroreflex system.
Activation of arterial and cardiopulmonary baroreceptors
initiates a cascade of physiologic events, which generate
signals that travel to the NTS (Figure 10). Afferent neurons
from the NTS activate or inhibit neuronal brainstem net-
works originating in the PAG, rostral ventromedial medulla
(RVMM), and reticular formation, which integrates the
descending modulation of spinal pain transmission and
autonomic output (23, 239, 429, 431, 471). For example, the
natural or experimentally induced changes in AP correlate
with spontaneous fluctuations of pro-nociceptive ON-cells
and anti-nociceptive OFF-cells in the RVM (546, 547).
Resting MAP negatively and positively correlates with the
spontaneous fluctuations in ON-cells and OFF-cells activ-
ities, respectively, and this relationship is not affected by
cardiopulmonary vagal deafferentation (547). In contrast,
intact cardiopulmonary vagal innervation is required for
experimentally induced increases in MAP that diminishes the
activity of pro-nociceptive ON-cells and augments the activ-
ity of antinociceptive OFF-cells in rats (547). These findings
suggest that baroreceptor activity evoked by phasic changes
in AP (but not by resting AP levels) modulates ON-cell and
OFF-cell activity (547). Of note, baroreceptor stimulation
activates neurons in the mediocaudal NTS (mcNTS) that send
inhibitory projections to a subset of neurons in the lateral
parabrachial nucleus (lateral PBN) (247), which exerts a net
GABAergic inhibition on anti-nociceptive OFF-cells and a
net glutamatergic excitation on pro-nociceptive ON-cells in
the RVMM (91) (Figure 10A). Thus, inhibition of the lateral
PBN by baroreceptor-activation of the mcNTS disinhibits
OFF-cells and diminishes the excitation of ON-cells in
RVMM, resulting in a reduction of nociceptive reflexes at the
spinal level. Of note, the activity of wide-dynamic-range and
high-threshold nociceptive neurons is lower in chronically
hypertensive rats (433), and descending inhibition is higher
during acute increases in AP in rats (545). In addition, the
stimulation of cervical vagal afferents results in inhibition
of both the spontaneous and somatically evoked firing in
thoracic spinoreticular neurons in cats (539, 540). Electrical
stimulation of cardiac vagal afferents blunts the digastric sen-
sorimotor reflex evoked by noxious tooth-pulp stimulation
in cats by inhibiting nociceptive neurons in the trigeminal
nucleus (55, 319).

Other brainstem structures are also involved in baroreceptor-
mediated antinociception. The PAG receives dual input from
nociceptors and baroreceptors (69, 74, 260). The PAG,
along with RVMM, integrates outputs from the ACC to
modulate the emotional features of pain (69). Although the
PAG’s role in baroreceptor-mediated analgesia has not been
extensively examined, activation of hypothalamic-brainstem
PAG circuits during the defense reaction “clamp” brainstem-
mediated baroreceptor reflexes resulting in a behavioral
hypoalgesia with a concomitant increase in AP and heart rate
(i.e., cardiovascular defense reaction).
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Figure 10 Interactions between baroreceptors and pain pathways. Panel A: Rostral ventromedial medulla (RVMM) receives two major
modulatory inputs from (1) the periaqueductal grey (PAG) that inhibits ON-cells (pro-nociceptive) and excites OFF-cells (anti-nociceptive),
underlying stress- and placebo-induced analgesia, and (2) the lateral parabrachial nucleus (lateral PBN) that excites ON-cells (pronociceptive)
and inhibits OFF-cells (anti-nociceptive) in the RVMM, facilitating pain reflexes. (3) The superficial lamina of the spinal cord projects to the
lateral PBN, which facilitates pain by acting on the RVMM. (4) The mediocaudal nucleus of the solitary tract (mcNTS) projects to the lateral
PBN, which inhibits a subset of neurons in the lateral PBN following inputs from vagal baroreceptor afferents. (5) Inhibition of lateral PBN
neurons reduces and increases OFF-cell and ON-cell activities in the RVYMM, respectively, facilitates Cfiber-driven second-order spinal neurons.
(6) The rostral ventrolateral medulla (RVLM) neurons receive a dual input: inhibitory from the meNTS via caudal ventrolateral medulla (CVLM)
that leads to baroreflexmediated bradycardia and excitatory input from the Lateral PBN that leads to pain-induced tachycardia. Panel B:
Ascending and descending pain pathways in the CNS. Noxious stimuli applied to somatic structures and inflamed viscera activate primary
afferents, which stimulate second-order spinal neurons of lamina | and V, which give rise to the ascending spinothalamic (continuous red line)
and spinoreticular/spinobrachial (broken red line) pathways that reach PAG, parabrachial nucleus (PB), locus coeruleus (LC), cerebellum, and
thalamus in humans. The dorsal horn also sends direct nociceptive information to the NTS. PB and PAG afferents project to amygdala (Amy)
and nucleus accumbens in the basal ganglia (BG), whereas thalamic afferents project to the primary SM corfex S1, secondary somatosensory
(SM) cortex S2, anterior cingulate cortex (ACC), prefrontal cortex (PFC), and insula (Ins). Multiple descending pathways from brain structures to
PAG and rostroventral medulla (RVM) modulate different components of pain perception, such as the ACC-PFC-PAG circuitry related to placebo
analgesia and unpleasantness (broken green line) and the superior parietal cortex (SPC)-insula-amygdala-PAG pathway related to modulation
of plain by attention (continuous green line). BG, basal ganglia; Hip, hippocampus; Hyp, hypothalamus; Thal, thalamus; PB, parabrachial
nucleus.

Cortical and subcortical mechanisms and baroreflex
modulation of pain

In addition to brainstem mechanisms, baroreceptors can
modulate pain via ascending pathways that project to higher
CNS structures involved in pain processing (Figure 10B).
It is well-established that nociceptive input is conveyed,
either directly or indirectly through the thalamus, to the
amygdala, prefrontal cortex (PFC), and insula (69), which
receive baroreceptor input and integrate cardiovascular
responses to internal and external environmental events (74,
260). Descending modulatory pathways originating from the
PFC-mediated placebo analgesia, whereas pathways arising
from the superior parietal cortex (SPC), insula, amygdala
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contribute to attentional influences on pain perception (69). It
is not clear whether baroreceptor activity affects nociceptive
and pain processing through these higher CNS structures.
Behavioral studies also suggest that higher CNS processing
of baroreceptor has effects on pain perception. Specifically,
the cue-induced expectancy of the painfulness before an elec-
trical stimulus results in the activation of higher-order CNS
processes indexed by enhanced pain-evoked event-related P2
potentials, which is blunted by baroreceptor activation during
systole (200). Thus, the baroreceptor gating of nociception is
not only located at the brainstem nuclei but also manifests in
cortico-limbic structures such as the anterior insula (200).
Cardiorespiratory vagal input reaches the anterior insula
via polysynaptic projection from the NTS (33) to the PBN
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and the thalamus (281, 422). The anterior insula is a region
within the primary interoceptive cortex that integrates visceral
and somatic sensory signals with other brain regions and gen-
erates emotional states (115, 116, 513). Besides, functional
MRI studies in humans have found that the anterior insula
integrates pain intensity and the expectation of painful expe-
rience (168). Thus, baroreceptor input may either inhibit or
enhance the cognitive aspects of pain perception by influenc-
ing the neural activity within the anterior insula.

Finally, baroreceptors may influence the emotional aspects
of pain, especially in the presence of clinical depression.
There is a strong association between chronic pain and
clinical depression (491). Preliminary clinical trials have
found improvement of clinical depression following vagal
stimulation, and animal studies indicate this nerve stimula-
tion affects many of the same brain areas, neurotransmitters,
and signal transduction mechanisms as those found with
traditional antidepressants (76). Thus, it is plausible that
carotid baroreceptor stimulation can influence the emotional
dimension of pain (e.g., unpleasantness).

Gene regulation of baroreceptor modulation of pain

Twin studies point out that genetic factors mediate around
40% of BRS variability (178, 531). Similarly, twin stud-
ies show genetic factors contribute to approximately 30%
of the variability in heat and cold pressor pain thresholds
(16, 388); the only study examining BRS measurements
and heat and cold pain tolerance assessments in twins did
not find a correlation between BRS and pain perception
(178). In humans, both AP levels and pain are under the
influence of variations in the gene encoding the enzyme
catechol-O-methyl-transferase (COMT). Individuals with
the single nucleotide polymorphism of COMT Met158Met
have diminished p-opioid system responses to pain in several
brain structures, and increased pain perception (612), as well
as lower COMT enzyme activity (290). On the other hand,
human subjects who harbor high-activity COMT haplotypes
display reduced pain sensitivity to acute experimental pain
(128). Regarding chronic pain conditions, homozygotes for a
variant in the COMT gene that codes for high COMT enzyme
activity (290) show a lower prevalence of non-migrainous
headache (210) and fibromyalgia (208). Similarly, individ-
uals who harbor polymorphisms that code for high-activity
COMT enzyme are less sensitive to noxious stimuli and have
a lower risk of developing myogenous temporomandibular
joint disorder (128).

COMT genetic variations also affect AP values. Individu-
als who are homozygotes for the variant Val158Val resulting
in high COMT enzyme activity (290) have a higher prevalence
of increased systolic AP compared to individuals without this
variant (209). Although systemic pharmacological inhibition
of COMT does not change AP and heart rate at rest nor during
exercise in healthy volunteers with intact baroreflexes (237),
it elicits a pressor response under impaired baroreflex condi-
tions (252). Thus, it is plausible that COMT polymorphism
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can influence the relationship between baroreceptor function
and cardiovascular dynamics.

Effects of nociceptive input on cardiac baroreceptor
pathways

Reciprocally, nociceptive stimulation influences cardiovascu-
lar function and can induce an increase in AP and heart rate.
The anatomical basis of this reciprocal relationship results
from the activation of ascending spinal-reticular projections
from nociceptive spinal neurons to key brainstem autonomic
nuclei, remarkably the NTS (53, 114, 184) and lateral PBN
(40), which modify cardiovascular function (Figure 10B).
The lateral PBN receives direct nociceptive input from the
contralateral spinal superficial lamina (40); in turn, the lateral
PBN sends direct excitatory projections to RVLM that coun-
teract the indirect inhibitory influence of the NTS (via the
CVLM), which disinhibits the RVLM, and as a result, impedes
baroreceptor-mediated bradycardia (299, 300), increases
sympathetic output, and elicits a nociceptive-evoked tachy-
cardia (53). Although pain is not always associated with an
increase in AP, the inhibitory effect of baroreceptor stimula-
tion on pain perception may occur in parallel with the classical
compensatory negative feedback process that restores exces-
sively elevated AP and heart rate to baseline (153).

Baroreceptor modulation of other sensory systems

It is not clear whether baroreceptors modulate other somatic
sensations, such as touch, cold, heat, as well as vision
and hearing. Sensory detection thresholds, sensory evoked
potentials, and SR reaction times have been measured under
externally evoked stimulation of the baroreceptor and during
the cardiac cycle where the systole and diastole phases of
the cardiac cycle generate natural alternative increases and
reductions in baroreceptor activity. Visual-evoked potentials
have a lower amplitude either during systole (569) or fol-
lowing direct carotid sinus stimulation with serotonin (272).
Also, slower reaction time responses to visual stimuli occur
during systole compared to diastole (158, 579). Similarly,
auditory sensitivity is reduced (474), and reaction times are
slower to auditory stimuli delivered 300 ms after the R-wave,
that is, during systole, compared to stimuli presented 600 ms
post-R-wave, that is, during diastole (46, 158).

In cats, electrical stimulation of vagal afferents arising
from aortic arch diminishes neuronal activity evoked by
light touch and non-noxious electrical skin stimulation in
the cuneate nucleus and medial lemniscus, which is thought
to be mediated by presynaptic inhibition of primary sensory
afferents (183). However, the influence of baroreceptors on
tactile (non-painful) perception in humans is controversial.
Healthy humans subjected to a 70° tilt-up postural change,
which physiologically decreases BRS, reduces electrical
perception thresholds for non-nociceptive Ap-fibers, that is,
cutaneous hypersensitivity (496). However, the externally
evoked activation of carotid baroreceptors with phase-related
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external neck suction (systole simulation) does not affect
non-painful sensory thresholds (138, 153). Moreover, the
examination of cutaneous sensory detection thresholds to
electrical stimulation time-locked to the cardiac cycle results
in higher cutaneous sensibility (i.e., lower threshold) to
non-painful electrical stimuli during the systolic phase of
the cardiac cycle (159). These diverse findings on cutaneous
sensibility are likely due to methodological differences in
baroreceptor or test stimulation procedures, as well as con-
founding effects of baroreceptor influence on motor function.
Indeed, behavioral reaction times to tactile stimulation during
systole (at 300 ms post-R-wave of the ECG) are slower
than during the diastolic phase of the cardiac cycle (158),
and externally evoked baroreceptor activation attenuates
EMG-measured motor reflexes in humans (138, 153).

Baroreceptor influences on consciousness

Similar to pain perception, baroreflexes can profoundly
modify consciousness and sleep-wake status by influencing
cortical activity. Both experimentally induced changes in
AP and direct activation of baroreceptors by manipulating
carotid sinus and aortic arc baroreceptors influence arousal
in humans and animals. In 1932, Koch reported for the
first time that a rise of AP within an isolated carotid sinus
rapidly induced behavioral signs of profound sleep (270).
Carotid sinus stimulation-evoked sleep was later found to be
associated with inhibition of global cortical activity in cats.
In 1941, Gellhorn et al. (187) reported that increasing AP
by head-down tilt, which distends the carotid sinus and acti-
vates baroreceptors at the cervical level, partially or entirely
inhibits chemically induced convulsions. Bonvallet et al. (49)
reported in 1954 that direct pressure distension of the carotid
sinus produces cortical electroencephalogram (EEG) syn-
chronization (high amplitude, low-frequency EEG with sleep
spindles) that resembles non-REM sleep independent of any
cardiovascular effect. In 1965, Padel and Dell (401) reported
that, like the carotid sinus, direct baroreceptor activation of
the aortic arch elicits sleep-like EEG synchronization.

In humans, Bridgers et al. in 1985 (58) reported the first
evidence of baroreceptor modulation of cortical activity,
observing that stimulation of the carotid sinus induced an
EEG delta-wave slowing that was sensitive to lidocaine
blockade of the carotid sinus and independent of cardiovas-
cular dynamics. This inhibitory baroreceptor modulation of
the cortex can explain how stimulation of the carotid sinus
with manual massage can abort seizures in epilepsy (293).
Reduction in AP with hypotensive drugs leads to cortical
disinhibition in cats (380) and arousal in lambs (225).

Cortical inhibition is substantially reduced or even abol-
ished by sinoaortic denervation, implying the involvement of
baroreceptors in these findings (225, 380). Moreover, cutting
the carotid sinus and depressor nerves diminishes the total
duration of synchronized sleep in cats (30), which suggests
that, in addition to a phasic influence, there is a background
baroreceptor activity driven by resting oscillatory AP that
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inhibits cortical activity to maintain sleep. Similarly, decreas-
ing baroreceptor stimulation by an upright postural change
that lowers AP induces EEG arousal in humans (98). How-
ever, it should be noted that some studies have found that
increases in AP stimulate arousal. For example, brief rises in
AP following aortic occlusion or rapid saline injections, and
more sustained rises in AP produced by the administration of
vasopressin in cats (30, 31) or with phenylephrine in humans
(262), produces behavioral arousal. The behavioral arousal
induced by brief AP rises in lambs is associated with changes
in cortical EEG activity in a stimulus strength-dependent
manner (226). Furthermore, sinoaortic denervation prevents
arousal induced by transient changes in AP (225, 226),
suggesting that phasic baroreceptor activation exerts an exci-
tatory influence on cortical activity. In support of this view,
direct stimulation of cervical vagal nerve induces a com-
plete desynchronization of cortical, that is, low amplitude,
high-frequency EEG that is associated with awake state (609).

Physiological parameters associated with
baroreceptor modulation of consciousness

The controversial effects of baroreceptor activation on the
brain cortex can be explained by methodological factors such
as frequency, intensity, duration, and pattern (e.g., phasic
or sustained) of peripheral afferent stimulation, as well as
physiological or pathological conditions of the involved
neural and vascular structures. Chase et al. (84) found that
high-frequency and low voltage stimulation of the cervical
vagal nerve results in EEG cortical synchronization (e.g.,
sleep behavior) while cortical EEG cortical desynchroniza-
tion (e.g., cortical activation and arousal behavior) occurs at
lower frequencies and higher voltages of stimulation. The
bidirectional modulation of cortical activity may depend on
activation of functionally and structurally discrete, fast, and
slow conducting vagal afferents, which synchronizes (sleep)
and desynchronizes (arousal) the cortical EEG, respectively
(83). Silvani et al. (500) proposed that AP can exert a bidirec-
tional modulation of cortical arousal depending on stimulus
intensity: (i) very mild stimulation of arterial baroreceptors
(e.g., external massage of the carotid region) decreases
cortical arousal, and (ii) greater stimulation or inhibition
of baroreceptor activity causes arousal under physiological
conditions. Additionally, brain functional status and medical
conditions moderate the baroreceptor modulation of cortical
arousal. Under anesthesia, which depresses brain activity,
baroreceptor stimulation decreases cortical arousal (500).
Also, aging and atherosclerosis prevent baroreflex modula-
tion of cortical activity by impairing the pressure-distension
transduction within the carotid sinus and aortic arch (58).

Neural mechanisms mediating baroreceptor
modulation of sleep

The neuronal pathways mediating the baroreceptor modula-
tion of consciousness have not been elucidated. The ascending
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activating system.

arousal system arises from multiple nuclei that project from
the medulla to the midbrain (472, 576). Saper et al. (472)
separated ascending arousal system in two major branches;
the first branch arises from the pedunculopontine and lat-
erodorsal tegmental nuclei (cholinergic), several brainstem
monoaminergic nuclei, and the parabrachial nucleus and
influences the cerebral cortex by relaying nuclei in the thala-
mus (reticular, midline, and intralaminar nuclei). The second
branch originates in the locus coeruleus (LC) (noradren-
ergic), raphe nuclei (serotoninergic), PAG (dopaminergic),
and tuberomammillary nucleus (histaminergic) and reaches
the cortex evading the thalamus, and is reinforced by
projections from the lateral hypothalamus (peptidergic,
orexin/hypocretin) and basal forebrain areas (cholinergic,
GABAergic). Current evidence supports the role of these
structures in baroreceptor modulation of arousal (Figure 11).

Nucleus of the solitary tract

Early studies found that medullary transection prevents sleep
and EEG changes evoked by carotid sinus stimulation in
dogs, suggesting the requirement for an intact connection
between the NTS and supramedullary CNS structures (49,
270). The integrity of the NTS is necessary to maintain sleep.
Indeed, discrete bulbar lesions in the rostral NTS produce
a pronounced arousal-like desynchronization of EEG along
with the elevation of AP in cats (48). This effect is anatom-
ically selective because lesions in caudal NTS do not affect
EEG activity but increases AP by affecting baroreflexes (48).

1404

Also, microinjection of serotonin (291) or electrical stimu-
lation (195) of the NTS synchronizes EEG and produces a
baroreflex-induced transient fall in AP in anesthetized rats. Of
note, the NTS neuronal activity increases during non-REM
sleep, independently of AP changes, suggesting that this
structure maintains the stability of non-REM sleep (160).
The electrical stimulation of the NTS induces EEG synchro-
nization (increases the power of 4—6 Hz wave) in spinalized
rats (195). Taken together, the NTS plays an essential role in
baroreceptor modulation of cortical arousal and sleep.

Hypothalamus

The hypothalamus is another CNS structure that contributes
to baroreceptor modulation of sleep due to its dual capability
to regulate cardiovascular tone and arousal. Indeed, lesions of
the posterior hypothalamus elicit a fall in AP and heart rate,
whereas lesions of the anterior hypothalamus produce an
opposite effect, which suggests that the posterior and anterior
hypothalamus mediate sympathetic and parasympathetic car-
diovascular tone, respectively (186). Of note, orexin neurons
in the posterior (perifornical and dorsomedial) hypothalamus
modulate arousal (219, 251) and GABAergic neurons in
the anterior hypothalamus (ventrolateral preoptic region)
promote sleep. Furthermore, a selective lesion of this area
produces profound and prolonged insomnia (472). A unilat-
eral lesion in the posterior hypothalamus reduces or abolishes
arousal-resembling EEG desynchronization (i.e., decreases
the amplitude of slow potentials and increases the amplitude
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of fast potentials) evoked by intravenously administrated
acetylcholine (122, 380). Direct activation of baroreceptor
afferents by vagal nerve stimulation inhibits externally unpro-
voked attacks of aggressive and hostile behaviors in decorti-
cate cats, (i.e., sham rage) (608), behaviors that are mediated
by the posterior (caudal) hypothalamus (25, 219, 404). Col-
lectively, these findings suggest that baroreceptor activation
facilitates sleep by inhibiting neural substrates in the posterior
hypothalamus via projections from the NTS (Figure 11A).

Ascending brain stem arousal system

Earlier electrophysiological studies, using focal electrical
stimulation and site-specific lesions, showed the central brain-
stem core, extending from the medulla to the pontile and
mesencephalic tegmentum into the caudal diencephalon
regulates sleep-wakefulness cycle in anesthetized cats (365).
Vagal stimulation (expected to activate neural pathways in
the NTS) elicits a generalized reduction in cortical activ-
ity, which was thought to be mediated by inhibition of an
ascending brainstem arousal system (608). Direct stimulation
of the NTS induces EEG synchronization (sleep pattern),
which does not occur under a permanent lesion or reversible
inhibition (muscimol microinjection) of medullary cerebral
vasodilator area located in the lateral tegmental field just
caudal to the RVLM (195). While tonic inhibition of the
ascending brain stem arousal system by baroreceptor activa-
tion is substantial in cats, it does not appear to elicit sleep-like
slow delta EEG activity in humans (409), perhaps due to
a more limited role of the ascending brain stem-thalamic-
cortical pathway in arousal in humans than previously
thought (180). These findings suggest an NTS-ventral
medullary pathway that modulates sleep and arousal.

The RVLM, LC, and lateral PBN receive baroreceptor
input via the NTS (471), and these loci participate in mod-
ulating the arousal-sleep cycle (Figure 11A). Optogenetic
stimulation of epinephrine-containing C1 neurons of the
RVLM, which respond to both hypoxia and a reduction
in AP, evoke arousal in rats by a mechanism that is inde-
pendent of cardiorespiratory effects (2). Lesions of the LC
and ACC prevent EEG arousal in response to exposure to
novel environmental stimuli (197). The LC, which receives
monosynaptic glutamatergic excitatory projections from Cl1
neurons of the RVLM (223), is activated by a fall in AP (304,
419), and its optogenetic activation produces cortical arousal
during sleep (78), which is thought to be mediated by the
ACC (197). Besides, the lateral PBN receives direct barore-
ceptor input from the NTS and is activated by an increase in
AP (471). Lesion studies have found that PBN is necessary
to maintain arousal in rats (180), especially in response to
hypercapnia (259). Thus, Silvani et al. (500) proposed two
brainstem circuitries that mediated sleep and arousal. First,
the NTS-RVLM (C1 group) circuit that decreases arousal
(facilitates sleep) in response to very mild baroreflex activa-
tion or in non-physiological conditions such as anesthesia.
Second, the NTS-PBN circuit promotes arousal in response
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to substantial baroreflex activation in conscious conditions
(Figure 11A). The predominance of a given pathway appears
to depend on the strength of baroreceptor afferent input, for
example, a substantial input (large changes in AP) activate
the lateral PBN pathway to induce arousal whereas mild
input (carotid massage) activates the CVLM/RVLM pathway
to reduce arousal and prompt sleep.

Baroreceptor modulation of motor function
and implications for narcolepsy-cataplexy

In addition to inhibition of cortical arousal, baroreceptor
activation can indirectly facilitate sleep by diminishing skele-
tal muscle tone (153) and attenuating startle motor reflexes
(392). Baroreceptor activation can also dampen voluntary
movements by modulating descending corticospinal tract
activity. In anesthetized cats, the mechanical stimulation of
carotid baroreceptors diminishes the discharge of cortical
pyramidal tract cells evoked by orthodromic stimulation
of the thalamus (100). This dual inhibition of arousal and
skeletal muscle tone by baroreceptors has been associated
with the pathogenesis of narcolepsy and cataplexy. Wilson
and Watson (586) were the first to report the observation that
narcoleptic patients have higher sleep responses induced by
carotid sinus stimulation. Case reports have noted the reversal
of narcolepsy-cataplexy after removing a salivary tumor (29)
or a thyroid tumor (361) compressing the carotid sinus.
Of note, and perhaps relatedly, there is an increased risk of
obstructive sleep apnea observed with vagal nerve stimulation
treatments (452). These findings suggest that altered barore-
flex mechanisms contribute to common sleep disorders (269).
Indeed, abnormalities in the NTS function may be involved
in the orexin deficiency observed in cataleptic patients who
exhibit reduced cardio-vagal regulation (43).

Reciprocal influence of sleep and arousal
on baroreflexes

The relationship between baroreceptors and consciousness
is bidirectional (Figure 11B). Cortical arousal reciprocally
modulates baroreflexes (500). Although the effects of sleep
on BRS is controversial because 24-h sleep deprivation resets
the baroreflex to higher AP levels (77, 394). Central auto-
nomic commands override brainstem-mediated baroreflexes
during REM sleep (499) and the transition from non-REM
sleep to arousal (199, 487), which leads to a transient increase
in heart rate and AP. The PBN mediates the central autonomic
override of baroreflexes. Indeed, activation of the PBN by
direct electrical and glutamatergic stimulation induces inhi-
bition of cardiac baroreflexes, which leads to tachycardia and
hypertension (296). PNB activity decreases during non-REM
sleep, and increases during REM sleep (465). Furthermore,
the microinjection of orexins into the NTS decreases heart rate
at lower concentrations and increases it at higher concentra-
tions by a mechanism mediated by bidirectional modulation
of brainstem parasympathetic tone (495). Silvani et al. (500)
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proposed that non-REM sleep disinhibits the NTS, which
enhances BRS and reduces AP, whereas REM sleep inhibits
the NTS, which lowers BRS and leads to a transient increase
in AP and heart rate. Indeed, there is an increase in heart rate
during REM sleep (36), which likely results from inhibition
of the nucleus ambiguus by GABAergic projections from
the nucleus reticularis paragigantocellularis (126). Of note,
dysregulation of the interaction between the sleep-wake cycle
and baroreceptor function is present in several sleep and
cardiovascular disorders (500).

Baroreceptor regulation of cognition

Cognition is the process of “knowing” and requires attention,
remembering, and reasoning. The reaction times and response
accuracy during a cognitive task are indices commonly used
to quantify cognitive performance. Baroreceptor activation
and high AP levels slow and reduce these cognitive indices,
respectively, in tasks designed to evaluate attention, memory,
executive, and intellectual functions. Thus, like pain percep-
tion, baroreceptors can exert an overall inhibitory influence
on several cognitive processes. Table 6 displays a summary
of the most relevant characteristics of baroreceptor regulation
of cognition described in the sections below in detail.

Effect of baroreceptor activation and baroreflex
sensitivity on cognition

Several studies have reported that acute baroreceptor acti-
vation in normotensive conditions can impair executive
function. Also, subjects with high BRS traits, that is, stronger
baroreflexes, exhibit poorer performance in several executive
tasks. Conceptually, the executive function involves three
latent variables, (i) shifting between different tasks and
mental processes, (ii) updating the working memory with
new relevant information by directing attention to incoming
information and evaluation of the ongoing task, and (iii) inhi-
bition of other task-irrelevant behaviors (359). Executive
function is commonly assessed by measuring simple reaction
times and accuracy during perceptual-motor tasks. Mechan-
ical stimulation of carotid baroreceptors with neck suction,
during visual-spatial attention tasks, slows simple reaction
times without affecting performance accuracy (28). Reaction
times for motor responses to tactile (158), visual (158, 579),
and auditory stimuli (46, 158) are slower during systolic
baroreceptor activation compared to responses occurring
during the diastolic phase of the cardiac cycle, with responses
to tactile and auditory stimuli showing higher sensitivity to
cardiac cycle modulation than visual stimuli (158). Similarly,
children with ADHD who exhibit higher resting BRS have
diminished executive function performance as compared with
those with lower BRS (134).

Baroreceptor activation with neck suction reduces skeletal
muscle tone (153) and inhibits motor reflexes (392), which
could be responsible for the decreased simple reaction times
observed during executive tasks. However, the involvement
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Table 6 Summary of the Inhibitory Influence of Baroreceptors and
Resting AP with Cognition

® Acute mechanical stimulation of baroreceptor diminishes reaction
times and accuracy (performance) during cognitive tasks assessing
executive function

e Natural cardiac cycle stimulation of baroreceptors (during systole)
reduces cognitive performance in arithmetic and executive tasks

e Healthy subjects or patients with high baroreflex gain (BRS) trait
have poorer executive function

e Untreated chronically hypertensive subjects have a lessened
performance in executive function, learning, and memory
(nonverbal and working) tests

® Untreated chronically hypotensive subjects display diminished
performance in attentional alertness, focusing, and flexibility, as
well as in memory tasks

e Pharmacological treatment of essential hypertension and
hypotension that normalizes resting AP levels reverses the cognitive
deficits

® Neural mechanisms (central baroreceptor pathways and
autonomic outflow) are involved in cognitive modulation by
shortlasting changes in AP and baroreceptor activation

e Secondary hemodynamic and vascular changes (e.g.,
atherosclerosis, disturbed blood flow), mediate cognition deficits in
patients with chronic hypertension or hypotension

® Aging and resting arterial pressure levels can moderate the
relationship between baroreceptor function and cognitive
performance

¢ The relationship between resting AP level and cognitive
performance seems to be inverted U-shaped, and
socio-demographic factors, remarkably aging moderate it

¢ Reciprocally, cognitive demands influence baroreceptor function.
Visual outward attention enhances BRS (heart rate deceleration),
whereas arithmetic and executive tasks reduce BRS (heart rate
acceleration). This bidirectional modulation of BRS could shunt and
allocate neural processing resources towards either the externally
oriented or infernally focused cognitive task being performed

® Baroreceptor-mediated changes in cognitive testing under
experimental conditions may not be reflected in usual everyday
activities, but it could impact cognitive performance under unusual
stress or adverse events

of motor impairment in baroreflex inhibition of reaction time
can be rule out since (i) baroreceptor activation influences the
time elapsed from stimulus onset (visual or sound cues) to
electromyographic activation, that is, premotor reaction time,
an index of central processing speed, and (iii) it does not affect
the time elapsed from electromyographic activation to perfor-
mance of the movement, that is, motor reaction time, an index
of motor speed (158). Besides its influence on executive func-
tion, BRS is associated with the performance of intellectual
tasks. Several studies have found that resting BRS correlates
inversely with performance accuracy of intellectual, cogni-
tive task, for example, level of correct responses in a difficult
mental arithmetic task (147, 445, 447, 597).

Factors moderating baroreceptor modulation
of cognition

Resting AP levels and aging are factors that moderate the rela-
tionship between BRS and cognitive processes. At relatively
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high resting systolic AP (i.e., above the normotensive group
mean), there is the expected negative correlation between
BRS (at the task), and cognitive performance, whereas this
correlation is positive at relatively low systolic AP, that is,
below the group mean (445). Of note, aging reverses the
reciprocal relationship between BRS and cognitive per-
formance and memory observed in young normotensive
subjects (459, 488, 556). Also, lower resting values of BRS
independently predict poor memory performance in healthy
older individuals, without affecting executive and attentional
domains (464).

Effect of resting arterial pressure on cognition

The influence of AP levels on several aspects of cogni-
tion has been mostly studied under conditions of essential
hypertension or hypotension. Compared to normotensives,
untreated young subjects with essential hypertension (espe-
cially females) have reduced performance in cognitive tasks
requiring speed, and psychomotor coordination, when the
behaviors observed were self-initiated (489). Similarly,
factory workers with untreated high AP perform poorly
in learning and memory tests compared to normotensive
control subjects (567). A longitudinal study reported that
nonverbal memory and confrontation naming decline more
pronouncedly in individuals with higher systolic AP, espe-
cially at older ages (566). Furthermore, higher systolic AP
correlates with poorer nonverbal memory in nondrinkers,
whereas higher diastolic BP is associated with lesser working
memory among less-educated individuals (566).

Treatment with antihypertensive drugs to lower AP
improves cognitive performance toward normotensive scores
in young hypertensive patients, whereas those who stay
untreated remain deficient as compared with controls (357).
After statistical adjustment for age and education, older
patients with poorly controlled hypertension display the
worst performance on nonverbal memory, perceptual-motor
speed, executive function, and manual dexterity tasks among
normotensive and well-controlled hypertensive groups (565).
These findings suggest that behavioral deficits in hypertension
can be attributable to elevated AP and are reversible (357). It
is not known if these cognitive deficits are innate and present
in individuals prior to the development of hypertensive (489).

Like chronic hypertension, chronic low resting AP levels
can also influence cognitive processes, especially attention
and executive functions. Operationally, attention has four
primary dimensions: general alertness or arousal, selective
attention, divided attention, and sustained attention (555).
After controlling for motor function and mood, subjects with
chronic low resting AP show prolonged reaction times in
all attentional tasks examined. Hypotension is also associ-
ated with decreased accuracy in tasks assessing sustained
attention and working memory (145). After adjusting by age,
hypotensive patients show prolonged reaction times, reduced
performance speed in attentional tasks, and lower concentra-
tion capacity (150). These findings imply a reduced vigilance
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and readiness to respond to significant environmental stimuli,
as well as decreased selective attention in hypotensives (150).
Furthermore, hypotensives display diminished attentional
flexibility, as reflected by reduced speed and longer reaction
times during the cognitive task (580). Finally, hypotensive
show a decreased accuracy in several classical executive
function tasks compared to normotensives (144).

Both hemodynamic and neural mechanisms can medi-
ate the cognitive deficit observed in chronic hypertension
and hypotension. The elevation of AP in hypotensive sub-
jects with the administration of etilefrine shortens reaction
times in the cognitive tasks (143). Thus, cognitive deficits
are related to AP levels. Etilefrine is a peripherally acting
vasoconstrictive o- and f-adrenergic agonist that induces
increases in heart rate, cardiac output, stroke volume, central
venous pressure, MAP in healthy subjects (99). Low cardiac
output and stroke volume are associated with reduced mental
performance (146). Therefore, a cognitive improvement may
result from an enhancement in brain blood flow linked to
etilefrine-elicited hemodynamic changes (143). Attentional
impairment in hypotension is associated with blunted blood
flow responses in both middle cerebral arteries measured
with transcranial Doppler sonography (149).

The autonomic nervous system and central mechanisms
also participate in the cognitive deficit of hypotensives.
Although hypotensives have low resting systolic AP, stroke
volume, and cardiac output, they show a pathologically
increased cardiac BRS that does not decline during cognitive
tasks as it does in normotensives (144). Indeed, the execution
of an inward attention task inhibits baroreflexes in healthy
normotensive subjects, and as a result, they have an enhanced
sympathetic and reduced vagal cardiovascular influences
(147). These cognitive tasks evoked inhibition of barore-
flexes is physiological and can lead to improved cognitive
functioning in healthy individuals. In support, modula-
tions of sympathetic arousal by adrenergic stimulation with
epinephrine improves memory (70), whereas f-adrenergic
blockade with propranolol impairs memory (71). The auto-
nomic influence on different components of cognition can be
bimodal. Specifically, systemic sympathetic activation during
moderate aerobic exercise enhances cognitive information
processing, but it decreases both attention and task accuracy
(592). Finally, it is not clear whether the known inhibitory
influence of baroreceptors on cortical activity mediates the
cognitive deficits under conditions of chronically altered
resting AP.

In summary, cognitive alterations are present in both essen-
tial hypertension and hypotension. Patients with essential
hypertension have deficits in nonverbal memory, confronta-
tion naming, perceptual-motor speed, and manual dexterity.
In contrast, individuals with chronically hypotensive con-
ditions show impairments of some specific components in
attentional processes, that is, attentional alertness, selec-
tive or focused attention, and attentional flexibility. The
cognitive effects in chronic hypertension and hypotension
are mediated by overlapping mechanisms, predominantly
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baroreceptor neural inhibitory input to the CNS and altered
blood perfusion of the brain.

Factors moderating arterial pressure modulation
of cognition

The relationship between systolic AP and cognitive function
is described by an inverted U-shaped function rather than
a linear function (566). As noted previously, subjects with
either essential chronic hypotension (145, 150) or hyperten-
sion (357,489, 565, 567) display lower cognitive performance
compared with matched normotensive controls, with the best
performance at the normotensive level (110). Waldstein
et al. (566) found that the functional relationship between
diastolic AP and specific cognitive tasks is a U-shaped
function moderated by age, education, and antihypertensive
medications. Specifically, both high and low diastolic AP
are associated with worse performance on tests of executive
function and confrontation.

Similar to cognitive deficits, some cross-sectional studies
show that the risk for dementia and Alzheimer’s disease has
an age-dependent inverted U-shaped distribution with respect
to resting AP; that is, the highest risk is in mid-life subjects
with highest resting AP and late-life (>80 years) subject
with the lowest resting AP (427). In general, lowering rest-
ing AP with antihypertensive therapy provides a protective
effect against dementia, Alzheimer’s disease, and stroke-
related cognitive decline, as reviewed previously (427).
Atherosclerosis associated with long-lasting hypertension
results in reduced cerebral blow flow and ischemia, which
contributes to cognitive disturbances (427); however, the role
of a chronically impaired baroreceptor function remains to be
examined.

Influence of cognitive demands on baroreceptor
function

The link between baroreceptor function and cognitive pro-
cesses is Dbidirectional. Cognitive-attentional processes
influence cardiovascular function through changes in the
baroreceptor function that are moderated by the type of
cognitive process. For example, the visual attention to an
external cue decreases heart rate (288, 289) by enhancing
BRS (443). Visual attention enhancement of baroreceptor
function inhibits cognitive processing related to intellectual
tasks and allocate processing resources to carry out externally
oriented sensorimotor responses, resulting in improve senso-
rimotor performance (443). In contrast, a difficult arithmetic
task increases heart rate and AP by reducing BRS, which
leads to a rise in cerebral blood flow velocities during the
task (11). The internal cognitive load inhibition of barore-
ceptor function disinhibits and releases cognitive processing
resources to perform internally oriented difficult intellectual
tasks, reducing the processing of perceptual input from dis-
tracting environmental stimuli, leading to an improvement in
the performance accuracy (151, 597). Thus, the bidirectional
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cognitive modulation of the cardiovascular function shifts
neural processing resources towards the ongoing task to
improve its efficiency. Of note, baroreflex effectiveness
(number of times baroreflexes drive heart rate following
AP variation ramps) is more sensitive to external attention
conditions, whereas BRS (gain of the baroreflex) is more
sensitive to internal cognitive elaboration conditions (443).
It is unknown if baroreceptors laterality (28) and asymmetry
(579) features explain the differential influence on the distinct
components of cognition. The practical significance of these
physiological findings in learning and behavior has not been
established.

It is important to note that alterations in the performance in
tests that evaluate simple reaction times, attention, memory,
and complex executive intellectual functions do not seem
to interfere substantially with everyday behavior, ordinary
work, and social activities (489). This apparent mismatch
can be explained by the fact that neuropsychological testing
demands a mental response capacity beyond that needed to
function within a natural, real-life environment. However,
deficits in these neuropsychological tests might be predictive
of poor cognitive performance under stress conditions, age,
disease, or other substantial adverse events.

Neural mechanisms mediating baroreceptor
modulation of cognition

The neural mechanisms by which baroreceptors modulate
cognitive processes have not been elucidated. Table 7 sum-
marizes available findings. Current evidence supports a role
for high-pressure baroreceptors in modulating cognitive
processes. Stimulation of aortic and carotid baroreceptors
slows executive reaction times, whereas cardiopulmonary
baroreceptor activation is ineffective (347). Functional
magnetic resonance imaging (i.e., BOLD) has allowed the
identification of CNS structures activate by the execution of
cognitive tasks and influenced by baroreceptor input. In the
absence of any cognitive tasks, neck suction stimulation of
carotid sinus produces BOLD responses in known autonomic
and emotion centers, such as insula and amygdala, as well
as cognitive-related structures, such as putamen, caudate
nucleus, temporal cortex, and parahippocampal gyrus (28).
When carotid sinus baroreceptor stimulation takes place
during visual-spatial attention tasks, there is a prolongation
of the task reaction times along with activation of attention-
related areas, including the prefrontal, posterior parietal, and
associative occipital cortices, as well as the thalamus and
cerebellum (28). There is also activation of other areas that
are not part of the known visual-attentional network, includ-
ing medial temporal poles, PAG, and nuclei of the brainstem
that integrates autonomic input and cognitive processing
(28). Thus, the expansion of task-induced BOLD signaling
may reflect neural compensation for the considerable effort
required to correctly accomplish the visual-spatial attention
task under the inhibitory influence of arterial baroreceptor
stimulation on cortex processing (28).
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Table 7 Neural Mechanisms Mediating the Baroreceptor Modula-
tion of Cognition

e Activation of high-pressure aortic and carotid baroreceptors
modulate cognition, whereas low-pressure cardiopulmonary
baroreceptors seem to be ineffective

e Baroreceptor modulation of cognition is associated with the
expansion of fMRI BOLD signal from forebrain structures to more
posterior and caudal structures (brainstem) to compensate for
cortical inhibition by baroreceptors

e EEG contingent negative variation (CNV) is a slow cortical
potential associated with cognitive cortical activation

¢ The relationship between CNV amplitude and cognitive arousal is
U-shaped, with the lowest CNV values occur at the lowest and
highest level of arousal

e CNV decreases with acute increases in AP or external
baroreceptor stimulation, but its association with baroreceptor
modulation of cognitive performance has not yet been established

e CNV is smaller in chronically low AP (hypotension) and is
associated with reduced cognitive performance

e Reduced cognitive performance in hypotensives could be due to
reduced brain blood flow rather than a baroreceptor influence on
cortical activation

¢ Baroreceptor stimulation indirectly improves aspects of cognition
by facilitating slow-wave sleep, which is known to facilitate
memory recognition and consolidation

¢ The neural pathway ascends from the NTS to the hippocampus
through the nucleus paragigantocellularis, and locus coeruleus is
involved in enhancing word-recognition memory following vagal
nerve stimulation in humans

¢ Cognitive modulation of baroreceptor function occurs centrally
within CNS autonomic circuits

¢ Interoceptive input from baroreceptor vagal afferents can modulate
the anterior insula and cingulate cortices via ascending NTS and
parabrachial nucleus pathways

¢ The anterior insula integrates cardiovascular, respiratory, and
emotional signals to deliver an integrated internal emotional
experience and awareness

¢ The anterior insula is involved in the detection of salient
environmental stimuli, whereas the anterior cingulate cortex plays a
role in action selection. Thus, baroreceptor input can modulate the
performance of cognitive tasks by influencing these cortical areas

Since BOLD signals underestimate the extent of cortical
activation in humans (310), EEG contingent negative vari-
ation (CNV), has provided additional information on the
influence of baroreceptors on cognition (162). The CNV is
an EEG slow cortical potential evoked during the interval
between a first warning signal and a second imperative stim-
ulus demanding a motor, verbal, or cognitive response (536,
571). Early CNV occurs during the processing of information
arising from the warning stimulus and the selection of the
response (45). Late CNV correlates with anticipatory atten-
tion towards the stimulus and preparation (both cognitive
and motor) for delivering the required response (45). Acute
increases in AP induced by either behavioral or pharma-
cological manipulations, or with carotid sinus mechanical
distension (with external neck suction), elicits a reduction
in the CNV amplitude in frontal-central areas (161, 435).
Although CNV changes following acute increases in AP, it
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is not evident that this is a causal association that influences
cognition.

Like the acute rises in AP, hypotensive subjects with
chronic low resting AP also display smaller CNV amplitudes
compared with normotensives, which directly correlates with
their systolic AP levels (580). This reduced CNV occurs
along with diminished attentional flexibility in hypotensive
subjects, reflected as longer reaction times resulting from
reduced speed for routine switching during the cognitive
task (580). Of note, acute pharmacological elevation of
AP in chronically hypotensive subjects reduces rather than
increases CNV amplitude, while it improves rather than
worsens cognitive performance, as indicated by briefer
reaction times during the cognitive tasks (143). This disso-
ciation between CNV amplitude and cognitive performance
in chronically hypotensive subjects suggests that cognitive
deficits could be related to hemodynamic changes associated
with AP levels (143), such as brain blood flow (99), rather
than a baroreceptor influence on cortical activation. Further-
more, this dissociation could be related to the fact that the
relationship between CNV amplitude and cognitive arousal
is U-shaped rather than linear; that is, the lowest CNV values
occur at the lowest and highest levels of arousal (220).

In contrast to the overall inhibitory influence on many
cognitive processes, baroreceptors have a positive impact
on memory formation by influencing the level of alert-
ness or arousal. Baroreceptor input facilitates slow-wave
sleep (49, 270), which is known to consolidate episodic
and procedural memories in humans (133). Some animal
studies have provided an anatomical basis for baroreceptor
influences on recognition memory and consolidation. The
NTS projects to the nucleus paragigantocellularis (14, 315),
which in turn provides significant glutamatergic excita-
tory input to the LC (164). Indeed, peripheral stimulation
of cervical vagal afferents elicits an inhibition-excitation
sequence in the LC (528), and glutamate activation of the
LC that potentiates evoked neuronal activity in the dorsal
hippocampus through p-adrenoceptors (19). This functional
anatomic evidence suggests that a NTS/nucleus paragi-
gantocellularis/LC/hippocampus pathway is involved in
noradrenergic-mediated object-recognition and memory con-
solidation in rats (351, 352, 584). A similar pathway likely
contributes to the enhancement of word-recognition memory
in humans following vagal nerve stimulation (96), a procedure
that activates the NTS (32). Moreover, short- and long-term
vagal nerve stimulation can improve cognitive and memory
function in both healthy volunteers and patients with epilepsy
and Alzheimer’s disease (61). Vagal nerve stimulation
improves early postoperative learning and memory dysfunc-
tion by inhibiting systemic and neuroinflammation (589).

Cognitive-attentional demands significantly influence car-
diovascular function through modulation of baroreflex gain
by affecting the activity of central autonomic structures. In
support of this view, a functional magnetic resonance imaging
study has revealed that a multi-source interference task, used
to assess the cingulate-frontal-parietal cognitive/attention
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network, evokes higher activity in CNS autonomic centers
(mainly the cingulate cortex, insula, amygdala, and PAG),
which covaries with a reduction in BRS (192). In addi-
tion, this cognitive interference task increases connectivity
between the anterior insula, cingulate, and amygdala with the
PAG and pons (192).

The role of insula and cingulate cortex in
baroreceptor modulation of emotions, awareness,
and attention

The CNS receives inputs from two major systems, the
somatosensory (exteroceptive) and the interoceptive systems;
the first deals with discriminating environmentally evoked
sensations (e.g., pain, touch, temperature), whereas the latter
conveys vague internal sensations arising from the cardiovas-
cular, digestive, respiratory, genitourinary, and musculoskele-
tal structures. The interoceptive system is a hierarchically
organized homeostatic system that dynamically maintains the
integrity of the body (115). Current evidence supports a role
for the insula and cingulate cortex in processing interoceptive
input, which regulates autonomic homeostasis by asymmet-
rically setting the parasympathetic and sympathetic balance;
for a detailed review, see Craig (115, 116) and Strigo and
Craig (513). The insula processes interoceptive input by inte-
grating cardiovascular, respiratory, and emotionally arousing
neural signals in a manner that results in an internal emotional
experience (513). The primary interoceptive representation
is generated in the dorsal posterior insula in monkeys and
the right anterior insula in humans, which contributes to
emotional awareness and consciousness (115).

Baroreceptor activity can influence the insula functions
and contribute to modulate the generation of homeostatic
emotions and cognition (513). Current evidence supports
the direct influence of cardiorespiratory vagal activity on
the primary interoceptive cortex in monkeys (115, 116,
513). These cardiorespiratory vagal influences are exerted
in the monkey through two polysynaptic projections from
the NTS (33) and parabrachial nucleus (422) to the basal
ventromedial nucleus of the thalamus. In the monkey, Ito
and Craig (241) found that stimulation of the right vagus
nerve evokes the most robust bilateral neural activity, not
in the basal ventromedial nucleus of the thalamus, but in
the thalamic parafascicular nucleus, which projects to the
rostral striatum. This observation suggests the involvement of
the rostral striatum in processing homeostatic afferent input
and regulation of autonomic function (242). The anterior
insula is involved in the detection of salient environmental
stimuli, whereas the ACC plays a role in action selection
(460, 513), which are associated with attention switching and
biasing of sensory input, allowing for scrutinizing ongoing
environmental stimuli and adjusting for task-relevant stimuli
(595). Thus, baroreceptor input can modulate awareness,
emotions, and performance of cognitive tasks by influencing
the dynamic integration of neural signals within insular and
cingulate areas.
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Clinical Implications of Baroreceptor
Dysfunction

The impairment of the baroreceptor function is associ-
ated with a wide range of pathological conditions, recently
reviewed by Kaufmann et al. (258). Complete baroreflex dys-
function can occur following surgery, radiation, accidental
trauma, neurodegenerative lesions, or congenital autonomic
disorders that affect baroreceptor pathways. These lesions
can occur at any level including peripheral sensors (thyroid
and larynx surgery, carotid surgery, carotid dissection),
autonomic afferents (neck radiation, neuropathic degener-
ation in Guillain-Barre and Groll-Hischowitz syndromes),
central circuits (Syringobulbia, brainstem stroke affecting
the NTS, Leigh syndrome), or autonomic efferents (familial
dysautonomia) (35, 263). Baroreceptor dysfunction pro-
duces chronic labile hypertension, which is characterized
by exaggerated oscillations in AP (towards hypertensive
and hypotensive levels) and heart rate; these oscillations in
AP and heart rate are triggered by stress, drowsiness, and
posture (263). Moreover, patients with baroreflex dysfunction
have increased levels of circulating NE, epinephrine, and
vasopressin following postural and emotional challenges,
corroborating the inhibitory influence of baroreceptors on
these neurohumoral responses (258).

Moderate baroreceptor dysfunction alters the SR curve of
a still active baroreflex, affecting the reflex gain, stimulus
threshold, and maximal response, which causes milder clin-
ical cardiovascular changes. Since the baroreceptor function
modulates sensory perception, consciousness, and cognitive
processes, baroreceptor dysfunction is likely to contribute
to the risk, onset, and maintenance of chronic pain, sleep
disorders, and cognitive impairments. Indeed, patients with
chronic musculoskeletal pain, such as fibromyalgia, temporo-
mandibular disorders, and chronic back pain (64, 65, 181,
320, 442), as well as chronic perioperative (389), inflam-
matory (5, 277), and visceral pain (505) have diminished
baroreflexes. Impairments in baroreflexes can also mediate
the autonomic dysfunction—decreased parasympathetic and
increased sympathetic activities—observed in chronic pain
patients (551). Moreover, there is evidence that dysfunction in
baroreceptor function may precede the onset of clinical fea-
tures associated with chronic inflammatory pain syndromes,
such as rheumatoid arthritis (277). Vagal nerve stimulation,
which activates vagal afferents as well as efferents (601),
has been used to treat headaches (497, 552), rheumatoid
arthritis (276), fibromyalgia (294), and chronic pelvic pain
(382). Evidence supporting the role of an altered barorecep-
tor activity in sleep disorders and cognitive dysfunction is
still scarce. However, patients with obstructive sleep apnea
have attenuated BRS (75), which is thought to contribute to
hemodynamic alterations (204, 384, 385) and an increased
risk for cardiovascular morbidity (21). However, it remains
an open question if baroreceptor dysfunction contributes to
the clinical features of obstructive sleep apnea.
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Lower resting BRS predicts poor memory performance in
the healthy older population (464). Although it is unclear if
baroreceptor dysfunction correlates with the development of
cognitive dysfunction, such correlation is suspected because
1-year treatment with vagal nerve stimulation has beneficial
effects for Alzheimer’s patients (354, 502) and diminishes
cognitive decline in older individuals (244). We have recently
examined other medical conditions that exhibit reduced BRS
(515). Several therapeutic interventions that can improve
baroreceptor function; for example, systolic extinction train-
ing reduces pain in fibromyalgia patients with elevated AP
response to stress by improving BRS (538). Finally, it is
imperative to note that all of these medical conditions impose
a physical and psychological stress burden on patients that
further contribute to impair baroreceptor function. It is known
that exposure to psychological stressors reduces BRS (449,
510). Fortunately, behavioral conditioning procedures, such
as relaxation (510) and biofeedback-assisted self-control
(444), have proved to be capable of enhancing BRS in
healthy subjects. Respiratory training also improves BRS in
subjects with chronic spinal cord injury (298). Moreover,
early studies found that exercise training increases BRS in
normal and hypertensive rats (67, 498). Later, several clinical
studies have demonstrated the efficacy of exercise training in
increasing BRS and reducing AP in healthy adult males (413),
hypertensive postmenopausal women (307), and patients with
stable post-infarction congestive heart failure (235). Finally,
intraoral orthotics that increase heart rate variability (109)
might also improve also BRS (322).

Conclusions

Baroreceptor pathways represent bidirectional neural con-
duits between the periphery and the central nervous system,
enabling both “bottom-up” (ala the James Lange model)
(72, 73) and “top-down” (ala William Canon model) (73)
regulation of complex physiological and psychological
processes (325). While it is generally recognized that barore-
ceptor stimulation promotes inhibitory sympathetic and
excitatory parasympathetic tone, less acknowledged is the
contribution of baroreceptor pathways to pain perception,
arousal, and cognition, three bodily functions. Physiological,
demographic, and pathological factors (e.g., resting AP, age,
health status) alter the relationship between baroreceptor
input and the physiological functions described in this arti-
cle. Baroreceptor-mediated effects on non-cardiovascular
functions are not due to subsequent baroreflex-mediated
hemodynamic changes or motor impairment, but instead,
they are related to activation of neuronal networks within and
between several CNS loci. Baroreceptor dysfunction occurs
with the onset and maintenance of several medical condi-
tions: chronic pain syndromes, sleep disorders (insomnia,
obstructive sleep apnea), and cognitive dysfunctions (memory
deficit, learning disabilities). The possibility of manipulat-
ing and reinforcing baroreflex function opens a window

Volume 11, April 2021

Baroreceptor Modulation

of opportunity to design novel therapies for these medical
conditions. Future research should continue to deepen our
understanding of these complex physiological mechanisms,
their clinical implications, with the goal of developing non-
pharmacological and pharmacological methods to restore and
maintain baroreceptor function.
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