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Physiological experiments show that mean blood pressure is controlled by the
nervous system in long-term. The nucleus tractus solitarius (NTS), located in the
dorsomedial medulla oblongata is extensively recognized as an essential brain area
complicated in the integration of numerous viscerosensory processes, such as
respiratory, cardiovascular, hepatic gustatory, and renal regulation mechanisms.
NTS is a region of the brain stem in which primary baroreceptor afferents terminate
and synapse with the rostral ventrolateral medulla (RVLM) via a nitric oxidergic
pathway and hence is vital in the normal control of arterial pressure (AP). The NTS
as a comparator evaluates the error signals between afferents of cardiovascular
receptor and central neural structures and sends signals to nuclei that normalize the
circulatory variables. Furthermore, during exercise, signals from the muscle
receptors reach the NTS that activate sympathetic premotor neurons and thus cause
pressor and tachycardiac responses. The GABAergic interneurons of NTS may
contribute to baroreceptor reflex resetting by the inhibition of the barosensitive NTS
neurons, thereby enhancing the sympathetic nerve activity. The basic functions of
the NTS with respect to regulating the cardiovascular system are introduced in this
review. Then, the potential mechanisms underlying cardiovascular regulation are
discussed with a focus on NTS functions.

Cardiovascular system, GABA, Glutamate, Nitric oxide, Nucleus
tractus solitarius
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Introduction

The NTS is a critical constituent for the homeostasis of

autonomic function since it is innervated by visceral
inputs from peripheral receptors of gastrointestinal,
gustatory, cardiovascular, and pulmonary/respiratory
systems, which reflexly influence autonomic motor
outputs (1).

The NTS compares the signals between afferents of
cardiovascular receptor and central neural structures and
sends error signals to nuclei that normalize the circulatory
variables (2).

The NTS reflexly regulates arterial pressure (AP) and
heart rate (HR) to sustain cardiovascular homeostasis;
moreover, this nucleus is involved in feed-forward control
of the cardiovascular system in reaction to an array of
mental and physical stressors (1).

The AP is adjusted by the feedback of chemoreceptors
and cardiopulmonary receptors, and the baroreflex would
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make the short-term pressure constant. The set point of the
open and closed loops of cardiovascular regulation is the
firing rates of rostral neural afferents to the NTS. Thus,
the RNS has an effective action not only inconstant
conditions, but also in diverse behaviors and pathologies
(2). The regulation of AP cannot be accomplished after
chemo and cardiopulmonary receptor denervation (1).

Cardiovascular variables are regulated by humoral,
neural, and autoregulatory mechanisms. It is generally
accepted that the renal output is involved in the
maintenance of the long-term AP, but the nervous
system plays a possible role in this process.

Guyton reported that hypertension in human is mostly
started by nervous stress (2). Evaluations of AP illustrate
large deviations over a 24-hr period. It is reported that
acute emotional or threatening stimuli can produce a
noticeable cardiovascular response, as in the alert
response (3). Electrical stimulation of defense region in
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the hypothalamus induces a cardiovascular response
similar to that described above. In addition, the
beginning of exercise is pursued and occasionally
preceded by instant enhancements of AP, HR, and
ventilation. The latter is accompanied by a rise in the
activity of sympathetic nerves to vascular beds, such as
the kidneys (4). The cardiovascular alterations that
happen at the start of exercise result from central
command of the cortex. Thus, the set point of AP varies
in diverse conditions. Osborn et al. (5) found that a
“baroreflex independent” sympathetic regulation should
occur for the lasting control of sympathetic nerve
activity and AP, conferring correspondingly the idea of
a central nervous system “set point” and its participation
in the pathogenesis of hypertension. Therefore, there is
a neural set point for the long-term control of blood
pressure (2,5). In our previous research, it was found that
NTS could decrease diastolic pressure in patients with
diabetes by injection of lidocaine into NTS and thus
reversible inactivation (6).

The NTS is situated at the dorsomedial medulla that
receives general visceral and taste afferents and has an
important effect on the initiation of reflexes directing
cardiovascular function, respiration, and gastrointestinal
motility (7). Furthermore, the NTS might be one of the
important centers as a sensory gateway from the
periphery to the central system that is complicated in
both somatic and visceral motor systems (8). Cui et al.
found that some interneurons in the NTS might have a
predominantly significant role in the cardiomodulatory
process. They showed that electroacupuncture may
diminish myocardial ischemic injury by modifying the
activity of the vagus nerves to NTS (9).

In this review, the basic functions of the NTS are
introduced with respect to regulating the cardiovascular
system. Then, the potential mechanisms underlying
cardiovascular regulation are discussed during a single
bout of exercise, with a focus on NTS functions.

GABAergic neurons are scattered in the NTS and
their tonic activity is essential for the regulation of
cardiorespiratory activities (10). Injection of GABAA
and GABAB agonists, muscimol and baclofen
respectively into the NTS increased AP. Furthermore,
intra-NTS microinjection of bicuculline as a GABAA
receptor antagonist diminished AP. GABA in the NTS
has a significant effect on controlling AP, particularly
over GABAB receptors, and shows an inhibitory role
in the baroreceptor reflex (10). The GABAergic
inhibition is regulated by the baroreceptors excitatory
synaptic input to the NTS (11).
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The NTS collects afferent protrusions from the
cardiopulmonary receptors, carotid chemoreceptors,
and arterial baroreceptors, and regulates the autonomic
activity to keep AP in a constricted range of variation.
NTS receives viscerosensory afferents that are
glutamatergic (12). The stimulation of these
cardiovascular afferents induces a precise autonomic
response through the stimulation of neuronal efferents
from the NTS to the caudal ventrolateral zone of the
medulla (CVLM) and RVLM (13). Stimulation of the
cardiovagal component through cardiovascular reflex
or viaintra-NTS application of glutamate (GLU) is
arbitrated to N-methyl-D-aspartate (NMDA), and the
sympatho-excitatory constituent of the chemoreflex
and the pressor response to GLU injected into the NTS
cannot be altered through an NMDA receptor
antagonist; this demonstrates that the sympatho-
excitatory constituent of these responses is arbitrated to
non-NMDA receptors (13). It is reported that the
alteration of NMDA percentage may show some
effects on pressor response to GLU, similar to their
effect on plasticity (14).

Excitatory neurotransmitters, such as L-glutamate,
are the core neurotransmitters in the regulation of AP
by NTS (10). Itis revealed that in the CNS, the GLU as
the main excitatory neurotransmitter, acts on
ionotropic receptors, AMPA and NMDA, with the
latter having a higher affinity for L-glutamate than
AMPA receptors (15,16). Likewise, GABA is the
primary inhibitory neurotransmitter. Both GLU and
GABA in the brainstem and spinal circuits show
crucial roles in cardiovascular control by the CNS (17).

The level of inhibition by GABA in cardiorespiratory
circuits of the NTS may be reliant on the action of the
excitatory interneurons. Also, the ratio of excitatory to
inhibitory action may regulate the spread of signals
over the NTS neuronal network. This type of
dependence of inhibitory GABAergic neurons on the
activity of the surrounding excitatory neurons has been
extensively shown in the cortex (18,19) and termed
‘activity dependence’(11).

The rate of GABAergic inhibition within the NTS
increases in a high blood pressure (20,21) and hence the
resultant elevation of GABAergic inhibition within the
NTS causes increases in HR, AP, and sympathetic
outflow (22). These properties are parallel to the
inhibitory action of the arterial baroreceptor reflex (23).
Therefore, our findings indicated that disinhibition of
the NTS circuit may lead to higher cardiovascular
responses in the hypertensive rat.
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Sapru et al. demonstrated that injection of glutamate
into the NTS reduced cardiovascular responses similar
to baroreceptor reflexes. Baroreceptor afferent nerves
from aortic arch and carotid sinus send excitatory signals
to the NTS through IX™ and X™ cranial nerves. This
action causes the inhibition of sympathetic
preganglionic vasomotor neurons of the spinal cord (17).

Previous studies have shown that augmented
excitability of GABAergic neurons in the NTS during
temporal lobe epilepsy and hence NTS dysfunction
may contribute to the increased probability for
cardiorespiratory collapse in epilepsy (24,25).

Early and Late Neurons of NTS Control Blood
Pressure Changes

Previously, NTS barosensitive neurons were divided
to early and late neurons according to their discharge
rates, with the former displaying a greater discharge rate
than the latter throughout AP increase at a similar rate.
The firing rate of early neurons linearly increases with
the initial HR diminution while that of late neurons
increases with the late phase of HR reduction (26).

According to Rogers et al., NTS neurons not only are
sensitive to AP, but also encode the rate of AP alteration
(27). It was later reported by Zhang and Mifflin that
different rates of AP alteration might cause different
neuronal reactions in the same NTS neurons (28): a fast
augmentation rate of AP may cause a greater response
relative to a slow rate increment. A report by Deuchars
et al. suggests that NTS barosensitive neurons are
heterogeneous  in  physiological  action  and
morphological form (29). Peak firing rate, the firing
patterns, and time course of the response to AP changes
are different between diverse NTS barosensitive
neurons. The NTS neurons were detected with diverse
patterns of firing: excitatory (mostly), inhibitory, or
biphasic (minimally). The excitatory neurons are
grouped to early and late neurons based on their response
time course (30). The early neurons rapidly boost their
discharge throughout the early phase of AP increment,
whereas late neurons do not increase their discharge
until near/after the peak of AP. Early neuron action in
response to AP increase causes an expressively greater
discharge rate than the late neurons. Finally, the
correlation of firing activity with HR decrease in early
and late neurons shows that both neurons may
differently contribute to HR regulation (31).

Nitric Oxide (NO) in NTS and Spontaneously
Hypertension

NO is implicated as a core regulator of central
nervous circuits controlling the cardiovascular activity.

Volume 28, January & February 2020

In the NTS, endothelial NO synthase (eNOS) involves
in the control of the spontaneous hypertension (32).

NTS is a vital brain stem structure that has a critical
role in sustaining the AP. Similarly, since NTS is the
terminal area of baroreceptor afferents, it is one of the
most effective central places for the modification of the
baroreceptor reflex, a process that is important in blood
pressure control.

Our previous study revealed that microinjection of L-
glutamate into the NTS decreased blood pressure in
diabetic rats, and that microinjection of lidocaine
increased blood pressure (33).

Intra-NTS injection of sodium nitroprusside elevated
blood pressure in diabetic rats. Subsequent to sodium
nitroprusside injection, the depressing responses to
glutamate declined expressively. These results showed
that glucose regulates blood pressure in diabetic animals
through the activation of nitric oxidergic neurons (33-
35).  Aneffective  neuromodulator of  central
cardiovascular autonomic activity is angiotensin 11 (Ang
I1). Within the NTS, Ang Il inhibits the baroreceptor-HR
reflex through the activation of type 1 receptor (12).
Microinjections of Ang 1l into NTS make a
concentration dependent effect, depressor, or pressor
response. Moreover, an Ang |l antagonist augmented
cardiac baroreceptor reflex (32). Ang Il decreases
cardiac baroreceptor reflex in the NTS through Ang 1l
type 1 receptors, which is mediated by NO. Ang Il can
release NO in the NTS and thus, via a phospholipase C
pathway, releases intracellular calcium that is necessary
for endothelial NO synthase activation (32). Released
NO raises inhibitory GABAergic discharge in the NTS,
which may lead to the diminution of the cardiac
baroreceptor reflex. In conscious normotensive Wistar
rats, long-term inhibition of eNOS in the NTS increased
the cardiac baroreceptor reflex, maintaining a depressant
effect of NO on the baroreceptor reflex. According to
this evidence, it is supposed that NO in the NTS can be
involved in the depressed baroreceptor reflex and
hypertension that are produced in the spontaneously
hypertensive rat (32).

NO is a diffusible molecule that can act as a central
controller of food consumption, mediated by the
orexin-A-induced feeding (36). NO may affect orexin
neuron activity through a non-synaptic mechanism
(37). Previous studies showed that microinjection of
orexin into the rat NTS augmented blood pressure.
Orexins produce the excitability of cardiovascular
neurons in the NTS and therefore regulate global
cardiovascular function (38). Studies demonstrated the
presence of orexin-immunoreactive axons and the
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mRNA of both types of orexin receptors within the NTS.
Orexin is a neuropeptide produced in the lateral part of
the hypothalamus area and activates postsynaptic
neurons via two G-protein coupled receptors (39,40).
Orexin is implicated in the central modification of sleep,
energy metabolism, and the cardiovascular system.
Central cardiovascular regulation through orexin may
derive from direct actions on NTS neurons and impact
neuronal excitability as a consequence of instantaneous
regulation of numerous ion channels (41). In another
study, it was shown that the excitatory effects of orexin
on NTS neurons were mediated by activation of the
phospholipase C and protein kinase C pathways, which
possibly caused by orexin receptor-coupled activation of
Gq (42).

During exercise, neuronal signals from the
hypothalamus and the muscle receptors reach the NTS
and RVLM. The signals to the RVLM produce pressor
and tachycardiac responses through the activation of
sympathetic premotor neurons. Without this baroreceptor
reflex resetting to a higher pressure, sympathoexcitation
would be decreased and parasympathetic nerves would be
increased by baroreceptor inputs, causing the reduction of
constant augmentations in AP and HR (43).

The NTS GABAergic interneurons may contribute to
baroreceptor reflex resetting by inhibiting the
barosensitive  NTS neurons, and thus increase the
sympathetic nerve activity. The hypothalamic
paraventricular nucleus, dorsomedial hypothalamus, and
tuberomammillary nucleus of the posterior hypothalamus
may implicate in the inhibitory action of GABA on NTS
actions (44). One of the main mechanisms for
cardiovascular regulation during exercise is an increase in
sympathetic nerve activity. Evidence shows that this
sympathoexcitation is accomplished by the NTS as a key
site in the brain (1). The core cardiovascular reflex
through the NTS is the arterial baroreceptor reflex.

Baroreceptors as mechanoreceptors are excited by
extending the arterial wall during AP increase. Therefore,
baroreceptor afferent signals are delivered to the NTS (1).
Second-order NTS glutamatergic neurons stimulate
parasympathetic preganglionic cell bodies located in the
nucleus ambiguus and GABAergic inhibitory neurons in
the CVLM that inhibits glutamatergic neurons of RVLM,
thus lessening the sympathetic preganglionic neuronal
outflow. Therefore, raised parasympathetic and
diminished sympathetic outflows produce a bradycardic
response, decreasing the cardiac output and diminishing
total peripheral resistance. These responses involve in
normalizing raised AP. Opposite autonomic results,
namely, diminished parasympathetic and enhanced
sympathetic drive, happen when AP declines. The arterial
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baroreceptor reflex function shows dynamic features in
response to mental and physical stress (17,43). The NTS
receives inputs from medullary raphe that regulates skin
blood flow through sympathetic activation (45,46).
Furthermore, the NTS collects many inputs from other
brain sites including periaqueductal gray area,
amygdaloid complex, periaqueductal gray, hypothalamic
paraventricular nucleus, and dorsomedial hypothalamus
(DMH), which regulate the NTS barosensitive neurons.
Therefore, the NTS is an essential site that integrates
various information sources and, as a result, affecting
baroreceptor reflex functions. The integrative function of
the NTS is essential for the adjustment of the baroreceptor
reflex, and has a central role in regulating cardiovascular
systems in mental and physical stress. Therefore, damage
to the NTS is lethal because it produces cardiovascular
disorder as increased variation of AP at a high level (1).

Conclusion

The NTS region of the brain stem compares the
signals of cardiovascular receptors and central neural
structures and normalizes the circulatory variables.
Excitatory neurotransmitter, such as L-glutamate and
GABAergic interneurons, are the core neurotransmitter
in the regulation of AP by the NTS. The ratio of
excitatory to inhibitory activity and hence sympathetic
nervous action may regulate the spread of signals over
the NTS neuronal network.
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