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ABSTRACT

Neurotransmitters and neuropeptides are involved in the regulation of nervous
function, behaviour, emotion, sex, sleep, mood of higher animals including the humans.
They act and they occur simultaneously in the brain as neurotransmitters or neuromod-
ulators and in plasma as circulating hormones. The direct regulatory interactions of a
given substance in the blood and in the brain are still unknown, but some results have
already been published regarding these relationships. The present paper briefly describes
the systematic review-type studies on the interrelationship of the brain functions and the
cardiovascular regulation. It has been established that there are anatomical links between
brain and heart as through afferent, central and efferent pathways facilitating control of
the heart and circulation. It has been widely investigated to reveal the link between brain
catecholaminus and baroreceptor reflex control of blood pressure and also in the develop-
ment of certain types of experimental hypertension. The role of indoleamines is still to be
more investigated as serotonin may exist both inhibitory and excitatory effects in the same
cell depending on the nature of stimulation. It is also believed that serotonin of the raphe
nuclei is mainly involved in the descending inhibitory input to sympathetic pregantian
neurons. It has been shown by many investigators that GABA has inhibitory influence on
cardiovascular funtion. GABA may also interfere centrally with peptidergic blood pressure
controlling system. The hypertension is inherited as a multifactorial trait and that several
different genes may be involved in the regulation of blood pressure and the pathogenesis
of hypertension. Recent studies showed that the chromosomal mapping of two genetic loci
are associated with blood-pressure regulation in hereditary hypertensive rats. Compari-
son of the human and rat genetic maps indicated that one gene, (BP/SP-1) in rats could
reside on human chromosome I7q in a region that contain the angiotensin 1-converting
enzyme. This encodes a key enzyme of renin-angiotensin system and this is therefore a
candidate gene for hypertension. In serum of transgenic mice, the norephinephrine level
was reduced and the epinephrine level was slightly elevated. The brain amygdala is im-
portant in the integration of cardiovascular adaptive changes. The sympathetic division
of the autonomic nervous system acts as an arousal mechanism for the entire body. Re-
cent evidence indicated that the effect of substance P on blood pressure and heart rate is
the result of sympathetic neuron system stimulation. It is possible that vasopressin may
operate to interfere centrally with the baroxeceptor reflex, most probably by augmenting
its responsiveness. There is a stimulated brain renin-angiotensin system in hypertensive
subjects.
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1. I N T R O D U C T I O N

In recent years it has been found that catecholamines and indoleamines, the
important neurotransmitters and substance P and Neuropeptide Y, the important neu-
ropeptides, act as chemical messengers and hormones and involved in the regulation of
nervous function, behaviour, emotion, sex, sleep of higher animals including the humans.
The catecholamines and indoleamines, and neuropeptides have recently shown to occur
simultaneously in the brain as neurotransmitters or neuromodulators and in the plasma
as circulating hormones. The direct regulatory interactions of a given substance in the
blood and in the brain are so far completely unknown. The tremendous increase in the
number of newly discovered neuropeptides in the brain leads the importance of a better
understanding of their hormonal and neuronal interrelationship. In this communication,
I describe briefly the present state of knowledge and the recent advancement in research
in the fields of brain functions and cardiovascular regulations, with the emphasis on (a)
systems involved in cardiovascular regulation, (b) neurotransmitters and chemical circuits
in the brains and their relationship with cardiac system, (c) effect of stress on central neu-
rons, and relationship with blood-pressure regulation, (d) brain-peptides in cardiovascular
regulation. The role of the brain renin-angiotensin system in blood pressure control and
hypertension.

a) The Systems Involved in Cardiovascular Regulation

Cardiovascular regulation is generally mediated through changes in vascular re-
sistance and cardiac output in order to maintain an adequate blood supply to individual
organs and tissues in accordance with their metabolic requirements, whilst simultaneously
controlling the level of arterial blood pressure, the physiological control system mediat-
ing cardiovascular regulation has four major subdivisions [1] (Fig. 1). Firstly, receptors,
responding to a variety of stimuli which send apparent impulses from the periphery to
the central nervous system. Secondly, several regions of the central nervous sytem, which
receive afferent imputs and generate or modulate efferent outputs. Thirdly, the efferent
pathway consisting of the endocrine, vagal and sympathetic outflows and finally, the end
organs of blood pressure control, i.e. the heart, the kidney and the blood vessels. Although
much is now understood concerning peripheral aspects of cardiovascular control, central
mechanisms remain largely yet to be understood.

The major inputs to the brain facilitating cardiovascular regulation include ef-
ferent fibres from arterial baroreceptors and chemoreceptors, and form cardiopulmonaxy
receptors and lung stress receptors, which enter the medula via the IXth and Xth cranial
nerves and terminate in the vicinity of the nucleus of the tractus solitarii (NTS).

These are also spinal somatic and visceral afferents, including sympathetic af-
ferent s from the heart and vessels, and afferents from receptors in the joints and skeletal

muscles. In addition, the sense organs, thermoreceptors, and receptors innervated by the
trigeminal nerve also function in cardiovascular control.

The walls of certain blood vessels contain receptors, termed baroreceptors, which
are activated by mechanical deformation due to streching of the vessel wall. The nerve
ending innervating such regions form a dense arborization, conformed entirely to the ad-
vantitra of the arterial wall. Functionally, the most important baroreceptor areas are the
aortic arch and the cardial bifuractions, although baroreceptors are also located in various
regions of the common cardial arteries [2] (Fig. 2). Kirchheim [3] described the basic
properties and reflex effects following stimulation of the arterial baroreceptors; the resul-
tant bradycardia snd hypotension being mediated by an enhanced vagal efferent discharge
together with a decreased sympathetic out. Baroreceptor activation is also believed to di-
minish the secretion of antiduretic hormone, arginine vasopressin and renin, thus reducing
the circulating blood volume. There is a direct relationship between the extent to which
the blood vessel wail is stretched and the rate at which baroceceptor afferent impulses are
generated [4].

Arterial receptors sensitive to the changes in the chemical composition of the
blood are situated in specialized tissues in the region of the aortic and carotid bodies
[2]. These structures are highly vascular. In man the flow per gm of tissue being 20
ml/gm/minute, the highest in the body. The chemireceptors have an important role in the
cardiovascular control, their function is quite different to that of the baroreceptors. The
chemoreceptors appear to act as an "emergency" system, in contrast to the baroreceptors,
which have an on-going regulatory function. The peripheral chemoreceptors respond to
alterations in the PO2, PCO2 and pH of the arterial blood [5j. The primary cardiovas-
cular effects following chemoreceptor stimulation are bradycardia, vasoconstriction in the
vascular beds and a greater secretion of catecholamines in the adrenals:

The cardiac receptors are present in the coronary vessels and within each of the
four chambers of the heart. The receptors are innervated by mylinated and non-mylinated
axons, which project to the central nervous system via the Vagi and cardiac sympathetic
nerve.

The NTS has reciprocal connections with several interlinked suprabulbar regions,
which are also seemingly involved in blood pressure control. These include various regions
of the hypothalamus, the cerebellum, the bed nucleus of the stria terminals, the central
nucleus of the amygdala, the perivencticular nucleus of the thalamines and certain cortical
areas (Fig. 3) [6].

Blood pressure is determined by the product of cardiac output and peripheral
vascular resistance and is dependent upon sympathetic and vagal efferents innervating the
heart and blood vessels. The sympathetic innervations of the heart originates from T1-T5,
with the preganglionic neurons regulating vascular tone being distributed throughout the



thoracic and upper lumber segments of the spinal cord [7], The involvement of the vagus

nerve in neural regulation of the heart is well documented [8],

b) Neuroiransmitttrs and Chemical Circuits in the Brain and Their Relationship with the

Cardiac Systems:

The catecholamines constitute a group of chemical substances that are widely
present in both the brain and the peripheral nervous system. The important catechola-
mines are dopamine, norepinephrine and epinephrine. They are produced enzymatically as
follows: Tyrosine is converted to L-DOPA by tyrosine hydroxylase, then L-DOPA in con-
verted to dopamine by aromatic L-amino acid decarboxylase. Again dopamine is converted
to norepinephrine by the enzyme dopamine-beta-hydroxylase and finally phenylethanola-
mine-N-methyl transferase converts norepinephrine into epinephrine.

Serotonin (5-hydroxytryptamine), an important indoleamine neurotransmitter,
produced cnzymatically by aromatic L-amino acid decarboxylase converting L-5-hydro-
xytryptophan to serotonin, was thought mainly to be involved in high blood pressure and
in mental illness. Serotonin is also involved in sleep and the regulation of body temperature.

Dopamme Circuit in the Brain: Three major dopamine circuits have been dis-
covered in the brain [9] (Fig. 4). All three of the dopamine circuits consists of one neuron
pathways. The neuron bodies of the dopamine containing neurons are in the brainstem
and they send their axons to other brain regions. In one of the circuits, the neuron cell
bodies are in a region of hypothalamus and they send their axons just a short distance
into pituitary gland. The second dopamine circuit is from substantia nigra to the basal
ganglia. The third dopamine system is not well understood, but it is known to be involved
in the same major way of schizophrenia. The dopamine containing cell bodies lie in the
midbrain just next to the substantia nigra. They project to the higher brain region, the
cerebral cortex and limbin cortex. The ectorhinal cortex is the major source of neurons
projecxting to the hippocampus.

Norepinephrine Circuit in the Brain: The norepineprine in the brain consists of
a few smalt collections of cell bodies in the brain stem containing norepinephrine which
send their fibers to the most of the all structures and region in the brain [10] (Fig. 5).
These fibers make direct connections from the brain stem to the cerebellum, hypothalamus,
thalamus, cerebral cortex, hippocampus, septum,, basal ganglia, amygdala and other brain
tissues. The norepinephrine fibers go almost everywhere, yet they come from a relatively
few cell bodies.

Epinephrine or adrenaline is a major hormone or neurotransmitter secreted by
the adrenal gland in state of emotion or stress.

Role of catecholamines in blood pressure: The evidence implicating central cate-

cholamines in cardiovascular control has arisen not only from mapping studies which have
shown the similarity between those pathways followed by central catecholamines neurons
and those involved in cardiovascular control, but also from investigations which have re-
vealed the link between brain catecholamines and baroreceptor reflex control of blood pres-
sure and also within the development of certain types of experimental hypertension [11],
Deafferentation of the baroreceptor reflex by sinoaortic denervation leads to an increased
lability in the level of blood pressure together with selective increases in noradrenaline
turnover within the hypothalamus and thoracolumber cord [11]. The baroreceptor reflex
would therefore appear to interact with catecholamine pathways at suprabilber levels and
also to restrian the activity of descending noradrenergic fibers, terminating in the sympa-
thetic lateral horn which serves to maintain or elevate arterial blood-pressure.

The sertonin circuit in the brain: The structure of the brain that has the highest
concentration of serotonin is the pineal gland. This remarkable little gland is not actually
a part of the brain, because although it is physically within the brain the blood-brain
barrier separate them. The pinceal gland does not receive nerve fibers from the brains but
only from the sympathetic part of the peripheral nervous system. These fibers incidentally
use norepinephrine as their transmitter. Sertonin in the pineal gland is converted into
a pigment called melatonin, which act on skin pigmentation and also exerts a powerful
influence on the activity of the female gonads. Both serotonin and melatonin in the pineal
gland are under the control of the day-night cycle. In the main brain (Fig. 6) [10], the
serotonin containing neurons are in a number of nuclei in the brain stem called the raphi
nuclei. They project to rather localized regions of the hypothalaraus, cerebral cortex and
other structures.

Role of serotonin in cardiovascular control: The evidence suggesting that sero-
tonin may act as a neurotransmitter for cardiovascular control has arisen from anatomical
and neurophysiological studies. It is believed that there is a descending inhibitory input to
sympathetic preganglian neurons and serotonin of the raphe nucei of the pons are involved
with this inhibition. However, exitatory transmitter effects have also been ascribed to
serotonin and electrical stimulation of the raphe nuclei has yielded both pressor and de-
pressor effects, depending on the precise site of stimulation. Thus, the function of sertonin
in cardiovascular control still requires futher clarification.

Gamma Amino Butyric Acid (GABA) in Cardiovascular Regulations: GABA
acts as an inhibitory neurotransmitter within the brain. Its concentration is highest in the
substantia nigra, globus pallidus, the hypothalamus, the superior and inferior corticular
regions, while the low concentration is present in the pons and medulla. The anatomy
of GABA containing neurons in the mammalian central nervous system has not yet been
clearly defined, although recently a specific GABAergic input has been shown for the nu-
cleus ambiguus and possibly the hypothalamus [12]. An inhibitory influence of GABA
on cardiovascular function has been indicated by numerous pharmacological studies [13].
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Intracerebroverticularly applied GABA or the GABA agonist muscimol, produces a hy-
potensive response, which appears to be mediated by a reduction of sympathetic outflow.
Moreover, GABA antagonists, i.e. picrotoxin or bicuculine, increase blood pressure when
given centrally. GABA may also interfere centrally with peptidergic blood pressure con-
trolling system [14].

c) Effects ofstre.su on central Neurons and the Relationship with Blood-Pressure Regulation:

Nagatsu et al. [15] indicated for the first time by in vivo voltammetry tech-
niques that spontaneously hypertensive rats (SHR) may have higher response in central
dopaminergic and serotonergic neurons to acute stess than normotensive Wistar-Kyoto
Rats (WKY). The response of dopaminergic neurons appears to be higher than that of
serotonergic neurons. Primary hypertension represents a major public health issue owing
to its prevalence and its long-term complications. Family and twin studies have demon-
strated that hypertension is inherited as a multifactorial trait and that several different
genes may be involved in the regulation of blood pressure and the pathogenesis of hyperten-
sion. Hilbeit et al. [16] described the chromosomal mapping of two genetic toci associated
with blood-pressure regulation in hereditary hypertensive rats. The spontaneously hypre-
tensive rat and the stroke-prone spontaneously hypertensive rat are useful model for human
hypertension In these stains hypertension is a polygenic trait, in which both autosomal
and sex-linked genes can influence blood-pressure. Linkage studies in crosses between th
stroke-prone spontaneously hypertensive rat and the normotensive control strain Wister-
Kyoto have led to the localization of two genes, BP/SP-1 and BP/SP-2, that contribute
significantly to blood pressure variation in the F2 population. BP-SP-1 and BP-SP-2 were
assigned to rat. chromosomes 10 and X, respectively. Comparison of the human and rat
genetic maps indicates that BP/SP-1 could reside on human chromosome 17q in a region
that also contain the angiotensin 1- converting enzyme gene (ACE). This encodes a key
enzyme of ronin-angiotensin system and is therefore a candidate gene in primary hyperten-
sion. Kobiiyashi ct al. [17] described the effect of the genetic alteration of catecholamine
specificity in transgenic mice - and to examine the effects of catecholamines secreted into
the blood-stream of transgenic mice, they continuously measured the catecholamine lev-
els in the serum (Table 1). In serum of transgenic mice, the norepinephrine level was
reduced to 63.5% and the epinephrine level was slightly elevated. Since norepinephrine
and epinephrine in the blood stream are derived mainly from sympathetic neurons and
adrenal medullary chromaffin cells, the shift of their levels in transgenic mice is thought
to be canned by the conversion of catecholamine synthesis. Their study of blood sugar
and blood pressure in the normal breeding condition did not indicate any significant differ-
ences between transgenic and nontransgenic mice. However, the transgenic mice developed
by Kobayashi et al. [17] may be useful in investigation of the regulatory mechanism of
adrenergic receptors for changes in hormone and neurotransmitters level.

Stock et al. [18] have shown that cardiovascular responses, accompanying mild
behavioral arousal, can be elicited in the awake cat by electrical stimulation within the
central nucleus of the amygdala. The results indicated that the amygdala is important
in the integration of cariovascutar adaptive changes. The cardiovascular changes occuring
during exercise are largely dependent upon afferent activity arising from the active muscies
themselves and from joint receptors. Stimulation within the hypothalarnic fields of Forel
elicits cardiovascular responses comparable with those seen during exercise.

Stress-emotion and autonomic nervous system: Almost any type of sudden stress,
either physical or psychological causes the sympathetic part of the autonomic nervous sys-
tem, the emergency system, to increase its activity. This in turn causes the adrenal medulla
to increase its secretion of epinephrine and norepinephrine into the blood. This autonouic
nervous system is generally involuntary and acts on the smooth muscle of the gastroin-
testinal tract, the cardiac muscle and on the exocrine glands. The autonomic nervous
system consists of two divisions, the sympathetic and parasympathetic. The sympathetic
division of the autonomic nervous system acts as an arousal mechansim for the entire body
and activation of the parasympathetic division tends to produce effects opposite to those
of the parasympathetic nervous system. The neurotransmitters for the sympathetic ner-
vous that synapse with the heart is norepinephrine and for the parasympathetic neurons
acetylcholine. The autonomic nervous system is under the direct control of various nuclei
in the brain stem. These in turn are influenced by the hypothahunus and certain of the
Hmbic forebrain structures. The autonomic nervous sytem is also influenced greatly by
one particular target organ of the hormones of the hypothala.inus-pitiutary: the adrenal
medulla. The adrenal medulla is in fact part of the sympathetic nervous system. Pre-
ganglian sympathetic fibers release acetycholine onto the chromaffin cells of the adrenal
medulla, triggering the release of norepinephrine and epinephrine into blood stream.

d) Brain Peptides in cardiovascular Regulation with Particular Mention ot the Role of the
Brain-Renin-Angiotensin System m Blood Pressure Control and Hypertension:

Immunohistochemical and biochemical investigations have revealed numerous
peptides within the brain. Fig. 7 shows some of the important neuropeptides with their
amino acid compositions. From such studies evidence supporting a role in blood pressure
regulation for centrally located angiotensin, opiod peptides, substance p, neuropeptide Y,
vasopressin, kinin, corticotropin releasing factor and other peptides such a bombasin and
somatistatin has been obtained. These peptides have been localized in brain areas known to
be important in cardiovascular control. Some specific high affinity peptide receptors have
been discovered in the brain. Upon central administration the peptide produce blood pres-
sure effect. They interact with blood pressure controlling neuroregulators, catecholamines
or gamma aminobutyric acid. Central inhibition of brain peptide synthesis or interaction
with brain peptide receptors results in marked cardiovasciilar effects. Peptides levels are



altered in hypertensive states.

Substance P: Among the brain peptides, substance P, an undecepeptide, has
a broad spectrum of biological activity and it is associated with neurotrajismission in
the perception of pain, has also certain centrally mediated cardiovascular effects. In the
central nervous system substance P is found in high concentrations within hypothalaraus
[19]. When given peripherally substance P lowers blood pressure [20, 21], but has marked
pressor activity when administered to the brain ventricular system in the conscious and
anaesthetic animals. It is still to be established that certain peptides, such as substance P,
may exert their centrally mediated cardiocascular effects, by altering blood flow in discrete
regions of the brain. Indeed, when applied directly to the hypothalarnus, substance P
augments hypothalamus blood-flow. Recent evidence indicated that the effect of substance
P on blood pressure and heart rate is the result of sympathetic neuron system stimulation
[22]. The interior hypothalamus has been demonstrated to be particularly sensitive to this
peptide with respect to its cental cariovascular actions.

Nouropeptide Y: Neuropeptide Y is colocalized with catecholamines in the sym-
pathetic nerves and which appears to be a sympathetically released neurotransmitter or
neuromodulator. Very little is known about the functional roles of neropeptide Y in the
central and peripheral tissues of mammals. It may play an imprtant role in the cardiovas-
cular regulation of human subjects.

Opiod Peptides: Opiod peptides include endorphins, dynorphins, enkephafins,
and are widely distributed within the central nervous system (CNS) [23]. The hypotha-
lanms and the brain stem are areas of cardiogascular control which contain substantial
amounts of opiod peptides. It has been demonstrated that leu- and met-enkephalin acted
as pressors when administered into the ventricular system of conscious dogs, cats and
rats [24], but in anaesthetized animals, vasodepressor effects were observed [25]. Beta-
endorphin appears to be primarily a depressor [26].

Vasoprcssin and Oxytocin: Vasopressin, the antidiuretic hormone and oxytocin,
are both peptides synthesized in the hypothalamus and released via the neurohypoph-
ysis into the circulation. Vasopressin is recognized for its antidiuretic and vasopressor
properties, whereas, oxytocin plays an imprtant role in parturition and lactation [27].
Intravertebral vassopressin increased blood pressure less than vena calal administration,
although heart rate decreased to a greater extent. Thus, it is possible that vasopressin
may operate to interfere centrally with the baroreceptor reflex, most probably by aug-
menting its responsiveness. Intraceiebroventricular (central) administration of vasopressin
increases blood pressure [28]. During the developmental phase of hypertension vasopressin
was found to bo reduced in the brains of spontaneously hypertensive rats.

Neurotensin: Carraway and Leeman insolated neurotensin as a byproduct of sub-
stance P isolation [20]. Neurotensiu lowers blood pressure by dilating blood vessels, as wetl

as neurotensin alters pituitary hormone release. Neurotensin is distribured in a similar way
to enkephalin, but the two peptides are stored in separate neurons and their interaction is
as yet unclear [30].

Functional aspects of the brain renin-angiotensin system: Renin is now considered
as an umbiquitous enzyme and the renin-angiotensin system (RAS) is considered to be
an intracellular enzyme - peptide system and a plasma hormone system. Angiotensin is
synthesized in the kidney, the brain, the adrenal gland, the blood vessels, etc . [31].

Angiotensin I (Ang I) and angiotensin II (Ang II) have been extracted from
brain of nephrectomized animals. The peptides were characterized by the high perfor-
mance liquid chromatography (HPLC). The actions of Ang II include effects on membrane
functions, protein, synthesis, cell growth, hormone synthesis and release, memory and oth-
ers [32]. There are no biological compound other than Ang II with the similar effects on
blood pressure, volume and salt homeostasis. In stroke-prone spontaneously hypertensive
rats (SHR-so), elevated levels of renin were found in catecholaminergic nuclei of the brain,
in the pineal gland, angiotensin turnover is higher in young SHR-sp; CSF angiotensinogen
was found to be higher in hypertensive patients, suggesting a stimulated brain RAS in
hypertensive subjects [33].

Acute blockade of brain angiotensin receptors by i.c.v. administration of com-
petitive Ang II antagonists in spontaneously hypertensive rats (SHR) led to a consistent,
dose-dependent decrease of blood pressure [34]. When kidney renin was eliminated in
SHR-sp by nephrectomy, the blood pressure decrease was still found after i.c.v. Ang II
receptor blockade. The inhibition of converting enzyme in the brain with captopril (5
mg) (caused lowering of blood pressure in SHR. The fall of blood pressure was centrally
mediated [35]. The results indicated that an increase of baro-receptor reflex activity and
a blunting of a vascular reactivity might be involved in the depressor effect of central C.E.
inhibitors.
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Hr.limtrm

l- /f. The three dnpamin* systems in the brain One is » \<x»l
circuit in the hypoth.itmufl; annthrr i« the pathway frnm the snbstantfa
nfprs to Ihe caudate miclrti* of the b.i*.il ftanfelia, which is involved in
motor functions and Pjrktn*on'« ditcur: and the third rt>nsi<tt« of cell
bodi>s fn the brain slem and midhr.iin (trgmrntum) that project widely
lo the cerebral corlex and forehrain IfrnHc system (entorhinal cortex).
Thts Ust DA *ystem Is thotijcht to be involved in schizophrenia.
(After L. I . Ivrrwn. T\\f ttwmi«try of ttir hr.iin In Thr Pnin \> AirfH/ir Amtrutn
hnnlt), S»n Franritnv W. H. Fr»mi»n and Company, l'7o )
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rii.MHr 5 Thn NE projection sy«tpm in the hrjiin of the rat. The cell
b<><lii"! nrr in thr lorus cpnilrm ,ind idjirrtil rcRionn rtf thf br^in *tpm
.ind prujrcl wiHrly lo the forrhr.iin and rrrrhflliim and to the brviin *\tm
.mil cpin.il rorH.
(Afirr I R Ttviprr, F. F (lloom, .in.l R II Rolh. f*/ Pinlirmirtl Patii ff l^'nr
mt'rfw. Id 'd.. New York: OnforH Univrr«ity Ttr<*, 1«7».)

in bundle-

FICI)RF# Serotonin rirruil in Ihf brain of n r*t Thp tprittimin run
Mining neurons ire in a mtmbrr of nuclei in thr brain <lrm r.illni lUe
raphr ("*e»m") nurlri (lahelrd BI-Bo) They project to rather localized
region! of the hypothaUmtts, cerebral cortex and other strut-lures.
(After J. R. Cooper, F. E. Bloom, and R H Roth, TV /turh/mirtl Pa<i- M Nntrfh,,,

3d ed . New York: On fold Univrrtity Tnt*.
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