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The importance of central catecholaminergic neurons in the control of systemic
arterial pressure has been revealed to a great extent through pharmacological stud-
ies, for example, investigations on the mechanisms of action of antihypertensive
drugs such as methyldopa and clonidine. The use of pharmacological tools like
6-hydroxydopamine has also yielded important information that probably was unat-
tainable by any other means. Our intention is to review pertinent studies that were
basically pharmacological in nature, after first briefly considering the distribution
of catecholaminergic neurons in the brain and spinal cord.

DISTRIBUTION

The distribution of norepinephrine-containing nerve terminals and cell bodies in the
central nervous system (CNS) provides in itself sufficient reason for seriously consid-
ering that this monoamine participates in the central integration and regulation of
systemic arterial blood pressure. With the Falck-Hillarp histochemical fluorescence
method, groups of cell bodies containing norepinephrine were visualized principally
in the medulla and pons, the A1, A2, and A4-7 cell groups of Dahlstrom & Fuxe’s
classification (1). Axons emanating from these cell bodies, as visualized also by the
Falck-Hillarp technique, organize into ascending dorsal and ventral bundles (2) and
a descending bulbospinal system. Practically all noradrenergic cell groups in the
medulla and pons contribute fibers to the ventral bundle (3), whereas the bulbospinal
system receives input only from the two most caudal cell groups, Al and A2 (4).
The organization of the ascending noradrenergic fibers as revealed by the more
recent and more sensitive glyoxylic acid fluorescence method (5) indicates a greater
degree of complexity than previously described, but the details are beyond the scope
of the present review. Of particular importance with regard to the control of arterial
pressure is the demonstrated (6) high density of norepinephrine-containing termi-
nals in the nucleus tractus solitarii (NTS), nucleus dorsalis motorius nervi vagi, and
sympathetic intermediolateral columns, as well as a varying density of noradrener-
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gic terminals throughout the hypothalamus. The terminals close to preganglionic
sympathetic neurons in the spinal cord originate from cell bodies situated in the
ventrolateral part of the reticular formation (A1 group) and from cell bodies lying
in the area of the solitary-vagal complex, including the nucleus commissuralis (A2
group). Thus, the NTS contains noradrenergic cell bodies and receives a noradrener-
gic input. The origin of the noradrenergic neurons terminating in the NTS remains
somewhat vague but their possible significance is clear since one of the primary relay
points for baroreceptor afferents is in the NTS (7). The hypothalamus, which exerts
well-known and important influences on baroreceptor reflexes and sympathetic
nervous outflow, receives its highly complex noradrenergic input from the ascending
noradrenergic fiber systems (2, 5).

Recently the possibility has arisen that epinephrine, in addition to norepineph- -
rine, could also be involved in the central control of arterial pressure. Epinephrine
in mammalian brain accounts for approximately only 10% of the total amount of
norepinephrine and epinephrine. However, results from recent studies support the
proposal of an independent neuronal network containing epinephrine in the rat
brain. The distribution of these putative adrenergic neurons has been explored
indirectly by the immunocytochemical localization in neurons of phenylethanola-
mine-N-methyltransferase (PNMT) (8-10), the enzyme that catalyzes conversion of
norepinephrine to epinephrine, and with a sensitive radio-enzymatic assay for
PNMT (11). The distribution of epinephrine has also beern examined more directly
in some nuclei and other areas of rat brain using mass fragmentography (12). Based
on the immunohistochemical studies of Hokfelt and co-workers (9, 10), epinephrine-
containing cell bodies have so far been located in two cell clusters, termed Cl and
C2, and their locations correspond to the A1 and A2 cell groups of Dahlstrom &
Fuxe. Furthermore, the density of adrenergic terminals (specifically PNMT positive
terminals) is high in NTS, nucleus dorsalis motorius nervi vagi, and the lateral
sympathetic columns, whereas the density of terminals varies in different regions of
the hypothalamus. Thus, the putative adrenergic neurons are well placed for exert-
ing control over the cardiovascular system.

NORADRENERGIC NEURONS IN EXPERIMENTAL
HYPERTENSION

Two recent extensive reviews covered this topic in detail (13, 14); therefore, only
the most pertinent reports are dealt with here. Hypertension in the rat can be
produced by bilateral lesions of NTS (15). Noradrenergic neurons are apparently
involved, because 6-hydroxydopamine administered intracisternally prevented this
form of hypertension (16). 6-Hydroxydopamine administered centrally has also
been reported to prevent other forms of hypertension including neurogenic hyper-
tension produced by sinoaortic denervation (17), hypertension in spontaneously
hypertensive (SH) rats, DOCA-salt, and renal hypertension (18). Lewis and co-
workers (19) reported that depletion of brain catecholamines by intracisternal 6-
hydroxydopamine in rabbits significantly attenuated the rise in arterial pressure
following wrapping the kidney in cellophane. Because the early phase in arterial
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renal hypertension is under the control of the renin-angiotensin system, Lewis’s
study suggested an interrelationship between the kidney and the central nervous
system. Of interest was their observation that the pressor response to intraventricu-
lar angiotensin was significantly reduced by 6-hydroxydopamine. Severs & Daniels-
Severs (20) have recently reviewed the effects of angiotensin II on the CNS.
Currently it is understood that the site of the central hypertensive effects of angioten-
sin IT is the nucleus mesencephalicus in the midbrain and/or the area postrema in
the caudal half of the medulla. These sites are heavily innervated by noradrenergic
nerves.

CENTRAL CARDIOVASCULAR EFFECTS
OF a-ADRENERGIC AGONISTS

Norepinephrine and Related Substances

Norepinephrine elicits a fall in systemic pressure and bradycardia following in-
tracerebroventricular (i.c.v.) administration in the anesthetized dog (21-23), cat
(24-26), rat (27), and rabbit (28). Prior i.c.v. injection of phentolamine (22) or
phenoxybenzamine (23) markedly diminishes these actions of norepinephrine, sug-
gesting that central receptors similar to the peripheral a-adrenergic receptor are
involved. Moreover, other a-adrenergic receptor agonists such as a-methyl-
norepinephrine (29), dopamine (27), epinephrine (24), and phenylephrine (23) have
also been reported to produce hypotension and bradycardia after i.c.v. administra-
tion. Using unanesthetized cats, Day & Roach (30) reported hypotensive and car-
diac-slowing effects following i.c.v. administration of norepinephrine or a-
methylnorepinephrine; both effects were abolished after i.c.v. administration of
phentolamine. Similar results were obtained when epinephrine was given i.c.v., but
only if the B-adrenergic receptor blocking agent, propranolol, was first injected
centrally. Of importance was Baum & Shropshire’s (27) finding of reduced electrical
activity in lumbar sympathetic chains after i.c.v. injection of norepinephrine or
dopamine. These observations suggest that activation of a-adrenergic receptors in
the CNS leads to hypotension and bradycardia. The location of these receptors is
an important point that has received attention only recently. Struyker Boudier et
al (31) surveyed several sites in the rat hypothalamus, extending in a caudal-rostral
direction from the mammillary area to the preoptic region, to determine whether
arterial pressure and heart rate were reduced upon injection of norepinephrine.
Hypotension and bradycardia were consistently elicited from the anterior hypo-
thalamic/preoptic region (AH/PO) and phentolamine applied locally was an effec-
tive antagonist. Phenylephrine was more effective than oxymetazoline in reducing
blood pressure and heart rate when microinjected into the AH/PO area (32) even
though both agents were approximately equal as stimulants of peripheral a-adrener-
gic receptors. This observation may reflect a subtle difference between typical pe-
ripheral a-adrenergic receptors and the central a-adrenergic receptors mediating
hypotension and bradycardia. Such an explanation could perhaps account for the
finding (33) that epinephrine was about ten times more potent than norepinephrine
upon application to the AH/PO region. De Jong (34) microinjected norepinephrine
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into the NTS in rats and found a decrease in systemic arterial pressure and heart
rate, an effect susceptible to blockade by locally administered phentolamine.

According to Neumayr et al (35), electrical stimulation in cats near the areas of
the solitary-vagal complex (i.e. near the A2 cell group) or in the ventrolateral
reticular region (i.e. close to the A1 group) produces pressor responses and sympa-
thetic discharge. These investigators proposed that the bulbospinal noradrenergic
pathway excites preganglionic sympathetic neurons. This proposal is consistent with
an accelerated turnover of norepinephrine in the thoracolumbar cord in rabbits with
neurogenic hypertension (36). However, Coote & Macleod (37) reached the opposite
conclusion. They suggest that the descending noradrenergic pathway arising from
A1 cell cluster is inhibitory to sympathetic outflow. Furthermore, in the rat, elec-
trical stimulation near the NTS region was recently reported to lower arterial
pressure and heart rate (38).

Methyldopa

The possible relationship between central a-adrenergic receptors and the mode of
action of methyldopa was reviewed recently by Van Zwieten (39) and Day & Roach
(40). Upon entering the central nervous system, methyldopa undergoes decarboxy-
lation via L-aromatic amino acid decarboxylase and hydroxylation via dopamine-
B-hydroxylase to form a-methyldopamine and a-methylnorepinephrine (41). The
dependence of the antihypertensive effect of methyldopa on the formation of these
metabolites in the CNS was first clearly demonstrated by Henning & Van Zweiten
(42, 43). Inhibition of decarboxylase in peripheral tissues with carbidopa did not
substantially alter the hypotensive effect of methyldopa in renal hypertensive rats,
whereas inhibition of both peripheral and central decarboxylase with benserazide
(RO 44602) abolished the response. Evidence has also been obtained indicating
that conversion of a-methyldopamine to a-methylnorepinephrine is important for
the full expression of the hypotensive effect of methyldopa (44—47). It is well
established that the central nervous system is the principal site of action of methyl-
dopa. Furthermore, it is clear that a-methylnorepinephrine is the active metabolite.
It has been hypothesized that a-methylnorepinephrine released from monoaminer-
gic neurons interacts with central a-adrenergic receptors more strongly than norepi-
nephrine itself, thus effecting a reduction in blood pressure—a variation of the
original “false transmitter” hypothesis (40). a-Methylnorepinephrine and norepi-
nephrine appear to be equiactive with respect to decreasing arterial pressure follow-
ing i.c.v. administration (30, 47), although the a-methylated compound may have
a longer duration of action (30). Injection of a-methylnorepinephrine into the
AH/PO region in the rat induced depressor effects at doses lower than those needed
to obtain depressor effects with norepinephrine (48). a-Methylnorepinephrine also
appears to be more effective than norepinephrine in decreasing blood pressure and
heart rate following injection into the NTS of the medulla oblongata (49). The
greater efficacy of a-methylnorepinephrine may be the result of less effective inac-
tivation mechanisms for the a-methylated compound or of some difference in the
ability of a-methylnorepinephrine and norepinephrine to activate central a-adren-
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ergic receptors. Whether a-methylnorepinephrine acts on postjunctional receptors
to facilitate synaptic transmission or on prejunctional a-adrenergic receptors (see
below) to inhibit noradrenergic or adrenergic transmission remains to be ascer-
tained.

Clonidine

The first clinical observation suggesting a utility for a-adrenergic stimulants in the
treatment of hypertension was made in 1957 by Finnerty et al (50). They observed
that a nasal decongestant, tetrahydrozoline, an imidazoline with a-adrenergic stim-
ulant properties, given orally lowered arterial pressure in hypertensive patients. The
mechanism of antihypertensive action of tetrahydrozoline was not established. Sub-
sequent pharmacological studies characterized this drug as a peripheral a-adrener-
gic stimulant that lowered cardiac output and heart rate possibly by a central action
(51, 52). Numerous related imidazolines had similar activity (53). The importance
of a-adrenergic receptors in the control of arterial pressure has been revealed largely
by studies on the mode of action of clonidine (54). Van Zwieten reviewed the earlier
pharmacological and clinical studies with clonidine emphasizing its central site of
action (55).

According to Schmitt et al (56), clonidine decreased the sympathetic activity in
the splanchnic and cardiac nerves in normal animals as well as in animals with
denervated carotid sinuses. Clonidine had pronounced hypotensive activity when
injected or infused into the vertebral artery of cats or dogs (57, 58); it also reduced
arterial pressure by intracisternal administration of doses that were ineffective when
injected intravenously (59). In cross-circulation experiments, clonidine adminis-
tered into the arterial inflow of neurally intact but vascularly isolated heads of
recipient dogs led to a decrease in arterial pressure in both the recipient and donor
dogs (60).

Several studies suggest that the hypotensive and cardiac-slowing effects of cloni-
dine involve a-adrenergic receptors. For example, it has been shown that the
hypotensive effect of clonidine in rabbits was reduced by a-adrenergic blocking
agents, tolazoline, and phenoxybenzamine (61). Also, an a-adrenergic blocking
agent, piperoxane, by either intravenous or intracisternal administration antago-
nized the hypotensive and cardiac-slowing effects of clonidine in cats (62). These and
other studies (63, 64) on the interaction of clonidine with a-adrenergic blocking
drugs led to the conclusion that clonidine interacts with a-adrenergic receptors to
decrease blood pressure and heart rate.

In addition to reducing sympathetic outflow to the heart, clonidine was also
shown to enhance pressure-sensitive compensatory reflexes (65-68). This effect was
found to be vagally mediated. Further studies of this phenomenon (69-71) indicated
that clonidine acted on the central nervous system to enhance vagal activity and that
this action also involved central a-adrenergic receptors.

The site of central hypotensive action of clonidine has been the subject of numer-
ous investigations. Destruction of a medullary depressor area in cats and dogs
antagonized the hypotensive effect of clonidine (72). Because the effects of clonidine
were, however, never completely abolished, other sites of action of clonidine must
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be considered (72). Further studies on localization of the site of central hypotensive
action of clonidine in cats led to the conclusion that clonidine exerts its action on
“‘chemosensitive zones™ located on the ventral surface of the brain stem (73). There
is also evidence that an additional site of action of clonidine may be the spinal cord.
In spinal cats, stimulation of the dorsal lateral column below the transection caused
sympathetic discharge that was reduced by clonidine (74). Klevans et al (75) have
also presented some evidence that supramedullary structures are involved in central
cardiovascular effects of clonidine. On the basis of studies discussed above, it can
be concluded that clonidine acts at multiple sites within the central nervous system.

Several investigators have considered the possibility that dopaminergic or sero-
tonergic systems might be involved in the mechanism of the hypotensive action of
clonidine. The hypotensive effect of clonidine in cats was not blocked by dopaminer-
gic blocking agents, pimozide and spiroperidoi (76).

According to other investigators, however, dopamine and clonidine, but not
norepinephrine, lowered arterial pressure when applied to the ventral surface of the
brain stem in cats. These effects of clonidine and dopamine were blocked by pimo-
zide (77). In DOCA-saline hypertensive rats, the antihypertensive effect of clonidine
was not modified by 5, 6-dihydroxytryptamine or p-chloro-N-methylamphetamine,
drugs that destroy central serotonin-containing neurons, but was antagonized by
desipramine, piperoxane, or phentolamine (78).

In addition to previously described effects of clonidine on the central nervous
system, the drug also inhibits sympathetic transmission at a peripheral site or sites.
Scriabine et al (79, 80) reported that clonidine reduced heart rate in dogs with spinal
cord sectioned at the level of the second cervical vertebra, antagonized the pres-
sor and positive chronotropic effects of a muscarinic ganglionic stimulant, McN
A-343 (4-(m-chlorophenylcarbamoyloxy)-2-butynyltrimethylammonium chloride),
blocked cardiac acceleration caused by low frequency electrical stimulation of right
postganglionic cardiac sympathetic nerve in dogs {with or without vagotomy), and
slowed the heart rate by direct administration into the artery supplying the sinus
node. In isolated rabbit hearts, clonidine also antagonized release of norepinephrine
caused by electrical stimulation of intact sympathetic nerves (81). This inhibitory
effect of clonidine on norepinephrine release was not due to its local anesthetic
activity and was inversely related to overflow of norepinephrine caused by control
electrical stimulation prior to administration of clonidine (82, 83). This negative
correlation was thought to reflect competition between clonidine and liberated
norepinephrine for a receptor site. On the basis of these findings, Starke hypothe-
sized the existence of a presynaptic a-adrenergic reéceptor mediating feedback con-
trol of norepinephrine release (84). According to this concept, the release of
norepinephrine by nerve impulses is inhibited by a feedback system; the feedback
loop consists of released norepinephrine and «-adrenergic receptors on the nerve
endings. a-Adrenergic antagonists block the access of norepinephrine and other a-
stimulants to the receptors at the nerve membrane, thereby interrupting the feed-
back loop and facilitating the release of norepinephrine.

This concept of a~adrenergic receptor-mediated feedback control of norepineph-
rine release has been extended to central noradrenergic neurons. Clonidine was
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found to diminish the stimulation-evoked tritium overflow from slices of rat cerebral
cortex preincubated with 3H-norepinephrine. The extent of this inhibition was
greater at a low than at a high frequency of stimulation. a-Adrenergic blocking
agents, phentolamine and phenoxybenzamine, increased the stimulation-induced’
release of norepinephrine from the cerebral cortical slices (85).

These observations raise the question as to the possible importance of prejunc-
tional a-adrenergic receptors to the central hypotensive action of clonidine. The
destruction of noradrenergic neurons by 6-hydroxydopamine reduced the hypoten-
sive effect of clonidine in rabbits (86). In rats, however, Haeusler & Finch (87) found
that 6-hydroxydopamine given i.c.v. did not alter the hypotensive effect of clonidine.
In cats pretreated with reserpine and a-methyl-p-tyrosine at doses sufficient to
produce marked depletion of norepinephrine in the central and peripheral nervous
systems, clonidine produced its usual inhibitory effect on sympathetic nerve activity
but higher doses were required (88).

Drugs Related to Clonidine

Among other a-adrenergic stimulants with central hypotensive activity, xylazine,
2-(2,6-dimethylphenylamino)-4H-5,6-dihydro-1,3-thiazine (Bayer 1470), is proba-
bly the most thoroughly investigated compound. In the initial pharmacological
studies (89) xylazine inhibited the response to adrenergic as well as cholinergic nerve
stimulation and had peripheral adrenergic stimulant and central hypotensive effects.
It was also highly potent as an analgesic and sedative; as such it found application
in veterinary medicine (90).

Central hypotensive activity was also observed in a series of oxazoline derivatives.
The most active were Bay a6781, 2-[2-(e)-methyl-6(e)-methylcyclohexyl]-1-(e)-
amino-2-oxazoline (91), and LD 2855, 2-(2,6-dimethylphenylamino)-1,3-oxazol-
2-ine (92). The mechanism of their antihypertensive action appeared to be similar
to clonidine.

Extensive pharmacological studies with guanabenz (WY 8678, BR 750; 2,6-
dichlorobenzylideneamino guanidine acetate) indicated that this compound is also,
in some respects, similar to clonidine. It was shown to lower arterial pressure by
at least two mechanisms, i.e. centrally mediated reduction in sympathetic nerve
activity and peripheral adrenergic neuron blockade (93-95).

Another a-adrenergic stimulant with antihypertensive activity is N-amidino-2-
(2,6-dichlorophenyl) acetamide hydrochloride or BS 100/141 (96). BS 100/141 was
shown to have peripheral a-adrenergic stimulant action in cats, dogs, and rats. By
infusion into the vertebral artery or by injection into the lateral cerebral ventricle
of anesthetized cats, BS 100/141 produced a marked reduction in arterial pressure
and heart rate at doses that were ineffective intravenously. BS 100/141 also reduced
norepinephrine turnover rate in the brain stem of rats apparently by virtue of its
a-adrenergic stimulant activity. The site of central antihypertensive action of BS
100/141 has been claimed to be different from clonidine. Clonidine reduced arterial
pressure by topical application to the ventral surface of medulla oblongata of cats;
under similar experimental conditions, BS 100/141 was ineffective.
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Desipramine-Clonidine Interaction

Of considerable interest in relation to the site and the mechanism of hypotensive
action of clonidine and of other a-adrenergic stimulants is the interaction between
clonidine and desipramine, a tricyclic antidepressant and a neuronal uptake inhibi-
tor of norepinephrine. According to Reid et al (97) the hypotensive activity of
clonidine given intracisternally to rabbits was antagonized by desipramine. This
interaction was confirmed in cats (98) and in man (99) but not in rabbits (100). Other
tricyclic antidepressants also antagonized the hypotensive effects of clonidine in cats
(98). The interaction of clonidine with desipramine is of clinical and also of theoreti-
cal significance. If inhibition of the uptake mechanism at the presynaptic sites of
noradrenergic neurons is responsible for the interaction between clonidine and
desipramine, a presynaptic site must be involved in the mode of antihypertensive
action of clonidine.

CENTRAL B-ADRENERGIC RECEPTORS

Not only a- but also B-adrenergic receptors may be involved in the central regula-
tion of arterial pressure. The presence of B-adrenergic receptors within the central
nervous system was first suggested by Share & Melville (101) who found that
intraventricular injection of the B-adrenergic blocking drug, dichloroisoproterenol
(DCI) attenuated the cardiac acceleration resulting from an intraventricular injec-
tion of picrotoxin. Subsequently, a number of investigators demonstrated that iso-
proterenol, administered intraventricularly, will either raise or lower arterial
pressure depending on the species and experimental conditions. Thus, in anesthe-
tized cats (102), dogs (23, 103, 104), rabbits (28, 105, 106), and rats (107), an i.c.v.
injection of isoproterenol has been reported to cause hypotension and tachycardia.
Day & Roach (108), however, found that isoproterenol caused a pressor response
and tachycardia in conscious cats. In a more extensive subsequent study (30), this
effect was observed in only about one half of the cats examined; in the remaining
animals, isoproterenol produced hypotension and tachycardia. A number of investi-
gators have been able to block the effects of i.c.v. injections of isoproterenol by i.c.v.
administration of B-adrenergic blocking agents (23, 30, 102, 105, 106, 108). The
effects of isoproterenol are of central origin because section of the spinal cord (23,
102) and ganglion blockade (108) abolished the cardiovascular effects of i.c.v. injec-
tion of isoproterenol. Taken collectively, the available data indicate that centrally
mediated cardiovascular effects of isoproterenol can be demonstrated in animals but
the variability observed has not been satisfactorily explained.

Clinical studies have clearly demonstrated that 3-adrenergic blocking drugs have
antihypertensive activity. Early studies in man suggested that propranolol may have
central nervous system side effects. A number of investigators tried to determine
whether the central nervous system is involved in mediating the hypotensive effects
of B-adrenergic blocking drugs. Kelliher & Buckley (109) were the first to provide
evidence for a central site of action. Other workers, using various techniques and
animal species, have observed a fall in arterial pressure after central administration
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of B-adrenergic blocking drugs (30, 106, 108, 110, 111). The usual response to an
i.c.v. injection of a B-adrenergicblocking agent is a transient rise in arterial pressure
followed by a sustained fall. This early rise in arterial pressure has been attributed
to the local anesthetic action of B-adrenergic blocking drugs (105, 106) but hyper-
tensive response to timolol i.c.v. (110), a B-adrenergic blocking agent devoid of local
anesthetic properties, has also been observed. Reports on the cardiovascular effects
of vertebral artery injections of propranolol are conflicting (111, 112). Stern et al
(111) observed a difference between intravenous versus intravertebral injections of
propranolol, but Offerhaus & Van Zwieten (112) found similar hypotensive effects
regardless of which route of administration was used. It has not been clearly shown
that the cardiovascular effects of centrally administered propranolol are mediated
through central noradrenergic neurons. However, according to one report (105),
propranolol administered i.c.v. does not produce a fall in arterial pressure in rabbits
pretreated with intracisternal 6-hydroxydopamine, an observation suggesting that
noradrenergic neurons must be intact for the drug to exert its central hypotensive
effect.

CONCLUSIONS

In recent years, it has become apparent that central noradrenergic neurons are
involved in the regulation of arterial pressure. Areas in the central nervous syste
known to be involved in the control of arterial pressure and heart rate are densely
innervated by noradrenergic neurons. Destruction of these neurons with 6-hydroxy-
dopamine prevents the development of certain forms of hypertension in animals.
Noradrenergic control of arterial pressure is mediated at least partially through
central a-adrenergic receptors. 3-Adrenergic receptors in the central nervous sys-
tem have been identified, but their importance in the regulation of arterial pressure
remains to be defined. The main site of antihypertensive action of methyldopa and
clonidine is the central nervous system. The evidence suggests that their effects are
mediated through a-adrenergic receptors at a pre- or postsynaptic site.

Further understanding of central noradrenergic control of arterial pressure will
provide a basis for development of novel and more selective antihypertensive drugs.
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