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I. Introduction cardiovascular disease in the United States. Despite a

A. Cardiovascular Consequences ofDysregulation of large armamentaria ofdrugs for the treatment of hyper-
Central Sympathetic Tone tension, and often in the face of pharmacologically con-

trolled arterial pressure heart disease and peripheral
Essential hypertension continues to be a contributing and cerebral vascular complications continue to occur

factor to the morbidity and mortality associated with C�.,.�ickshank et al., 1989; Cutler et al., 1989; Collins et

a Address for correspondence: Department of Pharmacology and al., 1990). At least part of the cause of this scenario is

Toxicology, Medical College of Georgia, Augusta, Georgia 30912- that the effects of enhanced central sympathetic drive to

2300. peripheral organs and the vasculature are not always
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180 BUCCAFUSCO

abated by antihypertensive therapy. In certain in-
stances, antihypertensive medication may actually facil-
itate sympathetic activity. Various cardiotoxic sequelae
have been attributed to exaggerated sympathetic activ-
ity, including chronic heart failure (Bristow et al., 1990;

Daly and Sole, 1990; Cohn, 1990), atherosclerosis (Pau-
letto et al., 1991), angina (Oishi et al., 1991), and cardiac

arrhythmias (Oppenheimer et al., 1990; Podrid et al.,

1990). Although efferent sympathetic tone is constantly
under baroreceptor control, hypertensive disease is often

associated with a resetting of the sensitivity of this
reflex around the higher arterial pressure. Baroreceptor

control does not, however, operate in isolation. Many

other brain regions can alter the sensitivity of the reflex
according to ongoing demands on the organism. For

example, heightened mental stress, particularly on a

chronic basis, can lead to or exacerbate cardiovascular

toxicity (Pagani et al., 1991; Verrier and Dickerson,
1991; Weiner, 1991). This brief description of the role of

the sympathetic nervous system in human hypertension
may also be applied to one of the most widely used

genetically induced animal models of this disease, the

spontaneously hypertensive rat (SHR). As with the hu-
man disease, this strain is essentially normotensive at
birth, but gradually develops hypertension with adult-
hood (see Birkenhager and Reid, 1984). During the de-

velopmental phase of hypertension and at early stable
stages, elevated blood pressure is maintained in large

part by enhanced central sympathetic outflow (Hall-
back, 1975; Judy et al., 1976, 1979; McCarty et al., 1978,

1987; Sakaguchi et al., 1983; Yamori, 1984). Since the

first report of this strain in 1963, literally thousands of
studies have addressed the cause of the development of

hypertension in this model. Many of these have studied
and implicated a role for a wide variety of neurotrans-
mitters, neuromodulators, and neurohormones. Because

it is beyond the scope of this article to review this vast
work, the focus here will be the role of central cholin-

ergic neurons in cardiovascular regulation and in the
development and maintenance of hypertension in the
SHR and other animal models of the disease. Admit-

Abbreviations: SHR, spontaneously hypertensive rat; CNS, cen-

tral nervous system; HC-3, hemicholimum-3; mRNA, messenger ri-

bonucleic acid; icy. , intracerebroventricular; PG, prostaglandin; Tx,

thromboxane; ACTH, adrenocorticotropic hormone; CSF, cerebrospi-

nal fluid; it., intrathecal; RVL, rostral ventrolateral medulla; NTS,

nucleus of the tractus solitarius; CVL, caudal ventrolateral medulla;

PNMT, phenylethanolamine-N-methyltransferase; IML, intermedio-

lateral; GAEA, y-aminobutyric acid; cDNA, complementary deoxyri-

bonucleic acid; NMDA, N-methyl-D-aspartate; d-AP7, D(-)-2-amino-
7-phosphonohepatanoic acid; MK8O1, dizocilipine maleate; CNQX,

6-cyano-7-nitroquinoxaline-2,3-dione; NO, nitric oxide; NOS, nitric

oxide synthase; WKY, WistarfKyoto (rat); DOCA, desoxycorticoste-
rone; 4-DAMP, 4-diphenylacetoxy-N-methylpiperidine; K,,,, sub-

strate concentration at half-maximal velocity; Vmax, maximal veloc-
ity; [3HIQNB, [3H]quinuclidin-3-yl benzilate; PCR, polymerase chain
reaction; RT-PCR, polymerase chain reaction-reverse transcriptase;
DKJ-21, N-(4-diethylamino-2-butynyl)-succinimide; G3PDH, glycer-
aldehyde-3-phosphate dehydrogenase.

tedly, the relative importance of cholinergic neuronal
control of the circulation has not been as well recognized

as compared with those of the other, perhaps more well

studied, brain neurotransmitter systems. Even more
tenuous is the possibility that central cholinergic neu-

rons play a role in hypertensive disease in animal mod-

els, let alone in humans. In view ofthe complexity of the
central nervous system (CNS), it is even more daunting

a task to consider the myriad of interactions between

cholinergic and other neurotransmitter systems in car-

diovascular regulation. The following, however, is an
attempt to provide a review of the work (accomplished
mostly over the past 20 years) put forward to support the

concept of the cholinergic hypothesis.

B. Early Evidence for the Role of Central Cholinergic

Neurons in the Regulation of Sympathetic Tone and

Blood Pressure

The first in-depth study of central cholinergic involve-

ment in cardiovascular regulation was reported by Suh
and his colleagues in 1936. In the anesthetized dog, they

essentially mapped sites in the medulla that were sen-

sitive to either topical or iontophoretic application of
acetylcholine (Suh et al., 1936). Their findings included
the observations that, in contrast to the depressor re-

sponse to intravenous acetylcholine, central administra-

tion of the neurotransmitter produced a reliable pressor
response. The pressor response to intracisternal injec-

tion of acetylcholine (of 1 to 10 j.tg) was immediate and

brief, but subject to rapid tolerance; the latter effect is
now known to be caused by rapid down-regulation of

muscarinic receptors (Aronstam et al., 1987). This group
also reported that sectioning of the cervical spinal cord,

but not sectioning of the vagus nerve, eliminated the
pressor response to intracisternal injection of acetylcho-

line. Again, this finding has been corroborated in that

the pressor response to central cholinergic neurons is
mediated mainly through the sympathoadrenal system.

Finally, the investigators reported that pressor-sensi-
tive areas were localized to the ventromedial area of the

rostral medulla-possibly within or near the vestibular
complex. Thirty-four years later, Brezenoff and Jenden

(1970) essentially confirmed this site of cholinergic sen-

sitivity in the anesthetized rat using microinjection of
the acetylcholine analog carbachol.

Although these early studies using acetylcholine

pointed to a role for cholinoceptive sites in the brain in
cardiovascular regulation, the involvement of neurally
released acetylcholine initially was inferred from the

action of certain inhibitors of acetyicholinesterase. The
vast majority of this early work with cholinesterase in-

hibitors was performed by Varagi#{233}and his coworkers
beginning in 1955. The reader is referred to several

excellent, relevant reviews (Philippu, 1981; Brezenoff

and Giuliano, 1982; Brezenoff, 1984; Buccafusco and

Brezenoff, 1986; Varagi#{233} et al., 1991). The centrally act-

ing cholinesterase inhibitor physostigmine (eserine) was
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CENTRAL CHOLINERGIC NEURONS 181

initially used to test the original hypothesis that the

release or mobilization of endogenous brain acetylcho-

line resulted in a hypertensive response. Physostigmine
is a carbamate cholinesterase inhibitor that is not highly

charged at physiological pH. Intravenous administra-
tion of low pg/kg amounts of physostigmine in the rat

results in a reliable increase in arterial blood pressure.
In contrast to the pressor action of physostigmine, the

quaternary cholinesterase inhibitor neostigmine does
not elevate arterial pressure over a similar dose range.
However, if neostigmine is introduced directly into the

CNS, a pressor response is observed. Atropine sulfate

(but not the quaternary derivative, methylatropine)

both prevents and reverses the pressor response to in-

travenous injection of physostigmine. The pressor re-

sponse to physostigmine is also prevented by surgical or

pharmacological interruption of the sympathetic ner-

vous system; conversely, physostigmine was shown to

enhance cervical sympathetic neural tone. In confirma-

tion of the role of the sympathetic nervous system in

mediating physostigmine’s pressor response, Varagi�

and coworkers (1970) later reported that adult rats,

which had previously been treated with antisera to

nerve growth factor, were much less sensitive to the

pressor action of physostigmine. Moreover, acute bilat-

era! adrenalectomy or vagotomy did not affect the ex-
pression of the pressor response to centrally acting cho-

linesterase inhibitors. Cervical spinal transection, but

not decerebration, appeared to block the pressor re-

sponse to intravenous injection of physostigmine in

anesthetized rats (Varagi#{233}, 1955), suggesting that the

site of action was relegated to the lower brain stem,

although, preliminary data from this group (Varagi#{225}and
Krsti#{233}, 1966) were also consistent with a hypothalamic

site of action for physostigmine. As a tribute to these

pioneering investigators, virtually all ofthese early find-

ings were confirmed in subsequent studies reported by

several laboratories.

C. Acetylcholine Receptors in the Central Nervous

System

Between the mid-1960s and mid-1970s, there was a

dearth of published reports regarding cholmergic involve-

ment in cardiovascular regulation. Part of this trend may
have reflected the rising interest in the role of central

catecholaminergic pathways in blood pressure control. In-

terest in central adrenergic mechanisms was fueled in

large part by the discovery of the central mechanism of

action of a new class of antihypertensive drugs. The

a-adrenergic agonists clomdine and a-methyl norepineph-
rine (the active metabolite of a-methyldopamine) were

demonstrated to produce clinically effective antihyperten-
sive responses through stimulation of “adrenergic” vaso-

motor centers in the CNS (Schmitt, 1977; Kobinger, 1978;

Buccafusco, 1992).

Although the concept that central cholinergic neurons

play a role in cardiovascular regulation was supported

by the results of studies which used physostigmine and

related drugs, the obvious corollary to this hypothesis-

that drugs which interfere with central cholinergic func-

tion lower arterial blood pressure-was not apparent

either from the clinical or experimental literature of the
time. Muscarinic receptor antagonists like atropine and

scopolamine as used clinically do not generally lower
blood pressure. Thus, we and others (Buccafusco and

Spector, 1980a; Brezenoffand Giuliano, 1982) suggested

the possibility that central cholinergic neurons involved
in blood pressure regulation were not tonically active,

but were called into play to modulate ongoing sympa-

thetic activity under specific physiological conditions.
Perhaps the best example of this situation is the hyper-
tensive state itself. Drugs that interfere with central

cholinergic function, receptor antagonists such as atro-
pine and acetylcholine depeletors such as hemicho-

linium-3 (HC-3), can produce dramatic reductions in

blood pressure in hypertensive rats, but are minimally

effective in this regard in normotensive animals (table
1). In some respects, this situation is similar to that of

the centrally acting adrenergic receptor agonists such as
clonidine and methyldopa, which are more effective in
producing an antihypertensive response than they are a

hypotensive response (see Buccafusco, 1992).

Perhaps the single most important discovery to aid in

the interpretation of the complex cholinergic system(s)

involved in cardiovascular regulation was that of the

identification of muscarinic receptor subtypes. The exis-

tence of subtypes of the muscarinic receptor originally

was inferred from experiments that examined the phar-

macological specificity of muscarinic receptor antago-

nists such as pirenzepine in various peripheral organs.
Subsequently, five muscarinic receptor genes (ml-m5)

were cloned that encode distinct muscarinic cholinergic

receptors (Kubo et a!., 1986; Bonner et al., 1987, 1988;

Peralta et al., 1987; see McKinney and Coyle, 1991).
Gene products of the ml, m3, and m5 transcripts corre-

spond to respective receptors that activate phospho-
lipase C via a pertussis toxin-insensitive G-protein.
These subtypes are thought to mediate primarily exci-

tatory synaptic transmission; m2 and m4 receptors in-
hibit adenylate cyclase activity via a pertussis toxin-

sensitive G-protein and mediate primarily inhibitory
synaptic transmission (McKinney and Coyle, 1991).
Studies in which molecular probes were used that are
selective for conserved sequences of messenger ribonu-
cleic acid (mRNA) encoding each subtype have provided

evidence of a heterogenous distribution of the subtypes

throughout the brain. The ml mRNA is enriched in the

cortex and hippocampus but drops off dramatically in

more caudal brain regions. On the other hand, there is a

relatively even distribution of m3 and m5 receptors

throughout the CNS. The m2 subtype is found to be

enriched in caudal brain regions, where it has been

reported to be the predominant subtype (Buckley et al.,

1988; Levey et al., 1991). Finally, m4 mRNA has been
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182 BUCCAFUSCO

TABLE 1

Effect ofpharmacologic inhibition ofcentral cholinergic neuronal function on resting blood pressure

Reference Route
A e

‘�
(weeks)

Drug Strain
Change in Blood

Pressure From
. .

Pre-uijection Levels

Brezenoff and Caputi, 1980

Buccafusco and Spector, 1980a

icy.

i.c.v.

12-16

12-14

HC-3

HC-3

HC-3
HC-3

HC-3

SHR

WKY

SD�
SHR

WKY

I
-

-

I I
I

Coram and Brezenoff, 1983 iv., icy. 22-36 DK.J-21

DKJ-21

SHR

WKY
I
-

Buccafusco, 1984c icy. 15-18 HC-3 SHR I
Brezenoff and Guliano, 1987 icy. 18-60 HC-3

HC-3
HC-3

SHR
WKY

SD�

I I
I
-

Brezenoff et al., 1988

Vargas and Brezenoff, 1988

i.c.v.

i.c.v. (chronic)

18

4

4-DAMP
4-DAMP

pirenzepine
HC-3

SHR
WKY

SHR
SHR

I
-

-

I
Brezenoff and Xiao, 1989 icy., PH 17 HC-3 SHR I
Brezenoff et al., 1990 i.c.v., PH

icy.

18-22 4-DAMP mustard

4-DAMP mustard

SHR

SDNT

I
-

Kubo et al., 1995 RVL 12-16 scopolamine

scopolamine

SHR

WKY
I I

I

i.v., intravenous; PH, posterior hypothalamus; SDNT, Sprague-Dawley (normotensive).

I , decrease; - , no change; I I , effect in SHR was greater in magnitude than the effect in the normotensive strain.

demonstrated consistently to be enriched in the stria-

turn (Levey et a!., 1991; Yasuda et a!., 1993; Wei et al.,

1994). Although quantification of mRNA does not pro-

vide direct information regarding the expression of re-

ceptor protein, it does provide a powerful tool for assess-

ing whether changes in gene regulation are correlated

with expression of the phenotype, for example, hyper-

tension. In the case of muscannic receptors, it has been

demonstrated that a wide variety of chemical stimuli

and disease states that are known to affect the cholin-

ergic system, particularly at the receptor level, produce

changes in cholinergic function that are reflected at the

level of transcription of the receptor genes (Asanuma et

al., 1992; Eva et a!., 1992; Wang et a!., 1992a, b; Ogawa

et al., 1992). Also, the change in receptor number in

response to prolonged stimulation or blockade (down-

regulation and up-regulation) has been demonstrated to

occur as a result of changes at the transcription level of

the genes encoding specific muscarinic receptor sub-

types (Wall et al., 1992; Lee and Frazer, 1993; Longone

et al., 1993). The mechanism for such changes in m.RNA
levels has been attributed both to altered transcription

rates (Longone et al., 1993) and altered stability of tran-

scribed mRNA (Lee and Frazer, 1993), depending upon

the subtype being studied.

Alterations in the expression of muscarinic receptor

levels as described in the preceeding paragraph may
involve the synthesis or release of noncholinergic medi-

ators. For example, Hays and coworkers (1989) exam-
med the effect of inhibition of brain prostaglandin syn-

thesis with indomethacin or meclofenamate on the
pressor response to central cholinergic stimulation. In

these experiments, the intracerebroventricular (i.c.v.)

injection of carbachol into normotensive, freely moving

rats produced an immediate pressor response that could

be eliminated by blockade of brain prostaglandin syn-

thesis under certain conditions. If an initial i.c.v. dose of
carbachol was administered 2 hours before a second,

similar injection, the pressor response to the second dose

was almost abolished if an i.c.v. injection of indometha-

cm was administered 20 mm before the second carbachol

treatment. In contrast, pretreatment with the same dose

of indomethacin in naive rats did not effect the pressor

response to carbachol given 20 mm later. These initial

studies were extended (Buccafusco et al., 1993) to show

that if the time interval between the two carbachol in-

jections was extended to permit return ofthe full second

carbachol response (i.e., 24 hr later), indomethacin no
longer inhibited the second pressor response. In support

of the pharmacological results, in vivo (i.c.v.) adminis-

tration of carbachol was demonstrated to reduce the

number of [3H]N-methyl scopolamine binding sites

(down-regulation) measured in vitro. However, post-

treatment with indomethacin produced a further en-

hancement of the carbachol-induced down-regulation.

These findings suggested that prostaglandins play a role

in the development oftachyphylaxis to brain muscarinic

receptor stimulation: activation of prostaglandin syn-

thesis in vivo may decelerate the development of desen-
sitization to muscarinic agonists. Thus, an alteration in

the processing or metabolism of mediators via the ara-

chidomc acid cascade could conceivably alter the expres-

sion of muscarinic receptors involved in central cardio-
vascular regulation. In fact, it has been reported that
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CENTRAL CHOLINERGIC NEURONS 183

endogenous prostanoid biosynthesis in SHR was ele-
vated 2 months before hypertension became established

and that much higher levels of prostaglandin E2 (PGE2)

and 6-keto-PGF1cx (a stable PGI2 metabolite) were found

in SHR in hypothalamus and pons-medulla oblongata;
thromboxane B2 (TxB2), the stable metabolite of �

was higher in the pons-medulla but lower in the hypo-
thalamus (Ohtsu and Matsuzawa, 1980). A slightly ele-
vated PG synthetic rate could amplify the effects of
neurally released acetyicholine by inhibiting the process
of receptor down-regulation. Thus, eicosanoids may play

a role in maintaining the sensitivity of cholinergic sig-
naling mechanisms in the CNS.

Most of the earlier studies of central cholinergic car-

diovascular regulation used either indirect cholinergic

agonists such as physostigmine, or nonselective receptor
agonists such as acetyicholine or carbachol. Although in

the vast majority of cases, the pressor responses to these
agents could be completely blocked by muscarinic recep-

tor antagonists, selective stimulation of central nicotinic
receptors could also alter resting blood pressure (see

Brezenoffand Giuliano, 1982). An example ofthe earlier
work in this field was the study of Feldberg and Guert-

zenstein (1976), who studied the effects of application of
nicotine to the ventral surface of the medulla of anes-

thetized cats. Nicotine evoked a significant depressor

response when applied to the ‘nicotine-sensitive’ area

just caudal to the trapezoid bodies. Nicotine’s actions
were sensitive to blockade by the nicotinic receptor an-

tagonist hexamethomum, but were resistant to atropine.

Of particular interest was their observation that phy-
sostigmine and carbachol applied to the same area also

evoked depressor responses; however, these were sensi-
tive to atropine and resistant to hexamethonium. Part of

the explanation for this apparent discrepancy may re-
side in the more recent appreciation for the selectivity of
nicotine as a ligand for subtypes or specific affinity

states of the receptor.

Both central and peripheral nicotinic cholinergic re-
ceptors are ligand-gated ion channel receptors composed

of five subunits. In the CNS, distinct genes encode for at
least 11 such transmembrane subunits, eight a (a2 to
a9) subunits and three �3 (�2 to 134) subunits. The stoi-
chiometry or composition of each receptor subtype made

up of different combinations of a and 3 subunits will
dictate the various properties of each nicotinic receptor
subtype, including ligand selectivity, the type of ion

channel opened, channel open times, and the rate of
desensitization of the receptor to agonists (for review,

see Arneric et al., 1995a, b; Bannon et a!., 1995). For
example, the presence of either a2 or a3 subunits in a

receptor will result in very different levels of sensitivity
to cholinergic receptor agonists and antagonists. Al-

though several chimeric forms of the nicotinic receptor
have been studied in artificial membranes, in the CNS,

only three native receptors have been pharmacologically
characterized by using labeled nicotinic probes. These

include (a) a high affinity site that can be labeled with

( - )-nicotine, acetylcholine or cytisine (a4�32), (b) a site

that binds labeled a-bungarotoxin (a7), and (c) a site
that can be labeled with neuronal bungarotoxin (a3).

These three subtypes of nicotinic receptors have distinct

distribution patterns throughout the CNS, although this

can be species-specific.
As indicated in the discussion to follow, knowledge of

the brain and spinal distribution of muscarinic and nic-

otinic receptor subtypes has allowed for a more realistic
interpretation of the anatomical and neurochemical in-

teractions taking place in cardiovascular regulatory cen-
ters. Questions regarding the role ofcholinergic receptor

regulation in the development and maintenance of hy-

pertension could now be posed experimentally.

H. The Effect of Central Cholinergic Stimulation

on Systemic Blood Pressure in Normotensive
Animals and Humans

A. Acetylcholinesterase Inhibitors

There is no specific cardiovascular response to central

cholinergic receptor stimulation. Increases, decreases,

and biphasic changes in blood pressure and heart rate
have been reported. This diversity of response to central

cholinergic stimulation is related to several factors, in-
cluding species specificity, drug selectivity, anatomical

location, and the level of anesthesia. However, when
normotensive rats, rabbits, dogs, and sheep are unanes-

thetized and cholinesterase inhibitors are administered

peripherally (centrally acting) or centrally, a hyperten-
sive response is invariably observed (see, Philippu,

1981). One notable exception has been the cat. In this
species, cholinesterase inhibitors generally elicit a pro-

found fall in blood pressure (Edery et al., 1986; Gillis et
a!., 1988; Hara et a!., 1992; Ally et al., 1993). Many of the

same pharmacological features described above for the
physostigmine-induced pressor response in rats hold

true for the physostigmine-induced depressor response
in cats. For example, the depressor response appears to

be mediated by muscarinic receptors, and inhibition of
central sympathetic tone underlies the hypotension. The
majority of the work performed in cats, however, has
been performed under general anesthesia. One possibil-

ity is that central cholinergic pressor systems are more
sensitive to the effects ofanesthetics in the cat than they
are in the rat. In support of this supposition are the data

provided by Ally and his coworkers (Ally et al., 1995).
This group clearly demonstrated that physostigmine

produced a dose-dependent pressor response after i.c.v.
administration in the conscious cat. The response was

mediated by muscarinic receptors, reportedly of the M2
subtype. When the same cats were anesthetized with

pentobarbital, physostigmine produced a decrease in ar-
terial pressure. A likely candidate for the site of action

mediating the pressor response to i.c.v. injection of phy-

sostigmine in conscious cats is the hypothalamic defense
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184 BUCCAFUSCO

area. This area is readily accessed via i.c.v. administra-

tion, and direct microinjection of carbachol into this

region elicits a ‘defense reaction’ accompanied by a sus-
tamed pressor response (Wu and Wei, 1982). Thus, the

anesthetized cat model may have a significant role in the
continuing study ofcentral inhibitory cholinergic cardio-
vascular centers.

The relevance of the various animal models discussed

in the preceeding paragraph to the situation in humans

is dependent upon the information that can be derived

from the clinical literature regarding the administration
of cholinergic agonists. Unfortunately, the potentially

serious side effects associated with cholinergic drugs in
humans has limited the therapeutic potential of these

drugs. When cholinergic agonists are used clinically, the

doses administered are exceedingly low (to limit side

effects) or are used in therapeutic situations of cholin-

ergic hypofunction. The latter situation is encountered
in situations of drug overdose causing antimuscarinic

activity or decreasing cholinergic function. Neverthe-
less, centrally acting cholinergic agonists, particularly

the cholinesterase inhibitor physostigmine, have occa-
sionally been used experimentally to enhance central

cholinergic function in humans. One of the first such

studies (Freeman and Carmichael, 1936) actually pre-
dates the first studies of physostigmine in rats. In a

group of 24 normotensive male volunteers, intravenous
administration of 1 mg of physostigmine produced an
increase in both systolic and diastolic pressures of 13

mmHg. The response began immediately after injection,
peaked about 15 mm later, and gradually declined to

preinjection levels. More recently, physostigmine has
been used as a general analeptic in the treatment of
drug overdose to restore consciousness. In such cases,

physostigmine has been shown to restore depressed ar-
tenal pressure caused by the overdose ofcertain tricyclic

antidepressants, diazepam, secobarbital, propoxyphene
or certain phenothiazine antipsychotic agents. In certain

overdose situations, physostigmine induced a short-last-
ing hypertensive state (Nattel et al., 1979; Stewart,

1979; Nilsson et al., 1983). In an attempt to reverse some
of the symptoms of Huntington’s chorea, 40 mg of phy-
sostigmine was administered intravenously to four pa-
tients (Aquilonius and Sj#{246}str#{246}m,1971). The patients
were pretreated with methylscopolamine to obviate pe-

ripheral cholinergic side effects. Under these conditions,
physostigmine produced short-lasting (less than 30 mm)

but dramatic increases in blood pressure. In one case,
systolic blood pressure increased by 40 mmHg. In con-

cert with the findings in the rat and other animal models
discussed in the first paragraph of this section, admin-
istration of the quaternary cholinesterase inhibitor
neostigmine to the same patients failed to significantly

elevate blood pressure.
The most systematic study of the psychological and

physiological effects of physostigmine in humans was
carried out by Janowsky and his coworkers (1973), who

demonstrated in psychiatric patients that centrally act-

ing cholinomimetics decrease the symptoms of mania

and can induce a depressive syndrome. This pharmaco-
logical treatment also elicited the release of certain

stress hormones- cortisol, adrenocorticotropic hormone
(ACTH), and 13-endorphin (Risch et al., 1981; Janowsky

et a!., 1986). Consistent with the findings in animals,
physostigmine was shown to elicit epinephrine release

(Kennedy et al., 1984). In a study involving 7 normals

and 23 psychiatric patients, this group reported that
when subjects were pretreated with a selective periph-

eral antimuscarinic agent, intravenous infusion of phy-

sostigmine produced an increase in systolic and diastolic

blood pressure that was significantly greater than that
produced by an equivalent dose of neostigmine. More-

over, pretreatment with scopolamine (but not methyl-

scopolamine) blocked all the behavioral and cardiovas-
cular effects of physostigmine (Janowsky et al., 1986).
Notwithstanding the obvious limitations imposed in

these clinical studies, the results are consistent with the
presence of a central muscarinic pressor system in hu-

mans that shares many pharmacological features with

those in experimental animals, particularly those re-

ported for the rat.

B. Centrally Acting Cholinergic Receptor Agonists

As a pharmacological probe to activate central mus-

carinic receptors, physostigmine has proven to be a use-
ful tool. Although the drug has the capacity to evoke

severe peripheral side effects mediated through both
muscarinic and nicotinic receptors, at doses that evoke a

centrally mediated pressor response (low p.g/kg range),
animal subjects do not usually exhibit obvious signs of
distress. Cholinesterase inhibitors, however, are nonse-

lective with respect to their central cholinergic receptor
activation. To address this limitation, various direct-

acting muscarinic receptor agonists that are known to
enter the CNS have been studied for potential cardio-

vascular actions. Although centrally acting, such agents
can have profound peripheral vasodilatory activity that

could essentially obviate the central pressor action.
Therefore, centrally acting muscarinic agonists such as

arecoline and oxotremorine have been reported to evoke
significant pressor responses in experimental animals
when the subject is pretreated with a selective periph-

era! antimuscarinic agent such as methylatropine

(Walker and Weetman, 1970; Buccafusco, and Spector,

1980b; Buccafusco and Aronstam, 1988; Makari et al.,
1989; Barnes and Roberts, 1991). Two drugs that are

possible exceptions are the centrally acting muscarimc
receptor agonists pilocarpine and McN-A-343. These

drugs are much less effective than either arecoline or
oxotremorine in evoking a pressor response (Pazos et al.,
1986; Barnes and Roberts, 1991) or may actually pro-
duce a fall in blood pressure (Dage, 1979). The apparent
discrepancy may be related to the partial selectivity of
piocarpine and McN-A-343 for the M1 subtype of the
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muscarinic receptor (see Pazos et a!., 1986). Finally, the
results of one clinical study indicate that intravenous

administration of arecoline to normal subjects pre-
treated with the selective muscarinic receptor antago-

nist glycopyrrolate evokes a hypertensive response ac-
companied by adrenal catecholamine release (Polinsky
et al., 1991). The authors attributed this action of areco-
line to nicotinic ganglionic stimulation. However, they

could not rule out the possibility that at least part of the

response was mediated centrally. Unfortunately, a cen-

trally acting antimuscarinic compound was not used to
test this possibility.

C. Direct Central Injection of Cholinergic Agonists

The results from experiments in which muscarinic

receptor agonists and antagonists were introduced into
the cerebrospinal fluid (CSF) of experimental animals,

particularly rats, have in general confirmed the conclu-
sions derived from those using centrally acting drugs.

The advantages of direct CSF administration include
avoidance of peripheral drug actions and the ability to

use drugs regardless of chemical structure. Thus, ace-

tyicholine itself as well as the analog carbachol each

elevate blood pressure after cerebroventricular admin-

istration. Aronstam and coworkers (1988) demonstrated
that the ability of acetylcholine and three structural

analogs to increase blood pressure after i.c.v. injection in
conscious rats was correlated with their binding affini-

ties for brain muscarinic receptors in vitro. In the rat,
the pressor response to i.c.v. administration of acetyl-

choline was atropine-sensitive and mediated through
enhanced central sympathetic outflow (Krsti#{233}et a!.,

1978; Krsti#{233}, 1982). Pressor responses to muscarinic re-

cepthr stimulation have also been observed after injec-

tion of muscarimc receptor agonists into the fourth ce-
rebral ventricle (Krsti#{233}, 1982), the cisterna magna

(Buccafusco et al., 1990), and the spinal cord intrathecal

(i.t.) space (Marshall and Buccafusco, 1987; Magri and

Buccafusco, 1988). Although the possibility exists that

introduction of drug directly into the CSF from any
brain vantage point would eventually lead the com-
pound to a site of action, it is clear that there exists some
degree of site specificity. For example, using tissue cho-

linesterase inhibition as a marker for neostigmine dis-
tribution, Takahashi and Buccafusco (1991a) demon-

strated that lower thoracic i.t. injection of the drug
resulted in significant cholinesterase inhibition only

within the thoracic and lumbar spinal cord. There was
no inhibition of medullary cholinesterase. Likewise,
Xiao and Brezenoff(1988) demonstrated in rats that the

pressor response to i.c.v. injection of neostigmine could
be inhibited by more than 50% after bilateral microin-

jection of a muscarinic receptor antagonist into the pos-
terior hypothalamus. Moreover, significantly lower
doses of physostigmine were required to elevate arterial

pressure in conscious normotensive rats by the i.c.v.
route compared with the intracisterna! route (Buccaf-

usco et al., 1990). Even intravenous administration of
physostigmine appears to have a specified site of action

within the medulla, at least for anesthetized rats (Pun-
nen et al., 1986; Giu!iano et a!., 1989). Despite the !im-

itations ofcerebroventricu!ar or i.t. injections in terms of
site specificity, the value of such experiments is related

to the ability to use conscious, freely moving animals. It

is quite difficult experimentally to use modern microin-

jection techniques in hindbrain and spinal sites in un-

anesthetized animals. As indicated below, much of the
pharmacology evinced regarding cholinergic regulation

of central cardiovascular function that was obtained via

the CSF route of administration has been confirmed

using discreet microinjection techniques.

III. Anatomical Substrates for the Cholinergic
Regulation of Blood Pressure

A. Forebrain Pathways - The Posterior Hypothalamus

The cauda! and lateral regions of the hypothalamus
have been examined for several decades using electro-

physiological techniques. Electrical and chemical stim-
ulation of the posterior hypothalamus in the cat can

elicit a full rage and defense reaction (Myers, 1964).

Moreover, prolonged intermittent stimulation of the de-

fense area of the hypothalamus has been reported to

lead to a sustained hypertensive condition (Folkow and

Rubinstein, 1966). Chemical stimulation ofthe posterior

hypothalamus with cholinergic agonists mimics quite
well the response to electrical stimulation (Brezenoff

and Jenden, 1969). In the conscious rat, microinjection
of carbachol or various cholinesterase inhibitors all led

to marked and sustained pressor responses (Buccafusco

and Brezenoff, 1979). The power of this cholinergic hy-

pothalamic pressor system was underscored by the fact

that microinjection of as little as 30 nmol of echothio-

phate, an irreversible cholinesterase inhibitor, resulted

in a fulminant type of hypertension accompanied by

pulmonary edema and death. The pressor response to
intrahypothalamic injection of cholinesterase inhibitors
was both atropine- and HC-3 sensitive. Thus, local re-

lease of acetylcholine with subsequent muscarinic recep-

tor stimulation within the posterior hypothalamic nu-

cleus was a requirement for the expression ofthe pressor

response to inhibition of hypothalamic cholinesterase.

This pressor response is mediated primarily via the sym-
pathetic nervous system, although some evidence exists

to suggest a role for the release of vasopressin into the

systemic circulation (Hoffman and Phillips, 1976). Areas

within the caudal hypothalamus sensitive to muscarinic

receptor stimulation were highly localized to just a few
regions-the posterior hypothalamic nucleus, the supra-

mammillary nucleus, and the media! mammil!ary nu-
cleus. Even in the cat, hypothalamic chemical stimu!a-

tion with carbachol evokes an atropine-sensitive

hypertensive response that outlasts the behavioral man-

ifestations of the rage or attack response (Karmos-
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V#{225}rszegiand Karmos, 1977). Some years later, Eckers-

dorf and coworkers (1987) reported that the behavioral

response to intrahypothalamic injection of carbachol in
cats was not sensitive to pretreatment with the neuro-

toxin kainic acid. Because kainic acid destroys
perikarya, but not nerve endings, one possibility is that
carbachol’s actions might be mediated through the re-
lease of a second neurotransmitter. This concept fits
with an earlier observation in the rat that the excitatory

behavioral response produced by injection of cholinergic

agonists into the posterior hypothalamic nucleus is me-

diated through nicotinic cholinergic receptors (Buccaf-

usco and Brezenoff, 1980). Moreover, local pretreatment
with HC-3, at doses known to deplete hypothalamic 1ev-

els of acetylcholine, blocked the effects of carbachol. The

inference is that carbachol, acting upon nicotinic recep-
tors located on cholinergic nerve endings, enhanced the

release of acetyicholine. This scenario is in keeping with
the kainic acid experiments cited above (Eckersdorf et

al., 1987). It is also consistent with more recent findings
that demonstrate that the cardiovascular response to
nicotine administered by the i.c.v. route in conscious

rats is mediated through the release of endogenous ace-

tylcholine, which then acts upon muscarinic receptors

(Buccafusco and Yang, 1993).
The role of hypothalamic cholinergic pressor systems

in mediating the hypertensive response to systemically
administered physostigmine (or other centrally acting

muscarinic receptor agonist) is not yet apparent. The
work of Janowsky and colleagues (1973, 1985, 1986) in

humans suggests that higher brain functions are en-

gaged concomitantly with the cardiovascular changes
elicited after intravenous injection of physostigmine.
However, at least in the anesthetized rat, the pressor

response to intravenous injection of physostigmine is

purported to be mediated almost exclusively within the
medulla (see Brezenoffand Giuliano, 1982), particularly
within the area termed the rostral ventrolateral medulla
(RVL) (Punnen et a!., 1986; Giuliano et al., 1989),
whereas the posterior hypothalamus appears to play a

dominant role in mediating the pressor response to i.c.v.
injection of cholinesterase inhibitors (Xiao and Breze-
noff, 1988). This latter finding was supported by a recent

preliminary study in which it was demonstrated that

i.c.v. injection of a pressor dose of neostigmine in rats
produced an anatomically selective increase in the ex-
pression of immunoreactive c-fos, a neuronal early re-

sponse gene product (Brezenoffet al., 1994). Increases in

c-fos immunoreactivity were relegated to periventricular

and posterior hypothalamic nuclei, the lateral septum,
and the amygdala. Previous i.c.v. administration of at-
ropine blocked both the subsequent neostigmine-in-

duced pressor response and the increased c-fos activity.

Citing the known autonomic dysfunction observed to
be associated with Parkinson’s disease, Pazo and Me-
dma (1983) suggested that visceral disturbances, includ-
ing arterial hypotension, might derive from the nigro-

striatal degeneration thought to give rise to the

characteristic motor disturbances. They undertook a

study in anesthetized cats in which the caudate nucleus
was mapped through microinjection of carbachol or do-

pamine (representing the primary neurotransmitters
known at that time to be affected in Parkinson’s dis-

ease). Most of the striatal regions examined were re-
sponsive in terms of blood pressure changes, although
pressor responses were obtained primarily from rostral
sites, whereas depressor responses were obtained from

caudal sites. Both actions were blocked by previous local

muscarinic, but not nicotinic receptor blockade.
Owing in large part to the pioneering work of Brody

and his colleagues (see Brody et al., 1978; Hartle and
Brody, 1984), perhaps the most comprehensive pharma-

cological study of a forebrain system involved in cardio-
vascular regulation includes the periventricular struc-

tures of the third cerebral ventricle. The continuum of
structures from the organum vasculosum of the lamina

terminalis through the anteroventral third ventricle to
the subfornical organ represent a series of interconnect-
ing centers that have a profound role in the regulation of

fluid balance and vascular homeostasis. Because part of

this region is devoid of a functional blood-brain barrier,

sensory mechanisms exist in these regions that respond
to humoral factors such as hyperosmolarity, sodium con-

centration, and angiotensin II. Also, the subfornical or-
gan was shown to be a site of action for the central
pressor response to angiotensin II. Specific lesions
placed within these periventricular structures have

been demonstrated to prevent the development of 5ev-
era! types of renal-induced hypertension, both angioten-
sin Il-dependent and angiotensin Il-independent forms;

as well as steroid/salt-induced hypertension. Efferent
projections from these regions innervate various hypo-

thalamic areas as well as more caudal cardiovascular
centers. One pharmacological relationship between the
hypothalamus and the periventricular structures is
their sensitivity to the dipsogenic and pressor properties
of i.c.v.-injected carbachol. As indicated above, only
about 50% of the pressor response to i.c.v. injection of a
cholinergic agonist was shown to be mediated within the
posterior hypothalamus. Electrolytic lesion of the an-
teroventral third ventricle region also reduced, but did

not eliminate, the pressor and dipsogenic responses to
i.c.v. injection of carbachol (Menam et a!., 1990). There-

fore, it is possible that both regions contribute to the

pressor response evoked by i.c.v. administration of car-
bachol, although no experiment has been attempted us-
ing lesions combining both structures.

B. Hindbrain Pathways - The Ventrolateral Medulla

Dampney (1994) has summarized the evidence that
five primary groups of sympathetic premotor neurons

exist in the rat that originate from the paraventricular
nucleus of the hypothalamus, the pontine A5 catechol-

amine cell group, the rostra! ventrolateral medulla, the
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ventromedial medulla, and the caudal raphe complex.

These regions receive baro- and chemoreceptor fibers

and also cardiovascular afferents from widespread areas
of the CNS. Of these, three regions of the medullary
reticular formation have been neurochemically, electro-
physiologically, and pharmacologically characterized for

their role in the central cholinergic regulation of blood
pressure: the nucleus ofthe tractus solitarius (NTS), the

RVL, and the caudal ventrolateral medulla (CVL). Neu-
ronal interactions among these groups, as well as from

higher centers, are known to exist, and each of these

regions contain neuronal markers for the presence of

cholinergic cell bodies and/or terminals (Ruggiero et a!.,
1990). The NTS is the primary site of termination of

afferent fibers from arterial baro- and chemoreceptors;

electrical stimulation or chemical stimulation with g!u-
tamate results in a marked fall in blood pressure

(Sundaram et al., 1989b), whereas electrolytic lesion of
the region results in a neurogenic form of hypertension

in the rat (Reis et al., 1976). The development of this
form of hypertension is dependent upon the integrity of

higher brain centers. In the first study in which micro-

injections of cholinergic drugs were discreet enough to

be limited to the NTS, carbacho!, acetylcholine, and phy-
sostigmine each evoked depressor responses after injec-

tion into the nucleus (Criscione et al., 1983). Local pre-
treatment with atropine reversed the depressor

responses to the cholinergic agonists, but not that to

glutamate. Alone, atropine produced a modest increase
in blood pressure and significantly reduced the reflex

bradycardia evoked by systemic injection of a pressor
agent. Muscarinic receptor blockade in the NTS did not
mimic the effects of electrolytic lesion (e.g., the develop-
ment of neurogenic hypertension) of the nucleus. Thus,

although inhibitory cholinergic neurons may contribute
to the regulation of cardiovascular reflex activity within

the NTS, they do not appear to be the only factor. Using

partially selective muscarinic receptor agonists and an-
tagonists, Sundaram and coworkers (1989b) demon-

strated that the muscarinic receptor subtype mediating
the inhibitory actions of acetylcholine in the NTS was a

non-M1, possibly the M2 subtype. One efferent projection
from the NTS (which may in part comprise a contingent

of cholinergic neurons) terminates in the RVL (fig. 1)
(Ruggiero et al., 1990).

The RVL is essentially a subdivision of the nucleus
paragigantocellulans lateralis, which includes in its ros-

tral boundaries cells containing phenylethano!amine-N-
methyltransferase (PNMT) activity, the so-called C-i
region (Reis et al., 1987). The RVL provides direct tonic
vasoconstrictor activity to spinal preganglionic neurons

and plays a primary role in mediating the reflex hypo-
tensive response to baroreceptor activation (Granata et
al., 1985). The RVL also has been demonstrated to re-

ceive innervation from cholinergic fibers, and stimula-

tion of muscarinic receptors in this region evokes a hy-
pertensive response; alternatively, muscarinic blockade

NTS CVL RVL

FIG. 1. Schematic representation of the proposed primary inter-

actions between cardiovascular afferent (NTS and CVL and premo-

tor (RVL) nuclei in the medulla. Plus ( + ) and minus ( - ) signs refer

soley to the effect on blood pressure produced by the application of

respective agonists of excitatory amino acid EAA, GABA, and ace-

tylcholine (ACh) neurons to the terminal fields in each region. Direct

neurotransmitter-neurotransmitter interactions should not be im-

plied. A more precise representation of neurotransmitter interac-

tions within the RVL is depicted in figure 2. “(Tonic)” refers to the
concept put forth (see Section III.B.) that cholinergic innervation to

the RVL is tonic in nature and helps maintain sympathetic vasomo-

tor tone. The direct cholinergic connection between the NTS and the

RVL has been identified through anatomical studies (Ruggiero et al.,

1990).

results in a fall in blood pressure, even in normotensive

animals (Willette et a!., 1984; Punnen et a!., 1986; Ems-

berger et a!., 1988; Morrison et al., 1988; Giuliano et al.,

1989). The fall in blood pressure to muscarinic receptor
blockade or acetylcho!ine depletion in the RVL is equiv-

a!ent to that produced by spinal transection. In view of
the inability of global central muscarinic receptor block-

ade to lower blood pressure in conscious normotensive

animals (table 1), the finding that microinjection of at-

ropine into the RVL lowered blood pressure to the extent

of spinal section is somewhat perplexing. Partly con-
founding the results of these experiments are (a ) the

potential local anesthetic action of atropine and (b) the

use of genera! anesthesia. The first concern may be

partly abrogated by the fact that local microinjection of
HC-3 to deplete endogenous stores of acetylcholine es-

sentia!!y achieved the same results as those with atro-

pine (Giuliano et al., 1989). Moreover, microinjection
into the RVL of the muscarinic receptor antagonists
scopolamine and AF-DX 116 (partially M2 selective), but
not pirenzepine (partially M1 selective) produced similar

hypotensive actions compared with atropine (Sundaram

and Sapru, 1988; Sundaram et a!., 1988; Giuliano et al.,

1989). To further ascertain the selectivity of muscarinic
receptor blockade, after microinjection of the antago-

nists into the RVL, the pressor response to glutamate
was shown to be unaffected. Also, the presynaptic na-

ture of the blockade produced within the RVL by HC-3
was demonstrated by the failure of the depleting agent

to inhibit to pressor responses to local microinjection of
direct receptor agonists, whi!e still inhibiting the pres-

sor response to local cho!inesterase inhibition (Giuliano

et al., 1989). The limitations inherent in the use of

genera! anesthesia are more difficult to address. At least
one study has suggested that even the fall in blood

pressure to bilateral electrolytic lesion of the RVL is

anesthetic-dependent (Cochrane et a!., 1988). Under
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urethane anesthesia, the magnitude and duration of the
hypotensive effect of RVL lesions is greater than when

rats are anesthetized with either pentobarbital or

a-chlora!ose. In one study in which pentobarbital was

used, microinjection of the muscarinic receptor antago-

nist AF-DXii6 in the RVL !owered blood pressure by
approximately 20 mmHg for 60 to 150 mm (Sundaram et

a!., 1988). The results of these studies suggest in the
least that cho!inergic input to the RVL represents an

important component of the regulation of sympathetic
excitatory tone from this nucleus.

The source of the cholinergic input to the RVL is

currently unknown. However, stimulation of the hypo-

tha!amic defense area was shown to increase the content
of acetylcho!ine in push-pull perfusates from the RVL
(Lin and Li, 1990). Although interactions between dien-
cephalic structures and the RVL have been demon-

strated e!ectrophysiologically, this was the first study to
suggest a neurochemical link between the posterior hy-

potha!amus and RVL involving acetylcholine. There is
also some evidence that cholinergic neurons arising from

spina! sites interact at medul!ary levels, possibly within

the RVL (see Section III.C. and fig. 2).
Muscarinic receptors within the RVL that regulate

arterial blood pressure appear to comprise mainly the
nonpirenzepine-sensitive, possibly M2-selective subtype

(Pazos et a!., 1986; Murugaian et a!., 1989). The M2 and
M4 subtypes appear to inhibit adenylate cyclase activity

via a pertussis toxin-sensitive G-protein and are gener-
ally ascribed to mediating inhibitory synaptic responses

(see McKinney and Coy!e, 1991). The inhibitory nature

of the M2 and M4 receptor subtypes fits with the physi-
ological characterization of the neurotransmitter inter-

actions in the RVL that suggest that cholinergic input to
this region inhibits a y-aminobutyric acid (GABA)ergic

system that is inhibitory to efferent spinobulbar gluta-
matergic neurons (Arneric et a!., 1990). Thus, cholin-

ergic M2 stimulation of the RVL essentially disinhibits

the glutamate pathway (fig. 2). One additional feature of
note for the RVL is that chemical lesions, or bilateral
injection of cholinergic-depleting agents or muscarinic

antagonists in anesthetized rats essentially eliminates

the pressor response to intravenous injection of phy-

sostigmine (Giuliano et a!., 1989).
The CVL, which has been less well characterized than

either the NTS or the RVL, is essentially a caudal ex-
tension of the reticular nuclear group of the RVL, which

originally was thought to include the Al norepineph-
rine-containing cell group (Blessing and Reis, 1982).
More recently, it has been determined that the CVL

sympathoinhibitory neurons are functionally and ana-
tomically distinct from the Al cell group. Functionally,

the CVL appears to be the opposite of the RVL. Electri-

cal or chemical stimulation of the area with glutamate
results in a vasodepressor response, whereas microinjec-

tion of GABA results in a pressor response (Willette et

al., 1983, 1984; Murugaian et a!., 1989). The latter find-

FIG. 2. Schematic representation of the proposed interactions

that mediate the pressor responses to pharmacological activation of

muscannic cholinergic (M) sites in the rostral ventrolateral medulla
(RVL) and thoracic spinal cord. The neurochemical nature of the

pathway indicated as descending from the RVL and activating sym-
pathetic preganglionic sympathetic cells is mediated by an excitatory

amino acid, most likely glutamate. The pathway indicated by the

arrows is probably intrinsic to the spinal cord, but may ascend to the
medulla and provide, along with cholinergic pathways from other
cardiovascular (CV) afferents, the cholinergic innervation to the RVL
pressor pathway. The spinal cholinergic pathway does not directly

innervate preganglionic cells, but provides an excitatory modulatory

component via the bulbo-spinal pathway. Neurochemical interac-

tions within the cholinergic facilitatory pathway involves the partic-

ipation ofspinal GABAB and glutamate NMDA receptors and may be

similar to that already proposed for the RVL. Within the RVL, the

release of acetylcholine activates muscarinic M2 inhibitory (-) re-

ceptors that in turn inhibit the activity of GABAergic interneurons.
The loss ofinhibitory GABAergic tone leads to facilitation of descend-
ing vasomotor tone mediated by glutamatergic neurons.

ing suggests that GABAergic sympathoinhibitory neu-

rons within the CVL are tonically active. As recently

summarized by Dampney (1994), the CVL appears to
play an important role in baroreceptor function, al-

though many of the neurotransmitter interactions sug-

gested to occur within this region are not yet completely
understood. The interactions between the NTS, CVL,

and RVL, insofar as these regions modulate the expres-
sion of the baroreceptor reflex, are schematically repre-

sented in figure 1. Stimulation of baroreceptor afferents
is thought to activate excitatory amino acid receptors
within the NTS. In turn, the NTS sends excitatory
amino acid projections to the CVL that stimulate a

GABAergic inhibitory pathway to the RVL. Thus, stim-
ulation of baroreceptor afferent fibers ultimately results
in the inhibition of tonically active sympathetic vasomo-

tor efferents from the RVL.
Using partially selective muscarinic receptor agonists

and antagonists, Murugaian and coworkers (1989) dem-
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onstrated in anesthetized rats, that non-M1, possibly M2
muscarinic receptors mediate the depressor response to

receptor stimulation of the CVL. Bilateral microinjec-
tion of the partially selective M2 receptor antagonist
AFDX-116 into the CVL produced a modest increase in

blood pressure, suggesting the presence of some degree
of tonic cholinergic sympathoinhibitory tone. Finally,

the depressor response to muscarinic receptor stimula-

tion in the CVL was prevented in animals pretreated

with the GABA antagonist bicuculline microinjected into

the RVL. Therefore, the neuronal circuitry of the CVL
involves, at least in part, a cholinoceptive (muscarinic)
link to GABAergic neurons that relay inhibitory tone to
the RVL.

C. Spinal Pathways

Before the mid-1980s, little was known regarding the

role of spinal cholinergic systems in cardiovascular reg-
ulation other than perhaps the function of preganglionic

cells located in the intermediolateral (IML) cell column.

Autoradiographic and immunohistochemical studies
have demonstrated that muscarinic cholinergic recep-

tors and choline acetyltransferase-immunoreactive neu-
rons exist in several regions of the spinal cord, including
the superficial !amina, central autonomic cell column

dorsal to the central canal, and the intermediolateral
column (Yamamura et al., 1983; Barber et al., 1984;

Borges and Iverson, 1986; Ribeiro-da-Silva and Cuello,

1990). Whereas the cholinergic neurons that exist in the

superficial lamina were suggested to mediate antinoci-
ception (Yaksh et a!., 1985; Smith et a!., 1989), the

functional role of the other spinal cholinergic cell groups
has not been fully elucidated with regard to cardiovas-

cular and respiratory functions. The results of studies
using systemic administration of centrally acting mus-
carinic or nicotinic agonists in high spinal-transected

animals proved to be equivocal (e.g., Dage, 1979; Bhar-
gava et a!., 1982). Also, direct microinjection of cholin-

ergic agonists into spinal sites generally elicited heart
rate, but not blood pressure responses (Sundaram et a!.,

1989a). The failure to observe pressor responses after
spinal muscarinic receptor stimulation may have been

attributable to the following factors: (a) Injections were
made into high thoracic levels of the spinal cord,

whereas spinal cholinergic pressor neurons are somato-
topically organized, with tachycardic responses evoked
predominantly from high thoracic and cervical levels

and pressor responses elicited from lower thoracic and
high lumbar levels (Magri and Buccafusco, 1988; Taka-
hashi and Buccafusco, 1992). (b) The primary site of
injection in the Sundaram study (Sundaram et al.,

1989a) was the IML, whereas spinal sites responsive to

muscarinic receptor stimulation are located outside of

the IML (Takahashi and Buccafusco, 1992). (c) The den-
sity of muscarinic receptors becomes sparse proceeding

caudally from the medulla, and the highly localized vol-
umes of drug injectate (20 nl) used in the Sundaram

study (Sundaram et a!., 1989a) may not have activated a
sufficient number of receptors to elicit a pressor re-

sponse (Takahashi and Buccafusco, 1992). Using the

techniques of i.t. injection, topical spinal cord applica-

tion of drugs, and direct microinjection into the spinal

cord parenchyma, studies from this laboratory over the

past decade have been directed at the pharmacological

characterization of a newly described spinal muscarinic

pressor pathway. The following discussion summarizes

some of the more pertinent findings (see Marshall and

Buccafusco, 1985; Magri and Buccafusco, 1988; Buccaf-

usco and Magri, 1990; Takahashi and Buccafusco,
1991a, b, 1992; Holland et a!., 1993; Feldman and Buc-

cafusco, 1993a, b). Intrathecal injection of neostigmine

produced a marked pressor response in conscious and

anesthetized rats. This response was inhibited by prey-

ous spinal acetylcholine depletion with i.t. pretreatment

ofHC-3 and by spinal muscarinic receptor blockade with

atropine. When neostigmine was applied to the surface

of the entire spinal cord, pressor and tachycardic re-

sponses could be observed that were similar to those

seen after i.t. injection. Topical application of neostig-
mine to upper thoracic segments (Thi to Th6) resulted

in a tachycardic response of similar magnitude to that

after i.t. injection, but with a pressor response that was

significantly smaller in magnitude than that to i.t. in-

jection. On the other hand, the topical application of

neostigmine to lower thoracic segments (Th7 to Thi 1)

resulted in a pressor response having similar magnitude

to that after i.t. injection, with no apparent increase in

heart rate. The application of neostigmine below Thl2

evoked little change in blood pressure or heart rate.

To determine the role of each spinal segment in me-
diating pressor and tachycardic responses, experiments

were performed in immobilized and artificially venti-

lated rats. Mapping of cholinoceptive sympathoexcit-

atory sites within the spinal cord was performed by

microinjecting 0.54 nmol of carbachol into various re-
gions within the Th2 and Thu levels. Marked tachy-

cardic responses and smaller pressor responses were
observed after microinjection of carbachol into several

sites, including the IML (in confirmation of the results

obtained by Sundaram and coworkers (1989a)), a site

between the IML and the central canal, the right lower

dorsal horn, and the ventral horn. In contrast, when
injected into lower thoracic levels (Thi 1), carbachol elic-

ited a pressor response (but no heart rate response) from
a site between IML and central canal. However, direct

injection of the agonist into the IML failed to evoke a

significant pressor or tachycardic response. Our finding

of the inability of carbachol to increase blood pressure

after direct microinjection into the IML is in concert

with the more recent report of Gibson and Logan (1995)
that demonstrated that superfusion of spinal sympa-

thetic preganglionic neurons with carbachol resulted
only in hyperpolarization of the cells.
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Because it did not appear likely that stimulation of

spinal muscarinic receptors were located on preganglion

cells within the IML, the possibility that i.t. injection of
cholinergic agonists facilitated tonic descending sympa-

thetic activity was next examined. Stimulation of a de-
scending sympathoexcitatory pathway was produced
through electrical stimulation of the lateral funiculus

between Cl and C2 after transection of the spinal cord

above Cl. Pressor and tachycardic responses were elic-
ited by electrical stimulation of the lateral fumculus of

the spinal cord, and the magnitude of each response
increased in proportion to stimulus strength. Although

i.t. administration of neostigmine (5 p.g) did not alter
resting blood pressure in the spinal transected animals,

the drug produced a marked potentiation of the pressor
responses to electrical stimulation. Atropine pretreat-

ment did not alter resting blood pressure, but did block

the facilitating action of neostigmine on the electrically

evoked sympathetic activity. The pressor and tachy-
cardic responses to electrical stimulation also were elim-
mated by placing an ipsilateral lesion in the segment

below the stimulation site, a finding that confirmed the

descending nature ofthe sympathetic pathway. Surgical

denervation of the IX and X nerves had no effect on the
responses to electrical stimulation of the lateral funicu-

lus before or after neostigmine or atropine. Finally, ap-
proximately 50% of the pressor response to spinal cho-

linergic receptor stimulation was shown to be dependent

on higher centers, because selective depletion of medul-
lary acety!choline with HC-3 or blockade of medullary

muscarinic receptors with atropine significantly reduced
the magnitude of the pressor response to i.t. injection of
carbachol.

In summary, it appears that spinal cholinergic recep-
tor activation produces a potentiation of descending
sympathoexcitatory tone. Although it is not likely that

this interaction is mediated directly at the level of the
preganglionic cell bodies, descending bulbospinal pres-

sor neurons may provide the substrate through which
spinal administration of cholinergic agonists increases
blood pressure and heart rate. The origin of the cardiac
response is clustered within the upper thoracic region,

whereas the pressor response is distributed throughout
the thoracic cord. Thus, the spinal cord contains a pow-

erful cholinergic, muscarinic modulatory system (possi-
bly interneurons) that is not tonically active, but which
can modify bulbospina! neuronal influences to sympa-
thetic preganglionic neurons. A schematic representa-

tion of this ascending cholinergic pressor pathway is

depicted in figure 2.

IV. Interaction Between Cholinergic Neurons
and Other Neurotransmitters

A. Biogenic Amines and Clonidine

The mutually antagonistic roles for peripheral auto-
nomic adrenergic and cholinergic neurons have been

well studied. In dually innervated organs, activation of

the release of norepinephrine from sympathetic neurons
impairs the release of acetylcholine from parasympa-
thetic neurons, and vice versa. This relationship be-

tween the transmitters is known to exist in the CNS;
however, the phenomenon has not been as well charac-

terized. The issue arose early on with regard to the

investigation of the mechanisms involved in the pressor
response to physostigmine and other centrally acting
cholinergic agonists. Biochemically, there exists signifi-

cant evidence that in certain brain regions, including
those involved in cardiovascular regulation, the hypo-

thalamus and medulla, cholinergic muscariic receptor
agonists inhibit the release of norepinephrmne (see Phil-
ippu, 1981; Brezenoff and Giuliano, 1982), and adrener-

gic agonists inhibit the release of acetylcholine (see Buc-

cafusco, 1992). Therefore, it was possible that the
pressor response to intravenous injection of physostig-
mine was mediated not solely through the stimulation of

central muscarinic receptors, but also through the sub-
sequent release of brain catecholamines. The results of
several studies performed before 1980 demonstrated
that depletion of brain catecholamines or blockade of

central a-adrenergic receptors could inhibit the expres-
sion of the pressor response to central cholinergic stim-

ulation (see Philippu, 1981; Brezenoff and Giuliano,

1982). One inherent weakness with many of the early
studies was related to the use of cerebroventricular ad-

ministration of sympatholytic agents. The doses used
were usually quite high, often as high as 100 p,g/kg, and

rarely was there a control experiment provided to ac-
count for redistribution of the blocking agent to the
peripheral circulation. Even drugs that do not readily
penetrate the CNS from peripheral administration, such
as norepinephrmne and phentolamine, are rapidly trans-
ported out of the CNS, where they can have peripheral
vascular actions (Buccafusco and Brezenoff, 1977). In a

more recent study in which selective a-adrenergic block-

ing drugs were used by i.c.v. injection, the doses that
appeared to block the pressor response to subsequent

i.c.v. injection of neostigmine ranged from 40 to 120
!.Lg/kg (Taira and Enero, 1994). Under these experimen-

tal conditions, the a1-selective antagonist prazosin, but
not the a2-selective antagonist yohimbine, blocked the
pressor response to neostigmine. The authors inter-
preted the data to indicate that there exists an adren-

ergic link via central a1-adrenergic receptors mediating
the response to neostigmine. An alternate explanation is

that some of the antagonists may have been redistrib-

uted to the peripheral circulation, where prazosin is the
more effective sympatholytic agent.

Of particular relevance is a study by Stamenovi#{233} and

Varagi#{233}(1970), in which they measured preganglionic

nerve activity in anesthetized rats treated intravenously
with physostigmine. Under these circumstances, phy-

sostigmine produced a dose-related increase in arterial
blood pressure and concomitant increase in cervical
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sympathetic nerve activity. In reserpinized rats, there

was no alteration of the increase in sympathetic nerve

activity compared with controls. In contrast, the same
reserpine treatment abolished the pressor response to

physostigmine (Le�i#{233}and Varagi#{233}, 1961). Thus, under
conditions of combined central and peripheral catechol-

amine depletion, the sympathoexcitatory response but
not the pressor response to central cholinesterase inhi-

bition remained intact. This would be the result ex-
pected if peripheral sympathetic, but not central adren-

ergic pathways, mediate the pressor response to
physostigmine.

The confusion of this issue is perhaps underscored by

the results of two studies reported by the same research

group. In the first study, i.c.v. administration of the

adrenergic neurotoxin 6-hydroxydopamine was used in

rats to cause the depletion ofbrain catecholamines (Gor-

don et al., 1979). In central amine-depleted animals, the
pressor response to central cholinergic receptor stimu-
lation was blocked. In a subsequent study (Gordon et a!.,
1985), specific ascending and descending noradrenergic

and dopaminergic pathways were depleted of transmit-
ter through selective microinjection of 6-hydroxydopa-

mine into respective areas of cell origin for each path-
way. In this situation, there was no significant effect of

brain catecholamine depletion on the pressor response
to i.c.v. injection of carbachol, even though the extent of

depletion of catecholamines in their terminal fields was
similar to that for the earlier i.c.v. study. The authors

suggested that the apparent discrepancy was related to
the possibility that, with i.c.v. injection of the neuro-
toxin, a site of catecholamine depletion not affected by

the methods used in the second study contained the
crucial adrenergic link involved in the pressor response

to carbachol. Alternatively, they suggested that the neu-
rotoxin may have produced a nonspecific toxic action on

periventricular structures necessary for the cardiovas-
cular action of i.c.v.-injected carbachol.

In one respect, the independence (rather than the
dependence) of the pressor response to physostigmine
from central catecholaminergic systems is more consis-

tent with current findings. Accepting the evidence cited
above that the site of action of intravenously adminis-
tered physostigmine is the RVL, the majority of cholin-

ergic terminals in this brain region does not form a
significant number of synaptic contacts with the cate-
cholaminefPNMT-containing cells of the Cl region (Mi!-

ner et a!., 1989). PNMT cells arising from the Cl region

descend to the spinal cord along the same trajectory as

the bulbospinal pathway that provides tonic sympa-
thetic nervous activity to sympathetic preganglionic

cells in the ILM. Although the concept of an adrenergic
link in the cholinergic pressor system is far from settled,

future studies must account for the many subtypes of
adrenergic receptors known to exist in the brain, as well

as the nature of the cellular response mediated by each
subtype. Also, care must be taken to insure that the

antagonists being studied have actions only within the

CNS.
In 1977, the currently recognized pharmacological

properties of clonidine included the peripheral actions,

hypertension, vasoconstriction, contraction of the nicti-
tating membrane, and hyperglycemia (see Schmitt,

1977). In addition, clonidine possessed a number of
pharmacological properties that were attributable to an

action on the CNS. These included hypotension, inhibi-
tion of sympathetic tone, activation of vagal tone, bra-
dycardia, sedation, antinociception, hypothermia, inhi-
bition of water intake, inhibition of food intake and

aggressive behavior. Direct evidence for the central site
of clonidine’s blood pressure-lowering ability was first

provided by Kobinger and colleagues in the mid-1960s

and by Schmitt and colleagues in the early 1970s. The

details of these experiments have been extensively re-
viewed (Schmitt, 1977; Kobinger, 1978). Although

clonidine has been reported to directly inhibit the re-
lease of norepinephrine from sympathetic fibers, this is

usually achieved by high, supraclinical doses or at low,
nonphysiological stimulation frequencies (Schmitt,
1977). In contrast, the release of acetylcholine from

parasympathetic nerve terminals in several tissues is
quite sensitive to inhibition by clonidine and other a2-

adrenergic agonists, including norepinephrine (Deck, et

al., 1971; Werner et a!., 1972; Drew, 1978). This para-

sympatholytic action of clonidine is often encountered as
side effects associated with therapy. For example, pa-
tients often complain of dry mouth, constipation, and

visual disturbances.
Perhaps the earliest study to indicate an interaction

between clonidine and central cholinergic neurons in-
volved in cardiovascular regulation was reported by

Bently and Li (1968), who demonstrated that clonidine
pretreatment in rats prevented the centrally mediated

hypertensive response to the cholinesterase inhibitor
physostigmine. Subsequently, it was demonstrated that

pretreatments that increased central cholinergic activ-
ity reduced the hypotensive actions of clonidine (Laubie,

1975). Characterization of the clonidine/physostigmine
interaction was then carried out by Buccafusco and col-
leagues (Buccafusco and Spector, 1980a), who confirmed

the marked inhibitory action of clonidine on the hyper-
tensive response to physostigmine. They demonstrated
that the ability of clonidine to inhibit the pressor re-
sponse to cholinergic stimulation was selective for mdi-
rect-acting agonists such as physostigmine. The pressor

response produced by arecoline, a direct muscarinic re-

ceptor agonist, was not sensitive to clonidine pretreat-
ment (Buccafusco and Spector, 1980b). This observation

was consistent with the finding that clonidine produced
a significant reduction in the biosynthesis of acetylcho-

line in several regions of rat brain, particularly in re-
gions important for cardiovascular regulation, the hypo-

thalamus and medulla (Buccafusco and Spector, 1980a;
Buccafusco, 1982, l984a). The latter action of clonidine
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was demonstrated to be mediated through stimulation of

central a-adrenergic receptors. Also, both clonidine and

the related drug a-methyldopa produced decreases in
blood pressure and inhibition of brain acetylcholine bio-

synthesis in hypertensive animals at respective clini-

cally relevant doses (Buccafusco 1984a, b). The proposed
site for clonidine’s antthypertensive action, the RVL, is
also the site that mediates the hypertensive response

after systemic injection of physostigmine (Punnen et a!.,
1986; Giu!iano et al., 1989). Moreover, the RVL is the

only brain region demonstrated thus far to mediate a
significant fall in blood pressure in normotensive rats

after acetylcholine depletion or muscarinic blockade

(Sundaram and Sapru, 1988; Giuliano et a!., 1989).
Therefore, the cholinergic pressor neurons within the

RVL may represent a potential site for some of the
cardiovascular actions of clonidine and related antihy-
pertensive agents.

Although clonidine is a potent agonist at central and

peripheral a2-adrenergic receptors, Bousquet and col-
leagues (1984) reported that the hypotensive action of

clonidine may be more related to its chemical structure

as an imidazole than to its ability to act as an a2-agonist.

Subsequently, Reis and colleagues (Ernsberger et a!.,
1987) determined that norepinephrine was not able to

completely inhibit [3H1-p-aminoc!onidine binding from a
membrane preparation derived from the ventrolateral
medulla. This ‘imidazole’ binding site was then charac-

terized and demonstrated to exhibit affinity for clonidine

equal to the classical a2-adrenergic receptors in the
RVL. Also, the relative potencies of a series of imidazo-

line and non-imidazoline clonidine-like antihyperten-
sive drugs to lower blood pressure after intracisternal

injection in SHR were strongly correlated with their
ability to interact with imidazoline receptors, but not

with a2-adrenergic receptors, in vitro (Buccafusco et a!.,

1995a).
To complicate the picture further, based upon homol-

ogy screening of complementary deoxyribonucleic acid
(cDNA) libraries from several species, three subtypes of

the a1-adrenergic receptor (al&d, aib, ai�) and four sub-
types of the a2-adrenergic receptor (a2a, a2b, a2�, a2d)

have been cloned and partially pharmacologically and

functionally characterized (see Bylund et al., 1994).

Other subtypes are likely to be forthcoming. Although
the catecholamines norepinephrine and epinephrine
have generally been characterized as inhibitory neuro-

transmitters in the CNS, it is clear that this simplistic
view can no longer be maintained. The cellular response

to norepinephrine in a particular brain region will de-
pend upon the relative proportions of these receptor

subtypes being stimulated, and whether the receptors
are located on pre- or postsynaptic aspects of the nerve

ending. This concept is underscored by the finding that
microinjection or superfusion of epinephrine onto iden-
tifled spinal preganglionic neurons in a slice preparation
from neonatal rat spinal cord evokes both depolarization

and hyperpolarization of single units (Miyazaki et a!.,
1989). Depolarization of preganglionic cells was medi-

ated through a1-receptors, and hyperpolarization was

mediated through a2-receptors. That a1-receptors medi-

ate the pressor response to local microinjection of epi-

nephrine into the IML was confirmed in intact adult rats
(Malhotra et a!., 1993). As more specific pharmacological
probes become available, or perhaps with the develop-

ment of transgenic knockouts, as has been reported for
the a2a receptor (Surprenant et a!., 1992), experiments

to elucidate the role of each subtype in central cardio-
vascular regulation and the nature of each one’s inter-

action with cho!inergic neurons will be possible.

In many respects, knowledge of the pharmacology of
central serotonin systems has advanced faster than that

for central adrenergic systems, particularly with regard
to the development ofsubtype selective ligands. In terms
of the development of clinically useful centrally acting
drugs modifying arterial pressure, the adrenergic sys-

tem has the advantage. Nevertheless, there are perhaps
many parallels between central adrenergic and seroton-

ergic neuronal systems involved in cardiovascular regu-
!ation. Both adrenergic and serotonergic pathways in-

dude many areas known to play a role in central
cardiovascular regulation, including the anterior hypo-

thalamus, the NTS and RVL, and the spinal cord. As
discussed with the adrenergic system, serotonin acts

upon multiple subtypes of pre- and postsynaptic recep-
tors, and pressor or depressor responses appear to be
mediated by different subtypes (see McCall and Clem-

ent, 1994). In fact, 5-HT1A and 5-HT2 receptors located
within the RVL mediate respectively a sympathoinhibi-
tory and a sympathoexcitatory response. Not unexpect-

edly, the administration of serotonin into the CSF or
directly microinjected into sensitive brain regions has

been reported to elicit a variety of cardiovascular

changes. Unfortunately, the role of central cholinergic
neurons in the expression of cardiovascular responses to

central serotonin receptor stimulation or blockade has
not been attempted using serotonin receptor subtype-

selective drugs. However, using serotonin itself, the re-
su!ts of microinjection studies have indicated that a

cholinergic link exists within the forebrain pathway me-
diating the pressor response to serotonin (Robinson,
1982; Kristi#{233}and Djurkovi#{233}, 1987).

Within the concept of the “cholinergic link,” it may be

of interest to underscore the considerable number of

brain neurotransmitters for which a cho!inergic link has
been suggested to participate in the expression of the

cardiovascular response to that neurotransmitter. Table
2 lists 12 such substances. The interactions between the

biogenic amines and cholinergic neurons already have
been described earlier in this section. The neuropeptides

listed all evoke pressor responses after central adminis-
tration and all require either the release of endogenous
acety!choline and/or functioning brain cholinergic recep-
tors to elicit their respective responses. Both muscarinic
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TABLE 2

The role of brain cholinergic neurons in mediating the changes in systemic blood pressure to the central actions of several neuromediators

.

Neuromediator
Blood Pressure Response

.to Neuromediator
.

Representative References

Serotonin Increase Robinson, 1982; Krsti#{233}and Djurkovi#{233}, 1987

Angiotensin II Increase Moore and Drexier, 1982; Buccafusco and Serra, 1985

Substance P Increase Trimarchi et al., 1986; Lin et al., 1990

Bradykinin Increase Buccafusco and Serra, 1985

Calcium channel antagonist (viz. nicardipine) Increase Montastruc et al., 1987

Thyrotropine releasing hormone Increase Okuda et al., 1987

Nicotine Increase Buccafusco and Yang, 1993

Naloxone (morphine-dependent) Increase Buccafusco, 1992

Norepinephrine (viz. clonidine) Decrease Buccafusco, 1992

Glycine Decrease Talman et al., 1991

Prostaglandin 12 Decrease Saito et al., 1985

Opiates Decrease Willette et a!., 1987

and nicotinic receptors have been shown to participate

in the expression of the pressor response to substance P,
angiotensin II, and bradykinin (Buccafusco and Serra,

1985; Trimarchi et a!., 1986). It was, therefore, of inter-
est to characterize the nature of the pressor response to

central administration of nicotine itself. In conscious
rats, i.c.v. injection of nicotine produced a dose-depen-

dent increase in blood pressure. As expected, the pressor
response to nicotine was abolished by previous i.c.v.

injection ofthe nicotinic receptor antagonist hexametho-
nium. Of greater relevance, however, was the observa-

tion that depletion of brain acetylcholine levels with
HC-3 or blockade of brain muscarinic receptors with

atropine each inhibited the expression of the nicotine-

induced pressor response (Buccafusco and Yang, 1993).
The inference was that nicotine’s actions were mediated

through stimulation of presynaptic excitatory nicotiic
receptors. The evoked release of acetylcholine (which

was confirmed experimentally, in vitro) then stimulated

atropine-sensitive (muscarinic) receptors to elicit the hy-

pertensive response to nicotine.

The apparently ubiquitous role for cho!inergic neu-
rons and perhaps muscarinic receptors in central cardio-

vascular regulation suggests a central integrative/mod-

u!atory role for the transmitter. Nevertheless, it should
be considered that the brain appears able to regulate the
cardiovascular system after significant disruption (inhi-

bition) of cholinergic neurons. This may be true for most
neurotransmitters. Thus, the relative importance of cen-

tral cholinergic neurons with regard to other transmit-

ter systems in ongoing blood pressure regulation has not

been established. However, it is clear that excitation of

central cholinergic neurons can severely disrupt cardio-

vascular function with potentially dire consequences.

B. Glutamate and y-Aminobutyric Acid

The interactions between cholinergic, GABAergic, and

glutamatergic neurons in central cardiovascular regula-

tion have been characterized most thoroughly for sites

within the CVL and the RVL Using a combination of
microinjection, anatomical, immunohistochemica!, and

electrophysiologica! techniques, the results from several

laboratories have provided a working model for the neu-

ral interactions within the baroreceptor reflex arc of the

medulla and spinal cord (see Lorenz et a!., 1985; Guy-

enet et a!., 1987; Gordon, 1987; Giuliano et a!., 1989;

Sapru, 1989; Arneric et a!., 1990; Ruggiero et a!., 1990;

Dampney, 1994). Although cholinergic neurons have

pharmacological actions within the NTS, CVL, and RVL,

all of which participate in modifying baroreceptor reflex

function (fig. 1), elimination of cholinergic neuronal ac-
tivity within the NTS or CVL does not dramatically alter

the normal function of the reflex. Within the RVL, local
cholinergic neurons inhibit (via stimulation of M2 mus-

carinic receptors) the release of GABA onto reticulospi-

na! sympathoexcitatory neurons. Therefore, cholinergic

agonists acting within the RVL essentially disinhibit

descending tonic sympathetic activity (fig. 2). Cholin-

ergic inhibitory activity to neurons within the RVL ap-

pears to be tonic in nature because muscarinic receptor
antagonists or acetylcholine-depleting agents microin-

jected into the area elicit a marked fall in arterial pres-
sure. The origin of these cholinergic RVL neurons has

not been determined, although it has been suggested
that they may arise from cells intrinsic to the RVL, as

well as from other areas that project to the nucleus (see
Arneric et a!., 1990).

Although no major cholinergic pathways arising from

the lateral medulla appear to descend to spinal sympa-
thetic cells, afferent cho!inergic projections from ILM to

RVL may exist (Ruggiero et a!., 1986, 1990). This pro-

jection may form the anatomical construct for the spi-
nobulbar cholinergic pressor pathway that was pharma-

cologically characterized by Buccafusco and colleagues

as described above (see Section III.C.). The results of

preliminary studies from this laboratory suggest that

the pharmacological interactions reported to exist
within the RVL may also occur within the spinal cord

(Feldman and Buccafusco, 1992, 1993b). For example,
i.t. or intracisternal pretreatment with the N-methyl-D-

aspartate (NMDA) receptor antagonists D(-)-2-amino-7-

phosphonohepatanoic acid (D-AP7) or i.t. administration
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of dizocilipine maleate (MK8O1) attenuated the pressor

response to i.t. administration of the carbachol in anes-

thetized rats. In contrast, i.t. pretreatment with

6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), a non-
NMDA antagonist, was not effective in this regard, in-
dicating that the carbachol-evoked pressor response was

mediated specifically by the NMDA-subtype of gluta-
mate receptors. Intrathecal pretreatment with the

GABAB receptor agonist baclofen also inhibited the pres-
sor response to i.t. carbachol at doses that did not alter

motor function. Thus, cholinergic neurons may indeed

inhibit the function of spinal GABAergic neurons that

have been shown to provide inhibitory tone to sympa-

thetic preganglionic neurons (Gordon, 1985). These find-
ings parallel the results described in section III.B. for

the RVL in that cholinergic activation ofthe spinal pres-

sor system requires the participation of both spinal g!u-

tamate-NMDA and GABAB receptor systems. As de-

picted in figure 2, this spinal cholinergic pressor system

may represent a continuum ofpressor pathways ascend-

ing to the medulla that use a similar neurochemical

relationship- cholinergic (M2 receptor) disinhibition of
descending glutamatergic (NMDA) sympathetic tone

through inhibition of GABAergic inhibitory interneu-

rons.

C. Nitric Oxide

It has recently been established that cholinergic ago-

nists can cause relaxation of peripheral blood vessels

through stimulation ofendothe!ial muscarinic receptors.
Receptor activation in turn leads to the production and
release of endothelium-derived relaxing factor, now
known to be nitric oxide (NO) (Shibuki and Okada, 1991;
Bredt and Snyder, 1992). NO synthetic pathways have

also been discovered in the CNS. Influx of Ca2� during
depolarization of the postsynaptic cell activates a calm-

odu!in-dependent enzyme, nitric oxide synthase (NOS).
In the CNS, NO was first linked to g!utamatergic syn-

apses rather than cholinergic synapses. In fact, NO may

underlie the phenomenon of long-term potentiation ex-
hibited by certain hippocampa! cells possibly involved in
learning and memory (Schuman and Madison, 1991).

More recently, it has been recognized that at least two

isozymes of the constitutive form of the enzyme exist

that have different gene products (Sessa et al., 1993).

Although both the endothelial form and brain form exist
in the CNS, the brain form is more prevalent. The brain

form of NOS has been linked to the actions of several

neurotransmitters, including acetylcholine (Rettori et

a!., 1992; Bickford et a!., 1993; Castoldi et a!., 1993;
Price et a!., 1993), and is found in high concentrations in

both the hypothalamus (Rettori et a!., 1992) and the
thoracic spinal cord, particularly in the dorsal horn and
intermediolateral column (Lin et a!., 1993; Liuzzi et a!.,
1993; Terenghi et a!., 1993). Gebhart and his colleagues

(reported in Mel!er et al., 1992) have reported that ago-
nists of the NMDA subtype of the glutamate receptor

facilitated a thermal nociceptive spinal reflex. This fa-
cilitation was mediated by the NOS system within the

spinal cord. As with the hippocampal system, NO acti-
vated a soluble guanylate cyclase system in the spinal

cord. In a more recent study (Zhuo et a!., 1993), they
demonstrated that spinal NO release was under tonic

control by a cholinergic (muscarinic) system.
Of particular relevance is the report that systemic

administration of the centrally acting cholinesterase in-
hibitor tacrine produced an atropine- and L-N’-nitro-L-

arginine methyl ester-reversible five-fold increase in the
level of hippocampal NOS activity measured in vitro 15

mm after tacrine administration (Bagetta et al., 1993a).

Although the brain form of NOS is generally considered
a constitutive enzyme, muscarinic receptor stimulation

has been shown to both activate protein kinase C and

increase intracellular Ca2t Either effect can enhance

both the mRNA encoding the brain form of NOS as well
as the NOS protein itself (Bagetta et a!., 1993b).

Systemic administration of NOS inhibitors recently
has been demonstrated to interfere with the expression

of morphine withdrawal symptoms (Adams et al., 1993;
Cappendijk et a!., 1993). We have suggested that an

intrinsic cholinergic muscarinic system within the spi-
na! cord initiates the expression of many of the auto-

nomic and behavioral symptoms of precipitated mor-
phine withdrawal (see Buccafusco, 1992). The

cholinergic spinobulbar pressor pathway discussed

above most likely mediates the sympathoexcitatory as-
pects of spinal cord morphine withdrawal. The results of
our more recent studies suggest that stimulation of spi-
nal muscarinic receptors, directly or indirectly, activates
an NMDA receptor-linked NOS system in which the
symptoms of naloxone-precipitated morphine with-

drawa! are mediated by local NO production (Buccafusco
et al., 1995b). Thus, i.t. pretreatment with either mus-

carinic receptor antagonists (non-M, possibly M2 sub-
type), with glutamate NMDA receptor antagonists, or

with NOS inhibitors blocked the pressor response to
na!oxone in morphine-dependent rats (Holland et al.,

1993; Buccafusco et a!., l995b). Although at present it is
not clear which of these spinal transmitter systems is

directly linked to NO production, we have reported that

inhibition of spinal NOS prevents the expression of the

pressor response to spinal muscariic receptor stimula-

tion in nondependent rats (Feldman and Buccafusco,

1993b).

V. Role of Central Cholinergic Neurons in
Animal Models of Hypertension

A. Central Cholinergic Activation

Developed by selective inbreeding of the Wistar/Kyoto

strain, the SHR has become one of the most widely used
models for the human disease. The reader is referred to

a number of excellent reviews regarding the develop-
ment and relevance ofthe SHR and other genetic models
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of hypertensive disease (Okamoto and Aoki, 1963;

Yamori, 1977, 1984; Dietz et a!., 1978) as we!! as some

limitations inherent in the model (McGriff and Quilley,

1981; Trippodo and Froh!ich, 1981). Some features of
interest regarding spontaneous hypertension should be

pointed out. SHR at birth exhibit arterial pressures that
are not considered hypertensive; however, as they be-

come adults, blood pressure gradually increases until it
is maintained at a markedly elevated level after approx-

imately 12 weeks of age. In young animals, elevated

blood pressure is generally maintained by enhanced cen-

tral sympathetic outflow. After several months of hyper-
tension, however, vascular, cardiac, and perhaps hor-

mona! adaptation takes place that helps maintain the

hypertensive state, although enhanced sympathetic
function always appears to be present. This concept of

enhanced sympathetic function in the SHR is important
both with regard to the discussion in the Section l.A. of
this review regarding the role of the sympathetic ner-

vous system in mediating the morbidity and mortality

associated with the human disease and with regard to

the fact that central sympathetic activity mediates the

hypertensive response to cholinergic receptor stimula-

tion. Indeed, in one of the earliest reports of a potential
neurochemica! derangement in the SHR, Yamori and
colleagues (Yamori, 1976) provided evidence that the

activities of both acetylcholinesterase and choline

acetyltransferase, respectively the degredative and syn-

thetic enzymes for acetylcholine, were each elevated in
the brainstem of SHR compared with two normotensive

strains of rats. One of these was the ancestor strain of

the SHR, the WistarlKyoto (WKY) rat. Unlike the rate-
limiting enzymes of the biogenic amine biosynthetic

pathways, neither cholinergic enzyme is very responsive
to changes in cholinergic neuronal activity. Increases in

the levels of these enzymes might signify an increased
density of cholinergic cells or fibers in the brainstem of

the SHR. The finding of elevated brain cholinergic en-

zyme levels in SHR was subsequently confirmed (Bagjar

et a!., 1979).
He!ke and colleagues (1980) measured choline acetyl-

transferase activity in micropunches taken from over 40
brain nuclei from age-matched SHR and WKY. Only two

brain regions exhibited increases in choline acetyltrans-

ferase: the nucleus gigantocel!ularis and the locus cer-

uleus. The finding that choline acetyltransferase activ-
ity is increased in the nucleus gigantocellularis of

prehypertensive SHR is at least consistent with the

possibility that this brain region participates in the mi-
tiation of spontaneous hypertension. That the RVL is

essentially a subregion of the nucleus paragigantocellu-

laris lateralis is perhaps suggestive of such a role for the

cholinergic (muscarinic) pathway of the RVL. The fact
that no change in choline acetyltransferase activity was
found in the nucleus gigantoce!lularis for desoxycortico-

sterone (DOCA)-salt-induced hypertensive rats (Helke

et a!., 1980) indicates that the increase found for SHR

was not caused by the hemodynamic changes associated

with early phase hypertension. This apparently was not

the case for certain hypothalamic nuclei that exhibited

late stage decreases in enzyme activity, because similar

decreases were observed in the DOCA-salt rats. In fact,

the decrease in paraventricular nucleus hexokinase ac-

tivity-measured in vitro as an index of neuronal activ-

ity-was observed in both SHR and renal hypertensive

rats compared with age-matched normotensive controls

(Krukoff, 1988). As with the choline acetyltransferase

activity, the author of the latter study concluded that
the apparent decrease in hypothalamic metabolic activ-

ity in SHR was most likely not related to the genetic

makeup of SHR, but possibly caused by a reflexive re-

duction in excitatory tone within this region developed

to oppose the elevated blood pressure.

Based upon their findings of elevated cholinergic en-
zymes, Yamori and colleagues (1976) were the first to

suggest that this apparent derangement of cholinergic

neurochemistry in SHR might result in some altered

pharmacological manifestation. In support of this con-

tention was their experiment demonstrating the ability

of i.c.v. injection of carbacho! to evoke an exaggerated
pressor response in SHR compared with normotensive

controls. Subsequently, Hoffman and coworkers (1978)
demonstrated that low doses of carbachol (ng range)

given by the i.c.v. route were more potent in evoking
pressor responses in SHR with established hypertension

compared with WKY normotensive controls. The au-

thors suggested that both heightened vascular respon-

sivity to circulating vasopressin, as well as enhanced

sympathetic nervous activity, mediated the heightened
pressor response to i.c.v. injection of carbacho! in SHR.

Somewhat similar results were obtained by Takahashi

and coworkers (1984). They found that i.c.v. injection of

carbachol in urethane-anesthetized rats elicited a hy-
pertensive response that was significantly greater in
magnitude in SHR compared with that measured for
either an out-bred normotensive Wistar strain, or for the

WKY strain. Ofparticular interest was their observation
that carbachol elicited a biphasic response in the out-

bred Wistar group-an initial fall, followed by the char-
acteristic pressor response. This initial hypotensive ef-

fect was not observed in either WRY or SHR, even

though the pressor response to carbachol was greater in

SHR. These results could reflect the first evidence of a
phenotypica! difference between WKY and other out-

bred normotensive strains in the central regulation of
cholinergic cardiovascular function.

Because carbachol generally acts as a cholinergic re-
ceptor agonist, the results of the above studies did not
clarify whether presynaptic aspects of cholinergic neu-

rotransmission contributed to the alterations of central

cho!inergic function in the hypertensive strain. Confir-
mation of this possibility was provided by studies in

which inhibitors of brain cholinesterase were used

(Kubo and Tatsumi, 1979; Buccafusco and Spector,
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1980a). Kubo and Tatsumi (1979) reported that intrave-

nous injection of physostigmine evoked an exaggerated

pressor response in SHR compared with WIRY controls.

In contrast, the pressor response to physostigmine was
not enhanced in either two-kidney Goldblatt hyperten-

sive rats or DOCA-salt hypertensive rats compared with
their respective normotensive controls. Thus, central

cholinergic mechanisms involved in generating the en-
hanced pressor response to cholinergic stimulation are

not dependent upon the level of elevated blood pressure

per se and appear to be selective for the genetic model of

hypertension. The pressor response to physostigmine
was abolished by intravenous injection of atropine but
not the quaternary derivative methylatropine, confirm-
ing the central muscarinic nature of the response. In an

attempt to determine whether enhancement of central

muscarinic receptor function was responsible for the

enhanced pressor response to physostigmine in SHR,

the authors used the direct-acting muscarinic receptor
agonist oxotremorme. Like physostigmine, oxotremorine

was shown to elicit an atropine-sensitive pressor re-

sponse in normotensive rats. However, in contrast to the

effect of physostigmine, intravenous injection of ox-

otremorine did not elicit an enhanced pressor response
in SHR. From these results, it was concluded that by-

perresponsiveness to central cholinergic stimulation
was not dependent upon the status ofcentral muscariic

receptors, but possibly upon presynaptic mechanisms.
Also, this was the first study to reveal a dichotomy

between the effects of direct- and indirect-acting cholin-

ergic agonists in SHR. The possibility that this dichot-

omy was because of different sites of action was sug-

gested also by the finding that the exaggerated pressor
response to physostigmine in SHR was observed when

the inhibitor was administered by the intravenous or

brain intracisternal routes of administration (Buccaf-
usco et a!., 1990), whereas the pressor response to i.c.v.

administration of physostigmine was only slightly po-
tentiated in SHR. Because physostigmine given intrave-

nously or intracisternal!y is more likely to affect medul-
lary cholinergic sites and i.c.v. injection of carbachol

appears to be mediated primarily within the hypothal-
amus, the possibility exists that different mechanisms

underlie the heightened pressor response to muscariic
receptor stimulation within these two brain regions.
This possibility is further suggested by the observation

that the heightened pressor response to intravenous
injection of physostigmine in SHR, unlike the response

to i.c.v. injection of carbacho!, does not involve the re-
lease of vasopressin (Kawashima et a!., 1986, 1987).

Although structural changes have been reported to
occur in certain blood vessels, and enhanced vascular

resistance within perfused limbs in situ is well known to
occur in young, even prehypertensive SHR (e.g., Cheng

and Shibata, 1980; Yamori, 1984), it is the enhanced

centrally mediated neurogenic tone that appears to
maintain the hypertensive state during the first 3 or 4
months of life (Yamori, 1976, 1984). Moreover, the ex-
aggerated pressor responses elicited by central cholin-
ergic stimulation in this strain appear to be primarily
neurogenic in nature and not caused by heightened pe-

ripheral vascular reactivity. This contention is sup-

ported by the results of the studies listed in table 3.

Clearly, only certain pharmacological classes of cholin-

TABLE 3
Effect ofpharmacological stimulation ofcentral cholinergic neuronal function on blood pressure in SHR

Route
Age

Weeks Drug
Change in Blood Pressure

Ratio: 5HR’WKY

Yamori, 1976 i.c.v.

icy.
adult
adult

carbachol, physostigmine
angiotensin II -

Hoffman et al., 1978

Kubo and Tatsumi, 1979

iv.
icy.

iv.
iv.

adult

10

ADH
carbachol

physostigmine

oxotremorine

-

I
I

-

Makari et al., 1989 iv. 18-20 physostigmine

arecoline

I
-

Buccafusco and Spector, 1980a

Takahashi et al., 1984

iv.

iv.

icy.
i.v.

12-14

16

DMPP

physostigmine

carbachol
ADH

-

I
I

-

Kawashima et al., 1986 i.a. 15 physostigmine I
Kawashima et al., 1987 ia. 15 physostigmine I
Buccafusco et al., 1990

Buccafusco and Magri, 1990

icy.

ic.

i.t.

16-20

16-20

arecoline, physostigmine

physostigmine

neostigmine, carbachol

-

I
I

Kubo et al., 1995 RVL

iv.

12-16 physostigmine
glutamate, ACh, carbachol

norepinephrine

I
-

-

ADH, antidiuretic hormone; DMPP, dimethyiphenylpiperizinium.
i.a., intra-arterial; ic., intracisternal; iv., intravenous.

I � increase; I , decrease; - , no change between strains.
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ergic agonists, and only specific routes of administra-
tion, were associated with the eliciting of exaggerated

pressor responses in SHR. Also, in four of the studies,

intravenous administration of peripheral vasoconstric-
tor agents were shown to evoke pressor responses simi-
lar in magnitude to those obtained from the normoten-
sive controls.

B. Central Cholinergic Inhibition

Two laboratories reported simultaneously that deple-

tion of brain acety!choline by using i.c.v. injection of
HC-3 resulted in a marked fall in blood pressure in SHR

(Brezenoff and Caputi, 1980; Buccafusco and Spector,

l980a). The results of both studies were consistent in

that HC-3 was not very effective in lowering blood pres-
sure in WKY. The time course of the fall in blood pres-

sure and its recovery appeared to be correlated with

changes in the levels of acetylcho!ine in the hypothala-
mus, more so than with those in the midbrain-pons or

medulla (Buccafusco and Spector, 1980a). Because HC-3
is quite selective in its action to inhibit cholinergic func-

tion, the results of these initial studies with the deplet-
ing agent demonstrated for the first time that cholin-

ergic neuronal activity played a role in maintaining the
heightened sympathetic activity associated with hyper-

tension. It is worth mentioning that concomitant with
these studies, evidence was accumulating in favor of the

possibility that at least part of the mechanism for the

antihypertensive action of cloidine and other related

drugs was caused by their ability to inhibit the biosyn-

thesis and release of acetylcholine in certain brain re-
gions (see Buccafusco, 1982). In one such study, both

intravenous administration of a-methyldopa and i.c.v.
injection of HC-3 were demonstrated to evoke an anti-

hypertensive response in SHR (Buccafusco, 1984c).
When subthreshold doses of each drug were adminis-

tered simultaneously, a fall in blood pressure was re-
corded that was greater than the sum of the two mdi-
vidua! responses. This synergistic action between the

centrally acting a2-adrenergic receptor agonist and the

acetylcholine depleting agent suggested that the two
drugs were acting through a common mechanism to

evoke their antihypertensive responses-inhibition of

central cholinergic function.
The most comprehensive study of the cardiovascular

actions of central administration of HC-3 was reported
by Giu!iano and Brezenoff (1987). They compared the

ability of i.c.v. injection of HC-3 to lower blood pressure
in the SHR and three nongenetic models: DOCA-sa!t
hypertensive rats, Groilman renal hypertensive rats,

and aortic coarctation-induced hypertensive rats. In

SHR, the ability of HC-3 to lower blood pressure was
dependent upon the age of the animal, rather than the

hypertensive state. In fact, in SHR whose blood pressure
was lowered essentially to normotensive levels through

infusion of a peripheral vasodilator, i.c.v. injection of
HC-3 was still able to evoke a significant fall in blood

pressure. HC-3 was most effective after hypertension
was initiated, and did not appear to lower blood pressure

in prehypertensive SHR. In concert with the earlier

studies, HC-3 produced a much weaker hypotensive ac-

tion in WKY controls. In DOCA-salt rats, HC-3 not only
produced a stable fall in blood pressure at all stages

during the development of hypertension, but was also

effective in lowering blood pressure in prehypertensive

animals. HC-3 lowered blood pressure in the aortic co-
arctation model, but only after an initial period of at

least 1 week of sustained hypertension. The initial phase
of hypertension in this model is primarily renin-depen-

dent, but after the return to norma! renin levels, hyper-

tension is maintained by other factors, including central

sympathetic outflow. The greater antihypertensive ef-

fectiveness of HC-3 treatment in aortic coarcted rats as
renin levels normalized is consistent with the role of the

sympathetic nervous system in mediating the pressor
responses to central cholinergic receptor stimulation. In

support of this contention was the observation that i.c.v.
injection of HC-3 also elicited a hypotensive response in

the one-kidney Grollman hypertensive rat, another hy-
pertensive model that is not renin-dependent. The au-

thors concluded, therefore, that although the mecha-
nisms involved in the initiation of hypertension were

different in the four models, disruption of cholinergic
function interfered with a neural process crucial for the

expression of the hypertensive state in these animals.

They also demonstrated quite clearly that it is not the

hypertensive state that confers antihypertensive poten-

tial to HC-3, but that a central cholinergic mechanism is
integral to maintaining hypertension in SHR. Once ac-

tivated, cholinergic mechanisms facilitate the hyperten-
sive process, independent of the perturbations invoked

to achieve elevated blood pressure.
In the case of nongenetic models of hypertension, one

possible mechanism through which central cholinergic

neurons might help to sustain the hypertensive state is

the baroreceptor reflex. For example, it is well accepted
for both animal and human forms of the disease, that in

established hypertension, the baroreceptor reflex is re-

set about the elevated pressure. This resetting of barore-

ceptor threshold pressure and gain occurs to a large

extent within the central component of the reflex arc

(see Korner, 1976). The process of central resetting of

baroreceptor reflex sensitivity may involve cholinergic
neurons. In fact, central administration of cholinergic

drugs have been demonstrated to modify baroreceptor

reflex function. Brezenoff and coworkers (1982) were the
first to demonstrate that i.c.v. injection of neostigmine

or physostigmine enhanced the carotid occlusion pressor
reflex in normotensive rats. Subsequently, these results
were confirmed and extended to include the head-up tilt

reflex (Park and Long, 1991). Administration of phy-
sostigmine by the i.c.v. route attenuated the tilt-induced

decrease in blood pressure. Both studies demonstrated
that i.c.v. pretreatment with atropine or HC-3 blocked
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the modulatory effects of the cholinesterase inhibitors
on the respective reflexes, but did not interfere with the

expression of the reflex itself. In each case, however,
brain cholinergic activation appeared to modify the

baroreceptor reflex arc in favor of elevated blood pres-
sure. With regard to genetic hypertension, Kawashima

and coworkers (1987) observed that a tachycardic re-
sponse that accompanied the pressor response to intra-

venous injection of physostigmine in SHR did not occur
in WRY. They suggested that the evoked tachycardia in
SHR was caused by impairment of baroreceptor reflex

function related to cholinergic stimulation. These re-
sults were essentially reproduced in a subsequent study
in which acetylcholine was directly microinjected into

the NTS (Talman and Lewis, 1991). That is, microinjec-

tion of acetylcholine into the NTS produced a dose-re-

lated fall in both blood pressure and heart rate in WKY.

Although the hypotensive response to acetylcholine was
similar for both strains, there was virtually no change in

heart rate observed in SHR. Taken together, these find-
ings suggest that central cholinergic neurons participate

in the resetting of the baroreceptor reflex in hyperten-

sion. This possibility is supported by the fact that

clonidine’s antihypertensive action is achieved in con-
cert with enhancement of the central component of the
baroreceptor reflex arc (see Korner, 1976). Because

clonidine exerts a significant central ‘anticho!inergic’
action (see Buccafusco, 1982), it is possible that

clonidine-induced enhancement of the baroreceptor re-

flex is mediated, at least in part, through interference
with cholinergic function in relevant brain regions.

Although HC-3 injected by the i.c.v. route theoreti-
cally has access to all levels of the brain and spinal cord,
there is some evidence that one potential site of its

antihypertensive action is the hypothalamus, possibly
within the posterior aspect of the region. Vargas and
Brezenoff (1988) demonstrated that chronic i.c.v. infu-
sion of HC-3 to prehypertensive SHR over a period of 3

weeks essentially forestalled the development of hyper-
tension. After the termination of the infusion, blood

pressure returned to hypertensive levels during the next
2 weeks. Hypothalamic levels of acety!choline appeared

to be more affected by the depleting actions ofHC-3 than
did striatal or brainstem levels. In this respect, the
results parallel those from an earlier study in which a

single injection of HC-3 was used (Buccafusco and Spec-
tor, 1980). Later, Brezenoff and Xiao (1989) demon-

strated that bilateral injection ofHC-3 into the posterior
hypothalamic nucleus lowered blood pressure to the

same extent as i.c.v. injection. The antihypertensive ac-
tion produced by intrahypothalamic injection of HC-3

was blocked when choline was added to the injection

solution. Also, bilateral microinjection of choline into the

posterior hypothalamic nucleus inhibited the antihyper-
tensive response to i.c.v. injection of HC-3 by up to 60%.

Consistent with the antthypertensive efficacy of brain
acetylcholine depletion in SHR are the results of exper-

iments in which central muscarinic receptor blockade
was attempted in the hypertensive strain. In fact, i.c.v.

injection of the muscarinic receptor antagonist 4-diphe-
ny!acetoxy-N-methy!piperidine (4-DAMP) produced a

dose-related fall in blood pressure in conscious SHR
(Brezenoff et a!., 1988). The reduction in blood pressure

at the highest dose of 4-DAMP (25 �g) lasted over 2
hours and did not return to baseline hypertensive levels

until 24 hours after injection. The drug was not partic-
ularly effective in lowering blood pressure in WKY. Be-
cause 4-DAMP has some selectivity for non-M1 receptors

(possibly M2 and M3), and because the partially selective
M1 muscarinic receptor antagonist pirenzepine failed to
decrease blood pressure in SHR, the authors concluded

that non-M1 receptors are important for the cholinergic

neuronal processes that maintain hypertension in this

model. In support of this contention are the results of

their subsequent study in which a mustard analog of
4-DAMP was used to produce a permanent inactivation

of predominantly M�JM3 muscarinic receptors (Breze-
noff et a!., 1990). Injection of 4-DAMP mustard by the

i.c.v. route resulted in a rapid fall in blood pressure of 51
mmHg in SHR that gradually returned to hypertensive

levels over a 10-day period. Bilateral microinjection of
the drug into the posterior hypothalamic nucleus pro-

duced essentially the same response as that for i.c.v.

injection. Some evidence was also provided to indicate
the site of action of 4-DAMP mustard. For example, the

pressor response to i.c.v. injection of neostigmine was

inhibited to a much greater extent than was the pressor

response to intravenous administration of physostig-
mine in SHR pretreated with the mustard. Also, musca-

rinic receptor binding sites in mustard-treated rats were
reduced in number in the hypothalamus, but not in the

brainstem. Thus, it appears that cholinergic pathways
within the hypothalamus, and particularly within the

posterior hypothalamic nucleus, must contribute to the
processes that maintain blood pressure in genetically

induced experimental hypertension. Table 1 summa-
rizes the literature findings regarding the ability of cen-

tra! administration ofcholinergic antagonists to elicit an

antihypertensive response in SHR.

C. Neurochemical Considerations

1. Estimates ofcholinergic neuronal activity. The abi!-

ity of cholinomimetic drugs to evoke exaggerated hyper-

tensive responses in SHR is suggestive of an alteration

in the function of cholinergic neurons or their receptive
sites. An alternate possibility is that the defect produc-

ing the altered physiological response in SHR is down-
stream from the cho!inergic site being affected by the

drugs. Although the alterations in the acetylcholine syn-
thetic and degredative enzymes purported to exist in
hypertensive compared with normotensive rats as cited
above suggest some derangement in cholinergic neuro-
biology, these markers are not predictive of cholinomi-
metic drug action. Neurochemical estimates of cholin-
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ergic neuronal activity and receptor function are more
relevant to the action of drugs in the CNS. Beyond the

enzyme measurements cited above, however, there is a
paucity of information regarding the status of pre- and

postsynaptic function in SHR. Perhaps part of the reluc-
tance to pursue this line of research stems from the
knowledge that high blood pressure is not the only phe-

notypical difference between SHR and normotensive
rats. Thus, correlation of neurochemica! changes with

the expression of hypertension could be problematic.

This situation is compounded by the apparent contro-

versy regarding which normotensive strain is most suit-

able as a control for the SHR (Kurtz and Morris, 1987;

Henry et al., 1990). Indeed, for a particular neurochem-
ica! alteration to be considered as a contributing factor

to the development or maintenance in genetic hyperten-
sion, several experimental approaches should be consid-

ered: (a) The neurochemical alteration should predict
the response to pharmacological agents directed into the

specific site of action. (b) Both the development of the

neurochemical alterations and the pharmacological re-

sponse predicted by the alteration should precede or at

least occur concomitantly with the development of hy-

pertension. (c) The neurochemical and pharmacological
responses observed in SHR should be compared with

age-matched controls, which should include inbred WKY

and at least one other normotensive strain. (d) SHR
should be back-crossed with the normotensive strain to
determine whether the neurochemical or pharmacologi-

cal responses observed in SHR cosegregate with hyper-

tension. Although these stringent criteria have rarely

been met with regard to the cholinergic system, some
relevant information has been obtained to suggest that

specific alterations in central cholinergic function do
exist in SHR, and that they may be contributing factors

to the development or maintenance of hypertension.
Table 4 lists a number of studies in which cholinergic

neuronal markers were compared in hypertensive and
normotensive strains of rats. With few exceptions, the

activities of cholinergic enzymes acetylcholinesterase

TABLE 4
Cholinergic neurochemical alterations measured in hypertensive and normotensive rat strains

Reference
Hypertensive

.

Strain
Normotensive

.
Strain

Cholinergic
Marker

. .Brain Region
Marker Ratio:

.
Hypertensive/Normotensive

I
I
I
I

Yamori, 1976

Bagjar et al., 1979

SHR

SHR

WKY/Wistar

WKY

AChE
ChAT
AChE
ChAT

lower brainstem
whole brainstem

whole brain
whole brain

Helke et al., 1980 SHR WKY ChAT

ChAT
PVN, PH, TAV

LC,RG
I
I

Cantor et al., 1981 SHR WKY mAChR 5 regions -

Hershkovitz et al., 1983 SHR WKY mAChR
mAChR

PH

pons/medulla
1

-

Buccafusco, 1986 SHR WHY ACh TOR AH, PH I
Kawashima et al., 1986 SHR WKY ACh AR, medulla I
Trimarchi and Buccafusco, 1987 SHR WKY/Wistar HAChU hypothalamus

medulla
I
I

Yamada et al., 1987

Yamada et al., 1987

SHR��

SHR

WKY

WKY

mAChR
mAChR
rIAChR

PH

pons/medulla
most brain regions

1
-

I
Khan et al., 1994c SHR WKY nAChR most brain regions I
Gattu et al., 1995a SHR WKY riAChR most brain regions I
Gattu et 81., 1995b SHR WKY M1

M1

M1
M2
M2

M2
M2

M2
M2

PH, CP, CA3

cingulate cortex

TMN,SN
nV, nVII
RVL,RG

amygdala, nAc
olfactory tubercle

parietal cortex
TAV, VLT

I
I
I
I
I
I
I
I
I

Kubo et al., 1995 SHR WKY ACh release
ACh release

ChAT

RVL
RD, CV, CD
RVL

I
-

I

ACh, acetylcholine; AChE, acetylcholinesterase; ACh TOR, acetylcholine turnover rate; ChAT, choline acetyltransferase; HAChU, high

affinity choline uptake; mAChR, muscarinic acetylcholine receptors; nAChR, nicotinic acetylcholine receptors; SHRSP, SHR stroke prone; AH,
anterior hypothalamus; CA3, CA3 region of the hippocampus; CD, caudo-dorsal medulla; CP, caudate/putamen; CV, caudo-ventral medulla;

LC, locus ceruleus; nAc, nucleus accumbans; PH, posterior hypothalamic nucleus; PVN, paraventricular nucleus; RD, rostro-dorsal medulla;
RG, nucleus reticularis gigantocellularis; TAV, anterior ventral thalamic nucleus; TMN, tuberomammillary nucleus; VLT, ventrolateral
thalamus.

1 � increase; I , decrease; - , no change.
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and choline acetyltransferase were reported to be ele-
vated in the hypertensive strain. Estimation of more

dynamic aspects of cholinergic function resulted in more

consistent neurochemical alterations in SHR. For exam-

ple, when i.c.v. injection of [3H]choline was used to fol-

low the synthesis of [3H]acetylcholine in age-matched
hypertensive SHR and normotensive WKY (Buccafusco,

1986), the biosynthesis of [3H]acetylcho!ine was in-

creased by up to 56% in both rostra! and caudal regions

of the hypothalamus of SHR. There were no differences

observed between strains for the cerebral cortex or hip-

pocampus. The observation that the enhanced biosyn-

thesis of acetylcholine in medullary tissue derived from

SHR apparently is not maintained in vivo (Arneric et a!.,
1990) suggests that the neuronal factors driving the
release of acetylcholine within the RVL in vivo, were

eliminated in the in vitro release experiment. One such

factor might include the enhanced number or sensitivity
of postsynaptic muscarinic receptors.

Unlike other in vitro markers used to assess cholin-

ergic function, the high affinity uptake of choline into
freshly prepared crude brain synaptosomal fractions has

been used as a relative indicator of cholinergic neuronal
activity. That is, in vivo treatments that interfere with

cholinergic neurona! impulse flow also reduce the capac-

ity of the synaptosomal high affinity choline carrier as

measured in vitro. The converse is also true (Kuhar and

Murrin, 1978; Jope, 1979). The capacity of the synapto-

somal high affinity choline uptake system measured in

vitro not only provides a marker for the presence of
cholinergic nerve terminals, but also provides informa-

tion related to the activity of cholinergic neurons before
death. The high affinity uptake of choline into synapto-

soma! fractions derived from hypothalamus and medulla

was measured in both young prehypertensive and adult

hypertensive SHR and two age-matched normotensive
control groups, the inbred Wistar Lewis strain and WKY
(Trimarchi and Buccafusco, 1987). Although there were
no differences among the strains regarding the affinity

[Km (substrate concentration at half-maximal velocity)]
for the choline carrier, there were marked differences

observed for the capacity [maxima! velocity (Vm�)] of

the carrier between SHR and the two normotensive

strains. In fact, for both brain regions, the rank order of
values for Vmax were SHR > WKY > Wistar Lewis. In 5-,
12- and 22-week-old SHR, there was an age-dependent

increase in both blood pressure and the Vm,,� for the high

affinity choline carrier for the medulla-pons, with the

oldest rats exhibiting a 78% increase in Vm� compared
with WKY means. There also was a significant correla-

tion between the level of systolic blood pressure and the

Vm,� for the high affinity choline uptake system for the

medulla-pons region. Although not as robust as for the

medulla-pons, there was also a significant correlation
between blood pressure and the Vm� for hypothalamus.
Data taken from all three strains were used in the cor-
relation. A strong correlation also existed between age

and Vms,, values derived from the medulla-pons. Finally,

using systemic administration of pressor agents, blood

pressure in normotensive WRY was elevated to hyper-

tensive levels for 3 hours. This elevation in blood pres-
sure did not affect Vm� values relative to untreated

controls. Thus, the neurochemica! studies described
above using direct (turnover) and indirect (choline up-

take) measures of cholinergic neuronal activity are con-
sistent with enhanced activity of cholinergic neurons in

two large brain regions derived from SHR. Whether

such changes constitute the result of some genetics-

based alteration in cholinergic function in the hyperten-
sive strain is not known. However, the concept of en-
hanced cholinergic function as a causative or sustaining

factor in spontaneous hypertension is consistent with
the pharmacological data described above for cholinergic

agonists and antagonists used in SHR.
Using anesthetized and ventilated SHR and WKY,

Kubo and colleagues (1995) demonstrated that direct

microinjection of physostigmine into the RVL evoked an

exaggerated pressor response in adult hypertensive
SHR compared with that in WKY. This heightened pres-

sor response was not reproduced after microinjection of

either acetylcholine or carbachol into the nucleus. The
exaggerated response to physostigmine in the RVL was

suggested to be related to enhanced acety!choline re-
lease. This possibility was confirmed by experiments in

which the release of endogenous acety!choline was mea-

sured through the use of microdialysis probes implanted
within the RVL. Not only was the basal release of ace-
tylcholine elevated more than two-fold in SHR, but the

evoked release of acety!choline produced after systemic
administration of physostigmine was also significantly

greater in SHR compared with WKY. Of particular in-
terest was their observation that the pressor response

evoked by microinjection of glutamate in the RVL of
WKY was not different from that in SHR. This observa-

tion had been reported previously (Smith and Barron,
1990a, b; Tseng et a!., 1994). Thus, although cholinergic
neurons within the RVL function to enhance the output
of the local glutamatergic bu!bospina! pressor neurons,
the derangement within the nucleus associated with

spontaneous hypertension appears to be selective for the

cholinergic system.
2. Muscarinic receptors. The possibility that central

cholinergic neuronal activity and perhaps the release of

endogenous brain acetylcholine is elevated in SHR has
ramifications with regard to the regulation of postsyn-

aptic cholinergic receptors. In most instances in which
muscarinic receptors are exposed to prolonged or ele-

vated levels of transmitter or exogenously administered
agonists, the physiological response is usually postsyn-
aptic receptor down-regulation. In the muscarinic sys-

tem, this occurs acutely through receptor internaliza-
tion, and over long time-courses through reduced levels
of transcription for the genes encoding the receptor pro-
tein (Aronstam et a!. 1987; McDonald et al., 1988; Wa!!
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et a!., 1992). Receptor down-regulation serves as one

mechanism to limit the effects of excessive cholinergic

stimulation. Should receptors not undergo down-regula-
tion, or rather, should postsynaptic receptors actually

up-regulate in the face of enhanced release of acetylcho-
line, the result would undoubtedly be marked amplifi-
cation of cholinergic neuronal transmission.

The first attempt to compare muscarinic receptor den-

sity in brain regions derived from SHR and WKY was

reported by Cantor and coworkers (1981). Using a single

nonsaturating concentration of [3H]quinuclidin-3-yl
benzilate ([3H]QNB), an irreversible muscarinic recep-

tor antagonist, they reported no interstrain differences
in specific [3HIQNB binding in five brain regions, includ-
ing the hypothalamus. In contrast, using the same la-

beled ligand, but using a full range of concentrations in
a series ofsaturation-binding experiments, Hershkowitz

and colleagues (1983) reported that the apparent den-
sity of [3HIQNB binding sites in the posterior hypothal-

amus was significantly greater in SHR compared with

age-matched WKY. Using rats from 1 to 50 weeks old,

the density of [3HIQNB binding sites was shown to in-

crease from the first week through the eleventh week of

age for both groups. However, levels of hypothalamic
muscarinic receptors were always greater for SHR com-
pared with WKY, and this difference included the
1-week-old animals. Alternatively, there was no inter-
strain difference in the number of[3H]QNB binding sites

for the pons-medulla. The authors did not rule out the
possibility, however, that their inability to detect such

differences in the pons-medulla could be related to the
large size of the tissue diluting out differences in inter-

strain muscarinic receptor binding localized to specific

nuclei. These results were largely confirmed in a subse-
quent study in which the agonist {3H]cis-methy!dioxo-
lane was used to label hypothalamic and medullary

muscarinic receptors (Yamada et a!., 1987). In this case,
the offshoot strain, the stroke-prone SHR, was compared
with aged-matched normotensive WRY. The stroke-
prone strain shares many similar characteristics with
SHR except that their resting arterial pressures tend to

be even higher, and the disease process appears to be

fulminant, in that most of the animals succumb to cere-

brovascu!ar emboli. Of the eight brain regions studied
(including the medulla ob!ongata), the density of[3H]cis-

methyldioxolane binding sites was significantly greater
in the stroke-prone SHR. It was already alluded to in

Section V.B. that different subtypes ofmuscarinic recep-
tors may play different roles in the cholinergic defect
related to spontaneous hypertension. Because musca-

rinic receptors can regulate both presynaptic and

postsynaptic function within the synapse, measured
changes in receptor numbers may not be predictive of

the specific effect on synaptic neurotransmission. To
begin to make some headway regarding the role of mus-

carinic receptor subtypes and specific brain sites in
spontaneous hypertension, one preliminary study

(Gattu et al., 1995b) used the partially selective ligands

for the M1 and M2 muscarinic receptors, {3H]pirenzepine

and [3H]AF-DX 384, respectively, (Brann et a!., 1993;
McKinney, 1993) in an autoradiographic brain mapping

study. SHR (12-week-old) with established hypertension

exhibited significantly increased numbers of apparent

M1 binding sites in the posterior hypothalamic nucleus
compared with age-matched WKY. Other areas exhibit-

ing enhanced M1 binding in SHR included, the cingulate

cortex, caudate putamen, CA3 region of the hippocam-

pus, tuberomammillary nucleus, and the substantia

nigra. There were no decreases in the M1 subtype mea-

sured in SHR relative to WKY controls, and none of the
17 other brain regions examined exhibited interstrain
differences. SHR exhibited significantly increased num-

bers of apparent M2 binding sites in several medullary
sites including the RVL, facial nucleus, trigeminal flu-

cleus, and nucleus paragigantocellularis lateralis. The
nucleus accumbens and basolateral amygdala also ex-

hibited significant increases in M2 binding sites in SHR.
Several sites also exhibited decreases in M2 binding in

SHR relative to WKY. These included the parietal cor-
tex, anteroventral thalamic nucleus and ventrolateral
thalamic nucleus. None of the other 15 brain regions
examined exhibited interstrain differences in M2 bind-
ing sites.

3. Nicotinic receptors. The preponderance of pharma-
cological studies that have been designed to help char-

acterize the role of central cholinergic neurons in exper-
imental hypertension have used receptor nonselective

compounds. Although in most of these studies, the mus-
carinic nature of the evoked pharmacological responses

to these mixed agonists has been ascertained, there ex-
ists a significant body ofevidence to indicate that central

nicotinic receptor stimulation evokes a hypertensive re-
sponse (see Brezenoff and Giuliano, 1982). In a series of

more recent studies, it was demonstrated that nicotine
or the nicotinic receptor agonist cytisine evoked pressor
responses upon either direct injection into the RVL of
urethane anesthetized rats (Sundaram and Sapru, 1988;
Tseng et a!., 1994) or after i.t. injection in conscious rats
(Khan et al., 1994b, c). Moreover, the pressor response to

nicotinic receptor stimulation in the RVL, and after i.t.

injection (Khan et al., 1994a), was much greater in mag-

nitude in SHR compared with WRY. At no time did any

of the variety of nicotinic receptor antagonists used in
these studies result in a fall in blood pressure, even in

SHR, suggesting that nicotinic receptors serve only to
modulate pressor pathways in these brain regions. Un-
like the pressor response to i.c.v. injection of nicotine
(Buccafusco and Yang, 1993), the response to stimula-
tion of nicotinic receptors in the RVL was not blocked

with atropine (Tseng et al., 1994). However, the inter-

pretation of the results of the latter study should be
considered tentative, because it is not likely that the

dose of atropine used intravenously (2.9 jig) could pro-

duce blockade of muscarinic receptors in the RVL of
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sufficient magnitude to inhibit the effects of the locally

applied nicotine.

Although the relative distribution and levels of the
subtypes of nicotinic receptors in the spinal cord have

not been characterized, Khan and his colleagues (1994b,
c) have demonstrated that the pharmacological response

to i.t. injection of nicotine and cytisine differ somewhat
in normotensive rats. They demonstrated that nicotine

and cytisine, which generally exhibit similar binding
profiles, exhibit different profiles of sensitivity to the

blocking actions of a series of nicotinic receptor antago-
nists. Also, cytisine evoked a biphasic response, an mi-
tial pressor phase that desensitized rapidly, and a more

prolonged secondary pressor phase. Nicotine evoked

only a single pressor response. The early phase of the

cytisine-evoked pressor response, as well as the pressor
response to nicotine, were shown to be caused by direct

stimulation of the spinal sympathetic outflow. The sec-

ondary pressor phase to cytisine appeared to be medi-

ated over a spinobulbar cardiovascular pathway possi-
bly linked to the drug’s antinociceptive action. In the

SHR, the authors (Khan, 1994a) reported that there was
a diminished ability of the initial pressor phase to cy-

tisine to desensitize, as well as a diminished sensitivity
of the pressor response to blocking agents. The authors
suggested that the enhanced pressor responsiveness to
spinal nicotinic receptor stimulation in SHR was related
to a reduced number of spinal nicotinic receptors and a

reduced ability to desensitize to both the pressor and

behavioral effects of cytisine.

In the rat (WKY), the binding of [3H]( - )-nicotine to
brain membranes varied three-fold, with the lowest

binding observed in the cerebellum, and the greatest in

the thalamus. The medulla exhibited an intermediate
level of [3H](-)-nicotine binding (Yamada et a!., 1987).
Nicotinic receptors within the rat (WKY) spinal cord

estimated by using [3H]cytisine binding revealed a sub-
stantially lower density of sites than for the medulla

(Khan et a!., 1994c). The results of both studies were
consistent in that SHR exhibited lower densities of nic-

otinic receptor sites than WKY. In the medulla and
spinal cord, the interstrain differences in the density of

nicotiic binding sites amounted to approximately 35%
and 20%, respectively. In each study, the authors attrib-
uted the altered cardiovascular and behavioral re-

sponses to nicotiic receptor stimulation in SHR to the
lower density of nicotinic receptors in that strain. The

implication was that alterations in the expression of
nicotinic receptors may play some role in the expression

of hypertension. One alternative explanation consistent
with the findings is that the lower expression of nicotiic

receptors in SHR is a phenotype of the strain, not asso-
ciated with hypertension; perhaps not even associated

with the enhanced pressor responsiveness to nicotinic
receptor stimulation. In support of this alternative pos-
sibility is the lack of regional brain and spinal selectivity
of the lowered levels of binding sites in SHR. For exam-

ple, of the nine major regions tested in the two studies,
six regions exhibited significantly lower nicotinic recep-

tor densities in SHR. In fact, in all regions tested, except
for the hypothalamus, on average, there were fewer

numbers of binding sites in SHR. This finding was con-
firmed for one preliminary study (Gattu et al., l995a).

Using autoradiographic techniques, 20 of 27 brain re-

gions exhibited a significantly lower number of [3HJcy-

tisine binding sites in hypertensive SHR compared with
WKY. Again, the average number of binding sites was
lower in SHR for almost every region from cerebral

cortex to lower brainstem, and no brain region exhibited

an elevated level of binding sites in the hypertensive

strain. As with the [3H]cytisine binding, sites labeled
with 125I-a-bungarotoxin were lower in SHR; however,

the interstrain differences were much more localized.
Brain regions from SHR that included reduced numbers

of both [3H]cytisine and 125I-a-bungarothxin binding

sites included the frontal cortex, olfactory nucleus, and

ventrolateral geiculate nucleus. Thus, whereas the
SHR may provide an outstanding genetic model for the

reduced expression of [3H]nicotine/[3H]cytisine binding

sites, the physiological consequences of such a neuro-

chemical alteration remains to be elucidated. However,

the localization of nicotiic receptors, particularly of the
a4�2 subtype, to areas of the brain involved in sensory
gating such as the tha!amus, suggests that they play a
role in the heightened responsiveness of SHR to alerting

stimuli (see Yamori, 1977; Casto and Printz, 1990;
Svensson et a!., 1991) and perhaps to the enhanced

behaviorally evoked cardiovascular responses to nico-
tine (Khan et a!., 1994c). In support ofthis contention is
the well known ability of nicotine to enhance short-term

memory in animals and humans (Elrod et a!., 1988;
Buccafusco and Jackson, 1991; Levin, 1992; Terry et a!.,
1993; Arneric et a!., 1995a; 1995b).

VI. Molecular Aspects of Muscarinic Function in
Spontaneously Hypertensive Rats

A. Polymerase Chain Reaction Studies

With five subtypes of muscarmnic receptors to be con-

sidered for potential roles in central cardiovascular reg-
u!ation, and with ligands partially selective for only two

or three, the use of standard ligand binding techniques
becomes quite limited. Two additional methods are
available to estimate the role of all five subtypes, and

both are associated with limitations. The most direct
method is the receptor antibody precipitation approach

in which antisera, usually polyclona!, are directed
against epitopes on each receptor subtype. The level of

each subtype in a tissue sample is then estimated from
the difference between the binding of a nonse!ective
ligand before and after precipitation of the subtype by
the antisera (Yasuda et a!., 1993). One limitation of the

method is the complexity inherent in developing bacte-
rial cells lines that express each receptor protein. Also,
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the specificity and titre of the antisera can vary from
batch to batch, and the amount of antisera that can be

produced can be limiting for in situ studies. Neverthe-
less, the method has been used with great success to

estimate the quantity of muscarinic subtype-specific re-

ceptor protein in brain. Unfortunately, the receptor an-
tibody precipitation method has not been applied to the

issue of brain muscari,nic receptor subtypes in experi-

mental hypertension. An alternate approach estimates

the level of ITLRNA encoding each specific subtype and

provides information regarding the regulation of the
receptor subtype at the level of transcription. Although

changes in the levels of mRNA do not always reflect

changes in the synthesis of the encoded protein, as in-

dicated above (see Section I.C.), functional alterations in
the level muscarinic receptor protein are generally ac-

companied by the respective alteration in mRNA level.

The polymerase chain reaction-reverse transcriptase
(RT-PCR) methodology has been used to detect low

abundance mRNA for the five muscarinic receptor sub-

types. PCR products can be quantitated using a weak

anion exchange high performance liquid chromato-
graphic technique. In this laboratory, we have begun to
test the hypothesis that alterations of muscarinic recep-

tor function occur in critical brain regions in SHR and
that these changes reflect alterations in the expression

of mRNA coding for specific subtypes (Wei et a!., 1995).
Total RNA was extracted from hypothalamus and me-

dulla of both prehypertensive (4-week-old) and hyper-

tensive (12-week-old) SHR and age-matched WKY and

used for the RT-PCR methodology. PCR-amplified prod-

ucts (cDNA oligos) representing all five subtypes of mus-

carinic receptors were quantitated by high performance
liquid chromatography (Wei et a!., 1994). The mRNA of

the housekeeping gene, g!yceraldehype-3-phosphate de-
hydrogenase (G3PDH), was used as the internal stan-
dard that controlled for any differences in extraction or

amplification efficiencies among samples. There were no
significant differences between the hypothalamic mRNA

encoding the internal standard gene between SHR and

WKY rats. In the prehypertensive SHR, the levels of
mRNA encoding the ml and m4 subtypes were altered.

The level of ml mRNA was significantly increased (by

53%), and the level of m4 mRNA was significantly de-
creased (by 15%) in the SHR. Similar differences were
observed in samples derived from the 12-week-old ani-

mals; however, the decrease in m4 mRNA levels ob-

served in SHR was greater in magnitude (54%) in the

older hypertensive animals. There were no differences
between the strains for the other subtypes derived from

the hypothalamus; however, in a separate experiment

using cerebral cortex from 12-week-old rats, no differ-
ences were found among the five subtypes between

strains. Thus, at the transcriptional level, there exists a
difference in message that suggests overexpression of a
subtype (ml) that is linked to excitatory synaptic trans-
mission and an underexpression of a subtype (m4) that

is linked to inhibitory transmission. Obviously, it will

require additional experimentation to determine

whether either or both of these subtypes are important
for the expression of elevated blood pressure in SHR.

Hypothalamic m4 mRNA levels decreased with age, par-

alleling the development of hypertension. Because both
ml and m4 mRNAs were altered in SHR, potentially

both receptors may interact and play a role in enhanced
sympathetic outflow in this strain. The selectivity of

alterations in receptor regulation in the SHR was un-
derscored by the observations that (a) the level of the

control gene G3PDH was not different between strains
of either age group; (b) the levels of the other subtypes,

m2, m3 and m5, were similar between strains; and (c)

the density ofmuscarinic receptors in the cerebral cortex

was similar between the strains. It is easy to speculate

that if mRNA levels reflect functional receptor levels,

then hypothalamic cholinergic function is enhanced in
SHR; and cholinergic systems have already been consid-

ered to play a role in mediating enhanced sympathetic

activity during activation of the defense reaction.
A different profile exists in the medulla of SHR (Wei

and Buccafusco, 1994). Once again, the ml mRNA was
expressed to a much greater degree in SHR; however, in

this case, the inhibitory receptor m2 mRNA is also ele-

vated. This scenario fits well with the known cholinergic

neurona! interactions that exist in the medulla (see Fig-

ure 2). In the RVL, for example, the predominant M2

subtype provides inhibitory tone that disinhibits (via a

GABA interneuron) bulbospinal glutamatergic excita-

tory sympathetic activity. Enhanced expression of inhib-
itory M2 receptors in this brain region could account for

the enhanced sympathetic activity in SHR. The fact that
these receptor changes, both at the mRNA and protein
level, occurred before the onset of significant hyperten-
sion suggests that, if these factors are involved, they

play an initiation role as well as a maintenance role in

hypertension.

B. Genetic Approaches

In recent years, several groups have attempted to

determine the nature of hereditary transfer of genes

responsible for hypertension in the SHR by back-cross-
ing SHR with normotensive controls. Estimates have
ranged from a single gene with simple additive allelic

effects to as many as six major genes that determine
high blood pressure (see Kurtz et a!., 1990). Application

of biometric genetic analysis to this problem has sug-
gested that for SHR reared under normal laboratory
conditions, that the level of blood pressure fits an addi-

tive-dominance model of inheritance in which alleles
decreasing blood pressure are partially dominant (Kurtz

et al., 1990). This finding is particularly interesting and

relevant because it often has been considered that hy-
pertension would be related to factors increasing blood
pressure that are overexpressed. As suggested in the

latter study, however, altered expression of factors de-
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creasing blood pressure may prove to be the underlying

mechanism. For example, the cardiovascular response to

startle in SHR is different from that of WKY rats. A

characteristic transient bradycardia (inhibitory re-

sponse) before tachycardia that was observed in WKY
rats to startle does not occur in SHR. This transient

bradycardia is vagal!y mediated and represents a phe-
notype that cosegregates with hypertension in crosses

between SHR and WKY rats (Casto and Printz, 1988,
1990). The involvement of parasympathetic tone to the
heart is particularly interesting because the target re-

ceptors are almost exclusively of the M2 (inhibitory)
subtype. In the mRNA studies described above, hypo-

thalamic m4 mRNA levels decreased with age, parallel-

ing the development of hypertension. Because the M4

subtype is linked to inhibitory synaptic responses, it is

possible that this gene alteration associated with hyper-
tension may reflect, in part, the reduced expression of

factors decreasing blood pressure as mentioned above.
However, a comprehensive test of this hypothesis will
require experiments subject to the four criteria de-
scribed above (section V.C).

\rH. Novel Cholinergic Drugs as

Antihypertensive or Sympatholytic Agents

One of the first points of discussion in the article was

the lack of ability of atropine and related antimuscarinic
compounds to lower blood pressure in animals or hu-

mans. To the extent that this issue has now been ad-

dressed, it should noted that several approaches have
been considered to target central cholinergic neurons

directly for the purpose of eliciting antihypertensive ac-
tivity. Clearly, central administration of a variety of

cholinergic antagonists have exhibited antihypertensive

action. Indeed, direct administration of atropine, scopol-

amine, or HC-3 into the RYL lowered blood pressure,
even in normotensive rats. Perhaps one of the earliest

more novel approaches taken to inhibit the function of

central cholinergic pressor neurons was the use of pre-
cursors to false cholinergic transmitters. The concept
originally was derived from, and was first successful
with, the use of methy!dopa as a precursor to the false

adrenergic transmitter, methylnorepinephrine, a potent
a-adrenergic agonist. For the cholinergic system, deanol

was used in the late 1970s (see, Goldberg, 1977) as a
precursor to choline and hence acetylcholine synthesis;

although the promise realized with methy!dopa was not
attained with deano! (dimethylaminoethano!). Never-
theless, the door was opened for the development of

choline analogs that were shown to replace choline for

uptake, acetylation, and release from cholinergic neu-
rons, both in vitro and in vivo (see Collier et a!., 1979).

For the most part, acety!ated choline analogs had less
intrinsic activity than acetylcholine and were expected
to cause inhibition of central cholinergic function. Two
studies demonstrated the feasibility of this approach for

central cardiovascular systems (Aronstam et a!., 1988;

Buccafusco and Aronstam, 1988). The ability of i.c.v.

infusion of mono-, di- and triethy!choline to inhibit cho-

linergic cardiovascular neurons was demonstrated by

their ability to inhibit the pressor response to intrave-
nous injection of physostigmine. This ability to inhibit

the physostigmine response was inversely correlated

with the ability of each respective acetylated derivative

to act as a muscarinic receptor agonist. The utility of this
approach to experimental hypertension was never dem-

onstrated, perhaps because it required i.c.v. infusion of

the analogs to produce significant precursor effects in

the rats.
A more direct approach to the problem was taken by

Coram and Brezenoff (1983). They examined the ability

N-(4-diethy!amino-2-butynyl)-succinimide (DKJ-21) to
lower blood pressure in SHR and WRY. DKJ-21 was one

of a series of compounds previously synthesized (Dahl-
bom et al., 1966) to produce selective blockade of central,

rather than peripheral muscarinic receptors. The drug
produced a marked antthypertensive response in SHR

(the average maximal decrease in blood pressor achieved

was 43 mmHg) without lowering blood pressure in WKY,

and was effective after either intravenous or i.c.v. injec-

tion. The duration of the antihypertensive response af-

ter a single dose of DKJ-21 was greater than 24 hours.

DKJ-21 did not interfere with peripheral sympathetic

ganglionic transmission, nor did it exhibit any sympa-

tho!ytic or adrenoceptor blocking activity. As such, it

was able to inhibit the expression of the pressor re-

sponse to intravenous injection of physostigmine with-
out significantly altering the fall in blood pressure to

intravenous injection acetylcholine. This compound was
revisited by the same research group some years later

(H. E. Brezenoff, personal communication); the group
found that intravenous administration of DKJ-2l was

also capable of blocking the prolonged pressor response

to soman, an organophosphorus, irreversible cholinest-

erase inhibitor. The antagonist was also effective in
preventing the expression of some of the behavioral tox-

icity to soman. The significant degree of central selectiv-
ity of DKJ-21 appeared to be caused by its favorable

distribution into the CNS related to its chemical prop-

erties of low basicity and high lipophilicity.

Using an alternative chemical approach, Vargas and

Ringdahl (1990) examined the central selectivity of a

series of oxotremorine derivatives. As with DKJ-21,
these compounds were effective centrally acting musca-

riic receptor antagonists that inhibited the pressor re-

sponse to intravenous injection of physostigmine but
failed to produce significant peripheral muscariic re-
ceptor blockade. The derivatives also appeared to retain

some of oxotremorine’s partial selectivity for the M2
subtype. The drugs had virtually no effect on resting
blood pressure in urethane-anesthetized normotensive

rats; unfortunately, however, hypertensive animals

were not used in the study. Therefore, the antihyperten-
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sive potential of these oxotremorine derivatives remains

untested.

VIII. Conclusions and Future Directions

The role of central cholinergic neurons in cardiovas-
cular regulation and in the development and mainte-

nance of experimental hypertension has been under in-
vestigation for most of this century. Because of the

efforts of numerous investigators throughout the world,
a significant body of evidence exists that is consistent

with this role. It is clear, for example, that normotensive

animals and humans can be made hypertensive upon

exposure to cholinomimetic drugs that act within the

CNS. Generally, this hypertensive state is reversible

after a single injection. However, prolonged infusion of

carbachol into the CSF in conscious normotensive rats
elicited a continuous hypertensive state over 7 days (Wu
and Wei, 1982). This protracted hypertensive state could
not be produced by the central infusion of other pressor

agents, including histamine, prostaglandin E2, and thy-
rotropin-releasing hormone. This interesting observa-

tion with carbachol has not been further studied. Al-
though stimulation of central muscarinic receptors

generally elicits hypertension, it is clear that inhibitory
cardiovascular cholinergic neurons also exist. The rela-

tionship between excitatory and inhibitory cholinergic

pathways is not yet apparent, and less is known regard-
ing the function of the inhibitory system. Some evidence

is available to suggest that the inhibitory cardiovascular

cholinergic system may be linked to modulation and
integration of cardiovascular changes associated with
nociceptive input.

Both nicotinic and muscarinic receptors mediate hy-

pertensive responses to pharmacological activation of

cholinergic neurons. Again, much less is known about

the nicotinic system, although in some situations, nico-

tinic receptor-mediated pressor responses may be
evoked through the enhanced release of acetyicholine
that in turn stimulates muscarinic receptors. Nicotinic
and muscanic receptor subtypes play varying roles in
different brain regions regarding cardiovascular regu!a-
tion. The role of each subtype may depend upon the
nature of the neuronal interactions for a specific brain

region integrating cardiovascular information. Thus,

subtypes that mediate inhibitory or hyperpolarizing
events in the postsynaptic cell, upon stimulation, may
elicit an excitatory cardiovascular response if the recep-

tors are located on the cell body of a neuron that releases

an inhibitory transmitter such as GABA. Such a rela-
tionship between cholinergic and GABAergic neurons
appears to exist within the RVL. In fact, the RVL may

serve as one of the primary sources of efferent sympa-
thetic activity to spinal preganglionic neurons. Cholin-

ergic neurons synapsing within the RVL play an impor-
tant role in the expression of sympathetic tone from the

RVL. In this respect, RVL cholinergic neurons may play

a role in the integration of cardiovascular information

associated with a variety ofbehavioral and physiological

events integrated at all levels of the neuraxis. Accord-
ingly, the centrally mediated vasoconstrictor effects of a

wide variety of neurotransmitters, modulators, hor-

mones and their synthetic counterparts introduced into
the CNS may rely on the release of acetyicholine in the

mediation of their actions. On the other hand, cholin-
ergic neurons clearly do not carry bulbospinal sympa-

thetic information from the RVL, but rely on interac-
tions with amino acid neurotransmitters and perhaps

with the gaseous transmitter NO.

Interference with the function of central cholinergic

neurons has been demonstrated to both avert and re-

verse the development of experimental hypertension in

a wide variety of rat models. The effectiveness of ‘anti-

cholinergic’ approaches in nongenetic, induced hyper-
tension is consistent with the possibility that central

cho!inergic neurons play a role in sustaining the hyper-

tensive state. Maintenance of hypertension could be at-

tamed through the participation of central cholinergic

neurons in the resetting of the baroreceptor reflex about

the elevated blood pressure. Although similar adaptive
events may participate in maintaining genetically in-

duced hypertension, in the SHR and perhaps other re-
lated strains, alterations in the regulation and function

of acetylcholine release and receptive mechanisms may
have their origins in the genetic makeup of the hyper-

tensive strain. The alterations in the mRNA-encoding
muscarinic receptor proteins in SHR have not been sub-
stantia!. In fact, most neurochemical changes that have

been measured in this strain (as compared with normo-
tensive WKY and other normotensive rats) are usually

considerably less than 100% ofcontrol values. Therefore,
the question must posed as to the relevance of, for ex-

ample, a 30% increase in the mRNA encoding a musca-
rinic receptor, or a 20% increase in the binding of a

muscarinic receptor ligand to tissues derived from brain
regions in SHR. However, neurochemical, molecular,

and pharmacological evidence exists to indicate that, in
many brain regions of SHR, both release mechanisms
and receptor numbers are enhanced. Pharmacologically,

this situation is rarely encountered. That is, pharmaco-
logical enhancement of cho!inergic function usually in-

duces pre- and/or postsynaptic down-regulation, mani-

fested by reduced turnover and release of acetylcholine
and reduced numbers of functional postsynaptic recep-
tors. In the SHR, the consequence of both pre- and

postsynaptic up-regulation, even though each event

alone is relatively small, would be substantial amplifi-
cation of cholinergic neurotransmission. The hypothesis
that site-specific dysregulation of cholinergic neuronal

regulation may be encoded into the genetic makeup of
SHR and related strains should be testable with modern

molecular, genetic, and neurochemical techniques. Po-
tentially interacting with cholinergic receptor regulation
at the gene level are the mediators and neurotropins

released from cholinergic or nearby neurons. A case in
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point is the ability of endogenous prostaglandins to mod-
ulate the feedback mechanisms that function to main-

tam the level of cholinergic neurotransmission within
certain limits.

Although a substantial body of evidence has been pre-

sented in support of the possibility that central cho!in-

ergic neurons play an important role in experimental
hypertension, the extent ofthis evidence clearly does not

always outweigh other possibilities that have been dis-

cussed over the years. Although the surgical or pharma-

cological elimination of any one central neurotransmit-
ter may alter the rate of development of hypertension in

genetically induced models, with time, blood pressure
invariably reaches hypertensive levels (see Buccafusco

and Brezenoff, 1986). Whether this is a reflection of the

brain’s use of redundant circuitry or of the underlying
pathogenesis of peripheral cardiovascular organs is not

known. For the SHR (which is only one imperfect model
ofhuman essential hypertension), however, the findings

in support of the cholinergic hypothesis that have been
replicated in several laboratories include the following:

(a) The pressor response to central cholinergic stimula-

tion is exaggerated compared with normotensive

strains. (b) Cholinergic antagonists are antthyperten-
sive in SHR. (c) Pre- and postsynaptic biochemical mark-
ers of cholinergic function are altered in SHR, usually
with the changes favoring facilitation of neural re-
sponses that would elevate blood pressure. (d) Each of

the above three findings has been demonstrated to occur

both before and concomitant with the development of

significant hypertension.
Although some evidence was presented above to sug-

gest the feasibility of designing novel anticholinergic
drugs for the treatment of hypertension, it is not clear
whether such compounds would have any advantage

over the current wide selection of antihypertensive med-
ications. The pervasive involvement of cholinergic neu-
rons in virtually every brain function may relegate even

the most subtype-specific antagonist to attend with sig-
nificant side effects. Nevertheless, if enhanced cholin-

ergic function underlies the common forms of human
hypertension, selectively acting anticholinergic agents

may exhibit some specificity for reducing the effects of

such heightened cholinergic systems. If, as suggested in

the first paragraphs of this review, the current crop of

antihypertensive drugs is not able to completely prevent

the morbidity and mortality associated with chronic hy-
pertension, selectively acting anticholinergic medication
might be expected to inhibit the expression of exagger-

ated sympathetic tone to the vasculature almost at its
origin. As such, there exists a great need for new clinical
studies designed to test the hypothesis of central cholin-
ergic involvement in essential hypertension.

At present, perhaps more than at any other time in
history, humans are receiving centrally acting cholin-

ergic agonists for therapy. The cognitive and memory
impairments associated with Alzheimer’s disease and

related dementias is related in part to a loss of cholin-

ergic neurons of the frontal cortex, hippocampus, and

other brain regions. Currently, and for several years to
come, one ofthe mainstays oftreatment will be centrally
acting cholinesterase inhibitors and other cholinergic
agonists, both muscarinic and nicotiic. Because Alzhei-

mer’s disease affects millions of Americans-and is the
fourth leading cause of death and the first leading cause

of institutionalization in the country-the use of cholin-
ergic therapy will be enormous. Many pharmaceutical

companies currently involved in development of Alzhei-
mer’s therapeutics are evaluating some type of cholin-
ergic therapy, and many new compounds will soon be

marketed. Undoubtedly, many of these drugs will have
cardiovascular consequences through peripheral and/or

central mechanisms. As both Alzheimer’s disease and
essential hypertension occur with greater frequency
with age, the potential for patients developing both dis-

eases is quite high. The cardiovascular consequences of

delivering cholinomimetic drugs to patients with hyper-

tensive disease may prove to be problematic for the

treatment of CNS diseases. Also, it is not apparent how

agents that are therapeutic for Alzheimer’s disease will
interact with patients’ antthypertensive medications.
Therefore, even if the potential for antthypertensive
medication based upon the antagonism of central cho-
linergic function is not realized, continued research in

the area of central cholinergic mechanisms in hyperten-
sive disease clearly is warranted.
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