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The sympathetic vasomotor outflow is composed of
a series of parallel and differentially regulated effer-
ent pathways that control the cardiac output and the
vascular tone of somatic and visceral structures.
These pathways are thought to be organized in a
highly specific fashion. For example, it is currently
believed that specific sets of sympathetic pregangli-
onic neurons may regulate the activity of muscle va-
soconstrictor sympathetic postganglionic fibers and
other sympathetic preganglionic neurons may con-
trol cutaneous vasoconstrictor postganglionic neu-
rons (see Chapter 18). One of the general aims of re-
search in this area of neuroscience has been to
identify the central networks that regulate the activ-
ity of each of these sympathetic efferent pathways
and to determine the neurotransmitters used by
these central pathways. Sympathetic vasomotor pre-
ganglionic neurons receive synaptic inputs from
both spinal and supraspinal sources. In this chapter
the main focus will be on the role of one of these
supraspinal areas, the ventral medulla oblongata, in
regulating the vasomotor sympathetic outflow.

A characteristic feature of the vasomotor sympa-
thetic outflow is its tonic activity, which persists
under anesthesia. However, it is important to rec-
ognize that this tonic activity is probably restricted
to sympathetic neurons with cardioaccelerator or va-
soconstrictor function. In contrast, sudomotor, pil-
oerector, and pupillomotor sympathetic fibers dis-
charge only under very specific circumstances in the
anesthetized mammal. Thus, an additional aim of
research in this area has been to determine the cen-

tral mechanisms responsible for the continuous ex- ,

citatory drive of these sympathetic preganglionic va-
somotor neurons.

ANATOMICAL
CONSIDERATIONS

Brain Nuclei Involved in Cardiovascular
Regulation

Several interconnected brain stem networks regulate
the sympathetic outflow. Reciprocal pathways be-
tween the nucleus tractus solitarius, the ventrolateral
medaulla, the A5 cell group, the parabrachial nucleus,
and several forebrain areas, including the para-
ventricular hypothalamic nucleus, the bed nucleus
of the stria terminalis, and the central nucleus of the
amygdala, provide the anatomical substrate for car-
diovascular regulation. These interconnected sys-
tems provide inputs to or are part of several key
areas of the brain that project directly to the sym-
pathetic preganglionic neurons. Direct projections
to the intermediolateral cell column originate from
only seven areas of the brain: (1) the rostral ventro-
lateral medulla, (2) the caudal raphe nuclei (raphe
pallidus and raphe obscurus), (3) the A5 noradren-
ergic cell group, (4) the Kolliker-Fuse nucleus, (5)
the paraventricular hypothalamic nucleus, (6) the
lateral hypothalamic area, and (7) the central gray
matter (see Loewy and Neil, 1981 and Luiten et al.,
1987 for reviews). It has not been demonstrated that
each of these projections has a vasomotor role,
however.

The possibility that additional afferents of supra-
spinal origin might influence the activity of vaso-
motor preganglionic neurons by way of projections
to interneurons located in other laminae of the spi-
nal gray matter should not be overlooked. To iden-
tify these hypothetical neurons, however, will re-
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quire a knowledge of the intrinsic spinal circuits
governing the activity of sympathetic preganglionic
neurons.

The Ventrolateral Medulla

The ventrolateral quadrant of the medullary reticu-
lar formation has been termed loosely the ventrolat-
eral medulla. In this section, various rostrocaudal
portions of the ventrolateral medulla will be dis-
cussed. These areas will be largely defined by their
proximity to rostrocaudal subdivisions of the nu-
cleus ambiguus. For this reason, a brief summary of
the cytoarchitecture of the nucleus ambiguus will be
given. According to Bieger and Hopkins (1987), the
nucleus ambiguus of the rat consists of two major
divisions (Figure 9-1). The first division, or nucleus
ambiguus of classical anatomy, includes three seri-
ally arranged subdivisions, which contain motor
neurons innervating the striated muscles of the
esophagus, pharynx, and larynx. These subdivisions
consist of (1) a rostral compact portion sometimes,
but inappropriately, called the retrofacial nucleus
(see Berman, 1968), containing mostly motor neu-
rons that innervate the esophagus; (2) a semicom-
pact portion located ventral and posterior to the
compact region and composed of motor neurons
that innervate the pharyngeal muscles and the cri-
cothyroid muscle of the larynx; and (3) a disperse set
of neurons called the loose formation, which pro-
jects to the rest of the intrinsic laryngeal muscula-
ture. The second major division or “external for-
mation” is not identifiable as a distinct nucleus on
architectonic grounds. It is located ventrolateral to
the nucleus ambiguus at rostral levels and surrounds
it at caudal levels. This area contains preganglionic
parasympathetic neurons projecting to the heart, tra-
chea, bronchi, and mucus membranes of the larynx
(Bieger and Hopkins, 1987). Cardiac preganglionic
motor neurons are concentrated predominantly in
the external formation at the level of the obex and
extend rostrally (see Chapter 5). The external for-
mation also contains bulbospinal respiratory pre-
motoneurons organized in three rostrocaudally ar-
ranged groups of cells (for review see Von Euler,
1986). The caudalmost third, the nucleus retroam-
bigualis, contains a predominance of expiratory neu-
rons. The intermediate part centered around the
obex level, termed the nucleus paraambigualis, in-
volves a concentration of inspiratory neurons. The
rostral segment contains a group of reticulospinal
expiratory neurons that has been termed the Botzin-
ger complex (see Feldman, 1986 for review).

The “rostral ventrolateral medulla” of the rat lies
rostral to the lateral reticular nucleus, caudal to the
facial nucleus, and extends to the ventral medullary
surface (RVL in Figure 9-1). This area overlaps dor-

sally with the rostral subcompact and external sub-
divisions of the nucleus ambiguus, and its lateral as-
pect may actually represent the rodent equivalent of
the rostral subtrigeminal subnucleus of the lateral re-

- ticular nucleus. The medial two-thirds of this area

contains a particularly dense concentration of retic-
ulospinal cells with projections to the intermediolat-
eral cell column (for references see Guyenet and
Young, 1987). This projection consists of roughly an
equal proportion of adrenergic (called C1 neurons)
and nonaminergic neurons (Tucker et al., 1987) that
are involved in vasomotor function (see below). The
rostral ventrolateral medulla has occasionally been
called the pressor area of the ventrolateral medulla
because of the large elevations in arterial pressure
triggered by the application of excitatory drugs or
putative transmitters. It is important to note that
this area contains a variety of different cells that pro-
ject to the intermediolateral cell column and else-
where and is not rigidly defined by clear cytoarchi-
tectonic borders. For example, many C1 adrenergic
cells are also scattered medially in the neighboring
gigantocellular reticular formation.

The external formation of the nucleus ambiguus
at the level of the obex should be clearly separated
from the rostral ventrolateral medulla. In rats, this
zone contains, among many other cells, A1 norad-
renergic neurons. This general area is also occasion-
ally referred to as the ventrolateral medullary de-
pressor area because hypotension is produced by
local microinjections of neuronal depolarizing
chemicals (e.g., glutamate) in this site. To avoid the
parochial connotation of the terms A/ area or de-
pressor area, and the unwieldy term of external for-
mation of nucleus ambiguus at the obex level (Bieger
and Hopkins, 1987), this area will henceforth be
called the caudal periambigual area (Figure 9-1).

It must be noted that in Taber’s atlas of the cat
brain (1961), the rostral ventrolateral medulla cau-
dal to the facial nucleus is subdivided into two nu-
clei, a lateral one called the retrofacial nucleus and a
medial part, the nucleus paragigantocellularis, which
also extends in a rostral direction to the pontome-
dullary junction. A similar mediolateral subdivision
of the rostral ventrolateral medulla has been pro-
posed by Kalia and Fuxe (1985) in the rat (Figure 9-
2), but the dividing line appears arbitrary since it bi-
sects the area containing reticulospinal neurons with
vasomotor function. Since the rostral extension of
the paragigantocellular nucleus is probably involved
in pain control and not in cardiovascular regulation
(see Chapter 7), it also seems preferable not to use
this terminology. The definition of the paragiganto-
cellular nucleus provided by Andrezik and col-
leagues (1981a) has also become too broad in view
of physiological data that will be discussed later. In
this review, the term rostral ventrolateral medulla
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Figure 9-1 Major subdivisions of the ventrolateral medulla and nucleus ambiguus of the rat. Top: Schematic drawing of a
parasagittal section of the rat medulla oblongata illustrating the major subdivisions of nucleus ambiguus according to Bieger
and Hopkins (1987). Bottom: Two transverse sections of the medulla at the levels +0.5 and +2.5 mm rostral to the
calamus scriptorius are presented. The periambigual area (pAA) represents the immediate vicinity of the “loose” subdivi-
sion of the nucleus ambiguus at the obex level. This general area contains Al noradrenergic and C1 adrenergic neurons,
cardiac parasympathetic preganglionic neurons, bulbospinal inspiratory neurons, and noncatecholamine bulbospinal neu-
rons involved in the control of the sympathetic outflow. All other nuclei except RVL are defined according to the atlas
entitled The Rat Brain in Stereotaxic Coordinates, 2nd ed., by G. Paxinos and C. Watson (Academic Press, Syndey, 1986).
The two lower drawings are modifications of drawings that appear in this atlas (with permission of the authors and pub-
lishers). A1, area of the A1 cell group; AP, area postrema; Cu, cuneate nucleus; DMV, dorsal motor nucleus of vagus nerve;
FN, facial nucleus; Giv, gigantocellular reticular nucleus, ventral part; Gr, gracile nucleus; 1O, inferior olive; LRN, lateral
reticular nucleus; MVe, medial vestibular nucleus; NA., compact rostral end of nucleus ambiguus; NA,, loose formation
of nucleus ambiguous; NA,, external formation of nucleus ambiguus; NA,., subcompact region of nucleus ambiguus; NIH,
nucleus interfascicularis hypoglossi; NTS, nucleus tractus solitarius; pAA, periambigual area; PYR, pyramidal tract; ROb,
nucleus raphe obscurus; RPa, nucleus raphe pallidus; RVL, rostral ventrolateral medulla; SpV, spinal trigeminal nucleus;
SpVe, spinal vestibular nucleus; XII, hypoglossal nucleus.

will be used as a synonym for the area defined by
Ross et al. (1984a) as the “nucleus reticularis ros-
troventrolateralis.” The area thus defined excludes
the rostral-most portion of the ventrolateral medul-
lary reticular formation in which A5 noradrenergic
neurons are located. It seems to be approximately

equivalent to the “retrofacial nucleus” of Berman in
cats or to the “nucleus reticularis lateralis” of Mee-
sen and Olszewski in rabbits (for references see Ber-
man, 1968).

The rostral ventrolateral medulla receives inputs
from a number of areas in the brain and spinal cord
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(Andrezik et al., 1981b) and sends fibers throughout
the CNS (Loewy et al., 1981). It is heavily innervated
by the nucleus tractus solitarius (Loewy and Burton,
1978; Ross et al., 1985). There are reciprocal con-
nections between the two areas. Fibers take the
shortest route between the two areas and are highly
concentrated within a triangular wedge of the me-
dulla inserted between the nuclei reticularis ventralis
or gigantocellularis and nucleus reticularis parvocel-
lularis (Ross et al., 1985). In addition, the rostral
ventrolateral medulla receives inputs from the area
postrema (Shapiro and Miselis, 1985; Ross et al.,
1985). These two medullary afferents serve to relay
two general classes of cardiovascular information.
The region of the nucleus tractus solitarius (medial
part) that projects to this area probably relays mainly
cardiopulmonary information. The area postrema
presumably functions to convey information regard-
ing various hormones in the plasma. In addition, re-
ciprocal longitudinal connections possibly link the
rostrocaudal segments of the ventrolateral medulla,
although a detailed understanding of these proprio-
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Figure 9-2 Various anatomical cytoarchi-

=0 tectonic classifications of the rostral me-
L dulla oblongata. The drawings are modified
from illustrations in Paxinos and Watson

(1986) with permission of the authors and
publisher. The number in the left-hand cor-
ner indicates the distance from the calamus
scriptorius. The difficulty of defining nu-
clear aggregates on cytoarchitectonic
grounds within the rostral ventrolateral
medulla is illustrated by the diverging
terms applied by various investigators.
These figures represent the various inter-
pretations of the cytoarchitectonic subdivi-
sions in the rat. A and B illustrate one clas-
sification presented by Kalia and Fuxe
(1985). Note their parcellation of the ven-
tral part of the gigantocellular reticular nu-
cleus (GiV) is different from the scheme
used by Paxinos and Watson (1986), which
is illustrated in C and D, the PGCL area de-
scribed by Andrezik et al. (1981a) is com-
pared to the same area termed RVL by
Ross et al. (1984a). PGCL, nucleus paragi-
gantocellularis lateralis. For other abbrevi-
ations, see Figure 9-1.

bulbar circuits is lacking. The ventrolateral medulla
is also heavily interconnected with specific subnuclei
of the parabrachial complex (Fulwiler and Saper,
1984; Loewy et al., 1981; Guyenet and Young,
1987). Moreover, a number of reciprocal connec-
tions also exist between the rostral ventrolateral me-
dulla and the central gray matter, lateral hypotha-
lamic area, zona incerta, and paraventricular
hypothalamic nucleus. The function of these inter-
actions is unknown.

IDENTIFICATION OF CNS
NEURONS INVOLVED IN
GENERATING THE VASOMOTOR
OUTPUT: GENERAL PRINCIPLES

From 1920 to 1980, electrical stimulation was the
method of choice to locate neurons involved in car-
diovascular regulation. This is exemplified by the
frequently cited study of Alexander (1946), which
indicated that the entire reticular formation is in-
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volved in vasomotor function and consists of a dif-
fuse lateral pressor area and a midline depressor one.
This view has been widely abandoned because of its
complete reliance on the results of electrical stimu-
lation. Indeed, unless they can be reproduced by mi-
croinjections of chemicals that excite or inhibit neu-
ronal cell bodies or their dendrites, the effects of
electrical stimulation are likely to result from the ac-
tivation of remote neurons that merely send an ax-
onal process in the vicinity of the site of stimulation.

Until the early 1980s, an equally vague picture of
the role of the reticular formation in vasomotor con-
trol had emerged from single-unit recording experi-
ments. The fact that to that time reticular formation
neurons were randomly sampled and characterized
largely by their response to electrical stimulation of
baroreceptor nerves with little regard for their ana-
tomical location and axonal projections probably
explains this (Koepchen et al., 1975). These experi-
ments, however, have illustrated the general diffi-
culty of characterizing the function of a reticular
neuron solely on the basis of its responsiveness to a
limited set of sensory afferents. The shortcomings of
this approach have also served as an impetus for the
development of the circuit-analysis approach, which
consists of identifying small groups of neurons ho-
mologous from the standpoint of connectivity and
immunohistochemical properties and systematically
studying their information processing (input-output
relationships).

Three approaches have been used to identify the
medullary neurons involved in generating the sym-
pathetic vasomotor output. The first approach in-
volves the identification of medullary neurons that
discharge in a pattern that correlates mathematically
with sympathetic fiber discharge. Investigators using
this approach have postulated that central neurons
with an activity pattern exhibiting a significant cor-
relation with the 2-6 Hz rhythm of the sympathetic
discharge may directly or indirectly (via polysynap-
tic pathways) contribute to the generation of the
sympathetic outflow (see Chapter 8). The disadvan-
tage of this method is that it is likely to also identify
large populations of neurons sharing common in-
puts with central sympathetic networks but not di-
rectly contributing to the autonomic outflow.

The second approach is to locate neurons with
electrophysiological recording techniques that re-
spond to the electrical stimulation of baroreceptor
afferent nerves (generally the aortic depressor nerve
or the carotid sinus nerve). Used alone, without
other identifying criteria, this approach has been of
marginal significance because of the overwhelmingly
large number of responsive neurons (Koepchen et
al., 1975). This is probably due to several factors.
First, neurons may receive baroreceptor information
via multisynaptic inputs and not be involved in the

generation of the sympathetic vasomotor outflow
and vice versa. Second, the synchronous stimulation
of all baroreceptor afferents may be an inappropriate
stimulus because it may recruit pathways that are
not activated by physiological stimuli (McAllen and
Spyer, 1978). Third, electrical stimulation of baro-
receptor nerves may, under certain conditions, fail
to excite unmyelinated C fibers, and, thus, this may
introduce a sampling bias, which would exclude
many cardiovascular neurons.

The third approach to the identification of central
neurons involved in generating the sympathetic out-
flow has been achieved through the combined use of
neuroanatomical tract-tracing techniques, chemical
and electrical stimulation methods, and single-unit
electrophysiological analysis. This multidisciplinary
approach has provided the most complete knowl-
edge, which is summarized in this chapter.

VASOMOTOR NEURONS OF THE
ROSTRAL VENTROLATERAL
MEDULLA AND CAUDAL

RAPHE NUCLEI

Historical Background

A major source of excitatory input to sympathetic
preganglionic neurons lies within the rostral ventro-
lateral medulla. The identification of this structure
resulted from investigations dating back to Dittmar
(1873) (see Chapter 8 for historical perspective).
Dittmar observed that sequential rostral-to-caudal
transections of the brain stem produced relatively
minimal effects on arterial pressure until the transec-
tion encroached on the rostral medulla. By also de-
stroying the dorsal half of the medulla oblongata
along with medullary transections, Dittmar deduced
that the critical area for maintaining normal blood
pressure was just caudal to the facial nucleus. De-
struction of this ventral area produced a drop in ar-
terial pressure comparable to that seen after transec-
tion of the spinal cord at the first cervical segment.
Hence, the concept of a vasomotor center lying
somewhere in the ventral medulla oblongata was
formulated (Dittmar 1873).

The second major step in identifying the critical
site was the observation that bilateral cooling of the
surface of the rostral ventrolateral medulla, or bilat-
eral topical application of chemicals on this re-
stricted region, produces equally drastic falls in ar-
terial pressure (Schlifke and Loeschke, 1967;
Guertzenstein and Silver, 1974). Subsequently, the
anatomical location of the “pressor area’ was more
precisely defined in the rat and the rabbit using in-
traparenchymal microinjections of glycine or
GABA. When these inhibitory amino acids were mi-
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croinjected into the rostral ventrolateral medulla,
they produced a fall in arterial pressure; opposite ef-
fects were produced by excitatory amino acids such
as glutamate (Ross et al., 1984b).

These experiments, along with anatomical evi-
dence for direct projections from the rostral ventro-
lateral medulla to the intermediolateral cell column
(Loewy et al., 1981; Ross et al., 1984a), led to the
hypothesis that the rostral ventrolateral medulla
contains reticulospinal cells that provide an essential

Electrophysiological Identification of Rostral
Medullary Neurons with Vasomotor Function

Exploration of the rostral ventrolateral medulla with
single-unit extracellular recording techniques in the
rat has revealed the presence of a cluster of barosen-
sitive reticulospinal cells with a high rate of dis-
charge in a location corresponding to the rostral ven-
trolateral nucleus (Brown and Guyenet, 1985,
Figure 9-3). These neurons belong to at least two

excitatory drive to vasomotor preganglionic
neurons.

main classes of units that can be distinguished by the
conduction velocity of their spinal axons, their sen-
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Figure 9-3 Properties of rostral ventrolateral medullary vasomotor neurons. Unit recordings of neuron identified as retic-
ulospinal by antidromic stimulation from the thoracic spinal cord (conduction velocity: 4 m/second). (A) Baroreflex inhi-
bition of neuronal discharges. Arterial pressure (lower trace) was gradually increased by restricting flow through descending
aorta (between arrows) resulting in baroreceptor activation and time-locked inhibition of unit discharge (calibration: 0.2
mYV, 2 seconds). (B) When examined at a faster time scale, the unit activity is distinctly pulse synchronous due to the phasic
nature of arterial baroreceptor discharges relayed multisynaptically to the rostral medulla (calibration: 0.5 mV, 120 msec).
(C) Relationship between mean discharge rate of vasomotor neuron and mean arterial pressure (MAP). Note the high basal
firing rate below the baroreceptor threshold, linear reduction thereafter, and abrupt well-defined cutoff pressure beyond
which the cell is silent. This cutoff does not represent the saturation of baroreceptor inputs but the point at which this input
hyperpolarizes the cell below firing threshold. The cutoff MAP thus depends on the presence or absence of excitatory inputs
to these neurons and can be raised by hypothalamic stimulation for example. (D) The lumbar sympathetic nerve discharge
in the same preparation exhibits the same relationship to mean arterial pressure as that of rostral medullary neurons.
[Reproduced from Sun and Guyenet (1986) American Journal of Physiology 250, R910-R917, with permission of the
authors and publisher.]
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sitivity to intravenous or iontophoretic application
of the a,-adrenergic agonist clonidine, and their av-
erage discharge rate (Sun and Guyenet, 1986b). Sim-
ilar observations were later made by Morrison et al.
(1988), who also demonstrated that these cells pro-
ject specifically to the lateral horn. The first class of
units consists of clonidine-insensitive cells with ax-
onal conduction velocity of 2.5-8 m/second and a
maximum discharge rate of 15-35 spikes/second
measured below baroreceptor threshold. The second
class is characterized by a much slower conduction
velocity (0.4-0.8 m/sec), a slower discharge rate, and
the fact that they are inhibited by clonidine. These
two populations of cells are also probably present in
the rabbit (Terui et al, 1986). In the rat, both cell
types are intermingled within 500 um of the ventral
medullary surface in the area defined above as the
rostral ventrolateral nucleus. This zone coincides
with the middle third of the nucleus paragigantocel-
lularis lateralis as defined in the rat by Andrezik et
al., (1981a), hence the name paragigantocellularis
neurons was used to describe these cells in earlier
publications (Sun and Guyenet, 1986a, b, 1987).
However, for reasons detailed above, these neurons
will be called the vasomotor neurons of the rostral
ventrolateral medulla. Their superficial location,
spontaneous activity, and spinal projection are char-
acteristics that support the hypothesis that they rep-
resent the neurons that may regulate vasomotor
sympathetic tone. This view is further reinforced by
the fact that the only other type of tonically active
cells recorded in this area in rats is related to respi-
ration and thought to be largely devoid of barorecep-
tor input and cardiac modulation (Brown and Guy-
enet, 1985). In both rats and cats, a powerful
baroreceptor input imparts rostral ventrolateral
medullary vasomotor neurons with a strongly pulse-
synchronous pattern of discharge, related to the pha-
sic nature of the baroreceptor afferent traffic (Brown
and Guyenet, 1985; Barman and Gebber, 1985; Mc
Allen, 1987, Figure 9-3B). In rats, these cells exhibit
their lowest probability of firing 65-70 msec after
the R wave of the electrocardiogram and around 25
msec after the discharge of presumed second-order
baroreceptor neurons of the dorsomedial nucleus of
the nucleus tractus solitarius (Moore and Guyenet,
1983). These long delays indicate that intramedul-
lary baroreceptor pathways have a very low conduc-
tion velocity (=<0.4 m/second), an observation al-
ready made in the case of the cardiac limb of the
reflex (McAllen and Spyer, 1978).

The average discharge rate of the fast-conducting
rostral medullary vasomotor neurons exhibits the
same relationship with regard to mean arterial pres-
sure as the lumbar sympathetic nerve discharge (Sun
and Guyenet, 1986b, Figure 9-3C and D). The neu-
ral discharge of putative homologs in cat seems to

correlate with the 2- to 6-Hz rhythm of the sympa-
thetic nerve discharge even in the absence of baro-
receptor input (Barman and Gebber, 1985). Taken
together, the above evidence leaves little doubt that
these cells belong to the tonically active neurons of
the rostral ventrolateral medulla that regulate ongo-
ing vasomotor sympathetic activity. However, final
proof that the electrophysiologically identified ros-
tral ventrolateral medullary vasomotor neurons
make monosynaptic contact with sympathetic pre-
ganglionic neurons is still lacking. In addition, it has
not been finally determined whether their projection
to the sympathetic preganglionic neurons is solely
responsible for their vasomotor function. Some of
these cells may form collaterals in the medulla ob-
longata (Barman and Gebber, 1985) and, therefore,
could activate or inhibit subsidiary sets of descend-
ing vasomotor neurons.

Vasomotor Neurons with Intrinsic Pacemaker
Properties

Some of the vasomotor neurons of the rostral ven-
trolateral medulla exhibit intrinsic pacemaker prop-
erties, but before reviewing these findings, some gen-
eral background information on pacemaker cells
will be provided. Many neurons are capable of gen-
erating a rhythmic pattern of discharge when appro-
priately depolarized (for review see Connor, 1985).
Neurons with intrinsic pacemaker activity are char-
acterized by the unique ability to generate a tonic
rhythmic discharge even in the absence of any syn-
aptic input. These cells fall into two classes: bursting
and nonbursting. In both cases, action potentials re-
sult from a gradual membrane depolarization
caused by the sequential closing or opening of spe-
cific ionic channels. In nonbursting neurons, each
spike triggers an after-hyperpolarization of a mag-
nitude that precludes repetitive firing and reinitiates
a cycle of slow membrane depolarization. The fol-
lowing four criteria need to be fulfilled to ascertain
that a rhythmically firing nonbursting neuron has
intrinsic pacemaker properties:

1. Each spike should result from a gradual inter-
spike membrane depolarization as opposed to
regularly occurring excitatory postsynaptic po-
tentials (EPSPs).

2. When hyperpolarized by injection of small neg-
ative current, the pacemaker activity should stop
and regularly occurring EPSPs should still not be
observed despite the increase in driving force.

3. The pacemaking activity should be reset by brief
periods of hyperpolarizing current or by the un-
timely occurrence of an action potential pro-
duced by a brief depolarizing pulse.

4. The pacemaking activity should not depend on
the synaptic release of a neuromodulator.
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Although rostral ventrolateral medullary vaso-
motor neurons receive a large number of excitatory
synaptic inputs, all of those examined so far are
blocked by kynurenic acid, a glutamate-receptor an-
tagonist (Sun and Guyenet, 1986a, 1987; Sun et al.,
1988a). Since this agent does not influence the rest-
ing level of discharge of these cells (see Mayer and
Westbrook, 1987 and Stone and Burton, 1988 for
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reviews on glutamate transmission), this provides
the first hint that their tonic activity might be in part
generated by a nonsynaptic mechanism such as in-
trinsic pacemaker discharges. Moreover, if kynu-
renic acid is injected into the cisterna magna but
prevented from migrating to the spinal cord, arterial
pressure is well maintained and virtually all sympa-
thetic reflexes are blocked (Sun et al., 1988a). Under
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Figure 9-4 Rostral ventrolateral medullary neurons with intrinsic pacemaker properties. Intracellular recordings from cells
located in the ventral part of the rostral ventrolateral area and identified as reticulospinal neurons. Note typical pacemaker
potentials reset after a single spike (A,B). Hyperpolarizing the neurons by passing small negative currents intracellularly
eliminates pacemaking activity and does not uncover any rhythmic EPSPs (C,D). Resetting of pacemaking activity by
depolarizing (E) or hyperpolarizing current pulse (F) applied through recording microelectrode. The discharge rate of these
neurons at 37°C in vitro is on average 21 spikes/second, which is identical to that of the fast-conducting, clonidine-insen-
sitive vasomotor neurons of the rostral ventrolateral medulla. The pacemaker neurons are not adrenergic but possibly
glutamatergic. [A-D reprinted from Sun and Guyenet (1988b) with permission from Brain Research 442, 229-239, E-F

unpublished data of Sun and Guyenet.]
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these conditions of reduced reflex activity, the rostral
ventrolateral medullary vasomotor neurons with fast
conduction velocity adopt a very regular pacemaker-
like discharge that can be reset by antidromic acti-
vation (Sun et al., 1988a). Cells with identical char-
acteristics with respect to location, action potential
configuration, and rate and pattern of discharge can
be recorded in vitro in a vascularly perfused medulla
oblongata or in tissue slices (Sun et al., 1988a). In-
tracellular recordings from these characteristic cells
(rate: 22 spikes/sec at 37°C) in tissue slices reveal the
presence of typical pacemaker potentials and a com-
plete absence of detectable EPSPs even when the
neurons are hyperpolarized to increase the driving
force of hypothetical EPSPs (Sun et al., 1988b, Fig-
ure 9-4). These cells have been labeled with intracel-
lular injections of the fluorescent dye lucifer yellow
and the tissue subsequently processed for the im-
munocytochemical detection of either phenylethan-
olamine N-methyltransferase (PNMT), the enzyme
marker for C1 adrenergic cells, or tyrosine hydrox-
ylase, an enzyme marker for all catecholaminergic
cells. This procedure has revealed that the pace-
maker neurons of the rostral ventrolateral medulla
are not C1 adrenergic cells (Sun et al., 1988b).
Many neurons display rhythmic pacemaker activ-
ity only in the presence of a neuromodulator such as
a neuropeptide or a catecholamine. The effect is
probably mediated by receptors coupled to one of

IN VITRO

Rhodamine
Microbeads\

IN VIVO

several G proteins, which modulate ion channels
either directly or via a second messenger system
(e.g., cyclic AMP). Receptor activation usually re-
sults in long-lasting conductance changes that may
not be associated with clear EPSPs or inhibitory
postsynaptic potentials (IPSPs), or in the alteration
of an ionic channel involved in generating the pace-
maker potential. Cells that display a rhythmic dis-
charge only in the presence of a modulator could be
called “conditional” pacemaker neurons. This is the
case of many dorsal raphe cells in vitro (Aghajanian,
1985). It has not yet been possible to determine if the
rostral medullary pacemaker neurons are true or
“conditional” pacemaker cells.

Intracellular staining of electrophysiologically
identified pacemaker neurons was used to establish
that these neurons belong to a class of nonadrenergic
spinally projecting cells of the rostral medulla (Sun
et al., 1988b; see Figure 9-5). This subgroup repre-
sents a maximum of 50% of the reticulospinal neu-
rons of the rostral ventrolateral reticular nucleus
(Tucker et al., 1987). It is probable that the pace-
maker neurons belong to the subgroup of fast-con-
ducting, clonidine-insensitive vasomotor neurons of
the rostral ventrolateral reticular nucleus (Sun et al.,
1988a).

Nonbursting neurons with similar intrinsic pace-
maker properties are not unique to the vasomotor
system. Other mammalian neurons such as the nor-
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Figure 9-5 Rostral ventrolateral medullary pacemaker neurons project to the cord. Rhodamine-tagged microbeads were
injected in the dorsolateral portion of the lateral funiculus of rats (third thoracic segment) | week before the electrophysi-
ological experiments that were carried out in tissue slices of the medulla oblongata. These beads are taken up by terminals
and damaged axons in the spinal cord and are retrogradely transported to the cell bodies located in the rostral ventrolateral
medulla. In vitro intracellular recordings were made from these neurons. The fluorescent dye lucifer yellow was injected
into neurons identified to have intrinsic pacemaker properties. At the end of the experiment, tissue sections were examined
with a fluorescence microscope using two different excitation wavelengths and filters appropriate for observing rhodamine
beads or lucifer yellow. Most lucifer yellow-stained pacemaker neurons contained fluorescent red beads, thus demonstrating

that they were reticulospinal cells.
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adrenergic locus coeruleus cells (Williams et al.,
1984) and the serotonergic neurons of the raphe dor-
salis (Vandermaelen and Aghajanian, 1983) exhibit
similar properties.

Intracellular labeling of the rostral ventrolateral
medullary pacemaker neurons with horseradish per-
oxidase or lucifer yellow reveals smooth dendrites
with a 600- to 800-zm span in the coronal plane and
limited rostrocaudal expansion (=250 pm, Figure 9-
6). The dendrites of these cells radiate in all direc-
tions but are confined within the limits of the rostral
ventrolateral medulla as defined in this chapter.
Some of the dendrites reach the ventral surface of
the medulla oblongata and may belong to the cells
responsible for the cardiovascular responses in ex-
periments in which drugs are applied to the ventral
medullary surface.

The transmitter released in the intermediolateral
cell column by the pacemaker reticulospinal neu-
rons is unknown, although there is pharmacological

CENTRAL REGULATION OF AUTONOMIC FUNCTIONS

evidence to suggest that glutamate, or a closely re-
lated amino acid or small peptide, may be involved.
First, intrathecal injections of kynurenic acid in the
subarachnoid space of the thoracic spinal cord
blocks the sympathetic outflow and the sympathoex-
citation produced by electrical stimulation of the
rostral ventrolateral nucleus. This is supportive but
not definitive evidence, since it has yet to be proven
that the pacemaker neurons make monosynaptic
connections with sympathetic preganglionic neu-
rons and the selectivity and the site of action of kyn-
urenic acid cannot be fully ascertained by this mode
of administration. Second, in most sympathetic pre-
ganglionic neurons recorded in tissue slices, Nishi et
al. (1987) found that focal electrical stimulation pro-
duced fast EPSPs that were reversibly depressed by
D-glutamylglycine—a glutamate antagonist with a
slight preference for blocking kainate/quisqualate re-
ceptors (see Stone and Burton, 1988 for further dis-
cussion of excitatory amino acid receptors). More-
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Figure 9-6 Morphology of pacemaker neuron
in the rostral ventrolateral medulla. Top: An
intracellularly labeled pacemaker neuron is
shown in relationship to C1 neurons repre-
sented as dots. Recordings were made in vitro
and the staining done by intracellular injection
of lucifer yellow. This particular neuron (as
shown in higher magnification on the left) ex-
hibits features typical for this cell group, viz.
three or four major dendrites that divide a
maximum of three times, a limited dendrite
span spreading 500-700 pm mediolaterally
and 120-200 um rostrocaudally, and an axon
devoid of local collaterals (n = 14). Pace-
maker neurons, like many reticular cells, have
dendrites that spread out in a plane perpendic-
ular to the long axis of the brain (unpublished
data from Sun and Guyenet). Bottom: Nine
intracellularly labeled pacemaker neurons are
superimposed on a standardized section to
show overall dendritic spread. Axons are in-
dicated by dotted lines.
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over, the conductance changes associated with these
EPSPs are precisely reproduced by the application of
glutamate but not aspartate or N-methyl p-aspartate
(Nishi et al., 1987). A major problem in these studies
is the inability to ascertain if the recordings were
made from vasomotor sympathetic preganglionic
neurons. Moreover, focal stimulation may also ac-
tivate spinal interneurons. Thus, the identification
of the neurotransmitter released by the pacemaker
cells of the rostral ventrolateral medulla may have to
await the use of an in vitro brain stem-spinal cord
preparation. Under these conditions, the postsyn-
aptic effect envoked in preganglionic neurons by
stimulating the ventrolateral medulla could be stud-
ied with appropriate intracellular techniques. An-
other clue may result from by the use of immuno-
cytochemical approaches designed to detect the
presence in the pacemaker neurons, or their pro-
cesses, of glutamate or of an enzyme involved in the
synthesis of this amino acid. These techniques (see
Wenthold et al., 1986 for additional references) rely
on the premise, which has been verified in only a few
cases, that neurons that seem on electrophysiological
grounds to use glutamate as a neurotransmitter may
have higher cytoplasmic levels of this amino acid
and also contain high levels of the appropriate bio-
synthetic enzymes.

Other Ventral Medullary Reticulospinal
Neurons with Putative Vasomotor Function

The C1 Adrenergic Group

At least 50% of the neurons of the rostral ventrolat-
eral medulla that project to the intermediolateral cell
column contain immunoreactive phenylethanolam-
ine N-methyltransferase (PNMT) (C1 cells, Figure 9-
.

Some of the PNMT neurons appear to belong to
the subgroup of neurons that receives baroreceptor
information, have axonal conduction velocities
below 0.8 m/second (Sun and Guyenet, 1986b),
have predominantly fine unmyelinated axons that
project to the spinal cord (Milner et al., 1987), and
terminate on sympathetic preganglionic neurons
(Milner et al., 1988). Whether these cells are respon-
sible for maintaining vasomotor tone is still unde-
termined. C1 neurons also project massively (=
85%) to rostral structures via the central tegmental
tract (Sun and Guyenet, 1986b; Tucker et al., 1987).
Since at least the same proportion project to the spi-
nal cord, whatever information is conveyed by these
cells to sympathetic preganglionic neurons also
reaches other CNS sites as well.

A discussion of the putative actions of the C1 neu-
rons on sympathetic preganglionic neurons is
fraught with uncertainties. Apart from not knowing

Pacemakers

Figure 9-7 Location of reticulospinal neurons with projec-
tions to the intermediolateral cell column. The distribution
of the nonmonoaminergic pacemaker cells is based on in
vitro electrophysiological data and may therefore be artifi-
cially restricted. The location of the other cell group is
based on immunocytochemical data. PMNT, phenylethan-
olamine N-methyltransferase; 5-HT, serotonin; SP, sub-
stance P; TRH, thyrotropin-releasing hormone.

the full axonal trajectory of these cells, there is no
good understanding of the putative neurotransmit-
ters used by these neurons. Basic facts such as
whether these neurons actually release adrenaline
have not been resolved. This issue needs to be con-
sidered in light of the report by Sved et al., (1988)
who failed to show the presence of adrenaline in the
spinal cord of the adult rat. Whether this failure is
the result of a technical problem or represents an ac-
curate negative finding needs further exploration. In
addition, Connor and Drew (1987) reported that in-
hibition of phenylethanolamine N-methyltransfer-
ase did not modify tachycardic or pressor responses
elicited by rostral ventrolateral medulla stimulation.
Similarly, intrathecal administration of «- or 8-adre-
noreceptor antagonists did not affect tachycardia in-
duced by stimulation of the rostral ventrolateral me-
dulla. These investigators suggested that this
pathway does not use adrenaline. Since some of the
C1 cells stain with antibodies to PNMT and other
putative neurotransmitters such as substance P and
neuropeptide Y, the possibility remains that these
cells contain multiple neurotransmitters. Although
the presence of substance P-like immunoreactivity
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has been detected by some Cl neurons (Lorenz et
al., 1985), definitive proof that these cells are capable
of synthesizing this peptide will depend on the future
demonstration of preprotachykinin mRNA in these
cells by in situ hybridization histochemistry. The
same comment applies to the finding that these cells
contain neuropeptide Y. Thus, further studies will
be needed for a more rigorous analysis of the puta-
tive transmitter(s) used by these C1 cells.

Investigators of the effects of catecholamines on
sympathetic preganglionic neurons have produced
conflicting findings. Iontophoretic studies in intact
animals have shown that noradrenaline and adren-
aline inhibit sympathetic preganglionic neurons
(Coote, 1985), and in vitro studies suggest that nor-
adrenaline can produce both excitatory and inhibi-
tory effects (Yoshimura et al., 1987). Excitatory ef-
fects are mediated by a «,-receptors and inhibitory
ones by a a,-receptors, the latter being probably
linked to potassium channels as in other systems (for
a review see Nishi et al., 1987). Since the interme-
diolateral cell column receives both a noradrenergic
and an adrenergic input, the physiologically relevant
endogenous agonist of each class of a-receptor re-
mains unknown.

In summary, the C1 neurons probably represent a
group of vasomotor reticulospinal neurons. These
cells may contain multiple putative neurotransmit-
ters. The reasons for this coexistence remain elusive.
It is quite possible that these neurons are function-
ally heterogeneous and that they either excite or in-
hibit specific subsets of sympathetic preganglionic
neurons depending on the type of receptors ex-
pressed by the latter (e.g., aj-adrenergic, ay,-adrener-
gic, substance P, neuropeptide Y). The answers to
these questions will have to await a better knowledge
of the neurochemical properties of these cells and a
clearer understanding of the significance of co-
transmission.

Ventromedial Medulla and Caudal
Raphe Nuclei

The intermediolateral cell column is innervated by
various types of neurons that lie in the ventromedial
medulla (nucleus interfascicularis hypoglossi) and
the caudal raphe nuclei (raphe pallidus and raphe
obscurus) (Loewy and McKellar, 1981). These pro-
jections originate from neurons that contain immu-
noreactive serotonin, substance P, thyrotropin-re-
leasing hormone, and probably other neuropeptides
(Charlton and Helke, 1987; Helke et al.,, 1986;
Hirsch and Helke, 1988). Many of these cells appear
to contain multiple transmitters such as substance P,
thyrotropin-releasing hormone, and serotonin (see
Helke et al., 1986, for review).

The idea that serotonin is a neurotransmitter in
the intermediolateral cell column is supported by
three lines of evidence:

1. The projection from the caudal medullary raphe
nuclei and neighboring serotonergic neurons of
the ventromedial medulla (which has been called
the nucleus interfascicularis hypoglossi) is largely
eliminated by the serotonin-selective toxin 5,7-
dihydroxytryptamine (Loewy and McKellar,
1981).

2. Serotonin excites sympathetic preganglionic neu-
rons via methysergide-sensitive receptors (the
same are found on somatic motor neurons, see
references in McCall, 1984).

3. Stimulation of the nuclei raphe pallidus or obscu-
rus in cat can increase the sympathetic outflow
and when a sympathoexcitatory response is pro-
duced, it can be blocked by systemic administra-
tions of the serotonergic antagonist methysergide
(McCall, 1984).

However, the following issues are still unresolved:

1. Do serotonergic fibers make monosynaptic con-
tacts with sympathetic preganglionic neurons?

2. Do individual raphe neurons project to specific
spinal nuclei such as the dorsal horn, intermedio-
lateral cell column, or ventral horn and do they
innervate multiple spinal cord nuclei?

3. Are the vasomotor effects produced by stimulat-
ing the raphe nuclei due to the spinal projections
or to other CNS projections of these neurons
such as the nucleus tractus solitarius?

4. What are the sources and functional role of the
synaptic input that impinge on raphe neurons?

5. What is the physiological role of the vasomotor
effects produced by stimulation of the cells of the
raphe nuclei?

A discussion of the role of midline raphe seroto-
nergic neurons in cardiovascular regulation cannot
ignore the characteristics of the other raphe nuclei,
especially the data on the dorsal raphe serotonergic
neurons whose neural activity depends on the state
of vigilance (for review see Fornal and Jacobs, 1987).
Dorsal raphe neurons are silent during rapid eye
movement (REM) sleep, exhibit a low level of dis-
charge during slow wave sleep, and are most active
in the awake state. In fact, this may be a general
characteristic of raphe serotonergic neurons. There-
fore, the cardiovascular functions ascribed to the
medullary raphe nuclei on sympathetic networks
may represent only a small aspect of a more general
role of raphe serotonergic neurons in modulating
CNS neuronal activity in relation to the states of vig-
ilance. Since most of the studies have been per-
formed under anesthesia, it is not possible to deter-
mine whether these cells could change autonomic
functions in a differential way related to the sleep-
wake cycle. Since the ongoing activity of medullary
raphe serotonergic neurons appears to contribute to
the vasomotor tone, it is legitimate to hypothesize
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that their inactivity during REM sleep could con-
tribute to the reduction (or lability) in arterial pres-
sure observed during this behavorial state (Futuro-
Neto and Coote, 1982).

Immunoreactive thyrotropin-releasing hormone
(TRH) is contained in raphe and reticulospinal neu-
rons that project to the intermediolateral cell col-
umn. TRH-immunoreactive cells in the caudal ven-
tral medulla of the rat are confined to raphe pallidus,
raphe obscurus, raphe magnus, and the ventral me-
dulla just lateral to the pyramidal tract (nucleus in-
terfascicularis hypoglossi) (Figure 9-7) (Helke et al.,
1986). TRH neurons are concentrated in the same
areas that contain a large number of serotonin neu-
rons. However, none of these neurons is present
where either the pacemaker vasomotor neurons or
the majority of the C1 cells are located. They are
concentrated in areas more medial. TRH-like im-
munoreactivity is found in high concentrations in fi-
bers within the intermediolateral cell column and
other related autonomic areas of the spinal cord. It
is also present in lower concentration in the ventral
horn. Since the TRH content of the intermediolat-
eral cell column is reduced substantially by intraven-
tricular injections of the serotonergic neurotoxin
5,7-dihydroxytryptamine, it is likely that some of
these neurons contain both serotonin and TRH
(Helke et al., 1986). Three observations support the
idea that the TRH neurons are likely to be involved
in vasomotor control. First, TRH-binding sites are
present in the intermediolateral cell column. Sec-
ond, TRH causes excitation of sympathetic pregan-
glionic neurons when applied by iontophoresis.
Third, intrathecal administration of a TRH analog,
MK-711, causes an increase in blood pressure that
could play a role in vasomotor control (Helke et al.,
1986; Helke and Phillips, 1988). Whether the site of
action of MK-711 was the intermediolateral cell col-
umn remains unknown.

The same rostral medullary areas (nuclei raphe
pallidus and obscurus, nucleus interfascicularis hy-
poglossi) also contain substance P-immunoreactive
cells. Some of these neurons contain all three puta-
tive transmitters (Johansson et al., 1981). The pos-
sible role of substance P in vasomotor control has
been already examined in the previous section. It is
clear that the exact origin of the substance P input
to the intermediolateral cell column will have to be
clarified before any meaningful conclusion on the
role of this peptide can be reached.

A5 Noradrenergic Neurons

The A5 cell group lies in the rostral-most portion of
the ventrolateral medulla just lateral and dorsal to
the superior olivary nucleus. The area in which A5
cells are scattered receives inputs from paraventric-
ular hypothalamic nucleus, perifornical hypotha-
lamic area, zona incerta, parabrachial nucleus, nu-

cleus tractus solitarius, raphe obscurus, and caudal
ventrolateral medulla (Byrum and Guyenet, 1987).
A5 neurons project to multiple sites in the CNS in-
volved with cardiovascular function including the
nucleus tractus solitarius, dorsal vagal nucleus, para-
brachial nucleus, lateral hypothalamic area, para-
ventricular thalamic nucleus, central gray matter,
and central nucleus of the amygdala (Byrum and
Guyenet, 1987). In addition, this cell group provides
a dense input to the intermediolateral cell column
(Loewy et al., 1979).

L-Glutamate stimulation of the A5 area in anes-
thetized rats produces a decrease in arterial pressure
associated with a redistribution of blood flow. The
arterial bed supplying the limb skeletal muscle di-
lates while the arterial system supplying the gastro-
intestinal tract constricts (Stanek et al., 1984).
Whether this involves a direct sympathetic effect or
also occurs with concomitant release of adrenal cat-
echolamines has not been explored. The blood pres-
sure effect can be eliminated by combined 6-hy-
droxydopamine lesions of noradrenergic terminals
both in the spinal cord and in the dorsal medulla
(Loewy et al., 1986). Although these suggest that sin-
gle A5 noradrenergic neurons infuence multiple
CNS vasomotor centers, a complete understanding
of the anatomy of the A5 neurons is still lacking.

Destruction of A5 cell bodies by local microinjec-
tions of 6-hydroxydopamine causes no detectable al-
teration in resting arterial pressure in freely behaving
rats. It does, however, induce modest changes in the
vagal and sympathetic baroreflex control of heart
rate (Stornetta et al., 1986).

Spinally projecting A5 neurons in the rat have
conduction velocities of about 2.5 m/second and
discharge at a mean rate of 4 spikes/second (Byrum
et al., 1984). These cells show an inverse relationship
to changes in peripheral blood pressure (Andrade
and Aghajanian, 1982; Guyenet, 1984). Presumably,
this is mediated via projections from the nucleus
tractus solitarius to the A5 cell group.

Andrade and Aghajanian (1982) studied the ef-
fects of microiontophoresis of various «-adrenocep-
tor agonists on AS neurons and found that they in-
hibited the neurons in a manner characteristic for
the presence of an a,-receptor. Surprisingly, little
else is known about the functional and pharmaco-
logical characteristics of these cells.

In summary, it is still difficult to clearly assess the
functions of A5 noradrenergic neurons. One possi-
bility is that A5 neurons are to the ‘“visceral brain”
what the locus coeruleus is to the brain areas in-
volved in somatosensory processing, that is, a wide-
spread modulatory system with an activity linked to
the process of behavioral arousal and the state of vig-
ilance in general (for review see Jacobs, 1986). The
redistribution of blood to muscle may be a small as-
pect of the function of A5 noradrenergic neurons.
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Indeed, there is no evidence that A5 cells are specif- effect is thought to be GABA because inotophoreti-
ically innervating neurons with a role in cardiovas- cally applied bicuculline blocks the inhibition of sin-
cular function and ignore cells that process other gle vasomotor neurons induced by baroreceptor ac-
types of autonomic information within the same tivation (Sun and Guyenet, 1985, Figure 9-8).

general brain areas. However, the location of the GABA-releasing neu-
rons that inhibit the vasomotor neurons is still un-
Role of the Rostral Ventrolateral Medulla in known. Two ideas have emerged: one suggests that

the cell bodies lie in the caudal aspect of the ventro-
lateral medulla (see next section) and the other sug-
This section will focus on the reflex control of the gests that these inhibitory neurons reside in the nu-
rostral medullary vasomotor neurons (i.e., exclusive cleus tractus solitarius.

of A5 noradrenergic cells). It should be recalled that A larger and still unanswered question is whether
one operational criterion used for the identification the baroreflex inhibition of the sympathetic dis-
of vasomotor neurons in the rostral ventrolateral charge is simply due to a reduction of excitatory
medulla is that they are inhibited by baroreceptor drive to spinal preganglionic neurons (disfacilita-
activation. The transmitter mediating this inhibitory tion) or involves the activation of reticulospinal in-
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Figure 9-8 Baroreflex inhibition of rostral ventrolateral vasomotor neurons is mediated by GABA. (A) Neural activity of
a single vasomotor neuron was recorded with a multibarrelled electrode allowing the iontophoretic ejection of glycine,
GABA, and/or bicuculline (GABA receptor antagonist) within 40 um of the cell. lontophoretic currents for glycine and
GABA were selected to produce the same degree of neuronal inhibition. The discharge rate of the cell is presented as an
integrated rate histogram with a bin size of 1 second. Raising arterial pressure (at arrows) inhibits cellular discharges in the
absence (control period of left, recovery from drug on right) but not in the presence (center panel) of bicuculline. The
selectivity of the GABA-receptor antagonist is demonstrated by its effectiveness in blocking neuronal inhibition mediated
by GABA and its inability to modify the effect of glycine (A and B). The success of this experiment is probably due to the
limited dendritic span of rostral ventrolateral reticular neurons in rats (Figure 9-7), which allows effective bicuculline con-
centrations to reach most GABAergic synapses on a given cell despite point-source delivery of the drug. [From Sun and
Guyenet (1985) with permission from the American Journal of Physiology.]
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hibitory inputs to these cells as well. The evidence
available at present suggests that the withdrawal of
the excitatory drive contributed by rostral medullary
vasomotor neurons is the predominant factor, at
least under specific anesthetic conditions, since the
baroreflex inhibition of the sympathetic outflow and
its pulse-synchrony can be totally abolished by mi-
croinjections of the GABA receptor antagonist bi-
cuculline restricted to the rostral ventrolateral me-
dulla (Sun and Guyenet, 1987). However, this issue
will be resolved only by intracellular recordings of
sympathetic preganglionic neurons during barore-
flex activation.

High-frequency, low-intensity electrical stimula-
tion of the central end of the vagus nerve with short-
duration pulses activates myelinated fibers and pro-
duces sympathoexcitation, while low-frequency,
high-intensity stimulation with longer pulses acti-
vates predominantly unmyelinated fibers and results
in sympathoinhibition and hypotension. These fi-
bers convey afferent information from both cardio-
pulmonary and gastrointestinal receptors. In the rat,
both effects appear to be mediated in large part by
changes in the activity of rostral ventrolateral med-
ullary vasomotor neurons. These cells are uniformly
excited by high-frequency stimulation of the vagus
nerve and inhibited by low-frequency stimulation
(Sun and Guyenet, 1987). Moreover, the vagally me-
diated excitation of the lumbar sympathetic outflow
can be selectively blocked by microinjection of kyn-
urenic acid in the region of the rostral ventrolateral
medulla while the vagally mediated sympathoinhi-
bition can be blocked by microinjection of a GABA
receptor antagonist in the same site (Sun and Guy-
enet, 1987). This sort of evidence indicates that the
rostral ventrolateral medullary vasomotor neurons
represent a crucial site of convergence and integra-
tion for a variety of vagally driven inputs from the
nucleus tractus solitarius that affect the vasomotor
sympathetic outflow. The precise nature of the vagal
afferent inputs that leads to inhibition or excitation
of the vasomotor neurons has not yet been deter-
mined. Those responsible for the excitation of these
cells could represent visceral nociceptive afferents,
chemoreceptors, or medullated low-threshold pul-
monary afferents (Bachoo and Polosa, 1986).

Cardiovascular changes can also be caused by ac-
tivation of a variety of somatosensory afferents.
These reflexive changes appear to be mediated in
part by reticulospinal neurons of the rostral ventro-
lateral medulla (Morrison and Reis, 1988; Stornetta
et al., 1989).

The reticulospinal vasomotor neurons of the ros-
tral ventrolateral medulla of both rat and cat also
supply some of the respiratory-related drive to sym-
pathetic preganglionic cells (McAllen, 1987; Hasel-
ton and Guyenet, unpublished results). This view re-

lies on the observation that in vagotomized
debuffered animals with pneumothorax, both sym-
pathetic preganglionic (e.g., Gilbey et al., 1986) and
rostral medullary vasomotor neurons (McAllen,
1987) display one of three basic activity patterns: (1)
inspiratory excitation, (2) inspiratory depression, or
(3) no respiratory modulation. However, these ob-
servations are still insufficient to conclude that the
respiratory-related drive to sympathetic pregangli-
onic neurons originates entirely from these reticu-
lospinal neurons. An overview of the mechanisms
responsible for integrating the vasomotor and respi-
ratory outflows is presented elsewhere in this volume
(see Chapter 11).

Caudal Periambigual Area and Lateral
Tegmental Field

Electrolytic lesions of an area of the caudal ventro-
lateral medulla more or less centered on the Al
group of noradrenergic cell group result in increases
in arterial pressure (Blessing et al., 1981). In con-
trast, microinjections of L-glutamate in this area
cause depressor effects resulting in large part from
sympathoinhibition and perhaps also from direct ac-
tivation of cardiac vagal motoneurons located
nearby in the nucleus ambiguus (Willette et al.,
1983). Microinjections of the inhibitory GABA ag-
onist muscimol at this site causes pressor and sym-
pathoexcitatory effects (Willette et al., 1983). As is
the case in all experimental studies based on drug
microinjections into the brain parenchyma, the
exact location of the neurons responsible for the ob-
served effect remains imprecise and on the basis of
additional data it seems probable that the A1 nor-
adrenergic cells are slightly or not involved, contrary
to initial beliefs.

A clue to the potential significance of the caudal
periambigual area was provided by Sapru and col-
laborators who demonstrated that sympathetic baro-
reflexes as well as the depressor effect caused by ac-
tivation of pulmonary J receptors could be blocked
by injecting the GABA-mimetic agent muscimol
into this area (Willette et al., 1983). Since this agent
silences neurons without interfering with passing ax-
onal traffic, these investigators proposed that this
area, which they termed the ventrolateral depressor
area, contains inhibitory interneurons relaying baro-
receptor and pulmonary afferent information to the
rostral ventrolateral vasomotor neurons. Direct evi-
dence that rostral ventrolateral medullary vasomo-
tor neurons receive an inhibitory input from the
caudal ventrolateral medulla is still lacking, how-
ever. Injections of D-2-amino-5-phosphonovaleric
acid—an N-methyl-D-aspartate receptor antago-
nist—into this area also block the baroreceptor re-
flex (Gordon, 1987). Similarly, both sympathetic



