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Abstract

Control of tonic firing of sympathetic nerves by the rostral ventrolateral medulla
(RVLM) and the pontine reticular formation (PRF) was investigated. Electrical activity
of renal, splenic, mesenteric and preganglionic greater splanchnic nerves and T,; white
rami was recorded in artificially respired, urethane-anaesthetized rats. Glycine
(1.0M;180nl) was microinjected into the RVLM to inhibit neuronal discharge and effects
on these nerves were compared. To study descending inhibitory influences on ‘" ~se
nerves, effects of RVLM blockade were compared to effects of cervical spinal cord
transection. RVLM blockade caused greater decreases in discharge of renal (-44 +3%)
than splenic (-31 *2%) nerves, had no effect on mesenteric nerves and decreased
discharge of T,, white rami (-34 +8%) more than that of splanchnic nerves (-18 +4%).
RVLM blockade and cord transection caused similar decreases in splanchnic (-34 +5%
and -32 *5%) and splenic (-45 +6% and -48 +7%) nerve firing. However, RVLM
blockade caused greater decreases than cord transection in discharge of renal nerves (-53
+5% vs. -27 +2%) and T,; white rami (-34 *8% vs. +12 +28%). These findings
demonstrate that neurons controlling the kidney depend more on excitation from the
RVLM than do those controlling the spleen and intestine and that renal neurons may also
receive tonic descending inhibition.

Next, glycine (1.0M;65nl) was injected into the PRF to locate regions providing tonic
control of arterial pressure, heart rate and activity of renmal and splenic nerves in
artificially respired, Saffan-anaesthetized rats. PRF blockade caused large, short-lasting

decreases in arterial pressure and equal decreases in renal (-47 £4%) and splenic (-45

iii



*4%) nerve activity. PRF blockade also inhibited ongoing firing of 10 RVLM
cardiovascular neurons, so characterized because their discharge was inhibited by
baroreceptor activation and was synchronized to the cardiac cycle. These findings
indicate that PRF neurons contribute to resting control of vasomotor discharge and
provide tonic excitation to RVLM cardiovascular neurons. Finally, the anterograde tracer
Phaseolus vulgaris leucoagglutinin (PHA-L) was iontophoresed into PRF sites in which
glycine injections caused cardiovascular responses. PHA-L-labelled axons and terminals
were identified primarily within the medullary reticular formation and RVLM. Therefore,
PRF neurons could influence tonic sympathetic outflow by synaptic connections in ¢ither
of these regions. The generation of sympathetic nerve activity probably includes an

interaction between the PRF and RVLM.
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Introduction

An essential feature of the sympathetic nervous system is the presence of "a
continuous flow cf impulses” from the central neurons of this system to peripheral
neurons and finally to effector tissues (Polosa, Mannard & Laskey, 1979). This "tonic"
or "background" activity can be recorded as action potential discharge in sympathetic
neurons and their axons (Adrian, Bronk & Phillips, 1932; Mirgorodsky & Skok, 1969;
Coote & Westbury, 1979) and is cri-ical for homeostasis including maintenance of arterial
blood pressure within the normal range. The fall in total peripheral resistance following
ganglionic blockade clearly demonstrates the importance of tonic sympathetic nerve
activity in maintaining vascular smooth muscle tone (Iriuchijima & Sakata, 1985). Tonic
activity in sympathetic neurons also contributes to the precise regulation of vasomotor
tone because the discharge rate in sympathetic nerves can be either increased or decreased
and because by "priming" effector cells, neurogenic tone increases the rate of
responsiveness of vascular smooth muscle to changes in sympathetic input (Polosa et al.,
1979). Supraspinal neurons appear to have an important role in generating sympathetic
nerve activity since transection of the neuraxis near the medullospinal junction causes an
immediate and profound fall in arterial pressure and sympathetic activity to some vascular
beds (Alexander, 1946; Ardell, Barman & Gebber, 1982). Although the genesis of tonic
sympathetic nerve activity has fascinated researchers since its discovery (Bernard (1851)
and Brown-Séquard (1852), as cited in: Gebber, 1990), the mechanism and location of its
origin remains a question that is hotly debated but still unanswered today.

Contrary to Cannon’s (1929) description of generalized sympathetic activation, the
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distribution of tonic activity is not uniform to sympathetic nerves innervating different
organs. For example, in conscious rats, administration of a ganglionic blocking drug
causes substantial decreases in resistance of renal and carotid vascular beds but not in
superior mesenteric and hindquarter vascular beds (Iriuchijima & Sakata, 1985). These
different changes of vascular resistances following ganglionic blockade probably reflect
differences in the magnitude of sympathetic vasoconstrictor tone. Differential control of
sympathetic nerve activity may be mediated through specific brainstem nuclei. Spinal
cord transection in cats and rats reduces efferent activity in some but not all sympathetic
nerves. Discharge of postganglionic renal, gastric, hepatic, adrenal and lumbar chain
sympathetic nerves is substantially decreased in spinal cats while firing of splenic,
mesenteric and greater splanchnic nerves is maintained (Meckler & Weaver, 1985; Qu,
Sherebrin & Weaver, 1988). After cervical spinal cord transection in rats, lumbar
sympathetic nerve activity is reduced significantly but discharge of renal and splenogastric
nerves is increased (Taylor & Schramm, 1987; 1988). In addition, although two different
sympathetic nerves (i.e. renal and inferior cardiac) recorded simultaneously show a 2- to
6-Hz activity pattern, the predominant 2- to 6-Hz frequency component in the basal
discharge of one sympathetic nerve is different from that in a second nerve (Barman,
Gebber & Calaresu, 1984). Since the 2- to 6-Hz activity originates in the brainstem
(Gebber, 1990), separate networks of brainstem neurons may control tonic activity in
different sympathetic nerves. In fact, some brainstem neurons have been shown to be
differentially correlated to different postganglionic nerves (Barman et al., 1984).

Identifying the cell groups in the brainstem that are invoived in regulation of the
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sympathetic nervous system has been approached using several different methods.
Retrograde and anterograde tracing substances have located those brainstem neurons that
project directly to the thoracolumbar intermediolateral cell column (IML) of the spinal
cord, a region which contains most of the sympathetic preganglionic neurons (Cabot,
1990). More recently, neurotropic viruses such as herpes simplex type | and herpes virus
suis (pseudorabies) have been used as transynaptic markers of central autonomic pathways
from specific target tissues (Strack, Sawyer Platt & Loewy, 1989a; Strack, Sawyer,
Hughes, Platt & Loewy, 1989b; Schramm, Strack, Platt & Loewy, 1991; Dehal, Dekaban,
Krassioukov, Picard & Weaver, 1992; Li, Ding, Wesselingh & Blessing, 1992a). These
anatomical techniques are often combined with immunocytochemical staining for
neurotransmitters, peptides and their synthesizing enzymes. Tract-tracing studies have not
identified vasomotor neurons antecedent to those that project to the IML and also do not
provide information about the functional role of these cell groups.

Microinjection of excitatory amino acids into specific regions of the brainstem has
provided information about the functional role of these cell groups in controlling
vasomotor activity (Goodchild, Dampney & Bandler, 1982). However, since silent
neurons as well as those that are tonically active are excited, groups of neurons involved
in generation of tonic sympathetic discharge must be identified by methods that eliminate
their ongoing discharge. Brainstem areas can be destroyed by electrolytic lesions but
sympathetic effects of these lesions could result from the destruction of axons of neurons
remote from the vicinity of the lesion. Microinjection of inhibitory chemicals such as

glycine or gama-aminobutyric acid (GABA) inhibits the ongoing activity of neuronal cell
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bodies and dendrites without affecting axons of passage and is one technique for studying
the tonic effects of a group of neurons on sympathetic nerve activity.

Single-unit extracellular recording experiments have attempted to identify medullary
neurons that are part of sympathetic networks. Neurons that respond to activation of
baroreceptor afferent nerves may be involved in cardiovascular regulation. However,
without other identifying criteria this approach has marginal significance because many
neurons which control non-autonomic functions may also respond to baroreceptor
activation (Barman & Gebber, 1981). In addition to responding to activation of
baroreceptors, the same neurons should aiso have a naturally occurring discharge that is
correlated to the cardiac cycle because baroreceptor afferent nerves impart vasomotor
neurons with a strongly pulse-synchronous pattern of discharge (Brown & Guyenet, 1985;
Barman & Gebber, 1985). Finally, medullary neurons may be tested for discharge that
correlates with sympathetic nerve discharge (Barman & Gebber, 1988). This technique
assumes that central neurons with tonic activity correlated with the 2- to 6-Hz slow wave
of sympathetic discharge contribute to the generation of sympathetic outflow. The
disadvantage of this method used alone is that neurons that are not involved in vasomotor
control but that share common inputs with central sympathetic networks are also
identified. Neurons with all three properties are likely to be part of central networks
controlling sympathetic activity, although this conservative approach probably excludes
many vasomotor neurons.

The present studies have used microinjection, single-unit extracellular recording and

neuroanatomical tract-tracing methods to provide information about brainstem neurons
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that are important in tonic cardiovascular and sympathetic regulation. An emphasis has
been placed upon the presence of selective sympathetic influences on individual visceral

organs such as the kidney, spleen and intestine.



Chapter 1: Selective control of sympathetic pathways to the kidney, spleen and
intestine by the ventrolateral medulla in rats.

Journal of Physiology (London) 428: 371-385, 1990.

1.1 Introduction
1.1.1 Search for a cardiovascular centre

The most important neural factor in determining resting levels of arterial blood
pressure is the ongoing discharge of spinal vasoconstrictor neurons. The search for the
group or groups of supraspinal neurons responsible for generating this basal sympathetic
activity has continued for more than 100 years. Early experiments by Dittmar (1870) and
Owsjannikow (1871) demonstrated that the medulla and the pons are essential for
maintaining resting levels of arterial blood pressure since transection of the brainstem
caudal to the inferior colliculus had no effect on blood pressure but subsequent caudal
transections produced increasingly larger decreases in arterial pressure (as cited in:
Gebber, 1984). Alexander (1946) later demonstrated that transection of the neuraxis at
the level of the obex caused reductions in arterial pressure comparable to those seen
following cervical spinal cord transection. The fall in arterial pressure was accompanied
by the cessation of inferior cardiac sympathetic nerve activity. These studies indicated
that the crucial centres for neurogenic support of blood pressure were located somewhere
in the medulla. Later, it was suggested that the critical neurons responsible for generating
vasomotor tone were not concentrated within a single brainstem area but rather were

dispersed along the neuraxis (Hilton, 1975; Hilton & Spyer, 1980). This conclusion was
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based on evidence that electrical stimulation of several supramedullary regions produced
increases in arterial pressure and differential changes in regional blood flows (Hilton,
1979).
1.1.2 The rostral ventrolateral medulla

This view has been overshadowed by evidence supporting the concept that a specific
group of neurons ia the rostral portion of the ventrolateral medulla (RVLM) is the most
critical site for cardiovascular control and for generation of tonic excitatory drive to
sympathetic vasomotor neurons. Attention was initially focused on the RVLM as a
source of vasomotor tone when a "glycine-sensitive area" was localized on the ventral
surface of the medulla by Feldberg and Guertzenstein (1972; 1976), Guertzenstein (1973)
and Guertzenstein and Silver (1974). Bilateral electrolytic lesions or topical application
of pentobarbital or the inhibitory amino acid glycine to this region caused decreases in
arterial pressure simil_: to those observed after spinal cord transection.. These studies
provided the first evidence that the ongoing activity of neurons in the ventrolateral
medulla is important for the support of resting arterial pressure.

1.1.3 Characteristics of RVLM neurons that control tonic sympathetic nerve activity

The role of the RVLM in tonic sympathetic control has since been studied extensively
and has been reviewed in several recent articles (Calaresu & Yardley, 1988; Barman,
1990; Guyenet, 1990; McCall, 1990; Chalmers & Pilowsky, 1991). Since electrolytic
lesions cannot distinguish between cell bodies and fibres of pascage, recent studies have
used specific neut otoxins (i.e. kainic acid or tetrodotoxin) or inhibitory amino acids (i.e.

glycine or gamma-aminobutyric acid (GABA) to selectively destroy cell bodies or inhibit
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neuronal activity, respectively, within the RVLM. Destruction of neurons in the RVLM
or inhibition of their ongoing activity reduced arterial pressure and sympathetic nerve
activity to the levels observed after spinal cord transection (Ross, Ruggiero, Joh, Park &
Reis, 1984; Granata, Ruggiero, Park, Joh & Reis, 1985a; Pilowsky, West & Chalmers,
1985; Dean & Coote, 1986; Granata, Numao, Kumada & Reis, 1986; Willette, Punnen-
Grandy, Krieger & Sapru, 1987; Stein, Weaver & Yardley, 1989; Yardley, Stein &
Weaver, 1989a; Beluli & Weaver, 1991b) indicating that the tonic discharge of these
neurons maintains vasomotor tone.

Electrophysiological studies have provided strong evidence that RVLLM neurons have
tonic sympathoexcitatory functions. Neurons have been identified in this region that
exhibit spontaneous discharges temporally correlated with the cardiac cycle and with the
2- to 6-Hz slow wave of sympathetic activity (Brown & Guyenet, 1984; 1985; Barman
& Gebber, 1983; 1985; Morrison, Milner & Reis, 1988). After baroreceptor afferent
fibres have been sectioned, RVLM neuronal activity loses its cardiac-related rhythmicity
but remains correlated with sympathetic discharge indicating that RVLM neurons are part
of a descending pathway that controls sympathetic activity (Barman & Gebber, 1983;
Morrison et al, 1988). The ongoing activity of RVLM neurons is inhibited by
baroreceptor activation (Dembowsky & McAllen, 1990) and antidromic mapping studies
reveal that axons of these neurons terminate in the intermediolateral cell column (IML;
Brown & Guyenet, 1984; 1985; Barman & Gebber, 1985; Morrison et al., 1988; Sun,
Young, Hackett & Guyenet, 1988a; Chan, Chan & Wong, 1991) and central autonomic

nucleus (Caverson, Ciriello & Calaresu, 1983) of the spinal cord, regions known to
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contain sympathetic preganglionic neurons (Cabot, 1990). In addition, Sun, Hackett and
Guyenet (1988b) demonstrated in rats that some neurons in the RVLM develop
pacemaker-like activity after intracisternal administration of the glutamate receptor
antagonist, kynurenate and that the regular discharge pattern of RVLM neurons in
medullary slices arises from typical pacemaker potentials (Sun et al, 1988a). These
"pacemaker” neurons may be responsible for generating sympathetic nerve discharge.
The population of sympathoexcitatory neurons described by single-unit recordings and
by microinjection and lesion experiments is located in a discrete area that includes the
medulla at a rostrocaudal level between the rostral two thirds of the inferior olives and
the caudal pole of the facial nucleus. This region is bounded dorsally by the nucleus
ambiguus and medially by the inferior olive. There is a close overlap between the
location of the RVLM pressor area and the C1 group of adrenergic neurons suggesting
that the bulbospinal C1 neurons mediate cardiovascular responses from the RVLM
(review: Reis, Morrison & Ruggiero, 1988; Ruggiero, Cravo, Arango & Reis, 1989).
However, the pacemaker neurons described by Sun et al. (1988) are not catecholaminergic
(Sun, Young, Hackett & Guyenet, 1988c). Neurons within this discrete area contain a
wide variety of neurotransmitters and peptides including serotonin (Sasek, Wessendorf &
Helke, 1990), acetylcholine (Milner, Pickel, Giuliano & Reis, 1989), met- and leu-
enkephalin (Sasek & Helke, 1989), somatostatin (Finley, Maderdrut, Roger & Petrusz,
1981), neurotensin (Ciriello, Caverson & Polosa, 1986), neuropeptide Y (Chronwall, Di
Maggio, Massari, Pickel, Ruggiero & O’Donohue, 1985; Blessing, Oliver, Hodgson, Joh

& Willoughby, 1987), cholecystokinin (Mantyh & Hunt, 1984), vasoactive intestinal
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peptide (Leibstein, Dermietzel, Willenberg & Pauschert, 1985), angiotensin 11 (Krukoff,

Vu, Harris, Aippersbach & Jhamandas, 1992), galanin (Krukoff et al., 1992), thyrotropin-
releasing hormone (Sasek e al., 1990), substance P (Sasek et al., 1990) and glutamate
(Minson, Pilowsky, Llewellyn-Smith, Kaneko, Kapoor & Chalmers, 1991) and anatomical
tracing studies have confirmed that many of these neurons project to the IML. In
particular, compelling evidence has been presented for the involvement of glutamate in
tonic descending control of sympathetic preganglionic neurons (review: McCall, 1990).
When the excitatory amino acid antagonist kynurenic acid was infused intrathecally
(Guyenet, Sun & Brown, 1987) or microiontophoresed d.rectly onto sympathetic
preganglionic neurons (Morrison, Ernsberger, Milner, Callaway, Gong & Reis, 1989)
sympathoexcitation evoked by electrical stimulation of the RVLM was eliminated.
Similarly, intrathecal administration of a substance P antagonist prevented the pressor
response elicited by microinjection of excitatory amino acids into the RVLM suggesting
that substance P may also function as an excitatory transmitter of RVLM neurons (review:
Loewy, 1987; McCall, 1990).

The contribution of the RVLM to tonic cardiovascular control is not completely
understood. In some circumstances the impo..ince of the RVLM to control of tonic
sympathetic nerve activity may change. For example, extensive bilateral lesions of the
RVLM in anaesthetized rats produ@ only transient (30 minutes) decreases in arterial
pressure and the magnitude and duration of this response was anaesthetic-dependent.
Cardiovascular responses to RVLM lesions were larger and longer-lasting in urethan-

anaesthetized rats than in rats anaesthetized with either alpha-chloralose or sodium
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pentobarbital (Cochrane, Buchholz, Hubbard, Keeton & Nathan, 1988). Furthermore,

bilateral electrolytic or neurotoxic RVLM lesions in conscious rats did not affect basal
arterial pressure or heart rate and did not eliminate the baroreflex cardiac response to a
rise in arterial pressure (Cochrane & Nathan, 198, Vasquez, Lewis, Varner & Brody,
1992).

1.1.4 Differential control of sympathetic nerve activity by the RVLM

The RVLM does not produce equal activation of all components of sympathetic
outflow. McAllen (1986) showed that microinjection of excitatory amino acids into the
RVLM causes pressor responses, peripheral vasoconstriction and increases in the activity
of cervical, splanchnic and inferior cardiac nerves. Since excitation of RVLM pressor
neurons has no effect on pupils, nictitating membranes, piloerection or intestinal motility
(McAllen, 1986), the RVLM may specifically affect vasomotor neurons. Fusthermore,
not all sympathetic vasomotor nerves have equal dependence on excitatory drive from the
RVLM. In cats, inhibiting the discharge of RVLM neurons by bilateral microinjections
of the inhibitory amino acid glycine, or by application of glycine to the surface of the
ventral medulla elicited greater reductions in renal than in mesenteric nerve activity (Stein
et al., 1989; Yardley er al, 1989a). In addition, the spontaneous activity of some
ventrolateral medullary neurons is differentially related to the discharge of different
postganglionic nerves. For example, the activity of one RVLM unit may be more
strongly correlated to renal nerve activity than to inferior cardiac nerve activity or vice
versa (Barman er al., 1984). These observations suggest that even tonic excitatory

influences from the RVLM to different sympathetic nerves are distributed in a non-
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uniform pattern.
This extensive collection of evidence indicates that the rostral ventrolateral medulla
is an important region in cardiovascular control aithough mzy not be essential for the

maintenance of tonic sympathetic activity supporting arterial pressure.

1.2 Rationale for the present study

The purpose of the present investigation was to determine if the RVLM, in the rat, has
selective tonic influences on certain components of lower thoracic and upper lumbar
sympathetic outflow. The specific goals were to determine if inhibition of tonic activity
(blockade) of neurons in the RVLM causes differential responses in postganglionic renal,
splenic and mesenteric nerves. Since anatomical and electrophysiological cvidence
suggests that renal nerves receive most of their preganglionic input from 10th thoracic to
first lumbar (T,,-L,) white rami and that splenic and mesenteric neurons are innervated
primarily by the greater splanchnic nerve (Chevendra & Weaver, 1991; Taylor & Weaver,
1992a) responses of preganglionic greater splanchnic nerves and T, white rami to RVLM
blockade were compared to those of postganglionic renal, splenic and mesenteric nerves.
Ongoing activity of RVLM neurons was inhibited with microinjections of the inhibitory
amino acid glycine or the GABA,, agonist muscimol. Glycine reduces neuronal firing by
activating the inhibitory glycine receptor, a chloride channel protein that is abundant in
the spinal cord and brainstem of vertebrates. Activation of the glycine receptor results
in an increase in chloride permeability and hyperpolarization of the neuronal membrane

(Werman, Davidoff & Aprison, 1968; Young & Snyder, 1973; Aprison & Daly, 1978;
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Betz & Becker, 1988; Sato, Zhang, Saika, Sato, Tada & Tohyama, 1991). Activation of

GABA, receptors which are located throughout the central nervous system inhibits
neuronal activity by a similar effect on membrane permeability to chloride (DeFeudis,
1990). Finally, because one study reported that microinjection of muscimol into the
RVLM of rats anaesthetized with alpha-chloralose failed to decrease renal sympathetic
nerve activity (Poree & Schramm, 1989), the influence of two different anaesthetic agents,
urethane and alpha-chloralose, on the cardiovascular and neural responses to RVLM

blockade was also compared.
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1.3 Methods

Preparation of animals.

Male Wistar rats (200-400 g; Charles River, Canada) were anaesthetized with urethane
(1.4 g/kg, i.p.; Aldrich Chemical Company, USA) and tracheal tubes were inserted. The
left jugular vein and the right femoral artery were cannulated for the delivery of solutions
and drugs and for monitoring arterial blood pressure, respectively. Arterial blood samples
(~100 ul) were withdrawn periodically for analysis of pH, pO, and pCO, (pH/blood gas
analyser, model 170, Corning Medical, USA) and acid-base disorders were corrected by
i.v. administration of sodium bicarbonate or by adjusting respiratory rate and/or tidal
volume. Body temperature was maintained at 37°C with a heating pad. A solution of
physiological saline was infused intravenously (0.6 ml/hr) throughout the experiment to
compensate for fluid loss. The animals were artificially respired with oxygen-enriched
air and paralysed with gallamine triethiodide (20 mg/kg, i.v.; Rhone-Poulenc, Canada).
Supplemental doses of gallamine (10 mg/kg, i.v.) were given when spontaneous
respiratory movements were observed. Before each supplemental dose of gallamine was
given, the animal’s plane of anaesthesia was assessed by examining palpebral and
withdrawal reflexes. Additional urethane (0.1 g/kg, i.v.) was given if needed.

The rats were placed in a stereotaxic frame (David Kopf Instruments, USA) and a
section of the interparietal bone was removed to expose the cerebellum overlying the
medulla. The exposed surface of the brain was kept moist with saline-soaked gauze until

immediately before injection of glycine.
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Neural recordings.

The left sympathetic chain, the right anterior bundle of the greater splanchnic nerve
or postganglionic renal and splenic nerves were exposed via a retroperitoneal approach.
The mesenteric nerve was approached through a ventral midline incision. The anatomy
of the thoracolumbar chain region as observed in these experiments is shown in Fig. 1.
To expose the T,,-L, white rami, the psoas muscle was retracted laterally by sutures
placed around the muscle and the sympathetic chain was isolated. The greater splanchnic
nerve was identified and followed rostrally to its junction with the sympathetic chain.
This junction was used as a landmark for identifying specific ganglia as the greater
splanchnic nerve leaves the sympathetic chain at the 13th sympathetic ganglion (T,s;
Zeigler, 1988). The diaphragm was detached from the chest wall to permit adequate
exposure of the T,, ganglica. The rostral and caudal T,, white rami were identified and
one of the two was selected randomly, dissected free from surrounding tissue and its
distal end severed (Fig. 1). Small bundles of all other sympathetic nerves were also
identified, dissected free from surrounding tissue and severed. The central ends were
placed on stainless-steel bipolar electrodes for recording multifibre electrical activity.
Exposed nerves were covered with dental impression medium (Regasil, Dentsply
International Inc., U.S.A.) to isolate the nerve and electrode from the surrounding tissue
and to prevent dehydration. In all animals a pneumothorax was made to eliminate
artifacts in the neural recordings caused by respiratory movements. Neural discharge was
amplified at a bandwidth of 30 Hz to 3 kHz. The amplified signals were monitored on

an oscilloscope, recorded on magnetic tape and the integrated neural signals were



Figure 1. View of the 13th thoracic ganglion (T,;) and its rostral and caudal connecting
rami after retraction of the psoas muscle. L,, first lumbar paravertebral ganglion;
GSN, greater splanchnic nerve; LSN, lesser splanchnic nerve; GSG, greater

splanchnic ganglion. Adapted from Zeigler (1988) with permission.
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displayed with arterial pressure and heart rate on a Grass Instruments polygraph (Grass

Instrument Company, U.S.A.) In 4 experimer .., discharge of postganglionic renal and
splenic nerves was recorded simultaneously.

To ensure that recordings were from sympathetic nerves containing vasomotor
components, arterial baroreceptors were stimulated by increasing arterial pressure with a
bolus injection of 1-3 ug phenylephrine (i.v., Neo-Synephrine, Sterling, Canada) to elicit
decreases in heart rate and sympathetic nerve activity. All postganglionic nerves tested
exhibited baroreceptor sensitivity.

Microinjection procedures.

Glass micropipettes were pulled to a tip size of about 40 um and filled with a solution
of the inhibitory amino acid, glycine (1.0 M, BDH Chemicals, Canada), in distilled water
(pH =7.4). A few drops of India ink were added to 10 ml of the solution to mark the
injection site in the brain. The tips of the pipettes were positioned in the rostral
ventrolateral medulla (RVLM) according to the stereotaxic atlas of Paxinos and Watson
(1986) and glycine (100-180 nl) was injected unilaterally by application of pressurized
pulses of air to the pipette. Ejection pressure and pulse duration were controlled by a
picospritzer (General Valve Corporation, U.S.A.). Injection volumes were determined by
the displacement of the meniscus at the air-liquid interface in the pipette observed through
a microscope containing an ocular micrometer.

Experimental protocol.
Arterial pressure, heart rate and discharge of sympathetic nerves were recorded from

1 min before to 5 min after the beginning of microinjection of glycine into the RVLM.
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A recovery recording was taken when nerve discharge and arterial pressure had returned
to control values. At some of these sites the same volume of a solution of sodium
chloride (1.0 M) was injected into the site before the injection of glycine. At other sites
the inhibitory actions of the gamma-aminobutyric acid (GABA,) agonist muscimol (0.001
M, Fluka Chemical Corporation, USA) were tested.

Since preganglionic splanchnic nerves and white rami bundles may contain some
postganglionic fibres (Celler & Schramm, 1981; Hayes, Chevendra & Weaver, 1990a),
a ganglionic blocking drug, hexamethonium (Sigma Chemical Company, USA) or
chlorisondamine (Ciba Geigy Ltd., Canada), was given to eliminate postganglionic nerve
activity. Once a site was found in which glycine produced an arterial pressure and
sympathetic nerve response, a bolus injection of hexamethonium (30mg/kg, i.v.) or
chlorisondamine (Smg/kg, i.v.) was given. In order to maintain arterial pressure at levels
comparable to those before ganglionic blockade, a constant infusion of phenylephrine
(0.1-0.2 ug/min of 0.2 mg/ml in saline) was begun and continued for the duration of the
experiment. Glycine was injected into the same site to observe neural responses of the
preganglionic fibres only.

In 3 experiments, rats were anaesthetized with halothane (Halocarbon Laboratories
Inc., USA) followed by alpha-chloralose (100 mg/kg, i.v., Sigma Chemical Company,
USA) and prepared surgically as outlined above. Supplemental doses of chloralose (10-25
mg/kg) were given as needed. Recordings of renal sympathetic nerve activity were
obtained, tested for baroreceptor sensitivity and then glycine was injected (180 ni)

unilaterally into the RVLM.
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At the end of the experiments, the animals were given an overdose of urethane and
background electrical noise was recorded for 2 min. The brains were removed and stored
in a solution of 10% Formalin in saline. Transverse sections of 50 um were cut on a
cryostat, stained with neutral red dye and the sites of injection were verified using a Leitz
microscope (Wild-Leitz, Canada).

Neural discharge of all postganglionic nerves and preganglionic splanchnic nerves was
recorded on magnetic tape (Racal, model 7DS, UK) digitized, rectified and integrated
cumulatively during 10 s periods. After subtracting integrated background electrical
noise, integrated nerve activity was expressed in uVs. White ramus activity was
quantified in counts of spikes/s after window discrimination (Frederick Haer, U.S.A.)
because after ganglionic blockade, these nerve bundles have only a few active fibres firing
(Hayes et al,, 1990a). Spike counting was considered appropriate because integrated
values of neural activity are greatly affected by the amplitudes of single spikes in few-
fibre preparations (Meckler & Weaver, 1985) and changes cannot be detected when
voltages are very small. The thresholds for window discrimination were set very close
to the maximum amplitude of background electrical noise during meticulous inspection
of nerve activity monitored on an oscilloscope and by an audio monitor to exclude
background noise and to include as much nerve activity as possible in the quantification
procedures. Values of mean arterial blood pressure are presented throughout this study.
Statistical Analysis

A one-way analysis of variance (ANOVA) with repeated measures was used to

determine statistical changes in neural discharge and arterial pressure during stimulation
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of baroreceptors and after injection of solutions of glycine, muscimol or sodium chloride
into the RVLM (Snedecor & Cochran, 1980). Comparison between percent changes in
arterial pressure and nerve activity between groups was made using a one-way ANOVA
and the Student Newman-Keuls test after square rcot normalization of percentage values.
Differences were considered significant when p<0.05 and variability was expressed as a
pooled standard error derived from ANOVA, a coefficient of variation or as a standard

error of the mean.
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1.4 Results

1.4.1 Sympathetic responses to stimulation of arterial baroreceptors

All postganglionic nerves were tested for pressoreceptor sensitivity by evaluating
responses to increases in arterial pressure elicited by i.v. injections of phenylephrine. An
increase in mean arterial pressure from 85 +4 to 152 *5 mmHg significantly inhibited
ongoing discharge of renal nerves (n=13) by 76 +7% (from 3.6 to 0.7 uV's; pooled
S.E.=0.46), splenic nerves (n=8) by 62 +7% (from 3.9 to 1.3 uV's; pooled S.E.=0.62) and
mesenteric nerves (n=4) by 22 +3% (from 4.5 to 3.5 uV's; pooled S.E.=0.21). The
decrease in renal nerve ictivity was significantly greater than the decrease in splenic
nerve activity and discharge of both renal and splenic nerves was inhibited more than that
of mesenteric nerves.
1.4.2 Sympathetic responses to unilateral blockade of the RVLM

The actions of the inhibitory GABA, agonist muscimol were tested by unilateral
injections into the RVLM. Eight injections (35-180 nl) of muscimol in 6 rats lowered
arterial pressure by 25 2% and renal nerve activity was reduced by 31 +4% (Fig. 2).
Arterial pressure and renal nerve activity did not return to control values even 2 hrs after
microinjection of muscimol. Since the cardiovascular and neural responses to muscimol
were so long-lasting, the inhibitory amino acid, glycine, was used to inhibit activity of
neurons in the RVLM in all subsequent experiments.

An example of the sympathetic and arterial pressure response produced by a unilateral
injection »f glycine (180 nl) into the RVLM is shown in Fig. 3. Glycine injection

produced a large decrease in arterial pressure as well as changes in nerve activity that



Figure 2. Mean arterial pressure and renal nerve responses to unilatera: microinjections
(35-180 nl) of muscimol into the RVLM of urethane-anaesthetized rats. The solid
bars are average discharge during 60 s control (C) and 2 hrs after muscimol
injection (2 hr). The cross-hatched bars are discharge during the 10 s of
maximum response to muscimol (Musc). Variability is indicated by the pooled
standard error and asterisks indicate significant difference from control. Number
of injections (n =8). Muscimol caused significant decreases in mean arterial
pressure and nerve activity that did not return to control values 2 hrs after

injection.
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began within seconds and reached a maximum decrease within 80 s. The change in renal
nerve activity was larger than the change in splenic nerve activity. Arterial pressure and
nerve activity returned to control values withn 30 min. Maximum decreases always
occurred within 1-3 min of injection and arterial pressure and nerve activity returned to
control values within 30 min to 1 hr. Mean arterial pressure and heart rate for all animals
(n=40) were reduced significantly from 95 +3 mmHg to 61 +2 mmHg and from 473 5
to 447 +6 bpm, respectively, fcllowing glycine injection. The mean arterial pressure and
heart rate responses during renal, splenic, mesenteric, greater splanchnic and white ramus
nerve recordings are shown in Table 1. Since the arterial pressure responses to glycine
during each of these nerve recordings were not statistically different, glycine injections
appeared to have produced a similar blockade of the RVLM affecting the activity of all
the 5 nerves studied.

Nineteen injections of glycine in 13 rats decreased renal nerve activity by 44 +3% and
11 injections in 8 rats caused decreases in splenic nerve activity of 31 +2% (Fig. 4).
Glycine injection did not produce consistent responses in mesenteric nerves (Fig. 4). Five
injections in 4 rats caused mesenteric nerve activity to increase by 11 +4%. However,
another 2 injections in 2 of these rats caused nerve activity to decrease 19 +3%. The
mean 3 +6% increase in mesenteric nerve activity in these animals was not significant.
The decrease in renal nerve activity was significantly greater than the decrease in splenic
nerve activity (Fig. 5). Both renal and splenic sympathetic responses were significantly
different from the response of the mesenteric nerve.

Since greater splanchnic nerves and white rami contain some postganglionic fibres,



Table 1. Effect of unilateral microinjection of glycine (1.0M) into the RVLM on arterial
pressure and heart rate.

Maximum Pooled  Percent
Control Decrease Recovery Change S.E. Change

Arterial Pressure

(mmHg)

Renal (19) 96 60 * 91 36 2.1 372
Splenic (11) 101 66 * 9 * 35 23 34+3
Mesenteric (7) 86 59 * 77 27 3.2 31+4
Splanchnic (7) 96 64 * 86 32 3.2 32+3
T13WR (8) 88 55 ¢ 9 33 3.0 37+3
Heart Rate

(bpm)

Renal 462 436 * 464 * 26 2.8 58+09
Splenic 486 462 * 485 * 24 3.6 50+09
Mesenteric 466 445 467 21 8.0 45+ 18
Splanchnic 496 456 * 491 * 35 5.0 83+18
T13WR 476 456 * 468 19 4.7 40+ 1.8

* significantly different from control

Renal, splenic, mesenteric, splanchnic and T,, white rami (WR) indicate groups of
animals from which discharge of these nerves was recorded. Splanchnic and T,;WR
groups were those before ganglionic blockade. Numbers in parentheses indicate
number of injections tested.
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Figure 5. Comparison of maximal responses to unilateral blockade of the RVLM with
glycine. These responses are those illustrated in Figure 4 expressed as a
percentage change from control. Brackets with asterisks indicate significant
differences between groups. Coefficient of variation is 0.39. Renal, splenic and
mesenteric responses were all different from each other. The preganglionic

responses were also different from each other.
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glycine was iijected into the same site in the RVLM before and after ganglionic
blockade to compare preganglionic responses to those of the mixed nerve. Before this
protocol could be used it was necessary to determine if the same sympathetic and
arterial pressure responses could be elicited by two consecutive glycine injections into
the same site. In initial experiments, a glycine injection delivered sooner than 65 min
after the first injection appeared to produce a smaller response. Therefore effects of 2
injections separated by an interval of at least 65 min were tested in 6 sites, in 5 rats.
The first glycine injection produced a fall in arterial pressure of 28 +4% (from 107 to
78 mmHg; pooled S.E.=3.1) and a decrease in sympathetic (greater splanchnic or
renal) nerve activity of 21 +5% (from 3.6 to 2.7 uV's; pooled S.E.=0.27). A second
injection of glycine into the same site decreased arterial pressure 32 +4% (from 95 to
64 mmHg; pooled S.E.=3.9) and sympathetic activity by 24 *2% (from 3.5 to 2.7
H#V's; pooled S.E.=0.19). The first and second responses to glycine were not
statistically different. For this reason in subsequent experiments, the second glycine
injection was not made until at least 65 min after the first injection.

Before ganglionic blockade, 7 glycine injections in 7 rats decreased greater
splanchnic discharge by 28 +4% and 6 injections in 6 rats decreased white ramus
activity by 43 +9% (Fig. 6). After ganglionic blockade glycine injections into these
same brainstem sites decreased preganglionic greater splanchnic discharge by 18 +4%
and decreased preganglionic white ramus activity by 34 +8% (Figs. 4-6). The
responses of the preganglionic fibres in each nerve were significantly smaller than the

responses of nerve bundles that contained postganglionic components (Fig. 6).



Figure 6. Mean responses of greater splanchnic nerves (A; n =7) and 13th thoracic white
rami (B; n =6) to unilateral injections of glycine before (nerve bundle contains
both pre- and postganglionic fibres; pre + post) and after (nerve bundle contains
preganglionic fibres only; pre) ganglionic blockade. The solid bars are average
discharge during 60 s control (C) and recovery (R) periods. The cross-hatched
bars are discharge during the 10 s of maximum response to glycine (Gly).
Variability is indicated by the pooled standard error and asterisks indicate
significant difference from control. Glycine injection caused a significantly
greater reduction in nerve activity before ganglionic biocl-ade than after ganglionic

blockade.
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The decrease in preganglionic white ramus activity was significantly greater than the
decrease in preganglionic greater splanchnic nerve activity (Fig. 5).
1.4.3 Simuitaneous recordings from renal and splenic nerves.

Four injections of glycine into the RVLM were made in 4 rats in which neural
activity was recorded from renal and splenic nerves simultaneously. Glycine injection
reduced renal nerve discharge by 42 +2% (from 2.1 £0.4 to 1.2 0.2 uV's; pooled
S.E.=0.11) and splenic nerve discharge by 32 *2% (from 2.7 0.1 to 1.8 +0.1 uV's;
pooled S.E.=0.11). Although, in 3 animals, blockade of the RVLLM produced a greater
reduction in renal nerve activity than splenic nerve activity, in 1 animal, RVLM
blockade produced a similar response in both nerves.

1.4.4 Control injections.

In 3 rats, 3 control injections (180 nl) of sodium chloride (1.0 M) into the RVLM
increased arterial pressure by 7 +3% and pre- and postganglionic greater splanchnic
nerve activity by 8 #1%. The same volume of glycine (1.0 M) microinjected into the
same sites reduced arterial pressure by 27 +3% and greater splanchnic nerve activity
by 16 *4%. The saline injections were the first injections made at each site.

1.4.5 Sympathetic responses to RVLM blockade in rats anaesthetized with alpha-
chloralose.

A previous study had shown that, in rats anaesthetized with alpha-chloralose,
inhibition of activity of RVLM neurons increases the discharge of renal nerves (Poree
and Schramm, 1989). For this reason, four unilateral injections of glycine were made

into the RVLM of 3 rats anaesthetized with alpha-chloralose. However, glycine
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injections decreased arterial pressure by 45 7% (from 121 to 67 mmHg; pooled

S.E.=5.4) and renal nerve activity by 60 +7% (from 2.3 to 0.9 uV's; pooled
S.E.=0.25). Although these responses to glycine tended to be greater than those
observed in rats anaesthetized with urethane, statistically significant differences were
not detected. In 2 of these animals, sharp, transient increases in arterial pressure
preceded the large depressor response produced by glycine. These initial pressor
responses following glycine injection have also been observed after bilateral glycine
injection into the RVLM of cats anaesthetized with alpha-chloralose (Yardley et al.,
1989a).

1.4.6 Histological verification of injection sites.

The locations of the histologically verified injection sites in the RVLM, plotted on
drawings (modified from Paxinos & Watson, 1986) of transverse sections of the rat
medulla are shown in Fig. 7. Effective sites in which glycine produced changes in
mean arterial pressure were localized in a region extending caudally from the most
posterior extent of the facial nucleus to the rostral one-third of the inferior olive,
lateral to the inferior olive and within 500 zm of the ventral surface. Sites in which
glycine did not elicit an arterial pressure response are also plotted and most of these

sites were found outside of this restricted area.
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1.5 Discussion

These experiments have shown that in rats, the sympathetic outflow from the
RVLM is non-uniform to different visceral organs. Blockade of ionic activity in this
area produced larger decreases in renal nerve activity than in splenic nerve activity,
but failed to inhibit mesenteric nerve discharge consistently. This pattern of responses
is similar to that which occurs after RVLM blockade in cats (Stein er al., 1989;
Yardley et al., 1989a).

The decrease in renal sympathetic nerve activity observed after blockade of the
RVLM in rats is consistent with changes in nerve activity previously reported in other
species after similar RVLM blockade (Pilowsky et al., 1985; Stein et al., 1989;
Yardley et al., 1989a). Reductions in renal nerve activity have also been reported in
rats following bilateral microinjections of lidocaine (Barrés, Lewis, Grosskreatz,
Varner & Brody, 1989) or tetrodotoxin (Granata et al., 1986) into the RVLM. These
results are in conflict with those reported by Poree and Schramm (1989) in which
bilateral injections of muscimol into the RVLM of rats anaesthetized with alpha-
chloralose failed to decrease renal nerve activity. Since the rats in our study and those
of Granata et al. (1986) and Barrés et al. (1989) were anaesthetized with urethane, it
was possible that the differences in the renal nerve response were related to the
different anaesthetics used. It has been reported that the hypotensive effects of
bilateral electrolytic lesions of the RVLM are dependent on the type of anaesthetic and
that persistent hypotension occurs particularly in animals anaesthetized with urethane

(Cochrane et al., 1988). However, as large decreases in renal nerve discharge were
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still produced in chloralose-anaesthetized rats in our study, the conflicting finding of
Poree and Schramm (1989) must relate to a factor other than the type of anaesthetic
used in their study.

Changes in splenic nerve discharge after RVLM blockade may have been smaller
than changes in renal nerve discharge because renal nerves contain more fibres that
have vasomotor functions than do splenic nerves. However, the sympathetic
innervation of the spleen is important in the control of blood pressure. In addition to
arterioles and veins, splenic fibres innervate the capsule of the spleen. Contraction
and relaxation of the splenic capsule occurs in response to unloading and loading of
baroreceptors in cats and dogs (Brender & Webb-Peploe, 1969; Maass-Moreno &
Rothe, 1991) and changes in splenic capsular tone play a crucial role in the
capacitance of this vascular bed (Cameiro & Donald, 1977). Moreover, in single fibre
studies, splenic and renal neurons all had vasomotor-like characteristics as they all
responded to pressoreceptor stimulation and unloading (Meckler & Weaver, 1988).
Therefore, differences in the function of individual neurons is not a likely explanation
for different control by the RVLM. Alternatively, the renal nerve may contain a
subpopulation of vasomotor fibres that are extremely sensitive to RVLM blockade and
a group of fibres, like those of the splenic nerve, that are less sensitive to RVLM
blockade. Since we recorded from nerve bundles containing many fibres, we have no
data to support or refute this hypothesis. However, in a previous study, half of the
single renal nerve fibres tested ceased firing after disruption of bulbospinal input

whereas most of the splenic fibres continued to fire (Meckisr & Weaver, 1988). This
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finding in cats is clear evidence for differences in sensitivity among renal neurons to
supraspinal sources of excitation.

The most unusual response to RVLM blockade was that of the mesenteric nerve.
The lack of inhibitory responses of most mesenteric nerves to RVLM blockade
suggests that ongoing discharge of these nerves originates from regions outside the
RVLM. However, responses of mesenteric nerves are not easily interpretable, as they
contain fibre groups which innervate blood vessels, myenteric ganglia and the
intestinal mucosa (Costa & Furness, 1984), groups which may have unique responses
to a given stimulus. Single fibre studies have revealed a population of mesenteric
fibres having discharge which is not correlated with the arterial pulse pressure and
which is insensitive to or excited by increases in arterial pressure (Stein & Weaver,
1988). Since arterial baroreceptors affect intestinal blood flow (Brooksby & Donald,
1971; Greenway & Lister, 1974) but only weakly affect intestinal motility (McAllen,
1986), these pressoreceptor-insensitive fibres may regulate motility and secretion. In
the present study, the multifibre response of the mesenteric nerve to blockade of the
RVLM probably involved excitatory and inhibitory responses among the
subpopulations of mesenteric fibres. Since both baroreceptor activation and blockade
of the RVLM decrease discharge of some neurons within the RVLM (Brown &
Guyenet, 1985), it is conceivable that those postganglionic fibres which are excited by
increases in arterial pressure are also excited by RVLM blockade, and are responsible
for the increases in mesenteric discharge we observed in some nerve bundles. It is

interesting that, despite the fact that 5 injections of glycine increased mesenteric
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activity, all nerve bundles had a proportion of fibres that were baroreceptor-sensitive.
Perhaps even the vasomotor fibres of the mesenteric nerve were excited by RVLM
blockade.

The unequal cfiects of RVLM blockade on the discharge of renal, splenic and
mesenteric sympathetic outflows are reflected in their preganglionic inputs. Blockade
of RVLM neurons caused larger decreases in the discharge of preganglionic T,, white
rami than in that of greater splanchnic nerves. This suggests the presence of different
influences on two discrete populations of lower thoracic preganglionic neurons.
Moreover, recent anatomical and electrophysiological studies suggest that rat renal
postganglionic neurons receive most of their preganglionic input from T,, to L, white
rami and that splenic and mesenteric neurons are innervated primarily by the greater
splanchnic nerve (Ferguson, Ryan & Bell, 1986; Sripairojthikoon & Wyss, 1987;
Chevendra & Weaver, 1991; Taylor & Weaver, 1992a). This indicates that the lower
thoracic white rami and renal nerves are controlled by a central sympathetic pathway
more dependent upon excitatory drive from the RVLM than are the pathways to the
spleen and intestine.

Blockade of the RVLM did not decrease activity in preganglionic nerves to the
same degree as it decreased the activity of the postganglionic nerves they innervate.
How does postganglionic discharge decrease, to the extent it does, without a similar
decrease in preganglionic discharge? Sympathetic ganglia act as integrative centres
due mainly to the convergence and divergence of the preganglionic fibres on the

ganglion cells (Polosa et al., 1979). Convergence of several different preganglionic
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fibres onto ganglion cells has been reported in the rat (Perri, Sacchi & Casella, 1970)

as well as in other species (Wallis & North, 1978; Purves & Hume, 1981). In
addition, anatomical studies show that there is considerable branching of individual
preganglionic axons to innervate from S0 to 200 ganglion cells (Purves & Wigston,
1983). Since many preganglionic inputs are subthreshold, several inputs must sum to
generate an action potential in the ganglion cell (McLachlan, 1974; Skok & lvanov,
1983). Therefore, a loss of tonic activity (by blockade of the RVLM) in a small
number of preganglionic axons could cause the loss of activity in many postganglionic
neurons. Loss of rhythmicity in preganglionic firing after elimination of supraspinal
input (Qu et al., 1988) also could decrease summation of postsynaptic potentials
leading to greater decreases in postganglionic firing.

Selective effects on different sympathetic nerves can occur because of
topographical organization within the medulla. Studies on the functional organization
of the RVLM in the cat have shown that neurons responsible for generating renal
vasoconstriction were found mostly in the rostral portion of the RVLM, whereas those
causing mesenteric vasoconstriction were found within the caudal portion (Lovick,
1987). Dampney and McAllen (1988) have shown topography in the medial/lateral
axis in the caudal end of the RVLM of the cat. Muscle vasoconstrictors were more
affected by lateral RVLM neurons and skin vasoconstrictors were more affected by
medial neurons. Injections of lidocaine into the RVLM of the rat caused greater
inhibition of lumbar chain and splanchnic nerves than injections into the rostral

ventromedial medulla (Varner, Grosskreutz, Cox & Brody, 1989). However tonically
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active RVLM neurons are not organized viscerotopically with respect to the kidney
and spleen in the rat. Small (15 nl) microinjections of muscimol into sites distributed
throughout the RVLM caused larger responses in renal nerves than in splenic nerves
(Beluli & Weaver, 1991b). Although, viscertopy within the ventrolateral medulla may
be organized according to the type (i.c visceral, skeletal muscle or cutaneous) rather
than the body position of the vascular bed (McAllen & Dampney, 1990), topographic
organization does not appear to be a likely explanation for differential responses of
visceral nerves to RVLM blockade in the rat.

How might the brainstem selectively control different sympathetic outflows?
Excitatory input from the RVLM to sympathetic preganglionic neurons probably is
balanced by tonic sympathoinhibitory influences from other areas in the brain.
Blockade of excitatory drive from the RVLM may leave an inhibitory system intact
which contributes to the decrease in nerve activity. A difference in the balance of
excitatory and inhibitory influences on different sympathetic nerves may explain the
differential sympathetic responses to RVLM blockade. This inhibitory system may be
responsible for the greater decreases in discharge of postganglionic renal nerves and
preganglionic white rami and would suggest a tonic sympathoinhibitory system
selective for this sympathetic pathway. Indeed, Taylor and Schramm (1987; 1988)
reported that renal and gastrosplenic nerve activity increases after cervical spinal cord
transection suggesting the presence of tonic inhibition of some spinal sympathetic
systems in the intact rat.

The sympathetic nervous system is capable of producing distinct patterns of nerve
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discharge to control selectively the functions of various visceral organs. For example,
chemical or mechanical stimulation of visceral receptors often causes non-uniform
excitation in sympathetic nerves innervating different organs (Calaresu, Tobey,
Heidemann & Weaver, 1984; Meckler & Weaver, 1988; Stein & Weaver, 1988) and
the largest output often is directed to the organ from which the reflex originates.
Cardiovascular pressoreceptor stimulation also causes uncqual responses in mesenteric,
splenic and renal nerves (Meckler & Weaver, 1988; Stein & Weaver, 1988), a
response pattern which also was observed in this study. Our findings indicate that
tonic medullary influences, as well as reflex regulation of sympathetic discharge can
be selective. When all influences are considered in combination, the central nervous
system has a powerful mechanism by which it can exert specific sympathetic control

over different visceral organs.




Chapter 2: Pre- and postganglionic sympathetic activity in white rami of rats.

Neuroscience Letters 115: 55-61, 1990.

2.1 Introduction

Preganglionic sympathetic fibres are often mixed with postganglionic fibres in
peripheral nerves. The lumbar and greater splanchnic nerves of the cat (De Groat &
Lalley, 1974; Kuo, Yang, Yamasaki & Krauthamer, 1982; Baron, Janig & McLachlan,
1985) and the greater splanchnic nerve of the rat (Celler & Schramm, 1981) have been
shown to contain both pre- and postganglionic axons and some anatomical illustrations
show ganglia in the splanchnic nerve located between its emergence from the thorax
and its termination in the coeliac ganglion (Asfoury, 1971; Baljet & Drukker, 1979).
Sympathetic ganglia known as intermediate or satellite ganglia are also frequently
found in the preganglionic connections to the cervical portion of the sympathetic chain
(Foley, 1945; Boyd, 1957). However, information about the composition of the
communicating rami to the thoracolumbar sympathetic chain is limited.

In the previous investigation of brainstem influences on preganglionic and
postganglionic nerves that provide innervation to the abdominal viscera, an empirical
observation was made that these communicating rami contained postganglionic
discharge that could not be attributed to the gray rami fibres. In this study evidence
of this postganglionic discharge a- -vell as the results of a histological study conducted
to determine if the cell bodies of these postganglionic fibres are contained within the

communicating rami themselves will be presented.
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2.2 Methods and Results

2.2.1 Electrophysiological Experiments.

Male Wistar rats (200-400 g; Charles River, Canada) were anaesthetized with
urethane (1.4 g/kg, i.p.), a tracheal tube was inserted, and the jugular vein and the
femoral artery was cannulated. Arterial blood samples were withdrawn periodically
for analysis of pH, pO, and pCO, and deviations from normal were corrected. Body
temperature was maintained at 37°C. Physiological saline was infused (0.6 ml/hr)
throughout the experiment to compensate for fluid loss. The animals were artificially
respired and paralysed with gallamine triethiodide (20 mg/kg initially, followed by
doses of 10 mg/kg as needed).

The anatomy of the thoracolumbar chain region as observed in these experiments is
shown in Fig. 1. As described in the previous study, the left sympathetic chain was
exposed by a flank incision and the greater splanchnic nerve was identified and
followed rostrally to its junction with the sympathetic chain. The diaphragm was
detached from the chest wall to permit adequate exposure of the 13th thoracic (T,,)
ganglion. The rostral and caudal T,; white rami were identified and one of the two
was selected randomly, dissected free from surrounding tissue and its distal end was
either severed or crushed (Fig. 1). The central end was placed on stainless steel
bipolar electrodes for recording multifibre electrical activity and was covered with
dental impression medium (Regasil, Dentsply Intemational Inc., Milford, DE). The
amplified neural signals were monitored on an oscilloscope and recorded on magnetic

tape. Arterial pressure and heart rate were displayed on a Grass Instruments
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polygraph.

In one group of animals a sample of neural activity was recorded for 2 min before
and for 2 min after crushing the distal end of the ramus. In another group of animals
neural activity was recorded from the central ends of severed rami for 2 min before a
bolus of the ganglionic blocking drug, chlorisondamine (5 mg/kg,i.v., Ciba-Geigy
Canada Ltd.), was injected. In order to maintain arterial pressure at levels comparable
to those before ganglionic blockade, phenylephrine was infused for the duration of the
experiment. Once arterial pressure, heart rate and reural discharge had stabilized,
another 2 min of activity was recorded. At the end of the experiments, au overdose of
urethane was given and background electrical noise was recorded for 2 min.

Neural activity of intact or crushed nerves wa. recorded on magnetic tape,
digitized, rectified and integrated cumulatively during 10 s periods. Integrated
background electrical noise was subtracted from the total integrated signal to quantify
only the neural signal. Activity of severed nerves before and after injection of
chlorisondamine was quantified by voltage integration and in counts of spikes/s after
window discrimination. Both methods of quantitation were used because after
ganglionic blockaac these nerve bundles had only a few active fibres firing and
marked decreases in integrated voltage were observed. Integrated values of neural
activity are greatly affected by the amplitudes of single spikes in few-fibre
preparations and may have underestimated the activity remaining following ganglionic
tlockade. Spike counting allowed action potentials of relatively low voltage to be

detected and weighted equally with larger single action potentials. The thresholds for



window discrimination were set close to the maximum amplitude of background
electrical noise during meticulous inspection of nerve activity monitored on an
oscilloscope and by an audio monitor to exclude background noise and to include as
much nerve activity as possible in the quantitation procedures.

A paired t-test was used to determine statistical significance of changes in neural
discharge after ganglionic blockade with chlorisondamine. Differences were
considered significant when p<0.05. Data are expressed as means + S.E.M.

Spontaneous activity recorded in the intact communicating rami of 5 rats was
reduced 65 +9% by crushing the dista: ends. Activity before crushing represents the
total discharge of the communicating bundle including visceral afferent, gray ramus
efferent and white ramus efferent activity. Neural activity after crushing represents the
proportion of this total activity that is central in origin (i.e. via the white ramus fibres).

Ongoing activity of white ramus fibres (in cut nerve preparations) was recorded
before and after ganglionic blockade. As illustrated in Fig. 8, the discharge of this
nerve was significantly reduced following ganglionic blockade. Table 2 gives the
responses of 7 rats to i.v. administration of chlorisondamine. The mean decrease in
integrated nerve activity as a result of ganglionic blockade in these animals was 47
9% {t = 2.83) and the decrease in the same activity when spike-counted was 49
*+10% (t = 2.90). The mean changes in nerve activity after ganglionic blockade
quantified by either method were similar. The magnitude of the neural response to
ganglionic blockade or crushing the nerve was independent of the ramus bundle

(rostral or caudal) selected for recording.



Figure 8. Neurograms of sympathetic discharge from the T,, connecting ramus in rat
no. 890419 during a control period and following ganglionic blockade with
chorisondamine. Background noise is shown in the third panel. Vertical
calibration is 20 4#V. The interrupted lines indicate the thres!->ld voltage set to
trigger the window discriminator and the dots indicate spikes of discharge counted.

Discharge of this nerve was decreased substantially after ganglionic blockade.
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Table 2. Effect of gai.glionic blockade with chlorisondamine on electrical activity of
T,; white rami.

Animal Number  Control Blockade Decrease
uVs/10s  spikes/s uVs/10s  spikes/s

890323 9.5 117.4 59 66.2 38% 44%
890328 7.9 47.2 1.6 1.9 80% 96%
890404 4.8 53.6 4.0 42.6 17% 21%
890410 23 39 1.6 1.2 30% 70%
890418 3.5 229 3.7 154 33% 33%
890419 23 16.0 1.1 8.6 52% 46%
890426 11.1 72.7 2.5 46.7 77% 35%
Mean +S.E.M. 6.2*1.3 4815 2.9 +0.7* 26 x10f 47 9% 49 +10%

* significantly different from control (t =2.83)
T significantly different from control (1 =2.90)



2.2.2 Histological Observations.

The communicating rami of the 10th thoracic to the 1st lumbar sympathetic ganglia
were dissected from rats perfused transcardially with 300 ml of physiological saline
followed by 300 ml of a fixative solution containing 2% paraformaldehyde in a
solution of 15% saturated picric acid in phosphate buffer, pH 7.4 (Zamboni’s fixative).
The tissue was placed in Zamboni’s fixative for 30 minutes before it was transferred
to 20% sucrose in phosphate buffered saline and stored at 4°C. Frozen tissue was cut
at 8-10 zm at -20°C and directly mounted onto gelatinized slides. The sections were
stained with thionin to visualize cell bodies and were viewed using a Leitz
microscope. Numbers of cells were counted and corrected for doubie counting using
Abercrombie’s equation (Abercrombie, 1946).

We searched for neurons in the white rami between their exit from the spinal
nerves to their entry into the 13th thoracic ganglion. Thionin-stained neurons were
observed within 4 communicating ramus nerve bundles (3 rats). The somas were large
(average diameter of 30um), and oval with large nuclei. Typically, one or two
nucleoli could also be detected (Fig. 9). In 2 nerve bundles, single thionin-stained
isolated cell bodies were found. Two other bundles each contained a cluster of
neurons. One cluster contained 10 cells, the other 19 cells. In 7 rami (5 rats) no cell
bodies were found along the course of this nerve. The communicating rami were
removed from one animal in which fluorescent dye (Fast Blue, Sigma Chemicals: 4%
Fluoro Gold, Flurochrome Inc.) had been applied to crushed renal and splenic

postganglionic nerves. Nine fluorescent-labelled postganglionic neurons were located



Figure 9. Photomicrographs of (A) a single thionin-stained neuron with two nucleoli and
(B) a ganglion-like cluster of thionin-stained neurons within a T,, connecting

ramus bundle. Bar = 15 um.
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in a cluster within the ramus nerve bundle. This result suggests that the thionin-

stained cell bodies we observed were also postganglionic.

2.3 Conclusions and discussion.

Ganglionic blockade with chlorisondamine demonstrated the presence of neural
discharge that must have been due to both pre-and postganglionic fibres in the 13th
thoracic communicating ramus of the rat. In our search for the postganglionic cell
bodies of these fibres we observed neurons along the course of only 4 of 7 rami.
indeed, Celler and Schramm (1981) found very few cell bodies within the trunk of the
greater splanchnic nerve and even the 60 to 100 postganglionic renal neurons found by
Sripairojthikoon and Wyss (1987) probably cannot account for all the postganglionic
activity which can be recorded in a rat splanchnic nerve (Celler & Schramm, 1981).
Celler concluded that the majority of the postganglionic axons in this nerve originate
in the thoracic sympathetic ganglia (Celler & Schramm, 1981). Some of the cell
bodies contained in the ramus bundle may be ganglioblas*~ that have halted
prematurely in the process of their migration from the neural crest to form
paravertebral ganglia during development of the sympathetic nervous system (Yip,
1986). However, blockade of the discharge of a few aberrant cells could not be
responsible for the large decrease in ongoing nerve activity caused by
chlorisondamine. Since the electrophysiological responses were so consistent, the
population of neurons causing these responses must occur more regularly than we

were able to detect in our histological examinations.
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Most of the cell bodies within the rami were located in clusters that may be part of
intermediate ganglia. Intermediate ganglia have been found in the cervical
sympathetic trunk (Foley, 1945) and in the lumbar splanchnic nerves of the cat (Baron
et al., 1985). Boyd (1957) described two principal groups of intermediate ganglia in
the human, a cranial group of ganglia lying in the cervical and uppermost thoracic
segments and a caudal group related to the lumbar and lowermost thoracic segments.
Most of these ganglia are located in the course of the rami communicantes. However,
Boyd (1957) also found similar ganglia in or near the ventral roots of the spinal cord,
close to the dorsal root ganglion and within the spinal nerves themselves (Boyd,
1957). In our study, intermediate ganglia located in the spinal nerves or the ventral
roots may explain the large and consistent decreases in nerve activity in the face of the
small number of postganglionic cell bodies found.

It is important to take into account the presence of these intermediate ganglia in
anatomical studies which count the number of axons in a preganglionic nerve bundle
or which predict the composition of a nerve by degeneration experiments. For
example, ventral root rhizotomy will eliminate preganglionic axons but may also cause
the degeneration of postganglionic axons that originate in an a ganglion located within
the ventral root (Brooks-Fournier & Coggeshall, 1981; Kuo et al., 1982). Discharge
from these postganglionic fibres must also be considered in electrophysiological
experiments involving stimulation of or recording from preganglionic nerve bundles.
The responses of preganglionic fibres may differ from those of postganglionic fibres

contained within the same nerve bundle (Morrison & Whitehorn, 1984; Hayes &



Weaver, 1990). Finally, the presence of intermediate ganglia is relevant in
denervation experiments since simply removing the sympathetic chain in rats would

not provide complete chronic sympathetic denervation (Boyd, 1957).
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Chapter 3: Evidence for descending tonic inhibition specifically alfecting
sympathetic pathways to the kidney in rats.

Journal of Physiology (London) 434: 295-306, 1991.

3.1 Introduction

In recent years, numerous studies have explored the properties of
sympathoexcitatory neurons located in the rostral ventrolateral medulla (RVLM) and
their role in maintaining tonic vasomotor tone. However, the understanding of
inhibitory influences within the sympathetic nervous system is much less complete
than that of excitatory pathways.
3.1.1 Tonic inhibition of sympathoexcitatory neurons in the RVLM

Excitatory drive from RVLM neurons is regulated by tonic sympathoinhibitory
influences from other areas in the brainstem such as the caudal ventrolateral medulla
(CVLM) or medullary raphe nuclei.
The caudal ventrolateral medulla

Vasodepressor neurons in the caudai medulla were first observed in the
experiments of Feldberg and Guertzenstein (1972; 1976), Guertzenstein (1973) and
Guertzenstein and Silver (1974) who showed that topical application of nicotine to the
ventral surface of the cat medulla caused large decreases in arterial blood pressure.
The location of this depressor area is centred around a group of noradrenergic cells
(A1 cell group; Dahlstrom & Fuxe, 1964) although neurons containing other

neurotransmitters and neuropeptides are also found in this region (Hokfelt, Lundberg,
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Tatemoto, Mutt, Terenius, Polak, Bloom, Sasek, Elde & Goldstein, 1983; Chronwall et

al., 1985; Mugnaini & Oertel, 1985; Melander, Hokfelt, Rokaeus, Cuello, Oertel,
Verhofstad and Goldstein, 1986; Kihara & Kubo, 1989). Pharmacological studies by
Granata, Kumada and Reis (1985b) and Granata et al. (1986) have suggested that Al
neurons tonically inhibit sympathetic activity. However, more recent evidence has
indicated that vasodepressor neurons in the CVLM utilize gamma-aminobutyric acid
(GABA) as the inhibitory neurotransmitter (Blessing, 1988; Blessing & Li, 1989).
Electrical stimulation of neurons in the CVLM or local microinjection of L-
glutamate reduces arterial blood pressure, sympathetic nerve activity and resistance in
mesenteric, renal and hindquarter vascular beds (Blessing & Reis, 1982; Witlette,
Krieger, Barcas & Capru, 1983a; Willette, Barcas, Krieger & Sapru, 1983b; Blessing,
Sved & Reis, 1984; Willette, Punnen, Krieger & Sapru, 1984a; Pilowsky et al., 1985;
Sved, Blessing & Reis, 1985; Willette et al., 1987; Blessing, 1988; Beluli & Weaver,
1991a). Conversely, inhibition of activity of neurons in this region by electrolytic
lesions, or microinjections of kainic acid or inhibitory amino acids increases arterial
pressure mediated by increases in sympathetic nerve discharge and regional vascular
resistances (Blessing, West & Chalmers, 1981a; West, Blessing & Chalmers, 1981;
Blessing et al., 1984; Willette, Punnen, Krieger & Sapru, 1984b; Granata et al., 1985b;
1986; Pilowsky et al., 1985; Sved et al., 1985; Willette et al., 1987; Dampney,
Blessing & Tan, 1988). In addition, activation of CVLM neurons caused differential
changes in the activity of different sympathetic nerves (Dembowsky, Czachurski &

Seller, 1989; Beluli & Weaver, 1991a). The existence of inhibitory projections



descending from the CVLM to the spinal cord is controversial (Fleetwood-Walker,

Coote & Gilbey, 1983; Hudson, Fuxe, Goldstein & Kalia, 1986; Dembowsky et dl.,
1989), but most evidence has suggested that the CVLM vasodepressor response
depends on the integrity of sympathoexcitatory neurons located in the RVLM.
Inhibition of RVLM neuronal activity with tetrodotoxin (Granata et al., 1986) or
muscimol (Willette et al., 1984b) prevented the sympathoexcitatury effects produced
by kainic acid or muscimol injection into the CVLM. Blockade of GABAergic
receptors in the RVLM also eliminated aiterial pressure responses to excitation or
inhibition of CVLM neurons (Blessing, 1988; Gatti & Gillis, 1991). Anatomical
tracing studies have shown that few CVLM neurons have axonal projections to
sympathetic preganglionic neurons in the intermediolateral cell column (IML) of the
spinal cord (Amendt, Czachurski, Dembowsky & Seller, 1979; Blessing, Goodchild,
Dampney & Chalmers 1981b; Ross et al., 1984). However, dense axonal projections
from CVLM neurons to bulbospinal neurons located in the RVLM have been
demonstrated (Blessing & Li, 1989; Van Bockstaele, Pieribone & Aston-Jones, 1989;
Blessing, 1990; Li, Wesselingh & Blessing, 1992b). Furthermore, RVLM bulbospinal
neurons were inhibited by chemical stimulation of the CVLM and were excited by
inhibition of ongoing CVLM neuronal activity indicating that the CVLM-RVLM
pathway is tonically active (Agarwal, Gelsema & Calaresu, 1989; Li, Gieroba,

Mc lien & Blessing, 1991). Activation of baroreceptors excited some CVLM neurons
which were orthodromically excited by electrical stimulation of the nucleus tractus

solitaris (NTS) and antidromically activated by stimulation in the RVLM (Agarwal &
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Calaresu, 1991). Therefore, vasodepressor neurons in the caudal medulla act
substantially by tonically inhibiting neurons in the rostral medulla which project to
sympathetic preganglionic neurons in the spinal cord. Tonic sympathoinhibition from
the CVLM is likely an integral part of the baroreceptor reflex pathway (Sun &
Guyenet, 1985; Gordon, 1987; Agarwal, Gelsema & Calaresu, 1990; Masuda, Terui,
Koshiya & Kumada, 1991).
The raphe nuclei

The raphe nuclei (pa. -jus, obscurus and magnus) are contained within the medial
depressor area first described by Ranson aad Billingsley (1916) and Wang and Ranson
(1939). Electrical stimulation or chemical activation of raphe cell bodies with L-
glutamate usually elicits marked decieases in arteria! pressure and sympathetic nerve
activity (Cabo,, Wild & Cohen, 1979; Gilbey, Coote, Macleod & Peterson, 1981;
McCall & Humphrey, 1985; Minson, Chalmers, Caon & Renaud, 1987; McCall,
1988a). In addition, midline medullary lesions increase tonic sympathetic nerve
discharge in both baroreceptor denervated cats and those with baroreceptor nerves
intact (Barman & Gebber, 1978). These lesions failed to affect baroreceptor reflex
mediated inhibition of sympathetic discharge (McCall & Harris, 1987). These
observations suggest that neurons in e raphe nuclei provide tonic inhibition of
sympathetic nerve activity that is independent of baroreceptor inputs.
Electrophysiological studies have identified raphe neurons whose spontaneous activity
is syitchronized to the 2-6 Hz slow wave of sympathetic nerve discharge. The liring

rate of these neurons increases during barorec ptor activation suggesting that thcy have
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a sympathoinhibitory function (Morrison & Gebber, 1982; 1984; Barman & Gebber,

1989; McCall & Clement, 1989). Two studies have shown that neurons in the raphe
nuclei provide differential control of different sympathetic nerves. Barman et al.
(1984) have identified raphe neurons that have spontaneous activity more strongly
correlated with renal than with inferior cardiac sympathetic nerve discharge. In
addition, electrical stimulation of the raphe decreased renal sympathetic nerve activity
but increased lumbar sympathetic nerve activity (Futuro-Neto & Coote, 1982).

Raphe neurons may influence sympathetic activity by tonically inhibiting
sympathoexcitatory neurons in the RVLM. Anatomic work has shown that the RVLM
receives projections from the caudal raphe nuclei (Bobillier, Seguin, Petitjean, Salvert,
Touret & Jouvet, 1976; Van Bockstaele ef al., 1989). Electrical stimulation of the
raphe nuclei inhibited spontaneous activity of sympathoexcitatory RVLM neurons
(McCall, 1988a). Furthermore, many raphe sympathoinhibitory neurons can be
artidromically activated by electrical stimulation in the region of the RVLM (Barman
& Gebber, 1989). Since raphe inhibitory neurons fire earlier than RVILM
sympathoexcitatory neurons relative to the peak of the cardiac-related slow wave in
sympathetic nerve activity, raphe neurons may provide tonic inhibitory input to
neurons in the RVLM (Gebber & Barman, 1988). The decreases in sympathetic
activity caused by electrical stimulation of the raphe nuclei are mediated by GABA
because this inhibition can be blocked by the GABA-receptor antagonists bicuculline
and picrotoxin and is potentiated by diazepam (McCall & Humphrey, 1985).

Microiontophoresis of bicuculline in the RVLM increases the tonic discharge of
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sympathoexcitatory RVLM neurons and blocks the raphe-evoked inhibition of RVLM
neuronal activity (McCall, 1988a). Since cell bodies immunoreactive for GABA have
been found in the region of the RVLM (Ruggiero, Meeley, Anwar & Reis, 1985;

Kihara & Kubo, 1989; Blessing, 1990), raphe-evoked inhibition of RVLM neurons is

likely mediated by adjacent inhibitory GABA interneurons in the region of the RVLM.

3.1.2 Tonic bulbospinal inhibition of sympathetic activity

Tonic sympathetic excitation may also be balanced by inhibition descending in
pathways trom the brainstem to the spinal cord. Tonic inhibition of sympathetic
nerves was first described by Alexander (1946) who demonstrated that ongoing
discharge of cardiac nerves, which was completely abolished by transection of the
brainstem 2t the level of the obex, could be partially restored by subsequent
transection of the cervical spinal cord. Several more recent studies have revealed an
inhibitory system that descends in the dorsolateral funiculus of the spinal cord. These
axons are responsible for tonic inhibition of the spinal component of the somato-
sympathetic reflex (Dembowsky, Czachurski, Amendt & Seller, 1980) and may also be
the path of inhibition of purely visceral reflexes (Miiller, Dembowsky, Czachurski &
Seller, 1988). This inhibition is thought to originate in the medulla and is independent
of baroreceptor inputs (Dembowsky et al., 1980). Electrical stimulation of the
dorsolateral funiculus causes a reduction in blood pressure and in sympathetic nerve
activity after, but not before, spinal cord transection (Coote & Macleod, 1974;

Schramm & Chornoboy, 1982; Schramm & Livingstone, 1987). One explanation for
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the appearance of sympathoinhibition only after cord transection may be that this
inhibitory system is maximally driven by supraspinal neurons or by neurons in the
cervical spinal cord (Schramm & Livingstone, 1987). Therefore, stimulation of the
spinal pathway in the intact animal would have no effect on sympathetic discharge
(Schramm & Livingstone, 1987). Although stimulation of this pathway after spinal
cord transection re duces renal nerve activity by 50%, stimulation has little effect on
lumbar sympathetic discharge (Taylor & Schramm 1988), suggesting that the inhibition
is selective for certain sympathetic nerves. Schramm and Livingstone (1987) propose
that this inhibitory system has the strongest effect on nerves capable of generating
activity after spinal cord transection. Their hypothesis is supported by the fact that, in
chloralose-anaesthetized rats, renal and gastrosplenic nerve activity increases after cord
transection, whereas lumbar chain discharge decreases (Taylor & Schramm, 1987;
1988). In cats, blockade of the RVLM causes small but significant decreases in the
discharge of mesenteric nerves; subsequent spinal cord transection returns this
discharge to control values (Stein et al, 1989). These data suggest that in cats,
elimination of excitatory influences from the RVLM leaves a bulbospinal inhibitory
system intact and that interruption of this inhibitory system by cord transection allows
mesenteric sympathetic discharge originating fiom spinal neurons to increase. These
studies provide evidence for tonic bulbospinal inhibitory influences on sympathetic
nerves in rats and cats. The finding that IPSPs can rarely be recorded from
sympathetic preganglionic neurons argues against the existence of a tonically active

sympathoinhibitory projection synapsing on these cells (Dembowsky, Czachurski &
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Seller, 1985). Such a projection may, however, synapse on excitatory local
interneurons or afferent tibres antecedent to preganglionic neurons and produce

inhibition by disfacilitation.

3.1.3 Supraspinal neurons responsible for tonic descending inhibition
The raphe nuclei

There is some evidence to support the role of a raphe-spinal sympathoinhibitory
system. Anatomic studies show axonal projections from the midline raphe nuclei
which descend, in part, in the dorsolateral funiculus to the IML of the spinal cord
(Loewy, 1981; Loewy & McKellar, 1981). Discrete lesions placed in the dorsal part
of the dorsolateral funiculus of the cervical spinal cord can abolish the inhibition of
sympathetic activity produced by raphe stimulation (Coote & Macleod, 1975). In
addition, Morrison and Gebber (1985) have shown that raphe sympathoinhibitory
neurons with discharges correlated with sympathetic nerve activity can be
antidromically activated by electrical stimulation of the IML and some raphe-spinal
sympathoinhibitory neurons emit branches in the cervical spinal cord (Barman &
Gebber, 1988). These observations are consistent with a sympathoinhibitory system
that is integrated or relayed in the cervical spinal cord. Furthermore electrical
stimulation of the medullary raphe completely inhibits sympathetic preganglionic
neuronal discharge (Cabot ef al., 1979). The latency of this inhibitory effect is similar
to the latency observed vwhen raphe neurons are antidromically activated from the IML

(Cabot er al., 1979). Finally, a direct monosynaptic pathway between cells in the
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raphe pallidus and caudal raphe magnus and adrenal sympathetic preganglionic
neurons has been demonstrated using electron microscopy (Bacon, Zagon & Smith,
1990).
The AS cell group

The AS cell group is a collection of norepinephrine-containing cells located in the
ventrolateral portion of the brainstem at the pontomedullary junction (Dahlstrom &
Fuxe, 1964). Anatomical studies using radio-labelled amino acids (Loewy, McKellar
& Saper, 1979a), horseradish peroxidase (Westlund, Bowker, Zeigler & Coulter,
1983), fluorescent dyes (Westlund et al,, 1983; Byrum, Stornetta & Guyenct, 1984)
and neurotropic viruses (Strack et al., 1989a; 1989b) have shown that AS
catecholaminergic cells project massively to the intermediolateral cell column (IML) of
the spinal cord. In fact, up to 93% of all noradrenergic neurons in this area send an
axon to the thoracic spinal cord and noradrenergic neurons comprise at least 90% of
all spinally projecting neurons in this area (Byrum et al., 1984). Electrophysiological
experiments support the anatomical evidence. Spinally projecting neurons in the AS
region have been identified by antidromic activation of their axons in the spinal cord
and their location correlates with the position of catecholamine-containing cells
(Byrum et al., 1984; Coote, 1985). Antidromic mapping demonstrates that the axons
of these cells arborize mainly in the region of the IML (Huangfu, Koshiya & Guyenet,
1991).

Attempts to understand the role of A5 cells in the regulation of arterial pressure

and sympathetic outflow have produced a confusing picture. Activation of cell bodies
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in this region with injections of excitatory amino acids causes decr=ases in arterial
pressure (Close, Neil & Loewy, 1982; Neil & Loewy, 1982; Stanek, Neil, Sawyer &
Loewy, 1984) and decreases in the resistance of skeletal muscle and kidney vascular
beds (Stanck et al., 1984). The depressor responses to AS stimulation were attenuated
following injections of the catecholaminergic neurotoxin 6-hydroxydopamine (6-
OHDA) into either the IML or the NTS (Loewy, Marson, Parkinson, Perry & Sawyer,
1986). Arterial pressure and vascular resistance responses to injections of glutamate
into the A5 area were also prevented by pretreatment with intraventricular injections of
6-OHDA (Stanek et al., 1984). These results indicate that AS-spinal projections have
inhibitory influences on sympathetic nerve activity supporting arterial pressure. This
idea is supported by iontopher: ‘ic studies which show that norepinephrine inhibits
sympathetic preganglionic neurons via alpha,-adrenergic receptors (Coote, Macleod,
Fleetwood-Walker & Gilbey, 1981; Guyenet & Cabot, 1981; McCall, 1988b). Some
evidence indicates that sympathoinhibition from the AS region may not be tonically
active since lesions involving AS noradrenergic neurons do not change resting arterial
pressure (Granata et al., 1985a). However, Dormer and colleagues (1986)
demonstrated that, whereas radio-frequency lesions produce a slight decrease in arterial
pressure, lesions of cell bodies with kainic acid result in increased arterial pressure
(Dormer, Andrezik, Person, Braggic & Foreman, 1986). The AS region of the pons
represents a relatively unexplored source of sympathoinhibition. The possibility that
inhibition is mediated through AS-spinal pathv.ays or that it is tonically active has yet

to be resolved.
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Recent electrophysiological experiments suggest that AS cells have a
sympathoexcitatory function. Most neurons in the AS region with axons terminating
in the IML of the spinal cord were inhibited by raising arterial pressure and by
stimulation of the aortic depressor nerve. The spontaneous activity of some of these
cells was correlated with splanchnic sympathetic nerve discharge and preceded the
peak of sympathetic discharge by a latency similar to that of sympathoexcitatory
neurons in the RVLM (Huangfu et al.,, 1991). Furthermore, microinjection of the
excitatory amino acid N-methyl-D-aspartate (NMDA) into the AS region increased
splanclinic and renal sympathetic nerve discharges but usually decreased lumbar
sympathetic nerve activity. The responses of the splanchnic nerve to NMDA injection
were reduced by neurotoxic lesion of noradrenergic cell bodies in the AS area and by
intrathecal administration of prazosin, an alpha,-adrenergic receptor antagonist
(Huangfu, Hwang, Riley & Guyenet, 1992) indicating that the excitatory responses are
mediated by a different adrenergic receptor in the spinal cord than are inhibitory
responses. The sympathetic responses were accompanied by sma’l decreases in arterial

pressure and heart rate (Huangfu et al., 1992).

3.2 Rationale for the present study

Blockade of excitatory neurons in the RVLM may leave unbalanced a tonically
active bulbospinal sympathoinhibitory system which affects discharge of
postganglionic renal and splenic nerves and their preganglionic inputs, the 13th

thoracic (T,;) white rami and the greater splanchnic nerves. This hypothesis was
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tested by comparing the magnitudes of nerve discharge observed after spinal cord
transection to those seen following bilateral blockade of excitatory influences from
RVLM neurons. Effects of spinal cord transection on discharge of T,; white rami
were compared to effects of unilateral RVLM blockade prescnted in an earlier study
(Hayes & Weaver, 1990).

A second objective of this project was to locate the supraspinal neurons which
drive this sympathoinhibitory system. The AS region of the pons was explored with
small microinjections of the inhibitory amino acid glycine to locate groups of tonically

active neurons that have inhibitory effects on sympathetic nerve activity.



7
3.3 Methods

Preparation of animals.

Male Wistar rats (200-400 g; n=34; Charles River, Canada) were anaesthetized
with urethane (1.4 g/kg,i.p., Aldrich Chemical Company, USA) and tracheal tubes
were inserted. The left jugular vein and the right femoral artery were cannulated for
delivery of solutions and drugs and for monitoring arterial blood pressure, respectively.
Arterial blood samples (~100 ul) were withdrawn periodically for measurement of pH,
pO, and pCO, (pH/blood gas analyser, model 170, Corning Medical, USA) and
deviations from normal were corrected by i.v. administration of sodium bicarbonate or
by adjusting respiratory rate and/or tidal volume. Body temperature was maintained at
37°C with a heating pad. Physiological saline was infused slowly at a rate of 0.6
mb/hr throughout the experiment to compensate for fluid loss. The animals were
artificially respired with oxygen-enriched air and paralysed with gallamine triethiodide
(20 mg/kg initially, followed by doses of 10 mg/kg as needed, Rhone-Poulenc,
Canada). Before each supplemental dose of gallamine was given, the animal's plane
of anaesthesia was assessed by examining palpebral and withdrawal reflexes.
Additional urethane (0.1 g/kg, i.v.) was given if needed.

The rats were placed in a stereotaxic frame (David Kopf Instruments, USA). The
left sympathetic chain, the anterior bundle of the right greater splanchnic nerve or
postganglionic renal and splenic nerves were exposed via a retroperitoneal approach.
To expose the T,;-L, white rami, the psoas muscle was retracted laterally by sutures

placed around the muscle and the sympathetic chain was carefuily isolated as
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described previously (Hayes & Weaver, 1990; Hayes et al., 1990a). Small bundles of

all sympathetic nerves were identified, dissected free from surrounding tissue and
severed. The central ends were placed on stainless-steel bipoiar electrodes for
recording muitifibre electrical activity. Exposed nerves were covered with dental
impression medium (Regasil, Dentsply International Inc., U.S.A.) to isolate the nerve
and electrode from the surrounding tissue and to prevent dehydration. In all animals a
pneumothorax was made to eliminate artifacts in the neural recordings caused by
respiratory movements. Neural discharge was amplified with a Grass P511 amplifier
(Grass Instrument Company, USA) at a bandwidth of 30 Hz to 3 kHz. The amplified
signals were monitored on an oscilloscope, recorded on magnetic tape (Racal, model
7DS, UK) and the integrated neural signals were displayed along with arterial pressure
and heart rate on a Grass Instruments polygraph. In 3 experiments, discharge of renal
and splenic nerves was recorded simultaneously.

To ensurc that recordings were from sympathetic nerves containing vasomotor
components, arterial baroreceptors were stimulated by increasing arterial pressure with
a bolus injection of 1-3 ug phenylephrine (i.v., Neo-Synephrine. Sterling, Canada).
Discharge of all postganglionic nerves was shown to be inhibited by baroreceptor
activation.

Cervical Spinal Cord Transection.

In one group of animals (n=23), the spinal cord was exposed by a dorsal

laminectomy and transected at the first cervical segment. Neural discharge, arterial

pressure and heart rate were recorded from 2 min before to 5 min after spinal cord
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transection and then for periods of 2 min at 15, 30 and 60 min after transection. After
cord transection, phenylephrine (0.1-0.2 ug/min of 0.2 mg/m! in saline) was infused
intravenously at a rate to maintain arterial pressure at control levels. Support of
pressure was necessary as unsupported arterial pressure after cord transection often fell
as low as 50 mmHg and the condition of the spinal cord and the animal would have
deteriorated at such a low perfusion pressure.

Since preganglionic splanchnic and white rami nerve bundles may contain some
postganglionic fibres (Celler & Schramm, 1981; Hayes et al,, 1990a), a bolus injection
of a ganglionic blocking drug, hexamethonium (30 mg/kg,i.v., Sigma Chemical
Company, USA), or chlorisondamine (5 mg/kg,i.v., Ciba Geigy Ltd., Canada), was
given before spinal cord transection to eliminate postganglionic nerve activity when
responses of these nerves were tested. In order to maintain arterial pressure at levels
comparable to those before ganglionic blockade and to assure adequate perfusion of
vital tissues, the infusion of phenylephrine was begun immediately after blockade in
these animals and continued for the duration of the experiment. Therefore, only the
responses of the preganglionic fibres to cord transection were observed.

Bilateral microinjections of glycine into the RVLM.

In another group of animals (n =11), a portion of the interparietal bone was
removed to expose the cerebellum overlying the medulla. The exposed surface of the
brain was kept moist with saline-soaked gauze until immediately before
microinjection. Glass micropipettes were filled with a solution of the inhibitory amino

acid, glycine in distilled water (1.0 M; pH=7.4; BDH Chemicals, Canada). A few
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drops of India ink were added to 10 ml of the solution to mark the injection site in the
brain. The tips of the pipettes were positioned in the RVLM according to the
stereotaxic atlas of Paxinos and Watson (1986) and glycine was injected by application
of pressurized pulses of air to the pipette. Ejection pressure and pulse duration were
controlled by a picospritzer (General Valve Corporation, U.S.A.). Injection volumes
were determined by the displacement of the meniscus at the air-liquid interface in the
pipette observed through a microscope containing an ocular micrometer. Unilateral
injections of glycine (180 nl) were made on both sides of the medulla at sites that
elicited a depressor response. A recovery period of 65 min was allowed after each
unilateral injection and then bilateral injections were made into these same sites. This
recovery interval has been found to be sufficient for 2 consecutive glycine injections
into the same site to produce identical arterial pressure and nerve responses (Hayes &
Weaver, 1990).

Unilateral microinjections of glycine into the region of the AS cell group.

A third group of animals was anaesthetized with either urethane (n =3) or
anaesthetized initially with sodium pentobarbiial (n =5; 40 mg/kg, i.p., M.T.C.
Pharmaceutical, Canada) followed by an infusion of the steroid anaesthetic Saffan
(aiphaxalone 9 mg/ml and alphadolone 3 mg/ml, Glaxovet, Glaxo Canada Ltd.,
Canada) via a second venous cannula. The Saffan infusion (0.4-1.0 ml/hr) was begun
as effects of the pentobarbital disappeared and adjustments in the rate of infusion were
made as needed to maintain a constant plane of anaesthesia. In some animals, the

muscarinic antagonist atropine (1 mg/kg, bolus i.v., Sigma Chemical Company, USA)
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was given at 2 hr intervals to ensure that any observed changes in heart rate were due
to changes in cardiac sympathetic nerve activity. A section of the parietal bone was
removed to expose the cortex overlying the pons. The tips of glass micropipettes
filled with a solution of glycine (1.0M; pH =7.4) were positioned within the
ventrolateral pons (Paxinos & Watson, 1986) and small unilateral injections of glycine
(55-70 nl) were made into sites located in the region of the AS cell group.
Experimental protocol.

Neural discharge of renal, splenic and greater splanchnic nerves as well as arterial
pressure and heart rate were recorded from 1 min before to 5 min after bilateral or
unilateral injections of glycite into the RVLM or region of the AS cell group. A
recovery recording was taken when nerve discharge and arterial pressure had returned
to contrl values. In experiments in which greater splanchnic nerve activity was
recorded, hexamethonium or chlorisondamine was given to ¢liminate postganglionic
nerve activity after a site had been found on each side of the medulla in which glycine
produced a neural and blood pressure response. Arterial pressure was supported by
phenylephrine infusion after ganglionic blockade. Glycine was injected into the same
sites to observe neural resposes of the preganglionic fibres only.

At the end of the experiments, the animals were given an overdose of urcthane
and background electrical noise was recorded for 2 min. Examination of the spinal
cord at the location of the transection confirmed the completeness of transection. The
brains were removed and stored in a solution of 10% Formalin in saline. Transverse

sections of S0 um were cut on a cryostat, stained with neutral red dye and the sites of
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injection were verified using a Leitz microscope (Wild - Leitz, Canada).

Neural discharge of all postganglionic nerves and preganglionic splanchnic nerves
was recorded on magnetic tape, digitized, rectified and integrated cumulatively during
10 s periods. After subtracting integrated background electrical noise, integrated nerve
activity was expressed in g#v's. White ramus activity was quantified ir counts of
spikes/s after window discrimination (Frederick ifaer, U.S.A.) as outlined in previous
studies (Hayes et al, 1990a; Hayes & Weaver, 1990).

Statistical analysis

A one-way analysis of variance (ANOVA) with repeated measures was used to
determine statistical changes in neural discharge and arterial pressure after cervical
spinal cord transection and bilateral injection of glycine into the RVLM or unilateral
glycine injection into the AS area (Snedecor & Cochran, 1980). Comparison between
percent changes in nerve activity between groups was made using a one-way ANOVA
and the Student Newman-Keuls test after square root normalization of percentage
values. Differences were considered significant when p<0.05 and variability wis
expressed as pooled standard error derived from ANOVA, as a coefficient of variation

or as a stardard error of the mean.
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3.4 Results
3.4.1 Sympathetic responses to stimulation of arterial baroreceptors

Influences of arterial baroreceptors on discharge of all postganglionic nerves (n=19)
were tested in each experiment. Injections of phenylephrine (1-3 ug, i.v.) increased
mean arterial pressure by 64 +*8 mmHg and inhibited ongoing discharge of renal
nerves by 81 +7% and splenic nerves by 67 +8%. As described previously (Hayes &
Weaver, 1990) renal nerves are more sensitive to activation uf baroreceptors than are
splenic nerves. Since activity of all nerve bundles was inhibited by stimulation of
baroreceptors, these nerves were considered likely to contain vasomotor fibres.
3.4.2 Sympathetic responses to cervical spinal cord transection

Immediately following spinal cord transection, arterial pressure and activity of
renal and splenic nerves increased sharply and then quickly decreased to levels
significantly below control (Figs. 10 and 11). Typically, renal nerve discharge
returned toward control within a few minutes of transection while splenic nerve
activity remained low. By 30 min after cord transcction, activity in both nerves had
stabilized. Mean discharge of 6 renal nerves was decreased by 27 +2% and mean
discharge of 5 splenic nerves was decreased by 48 +7% (Fig. 13). The decrease in
renal nerve activity was significantly smaller than the decrease in splenic nerve
activity.

After spinal cord transection, activity of 5 preganglionic greater splanchnic nerves
was consistently decreased by 32 =5% (Figs. 11 and 13). However, responses of

preganglionic T,; white rami to cord transection were varied. The activity of 2 of 9
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T,; white rami increased following cord transection while discharge of 3 white rami
decreased and activity of 4 white rami bundles did not change. The mean change in
firing of these nerve bundles (+12 +28%) was not significant (Figs. 11 & 13). Mean
control arterial pressure and heart rate for all animals (n=23) were 86 3 mmHg and
464 +9 bpm before cord transection. After transection arterial pressure, supported by
phenylephrine infusion was 82 +3 mmHg and heart rate was decreased to 415 +8 bpm.
3.4.3 Bilateral microinjections of glycine into the RVLM

Bilateral injection of glycine into the RVLM produced a large decrease in arterial
pressure as well as changes in renal and splenic nerve activity that began within
seconds and maximum decreases occurred within 1-5 min of injection. Arterial
pressure and nerve activity returned to contre! values within 30 min to 1 hr. Since
arterial pressurce began to return to control values within minutes of the maximum
decrease, support of pressure during this period was not necessary. Mean control
arterial pressure and heart rate for these animals (n=7) were reduced significantly by
42 4% (from 86 to 49 mmHg; pooled S.E. = 3.9) and by 10 £2% (from 481 to 431
bpm; pooled S.E. = 4.6). Bilateral glycine injection decreased renal nerve activity by
53 5%, and decreased splenic nerve activity by 45 +6% (Figs. 12 and 13). Bilateral
injections of glycine into the RVLLM reduced preganglionic greater splanchnic nerve
activity by 34 +5% (Figs. 12 and 13) and had no effect on arterial pressure and heart
rate because of the ganglionic blockade. Responses of T,, white rami to bilateral
RVLM injections were not tested as these recordings could not be maintained for the

three hours needed to test responses of preganglionic nerves.



Figure 12. Mean responses of renal, splenic and greater splanchnic nerves to bilateral
injections of glycine into the RVLM. Filled bars are average discharge during 60
s control and recovery periods. The cross-hatched bars are average discharge
during the 10s period of maximum response to glycine injection. Remainder of
format is as in Figure 11. Bilateral RVLM blockade caused significant decreases

in discharge of all three nerves.
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Figure 13. Comparison of neural responses to cervical spinal cord transection with

responses to blockade of the RVLM. All values are expressed as a percentage
change from control. Changes from control 30 min after cord transection are
shown as filled bars. Maximal responses to bilateral blockade are illustrated as
stippled bars. MNlaximal response of T,, white rami to unilateral blockade (cross-
hatched bar) has been taken from a previous study (Hayes & Weaver, 1990).
Numbers in parentheses are numbers of injections (RVLM blockade) or animals
(cord transection). Asterisks indicate significant difference between responses to
spinal cord transection and RVLM blockade. Coefficients of variation are 0.20
(SNA), 0.18 (GSPNA), 0.10 (RNA) and 1.85 (T,;WR). Responses of splenic and
splanchnic nerves to cord transection were not different from those to bilateral
blockade. In contrast, renal and T,; white ramus responses to spinal cord
transection were smaller than those to bilateral or unilateral medullary blockade,

respectively.
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3.4.4 Comparison of cervical spinal cord transection and RVLM blockade

A comparison of responses to cervical spinal cord transection and RVLM blockade
is shown in Fig. 13. For this comparison of T,; white rami responses, data for
unilateral injections of glycine into the RVLM have been taken from a previous study
(Hayes & Weaver, 1990). Transecting the spinal cord caused reductions in discharge
of splenic and splanchnic nerves which were not different from those caused by
bilateral glycine injections. In contrast, discharge of renal nerves was decreased to a
greater extent by bilateral injections of glycine into the RVLM than by cervical spinal
cord transection. Furthermore, even unilateral blockade of the RVLM decreased the
discharge of T, white rami more than spinal cord transection.
3.4.5 Unilateral microinjections of glycine into the region of the AS cell group.

An example of the sympathetic, arterial pressure and heart rate responses produced
by a unilateral injection of glycine into the AS region is shown in Fig. 14. Unilateral
glycine injections (n =8) into sites in the vicinity of the AS cell group caused arterial
pressure and sympathetic responses that began within 5-10s, reached a maximum
response in 30-150s and returned to control values within 15 min. Mean arterial
pressure was iucreased by 15 +3 mmHg (from 85 to 100 amHg; pooled S.E.=2.1) but
there were no significant effects on heart rate. Glycine injection caused increases in
renal nerve activity of 30 5% (from 3.1 to 3.8 uV's; pooled S.E=1.6). In some (n
=5) but not all of these sites, glycine injection also increased activity of splenic nerves
by 22 +4% (from 0.9 to 1.1 uV's; pooled S.E.=0.37). The locations of these injection

sites are shown in Fig. 15.
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Figure 15. Drawings of transverse sections of rat pons 0.30 mm and 0.80 mm caudal to
the interaural line showing sites of glycine injection (filled circles). s5 (spinal
trigeminal tract); rs (rubrospinal tract); Mo5 (motor trigeminal nucleus); AS (AS

cell group); SO (superior olivary nucleus); py (pyramidal tract); 7n (facial nerve).
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3.5 Discussion

The observation that bilateral RVLM blockade caused decreases in firing of renal
nerves which were greater than those caused by cord transection suggests that these
nerves are under descending tonic inhibitory restraint balanced by excitatory drive
from the RVLM. This pattern of response was also observed in the T,, white rami
since even unilateral RVLM blockade produced larger decreases in nerve activity than
cord transection. Blockade of the RVL.M eliminated excitatory input to sympathetic
preganglionic neu-ons leaving a descending inhibitory influence on renal nerves and
T,; white rami unopposed. This inhibitory pathway was then interrupted by spinal
cord transection resulting in increased sympathetic discharge of spinal origin. Our
results also suggest that tonic inhibitory influences selectively affect lower thoracic
white rami and renal nerves rather than affecting sympathetic innervation of the
viscera in general. In fact, anatomical and electrophysiological studies have shown
that renal postganglionic neurons receive preganglionic input from T,; white rami and
that splenic neurons are innervated primarily by the greater splanchnic nerve (Ferguson
et al., 1986; Sripairojthikoon & Wyss, 1987; Chevendra & Weaver, 1991; Taylor &
Weaver, 1992a). This indicates that this tonic inhibitory system affects the
sympathetic pathway to the kidney and not the pathway to the spleen.

The greater renal nerve responses to RVLM blockade than to spinal cord
transection may also be consistent with an alternative explanation. Renal nerves may
be more sensitive to RVLM blockade than splenic nerves, not due to intact descending

inhibition of renal nerve activity but because of a pattern of organization of neurons in
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the RVLM leading to differential control of these two nerves. Renal nerve discharge
is also more sensitive to baroreceptor activaticn, a reflex which is mediated, at least in
part by neurons in the RVLM (Granata et al., 1985a). In addition, preganglionic
neurons controlling renal nerves may be more capable of maintaining sympathetic
firing after spinal cord transection than are those innervating splenic nerves. Possibly,
neither responses to RVLM blockade nor those to cord transection depend upon the
presence of an inhibitory system.

Several regions of the brainstem have been considered as sources of tonic
sympathoinhibition. Neurons in the medullary raphe nuclei and caudal ventrolateral
medulla (CVLM) have both been shown to inhibit sympathetic discharge tonically
(McCall & Harris, 1987; Pilowsky et al., 1985; Willette et al., 1984b). Although
bulbospinal projections from both these areas have been reported (Loewy, 1981;
Loewy & McKellar, 1981; Fleetwood-Walker et al., 1983). recent evidence suggests
that these regions influence sympathetic activity by tonically inhibiting
sympathoexcitatory neurons in the RVLM (Willette et al., 1984b; Granata et al., 1986;
McCall, 1988a; Agarwal et al., 1989). Since our results suggest an inhibitory system
not mediated through these excitatory RVLM neurons, the CVLM or raphe nuclei are
not likely sources of the inhibition observed in this study. Even baroreceptor-mediated
inhibition was probably interrupted by the bilateral RVLM injections as this reflex is
largely relayed through RVLM neurons (Granata et al., 1985a).

In the present study, injections of glycine into sites in the region of the AS cell

group caused increases in arterial pressure and sympathetic nerve activity suggesting




that AS neurons tonically inhibit vasomotor discharge. Although recent evidence
indicates that A5 neurons may be sympathoexcitatory (Huangfu et al., 1991; Huangfu
et al., 1992), our results are consistent with those of other studies that support a
sympathoinhibitory rcle for AS neurons (Stanek et al., 1984; Loewy et al., 1986).
Since AS noradrenergic ::eurons are dispersed amouny reticular neurons within the
ventrolateral pons, cardiovascular and sympathetic responses may have been caused by
an action of glycine on neurons other than AS cells. However, this possibility is
unlikely because glycine injection intc sites throughout the pontine reticular formation
produces consistent decreases in arterial pressure and renal and splenic sympathetic
nerve activity (Hayes & Weaver, 1992). Since glycine injections into this region
increased discharge of renal and splenic nerves but had little effect on cardiac
sympathetic nerve activity, this inhibition could be specific for some sympathetic
nerves. However, since glycine injections into this area produced similar responses in
both renal and splenic nerves, the AS cell group may not be the source of selective
inhibition of renal nerves that is suggested by the results of this study.

Several studies have revealed a baroreceptor-independent inhibitory system that
descends in the dorsolateral funiculus of the spinal cord (Dembowsky ef al., 1980;
Miiller ez al., 1988). Following spinal cord transection, electrical stimulation of the
dorsolateral funiculus causes a reduction in arterial pressure and in sympathetic nerve
activity (Coote & Macleod, 1974; Schramm & Chornoboy, 1982; Schramm &
Livingstone, 1987). Although stimulation of this pathway reduces renal nerve activity

by 50%, stimulation has little effect on lumbar sympathetic discharge (Taylor &
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Schramm, 1988), suggesting that the inhibition is selective for certain sympathetic
nerves. Schramm and Livingstone’s (1987) hypothesis that this inhibitory system has
the strongest effect on nerves capable of generating activity after spinal cord
transection is supported by the fact that, in chloralose-anaesthetized rats, renal and
gastrosplenic nerve activity increases after cord transection, whereas lumbar chain
discharge decreases (Taylor & Schramm, 1987; 1988). Our results do not support this
idea because even though splanchnic nerve activity was maintained as well as that of
renal nerves in spinal rats, we found no evidence that splanchnic nerve activity was
tonically inhibited.

Another difference between our results and those of Taylor and Schramm (1987;
1988) is that spinal cord transection consistently decreased activity of both renal and
splenic nerves in our urethane-anaesthetized rats. To investigate the possibility that
the differences in the renal nerve responses between these studies were due to the
different anaesthetics used, we did four additional experiments in rats anaesthetized
with alpha-chloralose. In 2 of these rats, renal nerve discharge did decrease.
However, we were able to produce increases in renal nerve activity with cord
transection in 2 of these rats suggesting that responses to cord transection can be
affected by the anaesthetic used.

In all of the nerves studied, a substantial amount of activity (50% or more)
remained after bilateral blockade of neurons in the RVLM or even after cervical spinal
cord transection. The origin of this sympathetic firing is unknown. Sympathetic

reflexes can be elicited by activation of a variety of visceral afferent nerves in spinal
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animals (Meckler & Weaver, 1988; Stein & Weaver, 1988). In preliminary

experiments in our laboratory, blockade of afferent nerve activity by cooling the
intestine produced decreases in mesenteric nerve activity before (35%) and after (16%)
spinal cord transection in rats suggesting th:.* «cnic excitatory afferent inputs may
provide some ongoing activity of these . tves. However, since dorsal root rhizotomy
failed to reduce mesenteric nerve activity in rats with intact or transected spinal cords,
peripheral afferent inputs to the spinal cord probably do not contribute to tonic
excitation of mesenteric neurons (Taylor & Weaver, 1992b).

Sympathetic discharge is probably initiated within spinal cord propriospinal circuits
after cord transection but the importance of these circuits for ongoing sympathetic
activity when the neuraxis is intact is unknown. Spinal networks may normally play a
minor role in maintaining ongoing sympathetic discharge and become more important
as a source of tonic drive after cord transection. However, activity in splznchnic and
splenic nerves following bilateral RVLM blockade is similar to activity remaining in
these nerves after cervical cord transection. This may indicate that, even in the intact
animal spinal generators make a substantial contribution to ongoing sympathetic
discharge to the viscera.

In summary, these experiments have identified another characteristic of sympathetic
control which could provide selective, non-uniform influences on individual visceral
organs such as the kidney and spleen. Thirteenth thoracic white rami and renal nerves
are not only more dependent upon excitatory drive from the RVLM than are splenic,

mesenteric and preganglionic greater splanchnic nerves (Hayes & Weaver, 1990), but
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appear to be the target of tonic inhibition. This inhibition could not be produced by
actions on RVLM neurons and may be caused by projections of tonically active
neurons to the spinal cord which selectively affect the sympathetic pathway to the
kidney. Aithough neurons located in the region of the AS cell group appear to
tonically inhibit activity of some sympathetic nerves, sympathoinhibition from this

region is not specific for renal nerves.



Chapter 4: Tonic sympathetic excitation and vasomotor control from pontine
reticular neurons in rats.

American Journal of Physiology 263: H1567-H1575, 1992.

4.1 Introduction

Efforts in the last 10 years to locate specific brainstem nuclei involved in tonic
vasomotor control have focused on the rostral ventrolateral medutia (RVLM) and
evidence has accumulated that supports the RVLM as the most critical site for
cardiovascular control and for generation of sympathetic activity (review: Calaresu &
Yardley, 1988; Barman, 1990; Guyenet, 1990; McCall, 1990; Chalmers & Pilowsky,
1991). However, in light of recent studies, the idea of RVLM neurons as the only
crucial generator of sympathetic vasomotor tone requires serious reevaluation. For
example, extensive bilateral electrolytic lesions of the RVLM in anaesthetized rats
produced only transient (30 minutes) decreases in arterial pressure (Cochrane et al.,
1988). Furthermore, bilateral electrolytic or chemical RVLM lesions in conscious rats
did not affect basal arterial pressure or heart rate and did not eliminate the baroreflex
cardiac response to a rise in arterial pressure (Cochrane et al., 1989; Vasquez et al.,
1992). These studies indicate that although the RVLM remains an important region in
cardiovascular control, areas outside of the RVLM are capable of maintaining arterial
pressure and mediating cardiovascular reflexes.

Other regions including the forebrain (Huang, Gebber, Barman & Varner, 1987),

the hypothalamus (Huang, Varner, Barman & Gebber, 1988) and even the spinal cord
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(Dembowsky et al., 1985; Meckler & Weaver, 1985; 1988; Taylor & Schramm, 1987;
Stein & Weaver, 1988) have been suggested as potential contributors to vasomotor
tone. The dorsal medullary reticular formation was once considered a generator of
basal sympathetic discharge since lesions within this region lower blood pressure in
anaesthetized rats (Chai & Wang, 1968; Kumada, Dampney & Reis, 1979). Since
subsequent experiments showed that these lesions interrupted a pathway mediating
responses from the RVLM, this region was prematurely dismissed as a primary source
of sympathetic activity (Dampney & Moon, 1980). Several recent studies suggest that
a network of neurons in the medullary reticular formation integrates cardiovascular
reflexes and maintains tonic sympathetic nerve activity. Injections of excitatory amino
acids into the dorsal and dorsomedial medulla cause pressor responses and
vasoconstriction in the renal vascular bed suggesting that neurons involved in
vasomotor functions exist in this area (Chai, Lin, Lin, Pan, Lee & Kuo, 1988; Yardley,
Andrade & Weaver, 1989b). Furthermore, injections of the inhibitory amino acid
glycine can produce decreases in systemic arterial pressure and renal sympathetic
nerve activity (Korkola & Weaver, 1992). Barman and Gebber (1987; Gebber &
Barman, 1988) have located neurons in the lateral tegmental field (LTF) of cats with
spontaneous activity synchronized to the cardiac cycle and to the 2-6 Hz rhythm of
sympathetic nerve discharge. The firing rate of some of these neurons decreases
during baroreceptor reflex activation suggesting that these neurons have
sympathoexcitatory functions. Although LTF neurons with sympathetic related activity

do not send axons to the thoracic spinal cord (Gebber & Barman, 1985) these neurons
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do send excitatory projections to the RVLM (Barman & Gebber, 1987) and studies

from their laboratory suggest that LTF neurons are an important source of basal
activity for RVLM-spinal sympathoexcitatory neurons. This conclusion is based on
the finding that sympathoexcitatory neurons in the LTF fire significantly earlier than
RVLM neurons during the 2-6 Hz burst of sympathetic nerve discharge (Barman &
Gebber, 1987; Gebber & Barman, 1988). In addition, the conduction time in the
pathway from the LTF to the RVLM corresponds with the difference in the
spontaneous firing times of the two groups of neurons during the 2-6 Hz burst of
sympathetic discharge (Barman & Gebber, 1987; Gebber & Barman, 1988).

To consider the medullary reticular formation a vasomotor centre it must be a site
of convergence of major inputs from other cardiovascular regulatory regions (Calaresu
& Yardley, 1988). Single neurons in the reticular formation respond to baroreceptor
input, to both noxious and innocuous stimuli applied to the heart and are excited by
electrical stimulation of cardiac sympathetic afferents (Blair, 1987). In addition to
cardiovascular information these neurons also respond to a wide variety of inputs
including somatic stimuli, auditory and visual stimuli, activation of respiratory
afferents and input from vestibular, cortical, tectal and cerebellar pathways. Most of
these reticular neurons receive convergent input from multiple sources (review:
Foreman & Blair, 1988). Therefore the function of this area may be to integrate and
process visceral, sensory and emotional or behavioral information and then to provide
the appropriate cardiovascular responses.

Specific nuclei in the pons have been implicated in various autonomic functions



102

including micturition (Holstege, Griffiths, Wall & Dalm, 1986), respiration (Feldman
& Ellenberger, 1988) and cardiovascular regulation (Mraovitch, Kumada & Reis, 1982;
Gurtu, Pant, Sinha & Bhargava, 1984; Ward, 1988; Lai & Siegel, 1990). The AS cell
group, a collection of noradrenergic cells in the ventrolateral portion of the pons has
been shown to be involved in control of the sympathetic nervous system. Injections of
excitatory amino acids into this region have been reported to cause either
sympathoexcitation (Huangfu et al., 1992) or sympathoinhibition (Stanek et al., 1984)
accompanied by decreases in arterial pressure and heart rate. In addition,
approximately 93% of these neurons send axons to the intermediolateral cell column
of the spinal cord (Byrum et al., 1984). However, the remainder of the pontine
reticular formation is largely unexplored. Neurons in the medial PRF are thought to
mediate events of desynchronized sleep including rapid eye movements and muscle
twitches (McCarley, 1980) and stimulation of some ventrolateral PRF sites produces
antinociception (Miller & Proudfit, 1990). Anatomical studies have demonstrated
projections from lateral PRF neurons to the RVLM (Ruggiero et al., 1989). PRF
neurons do not project to the sacral spinal cord (Holstege et al., 1986) indicating that
they are indeed a separate population from "micturition neurons” in the dorsal pons
(Loewy, Saper & Baker, 1979b). In a 1939 study, electrical stimulation of pontine
reticular neurons caused pressor responses (Wang & Ranson, 1939) but, to our
knowledge, there have been no recent studies on the potential role PRF neurons may

have in cardiovascular and sympathetic control.
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4.2 Rationale for the present study

We propose that the neural organization providing basal levels of sympathetic
discharge is not limited to the RVLM but entails a complex and more extensive
network of neurons. The present investigation was done to explore our empirical
finding that neurons in the pontine reticular formation make a substantial contribution
to resting control of arterial pressure, heart rate and activity of sympathetic nerves.
Tonic cardiovascular control by this region was compared to control by a more well-

defined cardiovascular area, the RVLM.
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4.3 Methods
Surgical procedures.

Male Wistar rats (250-350 g; Charles River, Canada) were anaesthetized initially
with sodium pentobarbital (40 mg/kg, i.p., M.T.C. Pharmaceutical, Canada) and a
tracheal tube was inserted. Both jugular veins and the right femoral artery were
cannulated for delivery of solutions and drugs and for monito:'ing arterial blood
pressure, respectively. Arterial blood samples (~100 ul) were withdrawn periodically
for analysis of pH, pO, and pCO, (pH-blood gas analyser, model 170, Corning
Medical, USA) and deviations from normal were corrected by i.v. administration of
sodium bicarbonate or by adjusting respiratory rate and/or tida: volume. Body
temperature was maintained at 37°C with a heating pad. An infusion of the steroid
anaesthetic Saffan (alphaxalone 9mg/ml and alphadolone 3mg/ml, Glaxovet, Glaxo
Canada Ltd, Canada) via one venour cannula (0.4-1.0 ml/hr) was begun as effects of
the pentobarbital disappeared and adjustments in the rate of infusion were made as
needed to maintain a constant plane of anaesthesia. The animal’s plane of anaesthesia
was assessed by examining palpebral and withdrawal reflexes. A solution of
physiological saline was infused slowly (<0.6 mi/hr) through the other venous cannula
to compensate for fluid loss. The animals were artificially respired with oxygen-
enriched air and paralysed with gallamine triethiodide (20 mg/kg initially, followed by
doses of 10 mg/kg as needed, Rhone-Poulenc, Canada). Before each supplemental

dose of gallamine was given, th» animal’s plane of anaesthesia was assessed. The rats

were placed in a stereotaxic frame (David Kopf Instruments, 1'SA) and sections of the
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parietal and interparietal bones were removed to expose the cortex and cerebeilum
overlying the pons and medulla. The surface of the brain was kept moist with saline-
soaked gauze.

Neural recordings.

The spleen and left kidney were exposed by a left flank incision and small
postganglionic nerve bundles were dissected from the renal and splenic arteries and
severed. The central ends were placed on small stainless-steel bipolar electrodes and
covered with dental impression medium (Perfourm, Cutter Dental, USA) to isolate the
nerve and electrode from the surrounding tissue and to prevent dehydration.
Multifibre discharge from both nerves was recorded simultaneously (n=33) and was
amplified at a bandwidth of 30 Hz-3 kHz. In 9 animals, only discharge of renal
nerves was recorded and in 1 animal only discharge of splenic nerves was recorded.
The amplified signals were monitored on an oscilloscope, recorded on magnetic tape
and displayed with arteriai pressure and heart rate on a Grass Instruments polygraph
(Grass Instrument Company, USA). A pneumothorax was made to eliminate artifacts
in the neural recordings caused by respiratory movements. Before and throughout the
experiment, the muscarinic antagonist atropine (1 mg/kg, bolus,i.v., Sigma Chemical
Company, USA) was given at 2 hr intervals to ensure that changes in heart rate were
due to changes in cardiac sympathetic activity. To ensure that recordings were from
sympathetic nerves containing vasomotor components, arterial baroreceptors were
stimulated by increasing arterial pressure with a bolus i.v. injection of 1-3 ug

phenylephrine (Neo-Synephrine, Sterling, Canada) to elicit decreases in heart rate and
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sympathetic nerve activity.
Microinjection procedures.

Glass micropipettes were pulled to a tip size of about 40 um and filled with a
solution of the inhibitory amino acid glycine (0.001M, 0.01M, 0.1M or 1.0M; pH=74,
BDH Chemicals, Canada). The 0.001M and 0.01M solutions contained glycine
dissolved in normal physiological saline and the 0.1M and 1.0M solutions contained
glycine dissolved in distilled water. India ink (150 4l) was added to 10 ml of the
solution to mark the injection site in the brain. The tips of the pipettes were
positioned within the pontine reticular formation (PRF) according to the stereotaxic
atlas of Paxinos & Watson (1986). Glycine (55-85 nl) was microinjected unilaterally
into the PRF of 22 rats using a picospritzer (General Valve Corporation, USA).
Injection volumes were determined by the displacement of the meniscus at the air-
liquid interface in the pipette observed through a microscope containing an ocular
micrometer. Arterial pressure, heart rate and discharge of renal and splenic nerves
were recorded from 1 min before to 5 min after the beginning of microinjection into
the PRF. To determine the most effective concentration of glycine for use in this
study, a dose-response relationship for glycine was established in 9 rats by injecting
0.001M, 0.01M, 0.1M and 1.0M glycine into the pons. Up to 3 injections were made
into the same site, administering different concentrations randomly. In exception to
this random design, the 1.0M concentration was not usually injected before testing the
2 lowest concentrations. These glycine injections were separated by periods of 65 min

because a previous study showed that 2 consecutive glycine injections into the same
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site could elicit equal responses if this minimum time period was allowed between
injections (Hayes & Weaver, 1990). No other procedures were done in these 9 rats.
Since the rostral ventrolateral medulla (RVLM) is a well-established cardiovascular
area, in 6 of the remaining 13 animals glycine (1.0M, 55-75 nl) was injected into sites
within the RVLM and the cardiovascular and neural responses to these injections were
conipared to those following glycine injection into the PRF. In 3 rats, glycine (1.0M)
was microinjected bilaterally (70nl each side) into the PRF. Because a microscope
was positioned on each micropipette, the 2 injections could be delivered with 2
channels of the picospritzer within a Ss interval.

To determine the involvement of the baroreceptor reflex in responses evoked from
the PRF, glycine (1.0M, 35-75nl) was microinjected into the PRF of 4 rats after sino-
aortic denervation. Sino-aortic denervation was accomplished by severing the ninth
and tenth cranial nerves bilaterally as they entered the posterior lacerated foramen of
th: cranium. Complete denervation was assumed if the elevation in arterial pressure
caused by a bolus i.v. injection of phenylephrine (1-3ug) was not accompanied by
reflex decreases in heart rate and sympathetic nerve discharge.

Control injections of sodium chloride (1.0M; pH=7.4; 65- "5 nl; 4 rats) or sucrose
(2.0M; pH=7.4; 45-75 nl; 3 rats) were made into sites in the PRF before the same
volume of glycine (1.0M) was injected into the same site. In 4 rats, the cardiovascular
and sympathetic effects of excitation of PRF neurons were tested by microinjection
(65-95 nl) of the glutamate agonist, D,L-homocysteic acid (DLH; 0.17M; pH=7.4).

Finally, in 3 rats, the long-lasting GABA, agonist muscimol (0.9mM, pH=7.4) was
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injected unilaterally (30-45 nl) into the PRF and the cardiovascular and sympathetic
responses were compared to those following unilateral glycine (1.0M) injection.

At the end of the experiments, the animals were given an overdose of anaesthetic
and background electrical noise was recorded for 2 min. The brainstems were
removed and stored in a solution of 10% formalin in saline. Transverse sections of 50
um wers cut on a cryostat, stained with Neutral Red dye and the sites of injection
were identified by India ink deposits using a Leitz microscope (Wild-Leitz, Canada)
and mapped on drawings of transverse sections of the rat medulla (Paxinos & Watson,
1986).

Neural discharge recorded on magnetic tape (Racal, mode! 7DS, UK) was digitized,
rectified and integrated cumulatively during 10 s periods. After subtracting integrated
background electrical noise, integrated nerve activity was expressed as uV<s. Values
of mean arterial pressure are presented throughout this study.

Statistical analyses.

Individual sympathetic or cardiovascular responses to each injection were
determined using a 95% confidence interval. A one-way analysis of variance
(ANOVA) with repeated measures was used to determine statistical changes in mean
neural discharge, heart rate and arterial pressure after injection of solutions into the
PRF or RVLM. Comparison between percentage changes in renal and splenic nerve
activity was made using an independent t-test after square root normalization of
percentage values. A completely random ANOVA was used to compare arterial

pressure, heart rate and sympathetic nerve responses to injection of 0.001M, 0.01M,
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0.1M and 1.0M glycine into the PRF. Differences between mean values in ANOVA
analyses were determined using Tukey’s test. Differences were considered significant
when p<0.05. Variability was expressed by a pooled standard error calculated from
the ANOVA error mean square term or as a standard error of the mean (Snedecor &

Cochran, 1980).
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4.4 Results

4.4.1 Sympathetic responses to stimulation of arterial baroreceptors.

All renal and splenic nerves were tested for baroreceptor sensitivity by evaluating
responses to increases in arterial pressure elicited by i.v. injections of phenylephrine.
An increase in mean arterial pressure from 95 +3 to 165 *4 mmHg significantly
decreased heart rate by 23 +3 bpm (from 375 to 352 bpm; pooled S.E.=2.2) and
inhibited ongoing discharge of renal nerves by 88 +3% (from 1.8 to 0.3 uV's; pooled
S.E.=1.5) and splenic nerves by 83 +4% (from 2.7 to 0.5 uV's; pooled S.E.=2.5).

The decreases in renal and splenic nerve activity were not different from each other.
4.4.2 Microinjections of glycine into the pontine reticular formation (PRF).

An example of the sympathetic, arterial pressure and heart rate responses produced
by a unilateral injection of glycine into the PRF is shown in Fig. 16. Unilateral
glycine injections (n=36) into the PRF produced brisk decreases in arterial pressure,
heart rate and sympathetic nerve activity that began within 5-10 seconds, reached a
maximum decrease in 33 +6s and returned to control values within 116 +17s in most
sites (n=34). Two injections into the PRF caused longer lasting (1200s) decreases in
sympathetic nerve discharge. In all other respects, responses from these two sites
were within the range of values obtained from the other 34 sites. Mean arterial
pressure was decreased by 29 *2 mmHg (from 110 to 81 mmHg; pooled S.E.=1.3) and
heart rate was decreased by 20 +2 bpm (from 379 to 359 bpm; pooled S.E.=1.4)
following glycine injection (Fig. 17). Glycine injection caused decreases in renal

nerve activity of 47 +4% (from 2.0 to 1.1 uV's; pooled S.E.=0.61) that were not
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Figure 17. Mean changes in mean arterial pressure (MAP) and heart rate (HR; right
panels) and renal (RNA) and splenic (SNA) nerve activity (left panels) caused by
unilateral injections of glycine into the pontine reticular formation (PRF).
Variability is indicated by the S.E.M.. Number of injections is indicated in
parentheses. Glycine injections caused significant decreases in arterial pressure,
heart rate and sympathetic nerve activity. The decreases in renal and splenic

nerve discharge were not different.
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different from decreases in splenic nerve activity of 45 +4% (from 1.8 to 1.1 uV s;
pooled S.E.=0.42; Fig. 17).

A dose-response relationship for glycine was established to determine the most
effective dose of glycine to use in this study (Fig. 18). The threshold dose of 0.01M
glycine produced small but significant decreases in renal nerve activity and no changes
in arterial pressure or heart rate. No significant responses were produced by 0.001M
glycine. Since large consistent responses were elicited by 1.0M glycine, this
concentration was used for all subsequent experiments.

4.4.3 Microinjections of glycine into the rostral ventrolateral medulla (RVLM).

An example of the arterial pressure, heart rate and sympathetic nerve response
produced by a unilateral injection of glycine into the RVLM is shown in Fig. 19. In
contrast to the cardiovascular and sympathetic responses to PRF blockade, unilateral
glycine injections (n=6) into the RVLM produced more prolonged decreases in arterial
pressure, heart rate and sympathetic nerve activity which reached a peak response in
107 £19s and did not return to control values until 41 +3 min after glycine injection.
Mean arterial pressure was significantly reduced by 27 +4 mmHg (from 97 to 70
mmHg; pooled S.E.=2.9) and heart rate was decreased by 24 +9 bpm (from 361 to 337
bpm; pooled S.E.=6.7) following RVLM blockade (Fig. 20). In addition, glycine
injection into the RVLM caused larger decreases in renal nerve activity (50 +4%;from
1.5 to 0.84 uV's; pooled S.E.=1.5) than in splenic nerve activity (31 +6%;from 1.8 to
1.3 uVs; pooled S.E.=1.4; Fig. 20). The magnitude of the arterial pressure, heart rate

and sympathetic responses elicited by glycine injection into the RVLM were not
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Figure 20. Mean responses of mean arterial pressure (MAP) and heart rate (HR; right
panels) and renal (RNA) and splenic (SNA) nerve activity (left panels) to
unilateral injections of glycine into the rostral ventrolateral medulla (RVLM).
Format is as in Figure 17. Glycine injections caused significant decreases in
arterial pressure, heart rate and sympathetic nerve activity. The decrease in renal
nerve dischurge was significantly greater than the decrease in splenic nerve

discharge (*).



RVLM

Change (mmHg or bpm)

(=)
-t
|
1

(=]
= Q
| )
1 1

Yo
o
|
1

=3

(]
|
]

(%) @duey)

MAP

SNA

RNA

(6)

(6)

(5)

(6)



122

different from those caused by glycine injection into the PRF.
4.4.4 Microinjections of NaCl and sucrose into the PRF.

Although the absence of responses to 0.001M glycine demonstrated that the volume
of injection caused no response, further controls were done to evaluate possible
responses to the osmotic stimulus presented by 1.0M glycine. Seven control injections
of NaCl (1.0M) into the PRF had no effects on arterial pressure, heart rate or splenic
nerve activity. However, in 4 sites (3 animals) NaCl injections caused a significant
decrease in renal nerve activity of 26 4% (from 2.1 to 1.5 uVs; pooled S.E.=1.2;
n=4 sites). The mean decrease in renal nerve activity for all 7 sites was 15 +5%
(pooled S.E.=3.2). The same volume of glycine (1.0M) microinjected into the same
sites (n=7) reduced arterial pressure by 28 +5 mmHg (pooled S.E.=3.2), heart rate by
24 *+5 bpm (pooled S.E.=3.3) and renal and splenic nerve activity by 44 +7% (pooled
S.E.= 0.87) and 43 *4% (pooled S.E.=0.99), respectively. The NaCl injections were
the first injectior.<~ made at each site. Because NaCl at this 1.0M concentration
appeared to cause selective renal nerve responses and was not an appropriate control,
2.0M sucrose was injected in additional experiments. These control injections
presented the same volume and osmotic stimulus as the 1.0M glycine injections used
in the study. Four control injections of sucrose (2.0M) into the PRF failed to produce
any changes in arterial pressure, heart rate or sympathetic nerve activity.
Microinjection of glycine into the same sites decreased arterial pressure (38 +4 mmHg;
pooled S.E.=4.1), heart rate (26 +5 bpm; pooled S.E.=3.2) and renal (52 +10%; pooled

S.E.=4.0) and splenic (59 +9%; pooled S.E.=2.1) nerve discharge. The sucrose



injections were the first injections made at each site.
4.4.5 Microinjections of D,L-homocysteic acid (DLH) into the PRF.

Eighteen injections of DLH were made into sites in the same region of the PRF as
previously explored with glycine. DLH injections produced inconsistent changes in
arterial pressure, heart rate and sympathetic nerve activity. The cardiovascular and
sympathetic responses to these injections are shown in Table 3. After DLH injection
into the PRF mean arterial pressure was decreased by 23 +3 mmHg (n=11 sites) or
was increased by 22 +7 mmHg (n=6 sites) or was not changed (n=1 site). In addition,
heart rate was decreased by 16 +2 bpm (n=10 sites) or was increased by 23 +6 bpm
(n=5 sites) or was not changed (n=3 sites). Finally, renal nerve activity was increased
by 52 +8% (n=14 sites) or was decreased by 35 +6% (n=4 sites) and splenic nerve
activity was increased by 27 +8% (n=2 sites) or was decreased by 40 +4% (n=15
sites) or did not change (n=1 site) following DLH injections. Although neither the
direction nor the combination of cardiovasculir and sympathetic responses could be
predicted by the location of the injection sites, one common response pattern occurred
following DLH injections into 11 of 18 sites. DLH injections into these sites caused
increases in renal nerve activity and concomitant decreases in splenic nerve activity.
Injections into 7 of these sites also caused decreases in systemic arterial pressure. An
example of this type of response produced by a unilateral injection of DLH into the
PRF is shown in Fig. 21.

4.4.6 Baroreceptor denervation.

Glycine injections into the PRF produced responses with a very short duration



Table 3. Sympathetic and cardiovascular responses to microinjection of D,L-

homocysteic acid into the pontine reticular formation.
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Arrows indicate an increase (1), decrease (}) or no change (-) in arterial blood
pressure (AP), heart rate (HR) and renal and splenic nerve activity (RNA,SNA).
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while long-lasting responses were observed after injections into the RVLM. The rapid
recovery of PRF responses may reflect the efficiency of baroreceptors to compensate
for the large fall in arterial pressure which occurs after glycine injection. To test the
involvement of the baroreceptor reflex in this response, glycine was injected into the
PRF of sino-aortic denervated rats. Unilateral glycine injections (n=7) into the PRF of
rats with sino-aortic denervation caused decreases in arterial pressure (28 *+3
mmHg;from 113 to 85 mmHg; pooled S.E.=2.6), heart rate (20 +2 bpm; from 397 to
377 bpm; pooled S.E.=1.7) and renal (57 £5%; pooled S.E.=3.2) and splenic (61 +5%;
pooled S.E.=1.0) nerve activity. As in intact rats, the responses of renal and splenic
nerves to glycine injections were not different. The cardiovascular and sympathetic
responses in these animals reached a peak response in 24 +2s and returned to control
values as rapidly as those in intact rats (within 132 +27s). The magnitude of the
arterial pressure, heart rate and sympathetic nerve responses to glycine injection in
denervated rats were not different from those in intact rats.

4.4.7 Bilateral microinjections of glycine into the PRF.

To investigate the possibility that inhibition of activity of PRF neurons following a
unilateral glycine injection may be opposed by discharge of contralateral PRF neurons,
bilateral glycine injections were made into the PRF. These bilateral injections (n=3)
produced decreases in heart rate and sympathetic nerve activity that were not different
from those produced by unilateral glycine injection. Bilateral injections decreased
heart rate by 17 +3 bpm (from 373 to 357 bpm; pooled S.E.=1.9) and caused similar

decreases in renal (49 +6%; pooled S.E.=1.4) and splenic (54 +4%; pooled S.E.=1.3)
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nerve activity. However, bilateral PRF blockade caused larger decreases in arterial
pressure of 47 *4 mmHg (from 115 to 68 mmHg; pooled S.E.=3.2) than those caused
by unilateral blockade. Responses following bilateral glycine injections reached a
peak in 30 *8s and returned to control values as rapidly as unilateral responses (within
87 *14s).

4.4.8 Microinjections of muscimol into the PRF.

Finally, PRF responses may have been transient because glycine has a short action
on neurons in this area. To investigate this possibility the long-lasting GABA, agonist
muscimol was injected unilaterally into the PRF. These injections (n=4) reduced
arterial pressure by 36 +7 mmHg (from 120 to 84 mmHg; pooled S.E.=5.3) and heart
rate by 16 +S bpm (from 363 to 347 bpm; pooled S.E.=3.4) and decreascd ongoing
discharge of renal nerves by 55 +15% (pooled S.E.=2.0) and splenic nerves by 47
+10% (pooled S.E.=1.7). As with glycine injections, responses of renal and splenic
nerves to muscimol injection were not different from each other. Responses following
muscimol injections reached a maximum decrease in 18 +2s and returned to control
values within 95 +25s. The magnitude of the arterial pressure, heart rate and
sympathetic responses to unilateral injection of muscimol were not different from
those caused by unilateral injection of glycine.

4.4.9 Histological verification of injection sites.

The locations of the histologically verified injection sites in the PRF, plotted on

modified drawings (Paxinos & Watson, 1986) of transverse sections of the rat

brainstem are shown in Fig. 22. Sites in which glycine produced decreases in mean
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arterial pressure, heart rate and renal and splenic nerve activity were found in a region
extending caudally from the border of the midbrain (0.70 mm rostral to interaural
zero) to the middle region of the facial nucleus (1.80 caudal to interaural zero). Sites
in which glycine did not elicit cardiovascular and sympathetic responses are also
plotted (n=27) and these sites were found at the rostral boundary, on the ventral
surface or more than 3mm lateral to the midline. No viscerotopic organization of sites
sensitive to either renal or splenic nerves was found in the PRF. Sites into which
muscimol or DLH were injected are not plotted in Fig. 22. However, all of these sites
were located within the same region of the PRF as were the glycine injection sites. In
addition 4 cerebellar sites in which glycine failed to produce responses are not plotted
in Fig. 22. Unresponsive sites could be as close as 500 gm to responsive sites
indicating the effective diffusion of the glycine injections was not more than this

distance.



Figure 22. Pontine and medullary sites of glycine injection. Top panel: stylized
drawing of a sagittal section of rat brainstem. Stippled area indicates the pontine
reticular formation (PRF) and vertical lines indicate the region of the rostral
ventrolateral medulla (RVLM). A, B, C, D, E, F, G refer to the rostrocaudal
regions represented in the transverse sections shown in the bottom panel. Bottom
panel: large and small filled circles represent injection sites in which glycine
produced changes in sympathetic nerve activity 230% or (30% respectively.
Open circles represent injection sites in which glycine did not elicit a change in
sympx thetic nerve activity. LC (locus coeruleus); NTS (nucleus tractus solitaris);
Amb (nucleus ambiguus); 7n (facial nerve); 7 (facial nucleus); AS (region of the
A5 cell group); SO (superior olive); 10 (inferior olive); Aq (aqueduct); py
(pyramidal tract); Sp5 (spinal trigeminal nucleus); RPO (rostral periolivary

region); Mo5 (motor trigeminal nucleus).
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4.5 Discussion

The most important finding of this study was that inhibition of discharge of
neurons in the pontine reticular formation (PRF) evoked large decreases in arterial
pressure and activity of renal and splenic sympathetic nerves and smaller changes in
heart rate. These results identify a source of cardiovascular control in this region that
provides tonic excitatory drive to sympathetic nerves. Tonic vasomotor control from
the pons has not been reported previously. Groups of neurons involved in tonic
control of sympathetic activity and arterial pressure stretched rostrally to the border of
the midbrain (the level of the aqueduct) and caudally to the middle region of the facial
nucleus and were rostral to the well-defined rostral ventrolateral medulla (RVLM).
Cardiovascular and sympathetic responses could not be elicited from sites on the
ventral surface but appeared to originate primarily from a disperse region spanning the
rostrocaudal reticular "core" of the pons.

The cardiovascular and sympathetic responses caused by inhibition of neurons in
the PRF differed from those caused by RVLM blockade. Microinjections of glycine
into the RVLM caused greater reductions in renal thsn in splenic nerve activity. This
is consistent with many experiments in rats and cats which have shown that the
RVLM does not produce equal activation of all sympathetic nerves (Stein et al., 1989;
Yardley et al., 1989a; Hayes & Weaver, 1990; Beluli & Weaver, 1991a). In contrast,
inhibition of tonic activity of PRF neurons caused equal responses in renal and splenic
nerves. It is possible that neurons in the PRF generate sympathetic drive equally

distributed to renal and splenic nerves and that differential organization of sympathetic
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outflow to these vascular beds is intrinsic to neuronal organization elsewhere.

Furthermore, responses of arterial pressure, heart rate and sympathetic nerve
discharge were iong-lasting following RVLM blockade while glycine injection into the
PRF produced short duration responses. After PRF blockade some mechanism
appeared to act immediately to compensate for the large decreases in arterial pressure
and nerve activity. The rapid recovery of PRF responses was not the result of reflex
increases in sympathetic discharge due to baroreceptor unloading since after PRF
blockade, arterial pressure and sympathetic nerve activity recovered as rapidly in
baroreceptor-denervated animals as in intact animals.

The brief time course of PRF responses was also not due to a short action of
glycine in this area. This study and previous work (Hayes & Weaver, 1990) have
shown that glycine inhibits the activity of RVLM neurons for at least 40 min. In
addition, injections of the long-lasting GABA, agonist muscimol into the PRF
produced cardiovascular and sympathetic responses which were equivalent in
magnitude and as transient as those caused by glycine injection. Therefore, an action
on PRF neurons specific to glycine or glycine receptors is not a probable explanation
for the brief character of the PRF response.

An additional hypothesis is that sympathetic activity is generated by a network of
neurons extending throughout the PRF. The loss of discharge of some of these
neurons would have transient effects as discharge from the remainder of the network
could quickly compensate to restore sympathetic drive. Although cardiovascular and

sympathetic responses following bilateral injections of glycine into the PRF were as
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brief as those after unilateral injections, we cannot exclude the possibility that network
neurons not inhibited by glycine may still have been capable of generating sympathetic
discharge effectively. No attempt was made to inhibit greater areas of the PRF
because larger injection volumes may have resulted in diffusion of glycine into the
RVLM.

Finally, increased activity of neurons in the spinal cord or in brain regions outside
of the pons may have compensated for the loss of sympathetic drive once activity of
PRF neurons had been inhibited. One area that is likely to contribute to the rapid
recovery of sympathetic activity is the RVLM since activity of RVLM neurons may be
generated both by synaptic inputs (Barman & Gebber, 1987; Gebber & Barman, 1988)
or independently due to intrinsic pacemaker properties in some of these neurons (Sun
et al, 1988a; 1988b; 1988c).

Microinjection of excitatory amino acids into the PRF illustrated another important
difference between sympathetic and cardiovascular control by pontine neurons and
control by the RVLM. Whereas excitation of RVLM neurons with D,L-homocysteic
acid (DLH) produces consistent increases in arterial pressure, heart rate and
sympathetic nerve activity (Beluli & Weaver, 1991a), responses to DLH injections into
the PRF were inconsistent. Since DLH injections most commonly caused increases in
renal and decreases in splenic nerve activity, the inhibitory responses to DLH were not
caused by depolarization blockade (Lipski, Bellingham, West, & Pilowsky, 1988). In
addition, this variety of responses could not have been due entirely to the large volume

of DLH injected at each PRF site because consistent responses were caused by
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injection of the same volume of glycine. Instead, the PRF may contain a functionally
heterogenous population of neurons that can be activated to influence sympathetic
outflow. However, within this population, tonically active neurons involved in
providing basal vasomotor activity appear to be a homogenous neuronal group.

The responses of renal nerves to microinjection of NaCl (1.0M) into the PRF were
unexpected. Renal nerve responses were not caused by tissue damage or by activation
of osmoreceptors since injection of an equivalently hypertonic solution of sucrose
(2.0M) had no effect on renal nerve discharge. Instead, responses of renal nerves may
have involved a sodium-specific mechanism. At least one other specific brainstem
area, the nucleus tractus solitaris is sensitive to hypertonic concentrations of NaCl and
injections of NaCl (154mM) into this area cause hypotension and bradycardia
(Lukovic & de Jong, 1990). However, to our knowledge, there have been no studies
of sodium sensitive neurons within the PRF.

In initial experiments (Hayes, Beluli & Weaver, 1990b) we explored the pons in 5
rats anaesthetized with urethane, a commonly used anaesthetic in experiments studying
sympathetic control of the cardiovascular system. However, glycine injections (n=7)
into the PRF of these animals caused smaller decreases in arterial pressure (-17 +7
mmHg), heart rate (-9 +3 bpm) and renal (-17 +8%) and splenic (-19 +9%)
sympathetic nerve activity than were caused by glycine injections into the PRF of
Saffan-anaesthetized rats. Even though cardiovascular and sympathetic responses
elicited from the RVLM were similar in rats anaesthetized with either urethane (Hayes

& Weaver, 1990) or Saffan, these anaesthetics may have selective effects on the



136

activity of neurons outside of the RVLM that are generating sympathetic discharge.
For example, pentobarbital anaesthesia reduces the spontaneous discharge rate and the
neuronal responsiveness of medullary reticular neurons (Morrow & Casey, 1983), a
neuronal network also thought to play an important role in generating vasomotor tone
(Barman & Gebber, 1987; Gebber & Barman, 1988). In addition, although few
neurons in the rostral medullary reticular formation have discharges correlated with
sympathetic nerve activity in cats anaesthetized with barbiturate, the discharges of
50% of these neurons are correlated with sympathetic activity in cats anaesthetized
with chloralose (Kenney, Barman & Gebber, 1989). Although not tested, urethane
may depress the activity of reticular neurons to a greater extent than do other
anaesthetics causing maintenance of resting arterial pressure in these animals to
become more dependent upon discharge from neurons in other brain areas such as the
RVLM. Furthermore, although some experiments including the previous studies have
shown that baroreceptor stimulation causes unequal decreases in renal and splenic
nerve activity (Meckler & Weaver, 1988; Hayes & Weaver, 1990), equal responses of
renal and splenic nerves were observed in the present study. Since others have
reported selective effects of anaesthetics on baro- and chemoreceptor reflex responses
(Ishikawa, Kallman & Sagawa, 1984; Dorward, Burke, Janig & Cassell, 1987),
differences in the sympathetic responses to baroreceptor stimulation may be related to
the different anaesthetics used. These observations suggest that the type of anaesthesia
has dramatic effects on the organization of neuronal networks responsible for resting

and reflex sympathetic activity. Although Saffan is no longer available, recent studies
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in our laboratory have been done using propofol (Diprivan, 1.C.1. Pharma, Mississauga,
Canada), an intravenously administered anaesthetic commonly used in human surgery
(Sebel & Lowdon, 1989). Rats under this anaesthesia also demonstrate large
responses to blockade of the PRF or RVLM by glycine (Krassioukov, Gelb & Weaver,
1992).

In conclusion, a previously unknown source of tonic cardiovascular control in the
reticular formation of the pons has been identified in this investigation. Tonic activity
of neurons within the PRF makes a contribution to ongoing activity of sympathetic
nerves supporting arterial pressure and heart rate. This evidence demonstrates that
regions outside the classical vasomotor centre may be important in generation of tonic
sympathetic discharge and supports the concept that generation of this drive is the

collective responsibility of a network of brainstem neurons.



Chapter S: Pontine reticular neurons provide tonic excitation to neurons in the
rostral ventrolateral medulla in rats.

American Journal of Physiology, 1993, In press.

5.1 Introduction

Sympathetic nerve activity supporting arterial pressure is generated by groups of
neurons located throughout the brainstem. The best known area involved in tonic
cardiovascular control is located in the rostral portion of the ventrolateral medulla
(RVLM). Neurons in the RVLM send axonal projections directly to sympathetic
preganglionic neurons located in the spinal cord (Morrison ef al., 1988; Sun et al.,
1988a; Ruggiero et al., 1989). Since destruction of this discrete group of RVLM
neurons (Granata et al., 1985a; 1986) or inhibition of their activity (Pilowsky et al.,
1985; Stein et al., 1989; Yardley et al., 1989a; Hayes & Weaver, 1990; Beluli &
Weaver, 1991b) produces large decreases in arterial pressure, heart rate and
sympathetic nerve discharge, the activity of these neurons is thought to be important
for maintaining vasomotor tone. However, neurons located in the pontine reticular
formation (PRF) also make a contribution to ongoing activity of sympathetic nerves.
In rats, inhibition of activity of PRF neurons by microinjections of the inhibitory
amino acid glycine or the GABA, agonist muscimol produces large, short-lasting
decreases in arterial pressure, heart rate and sympathetic nerve activity (Hayes &
Weaver, 1992; Krassioukov ef al., 1992; Krassioukov & Weaver, 1992). The neural

pathways mediating these responses from the PRF are unknown.
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Although both the PRF and the RVLM contribute to basal sympathetic nerve

discharge, the exact region(s) of origin of sympathetic activity remain(s) to be
determined. Sun et al., (1988b) have demonstrated in rats that some neurons in the
RVLM develop pacemaker-like activity after intracisternal administration of the
glutamate receptor antagonist kynurenate and that the regular discharge pattern of
RVLM neurons in slices arises from typical pacemaker potentials (Sun et al., 1988a).
Although it is possible that these neurons are responsible for generating sympathetic
nerve discharge, it cannot be excluded that RVLM neurons may also receive a tonic
excitatory drive from neurons located in other brainstem regions (Barman & Gebber,
1987; Gebber & Barman, 1988). The present study was done to determine if ongoing
activity of neurons in the PRF is a source of tonic excitatory drive to

sympathoexcitatory neurons located in the RVLM.
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5.2 Methods

Surgical procedures

Fourteen male Wistar rats (250-420 g; Charles River, Canada) were anaesthetized
initially with sodium pentobarbita! (40 mg/kg, i.p., M.T.C. Pharmaceutical, Canada)
and a tracheal tube was iuserted. Both jugular veins and the right femoral artery were
cannulated for delivery of solutions and drugs and for monitoring arterial blood
pressure, respectively. Arterial blood samples (~100ul) were withdrawn periodically
for analysis of pH, pO, and pCO, and deviations from normal were corrected by i.v.
administration of sodium bicarbonate or by adjusting respiratory rate and/or tidal
volume. Body temperature was maintained at 37°C with a heating pad. An infusion
of the steroid anaesthetic Saffan (alphaxalone 9mg/ml and alphadolone 3mg/ml,
Glaxovet, Glaxo Canada Ltd., Canada) via one venous cannula (0.4-1.0 ml/hr) was
begun as effects of the pentobarbital disappeared and adjustments in the rate of
infusion were made as needed to maintain a constant plane of anaesthesia. The
animal’s plane of anaesthesia was assessed by examining palpzbral and withdrawal
reflexes. Physiological saline was infused slowly (<0.6 ml/hr) through the other
venous cannula to compensate for fluid loss. The animals were artificially respired
with oxygen-enriched air and paralysed with gallamine triethiodide (20 mg/kg initially,
followed by doses of 10 mg/kg as needed, Rhone-Poulenc, Canada). Before each
supplemental dose of gallamine was given, the animal’s plane of anaesthesia was
assessed. The rats were placed in a stereotaxic frame (David Kopf Instruments, USA)

with the bite bar 20 mm below the interaural line. The dorsal neck muscles were
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retracted and the interparietal and occipital bones were removed exposing the
cerebellum overlying the pons and medulla. The atlanto-occipital membrane was cut
and the dura was removed. The surface of the brain was kept moist with saline-
soaked gauze. The electrocardiogram (ECG) was recorded with pin electrodes inserted
into muscle. Before and throughout the experiment, the muscarinic antagonist atropine
(1 mg/kg, bolus i.v., Sigma Chemical Company, USA) was given at 2 hr intervals to
ensure that any observed changes in heart rate were due to changes in cardiac
sympathetic nerve activity.
Recordings from renal nerves

The left kidney was exposed by a left flank incision and small postganglionic
nerve bundles were dissected from the renal artery and severed. The central ends were
placed on small stainless-steel bipolar electrodes and covered with dental impression
medium (Perfourm, Cutter Dental, USA) to isolate the nerve and the electrode from
the surrounding tissue and to prevent dehydration. Multifibre discharge was amplified
at a bandwidth of 1 Hz-1 kHz to display the synchronized discharge of sympathetic
nerve discharge in the form of 2-6 Hz slow waves. The amplified signals and the
ECG were monitored on an oscilloscope, recorded on magnetic tape (Racal, model
7DS, UK) and displayed with arterial pressure and heart rate on a Grass Instruments
polygraph (Grass Instrument Company, USA). A pneumothorax was made to
eliminate artifacts in the neural recordings caused by respiratory movements. To
ensure that recordings were from sympathetic nerves containing vasomotor fibres,

arterial baroreceptors were stimulated by increasing arterial pressure with a bolus i.v.
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injection of 1-3 ug phenylephrine (Neo-Synephrine, Sterling, Canada) to elicit
decreases in heart rate and renal nerve activity. In all 14 animals, an increase in
arterial pressure from 106 *4 to 168 +5 mmHg decreased heart rate by 19 +3 bpm
(from 328 +8 bpm) and inhibited ongoing discharge of renal nerves by 58 +7% (from
2.2 #0.4 to 1.1 +0.3 uVs). At the end of the experiment, background electrical noise
was recorded for 2 min after the animals had been given an overdose of urethane
anaesthetic. Neural discharge recorded on magnetic tape was digitized, rectified and
integrated cumulatively during 10 s periods. After subtracting background electrical
noise, integrated nerve activity was expressed as uV's.

Recordings from RVLM units

Activity from spontaneously firing units in the rostral ventrolateral medulla
(RVLM) was recorded extracellularly with glass micropipettes filled with 0.5 M
sodium acetate and 2% Pontamine sky blue (4-10 MQ impedance at 1 kHz). The
micropipettes were advanced through the cerebellum using a hydraulic microdrive
(model MOS8, Narishige, Japan) and the tips positioned in the RVLM (stereotaxic
coordinates: 2.5-2.9 mm rostral to obex, 1.7-1.9 mm lateral to midline and within 500
pm of the ventral surface; Paxinos & Watson, 1986). Electrical activity was amplified
by a preamplifier (Dagan 2400) using bandpass filters set at 0.3-3 kHz and displayed
on an oscilloscope. Unit activity, ECG, renal sympathetic nerve activity and event
markers were acquired by an AST (model 286-AT) computer using RC Electronics
Computerscope (RC Electronics Inc., U.S.A.) for on-line analysis during the

experiment and were also recorded on magnetic tape for off-line analysis. The
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recording sites in the RVLM were marked with iontophoretic deposits of Pontamine
blue (15 uA of cathodal current for 8 min).
Microinjection procedures

Glass micropipettes were pulled to a tip size of about 40 um and filled with a
1.0M solution of the inhibitory amino acid giycine (BDH Chemicals, Canada) in
distilled water (pH=7.4). The pipettes were inclined 10°* from the vertical in the
sagittal plane with the tip pointing caudally and the tips were positioned within the
PRF (stereotaxic coordinates: 5.0-5.5 mm rostral to obex, 1.8 mm lateral to midline
and 8.0 mm below the dorsal surface of the brain; Paxinos & Watson, 1986). To
inhibit the ongoing activity of neurons in the pontine reticular formation (PRF),
glycine was microinjected unilaterally into the PRF using a picospritzer (General
Valve Corporation, USA). Injection volumes (45-70 nl) were determined by the
displacement of the meniscus at the air-liquid interface in the pipette observed through
a microscope containing an ocular micrometer. A few drops of India ink were added
to 10 ml of the glycine solution to mark the injection site in the brain. Control
injections of a solution of sucrose (2.0M, 50nl) into the PRF did not produce any
changes in arterial pressure, heart rate or sympathetic nerve activity as demonstrated in
a previous study (Hayes & Weaver, 1992).
Experimental protocol

At the start of each experiment, a site within the PRF from which decreases in
arterial pressure, heart rate and renal nerve activity could be elicited by unilateral

injection of glycine (57 £3nl) was identified. After placement of this microinjection
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electrode, the ipsilateral RVLM was searched for spontaneously firing neurons. Once
a stable recording (signal-to-noise ratio >2) was obtained, each unit was characterized
by means of 3 tests. First, the change in the discharge rate of each RVLM unit to an
increase in arterial pressure caused by a bolus i.v. injection of phenylephrine (1-3 ug)
was recorded. Second, the correlation of spontaneous unit activity to the cardiac cycle
was tested by constructing a post R-wave (of the ECG) triggered histogram. Units
that were inhibited by baroreceptor activation and that were synchronized to the
cardiac cycle were regarded as "cardiovascular" neurons (Brown & Guyenet, 1985;
Agarwal et al., 1990). Third, RVLM neuronal spike-triggered averages of renal nerve
discharge were constructed to determine if the RVLM unit activity was temporally
correlated to the 2-6 Hz rhythmic discharge of sympathetic nerves (Barman & Gebber,
1981; Gebber & Barman, 1988). "Dummy" averages were obtained by triggering
averages of sympathetic discharge with a random pulse series generated by a
stimulator (Grass Instrument Company, USA). The dummy averages were constructed
using pulses of the same mean firing frequency as the unit and the same number of
sweeps as for the unit-triggered average. Neurons were considered to have
sympathetic-related activity when the amplitude of a peak in the spike-triggered
averaged sympathetic activity was at least 3 times larger than that of the largest
oscillations of the dummy average. Finally, to determine the predominant frequency
components in renal nerve activity, electrical discharge of renal nerves was passed
through a 50-Hz low-pass filter and subjected to power density spectral analysis. The

filtering was done to eliminate aliasing of high-frequency components of the discharge
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as low-frequency components (Malmstadt, Enke & Crouch, 1981). Software from RC

Electronics (RC Electronics Inc., U.S.A.) was used to discriminate unit activity from
background noise, for construction of post R-wave histograms, for unit-triggered
averages of renal nerve activity and for power density spectral analysis.

While recording the spontaneous activity nf RVLLM cardiovascular neurons, the
tonic activity of PRF neurons was inhibited by microinjection of glycine (54 +2nl). A
minimum interval of 65 min between injec’ions of glycine into the pons was allowed
because it has been shown in a previous study that 2 consecutive glycine injections
into the same site could elicit equal responses if separated by this interval (Hayes &
Weaver, 1990). Continuous rate-meter histograms of RVLM unit discharge (RC
Electronics Inc., U.S.A.) were constructed and spontaneous unit activity was recorded
from 1 min before to 5 min after glycine injection. To evaluate the specificity of
pontine influences on RVLM units, the spontaneous activity of neurons in the region
of the RVLM that were not affected by activation of baroreceptors and not
synchronized to the cardiac cycle was also recorded and the effect of glycine
microinjection into the PRF on the ongoing discharge of these "non-cardiovascular”
units was studied.

Histology

The brainstems were removed and stored in a solution of 10% formalin in saline.
Transverse sections of S0 um were cut on a cryostat, stained with Neutral Red dye and
viewed using a Leitz microscope (Wild-Leitz, Canada). The sites of microinjection in

the PRF were identified by India ink deposits and the recording sites in the region of
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the RVLM were identified by deposits of Pontamine sky blue. Microinjection and
recording sites were mapped on drawings of transverse sections of the rat medulla
(Paxinos & Watson, 1986).
Statistical analysis

Arterial pressure, heart rate and renal nerve responses for individual PRF
injections were determined using 95% confidence intervals. A one-way analysis of
variance (ANOVA) with repeated measures was used to determine statistical changes
in mean neural discharge, heart rate and arterial pressure after baroreceptor activation
and glycine injection into the PRF. Differences were considered significant when
p<0.05 and variability was expressed as the pooled standard error derived from
ANOVA or as the standard error of the mean (Snede<or & Cochran, 1980).
Responses of individual units to baroreceptor activation and to PRF blockade were
also analyzed using 95% confidence in.ervals where possible. As some cardiovascular
units displayed spontaneous activity which included occasional 2s silent intervals
during the control period, it was necessary to distinguish inhibition of unit firing due
to glycine injection into the PRF from spontaneous silent intervals. Because after PRF
blockade, renal nerve activity was never inhibited for periods shorter than 20s,
inhibition of unit activity which had a duration shorter than 20s was not considered to

be a response to glycine injection.
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5.3 Results

Spontaneous activity was recorded from 24 units located in the region of the
RVLM. Of these 24 units, i5 units were considered to be cardiovascular because their
spontaneous activity was inhibited by an increase in arterial pressure and because they
displayed a clear cardiac cycle rhythmicity when systolic pressure was greater than
120 mmHg. Spike-triggered averages of renal nerve discharge revealed that the
activity of 7 of these cardiovascular units was also correlated with renal nerve activity
while the activity of the remaining 8 cardiovascular units was not correlated. An
example of a cardiovascular unit that was silenced I y baroreceptor activation and that
displayed activity correlated with the cardiac cycle and renal nerve discharge is shown
in Fig. 23. The control firing rate of the 15 cardiovascular units ranged from 1.6 to
4.7 spikes/s and the mean firing rate was 2.7 0.2 spikes/s.

Unilateral glycine injections (57 *3nl) into the PRF ipsilateral to the recording site
produced significant decreases in arteria! pressure, heart rate and renal nerve activity
that began within 5-10 seconds, reached a maximum decrease in 10-20s and returned
to control values in 25-120s. Mean arterial pressure was decreased by 28 +5 mmHg
(from 123 to 95 mmHg; pooled S.E.=2.8), heart rate was decreased by 23 +3 bpm
(from 359 to 336 bpm; pooled S.E.=1.7) and renal nerve aclivity was decreased by 42
+7% (from 1.6 to 1.0 uV's; pooled S.E.=1.2) following glycine injection. An
example of the renal nerve, arterial pressure and heart rate responses produced by a
unilateral injection of glycine into the PRF is shown in Fig. 24A.

Glycine injection into the PRF inhibited the spontaneous activity of 10
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Figure 24. Responses to a unilateral microinjection (53nl) of glycine (1.0M) into the
pontine reticular formation of a rat. A: record of systemic arterial blood pressure
(AP), heart rate (HR) and integrated renal nerve activity (SND). B: rate-meter
histogram of spontaneous discharge of a unit located in the RV..M (bin width
2.5ms); this unit met our criteria to be considered cardiovascular as shown in
Figure 23. Time is indicated on the x-axis beneath these panels. Injection of
glycine (arrow) elicited decreases in arterial pressure, heart rate and renal nerve
activity and silenced the ongoing activity of this cardiovascular unit. Arterial
pressure, heart rate, renal nerve aciivity and unit activity recovered to control

levels within 80s after glycine injection.
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cardiovascular units. Discharge of 6 of these units was completely silenced by PRF
blockade while discharge of 4 other units was reduced. The mean decrease in activity
of these 10 cardiovascular units was 91 #4% (from 2.7 £0.3 spikes/s to 0.2 +0.1
spikes/s). Activity of these units was inhibited within 3-15s after glycine injection and
returned to control discharge rate within 20-115s. The duration of inhibition of unit
activity (mean 59 +9s) was not different from the duration of inhibition of renal nerve
activity (mean 55 +5s). Fig. 24B shows the effect of PRF blockade on the
spontaneous activity of a cardiovascular unit located in the RVLM. The spontaneous
discharge of 5 cardiovascular units was not affected by injection of glycine into the
PRF.

Activity of 3 additional units (firing rate 2.5-4.0 spikes/s) in the region of the
RVLM was clearly synchronized to the cardiac cycle, but the discharge of these units
was increased by 185-343% after baroreceptor activation elicited by an increase in
arterial pressure. Two of these units also had activity correlated with renal nerve
discharge. Unilateral injection of glycine into the PRF increased the spontaneous
activity of 2 of these units by 139% and 125% and had no effect on the activity of 1
unit. Fig. 25 shows the responses to PRF blockade of 1 unit that was excited by
baroreceptor activation and correlated with the cardiac cycle and renal nerve discharge.

In addition to the cardiovascular units, spontaneous activity was recorded from 6
other units in the region of the RVLM that did not meet the criteria for cardiovascular
neurons. The firing rate of these neurons ranged from 3.4 to 14.0 spikes/s with a

mean firing rate of 8.9 +1.6 spikes/s. Four of these 6 units were likely associated with



Figure 25. Identification and response to blockade of the PRF of a unit in the region of
the RVLM. A. spontaneous unit activity was increased by baroreceptor activation
with phenylephrine injection (PE; bin width 2.5ms). B. post R-wave histogram
of unit activity shows a cardiac rhythm (928 sweeps). C. spike-triggered (trace
a) and "dummy" (trace b) averages of renal nerve activity (981 sweeps; bin width
1ms; vertical calibration 20uV). D. rate-meter histogram of spontaneous unit
activity (bin width 2.5ms). Time is indicated on the x-axis. The ongoing activity
of this cardiovascular unit was increased by glycine injection into the PRF

(arrow).
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central networks controlling respiration since the firing of these neurons was
synchronized to lung inflation and the recording sites were located in the region of the
ventral respiratory group (Feldman & Ellenberger, 1988). Baroreceptor activation had
no effect on the activity of these 4 units and their discharge was not synchronized with
the cardiac cycle (Brown & Guyenet, 1985). The activity of these "respiratory" units
was correlated with renal nerve discharge. Spontaneous activity of 2 other units was
not affected by baroreceptor activation and was not correlated with the cardiac cycle
or with renal nerve activity. Although glycine injection into the PRF caused decreases
in arterial pressure, heart rate and renal nerve activity, these injections had no effect
on the spontaneous activity of any of the 6 non-cardiovascular units. The lack of
response of 1 non-cardiovascular unit to PRF blockade is shown in Fig. 26.

The locations of the microinjection sites in the PRF and the recording sites of
RVLM cardiovascular and non-cardiovascular units are plotted on modified drawings

(Paxinos & Watson, 1986) of transverse sections of the rat brainstem in Fig. 27.



Figure 26. Identification and response to blockade of the PRF of a non-cardiovascular
unit located in the region of the RVLM. Format as in Figure 25. A. bin width
2.5ms. B. 1746 sweeps. C. 751 sweeps; bin width 1ms; vertical calibration 10
#V. D. bin width 2.5ms. The spontaneous activity of this unit was not affected
by baroreceptor activation and was not correlated with the cardiac cycle or with
renal nerve discharge. Injection of glycine (arrow) into the PRF had no effect on

the ongoing activity of this unit.
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Figure 27. Drawings of transverse sections of rat pons (0.80 and 1.30 mm caudal to the
interaural line) and medulla (2.30 and 3.00 mm caudal to the interaural line)
showing locations of sites of injection and recording. A. Filled circles indicate
sites in the pontine reticular formation in which glycine injections caused
cardiovascular and sympathetic responses. B. Filled circles indicate sites of
recording from cardiovascular units in the region of the RVLM; open circles
indicate recording sites of non-cardiovascular units; open triangles indicate

recording from non-cardiovascular units that displayed respiratory-related activity.
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5.4 Discussion

The most important finding of this study is that inhibiting the ongoing activity of
pontine reticular neurons (PRF) eliminates or decreases the ongoing activity of
cardiovascular neurons located in the rostral ventrolateral medulla (RVLM). These
RVLM neurons are likely to be invelved in vasomotor control since their spontaneous
activity is silenced by activatior of barorcceptors and is synchronized with the cardiac
cycle (Brown & Guyenet, 1985; Agarwal et !, 1990). These neurons are located
within a region just caudal to the facia: ' ucleus, bounded uorsally by the nucleus
ambiguus :nd medially by the inferior olive. Previous studies have shown that some
neurons in this region exhibiting these characteristics also have axonal projections to
the intermediolateral cell column (IML) of the spinal cord (Brown & Guyenet, 198S;
Morrison et al., 19%.8). Although the cardiovascular neurons 1dentified in the present
study may have had axons that project directly to the IML or they may also have been
local sympathoexcitatory interneurons. Of the 15 cardiovascular units in the RVLM, 7
showed corielation with renal nerve activity and 8 did not. The absence of correlation
between the activity of the 8 units and renal nerve activity does not exclude a role for
these neurons in vasomotor control. For example, other brainstem neurons known to
contribute to central control of the sympathetic nervous system, such as raphe
serotonergic neurons or some neurons in the AS region, do not display sympathetic-
related discharge (McCall & Clement, 1989; Huangfu et al.,, 1991). In addition, a
strong correlation of unit activity and sympathetic nerve activity may not have been

observe 1 because the predominant frequency component in  mpathetic discharge was
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not in the 2-6 Hz range. In 7 cases in which cardiovascular units did not display
sympathetic-related discharge, power density spectral analysis revealed weak or absent
2-6 Hz rhythmicity in the discharge of renal nerves. Finally, since ventrolateral
medullary neurons may be differentially correlated to different postganglionic nerves
(Barman et al., 1984), the discharge of these 8 units may have been correlated with
activity of sympathetic nerves other than renal nerves. Correlation of unit activity
with renal nerve discharge was not related to the response of that unit to PRF
blockade. Only six of the 10 cardiovascular units inhibited by blockade of the PRF
were also correlated with renal nerve discharge.

PRF blockade failed to change the ongoing activity of 5 cardiovascular neurons.
One possible explanation is that these cardiovascular units receive excitatory drive
from PRF neurons that were not inhibited by the glycine injection. Alternatively, not
all cardiovascular units in the RVLM may receive synaptic input from neurons in the
PRF.

Inhibition of RVLM unit activity could have been caused by the diffusion of
glycine from the tip of the microinjection electrode in t.e PRF to the site of recording
in the RVLM. However, this possibility is unlikely since neurons in the RVLM with
activity that was inhibited by PRF blockade were located at a distance further from the
site of microinjection than some neurons with discnarge that was unaffected by PRF
blockade. Furthermore, glycine injection into the PRF had no effect on the
spontaneous discharge of 6 neurons that failed the criteria for cardiovascular neurons.

Therefore, PRF blockade appears to have selectively inhibited some RVLM
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cardiovascular neurons and not nearby units with other functions. For example,
glycine injection into the PRF did not affect the activity of neurons that may be
related to central respiratory systems even though neurons involved in central
respiratory drive have been located in the pons (Fcldman & Ellenberger, 1988).
Finally, inhibition of RVLM cardiovascular unit activity was not an artifact of a
dramatic fall in arterial pressure since neuronal firing could be silenced by PRF
blockade when arterial pressure was not changed by glycine injection into the PRF
(unpublished observation).

Although previous studies have shown that glycine inhibits the activity of some
brainstem neurons for at ieast 40 min (Hayes & Weaver, 1990), blockade of the PRF
caused only brief inhibition of RVLM cardiovascular units (<120s). Following loss of
excitatory drive from the PRF, some RVLM neurons may resume firing independently
due to their intrinsic pacemaker properties (Sun et al., 1988a; 1988b) or RVLM
activity may be generated by other excitatory synaptic inputs (Barman & Gebber,
1987; Gebber & b..man, 1988). The rapid recovery of RVLM neuronal activity is
likely responsible for the recovery of arterial pressurz and sympathetic nerve activity
and may explain the transient nature of cardiovascular and sympathetic responses to
PRF blockade. This hypothesis is supported by our finding that PRF blockade caused
cardiovascular and sympathetic responses of the same duration as inhibition of RVLM
unit activity.

Anatomical studies have identified some axonal projections from pontine reticular

neurons to the ventrolaieral medulla (Andrezik, Chan-Palay & Palay, 1981; Ruggiero
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et al., 1989). However, the present results do not demonstrate a direct connection
between the PRF and sympathoexcitatory neurons in the RVLM. The effects of
glycine injection into the pons may be mediated by other neural structures or by local
interneurons. For example, the 3 neurons that showed spontaneous activity correlated
with the cardiac cycle and that were excited by activation of baroreceptors might
represent inhibitory interneurons in the region of the RVLM. Since PRF blockade
increased the spontaneous activity of 2 of these units, the inhibitory effect on
sympathoexcitatory neurons could be mediated by these putative interneurons.
Although our results demonstrate that the ongoing activity of neurons in the PRF
provides tonic excitation to RVLM cardiovascular neurons, we have not determined
whether vasomotor activity originates from neurons in the PRF. While PRF neurons
may indeed be the source of this drive, it is also possible that they are relay neurons
from drive generated elsewhere in the neuraxis such as the forebrain (Huang et al.,
1987; 1988), or other brainstem areas (Gebber & Barman, 1988; Yardley ef al., 1989b;
Korkola & Weaver, 1992). Barman and Gebber (1987; Gebber and Barman, 1988)
have shown in the cat that a group of sympathoexcitatory neurons in the lateral
tegmental field (LTF) acts as an important source of excitatory inputs to RVLM
neurons innervating the IML. While the PRF does not appear to be a rostral extension
of the LTF, PRF neurons may contribute to or receive inputs from a brainstem
reticular network that is collectively responsible for generating sympathetic activity.
To our knowledge this study has provided the first direct evidence that the

ongoing activity of cardiovascular neurons in the RVLM is supported by an excitatory
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drive. Furthermore, ongoing activity of neurons in the pontine reticular formation is
one source of this tonic excitation to some RVLM cardiovascular units. In the
absence of excitatory influences from the PRF, RVLM neurons are still capable of

tonic discharge due to their own intrinsic properties or to other synapt > inputs.



Chapter 6: Axonal projections of pontine reticular neurons involved in tonic
cardiovascular control identified with the anterograde tracer Phaseolus vulgaris
leucoagglutinin ir: rats.

Neuroscience, 1993. Submitted.

6.1 Introduction

The activity of neurons located in the pontine reticular formation (PRF) makes a
significant contribution to tonic excitation of sympathetic nerves supporting arterial
blood pressure and heart rate. In rats, inhibition of activity of PRF neurons by
microinjections of the inhibitory amino acid, giycine or the GABA, agonist, muscimol
produces large decreases in arterial pressure, heart rate and sympathetic nerve activity
(Hayes & Weaver, 1992; Krassioukov & Weaver, 1992; Krassioukov, Gelb & Weaver,
1992). However, the neural pathways mediating these responses from the PRF are
unknown.

Pontine reticular neurons may project to the rostral ventrolateral medulla (RVLM),
a region that is critical for tonic cardiovascular control (review: Calaresu & Yardley,
1988; Barman, 1990; Guyenet, 1990; McCall, 1990; Chalmers & Pilowsky, 1991) and
that contains neurons whose axons terminate in the intermediolateral cell column
(IML) of the spinal cord (Ruggiero et al., 1989). Evidence from recent
electrophysiological studies indicates that a projection from the PRF to the RVLM
may exist. Synaptic blockade within the RVLM with cobalt chloride or kynurenate

eliminates the cardiovascular and sympathetic responses caused by glycine injection
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into the PRF (Krassioukov & Weaver, 1992) suggesting that sympathetic influences
from the PRF are relayed by RVLM neurons. Furthermore, since glycine injections
into the PRF inhibit the spontaneous firing of some RVLM cardiovascular neurons
(Hayes, Calaresu & Weaver, 1993), cardiovascular and sympathetic responses to PRF
blockade may be due to the loss of tonic excitatory drive to RVLM
sympathoexcitatory neurons.

Neurons in the PRF could influence vasomotor tone by projections to other
brainstem areas involved in generation of sympathetic nerve activity such as the dorsal
medullary reticular formation (Barman and Gebber, 1987; Yardley et al., 1989b;
Korkola & Weaver, 1992) and may also project directly to sympathetic preganglionic
neurons in the IML of the spinal cord. The present study was done to determine the
axonal projections of neurons in the PRF that .nay be involved in tonic cardiovascular

and sympathetic regulation.
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6.2 Methods

Surgical procedures.

Male Wistar rats (275-325g; Charles River, Canada) were anaesthetiz:d initially
with sodium pentobarbital (40 mg/kg, i.p.; M.T.C. Pharmaceutical, Canada) and the
right femoral artery and vein were cannulated for monitoring arterial blood pressure
and for delivery of anaesthetic respectively. An intravenous infusion (0.4-1.0 ml/hr) of
the steroid anaesthetic Saffan (alphaxalone 9 mg/ml and alphadolone 3 mg/ml, Glaxce
Canada Ltd., Canada) was begun as effects of the pentobarbital disappeared and
adjustments in the rate of infusion were made as needed to maintain a constant plane
of anaesthesia. The animal’s plane of anaesthesia was assessed by examining
palpebral and withdrawal reflexes. Body temperature was maintained at 37°C with a
heating pad. The rats were placed in a Kopf stereotaxic frame equipped with blunted
ear bars and a small hole was drilled in the parietal bone.

Microinjection procedures.

Glass micropipcttes were pulled to a tip size of about 30 um and filled with a
solution of the inhibitory amino acid glycine (1.0M; pH=7.4; BDH Chemicals,
Canada) dissolved in distilled water. The tips of the pipettes were positioned within
the pontine reticular formation (PRF) according to a stereotaxic atlas (Paxinos &
Watson, 1986) and glycine (22-43 nl) was microinjected .nilaterally into the PRF
using a picospritzer (General Valve Corporation, USA). Injection volumes were
determined by the displacement of the meniscus at the air-liquid interface in the

pipette observed through a microscope containing an ocular micrometer. Arterial
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pressure and heart rate were recorded on a polygraph (Grass Instrument Company,
USA). In 6 animals, a site within the PRF in which glycine caused decreases in
arterial pressure and heart rate was identified. In 2 control animals, a site was located
rostral to this region in which glycine failed to produce changes in arterial pressure or
heart rate.

Anterograde tracing procedures.

Once a PRF or control site was identified, the pipeite was retracted, emptied and
filled with the anterograde tracer, Phaseolus vulgaris leucoagglutinin (PHA-L; 2.5% in
10 mM sodium phosphate; pH=8.0; Vector-Dimension Laboratories; Gerfen &
Sawchenko, 1984). The pipette was repositioned and PHA-L was iontophoresed into
the original site of microinjection (7 uA, Ss on-off cycle for 30 min). The pipette was
retracted, the exposed surface of the brain was covered with sterile Gelfoam (Upjohn,
Canada) and the incision was sutured. The arterial and venous cannulae were removed
and this incision was also sutured. The animal was given penicillin (60 000 units,
i.m., Veticare, USA).

A survival time of 7 days was allowed for 7 rats including all control animals.
One rat survived for 14 days to determine the effect of increasing survival time on the
pattern and quantity of PHA-L labelling. The rats were then deeply anaesthetized with
urethane (1.4 g/kg, i.p; Aldrich Chemical Company, USA) and perfused transcardially
with 250 ml of 10mM phosphate buffered saline, followed by 250 ml of a filtered
solution of 4% paraformaldehyde in 0.1M sodium acetate (pH=6.5), followed by 250

ml of a filtered solution of 4% paraformaldehyde in 0.1M sodium borate (pH=10.0).



169

All solutions were at 4°C and all were prepared immediately before the perfusion.
Spinal cord segments were identified by their dorsal roots and marked with a piece of
suture and then the brain and spinal cord were removed and placed in a solution of
4% paraformaldehyde in 0.1M sodium borate for 24 hrs post-fix followed by 24 hrs in
30% sucrose solution. The first and eighth thoracic (T, T,) and first lumbar (L,)
spinal cord segments were sectioned at 20 zm thickness and the brainstems were
sectioned at 40 gm thickness.
Immunocytochemistry

Sections were rinsed three times in Tris buffered saline (0.05 M TBS; 5 min each)
and incubated in a blocking solution (2% bovine serum albumin and 10% normal
swine serum in a solution of TBS containing 0.3% Triton-X) for 1 hr at room
temperature to eliminate nonspecific antibody labelling. Sections were then incubated
in a primary antibody solution containing 0.05 M TBS with 0.3% Triton-X with gentle
agitation for 48 hours at 4°C. The primary antiserum, rabbit anti-PHA-L (Dakopatts,
Vector-Dimension Laboratories) was useu at a dilution of 1:500. Sections were then
rinsed three times in 0.05 M TBS and were placed in swine anti-rabbit antiserum (1:50
dilution; Dakopatts) for 1 hr at 4°C. Following three rinses in 0.05 M TBS, sections
were incubated for 1.5 hrs in a solution containing a soluble peroxidase-antiperoxidase
complex (Dakopaiis) made in rabbit. Following this incubation, sections were again
rinsed three times in 0.05 M TBS and incubated in a solution of diaminobenzidine
tetrahydrochloride (0.05%; Sigma) and H,0, (0.003%) until a visible reaction product

appeared (about 30 min). Sections were mounted on glass slides and viewed with a
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Leitz microscope (Wild-Leitz, Canada) for PHA-L labelled cell bodies at the injection

site and PHA-L labelled axons and terminals within the brainstem and spinal cord.
Swellings that were observed along the course of labelled fibres were considered to be
putative terminal boutons and to indicate termination fields of PHA-L-labelled
neurons. Plots of PHA-L labelling were produced by outlining landmarks and plotting
labelled cell bodies and fibres using a drawing tube at low power (63X). Labelling of
cell bodies, fibres and terminal boutons was confirmed at a higher power (250X and
400X).
Staustical analysis

Arteria pressure and heart rate responses for individual PRF responses were
determined using 95% confidence intervals. A one-way analysis of variance
(ANOVA) with repeated measures was used to determine statistical changes in mean
arterial pressure and heart rate after glycine injection into the PRF. Differences were
considered significant when p<0.05 and variability was expressed as the pooled
standard error derived from ANOVA or as the standard error of the mean (Snedecor &

Cochran, 1980).
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63 Results

6.3.1 Anatomy of the pontine reticular formation (PRF).

The region of the PRF from which injections of glycine produce cardiovascular
and sympathetic responses extends rostrally from the level of the caudal pole of the
trapezoid body to the rostral pole of the motor nucleus of the trigeminal nerve. This
region is bounded laterally by the motor nucleus of the trigeminal nerve, dorsally by
the dorsal surface of the brainstem and ventrally by the superior olivary nucleus
(Hayes & Weaver, 1992; present study). Although the PRF is comprised of several
reticular nuclei, this functionally defined group of neurons is composed mainly of the
pontine reticular nucleus (caudal part; PnC). The PnC contains mostly small and
medium sized neurons with a few large cells interspersed am.'ng them (Andrezik &
Beitz, 1985). The PnC can be distinguished from other reticular nuclei because within
the cell body, the nucleus is located eccentrically and the Nissl substance is evenly
distributed throughout the cytoplasm (Andrezik & Beitz, 1985). In addition, the PnC
contains a collection of giant neurons (50-65 gm diameter) in the medial portion
(Andrezik & Beitz, 1985). The PnC is coextensive with the gigantocellular reticular
nucleus and some cardiovascular responses have been produced by glycine injections
into the rostral portion of this nucleus.

6.3.2 Cardiovascular responses to glycine injection into the PRF.

An example of the arterial pressure and heart rate responses produced by a

unilateral injection of glycine into the PRF is shown in Fig. 28. Unilateral injections

(n=6) into the PRF produced brisk decreases in arterial pressure and heart rate that



Figure 28. Responses to a unilateral microinjection (35 nl) of glycine (1.0M) into the
pontine reticular formation of one rat. Top panel: record of systemic arterial
blood pressure; Bottom panel: heart rate. Time is indicated beneath these panels.
Injection of glycine (arrow) produced decreases in arterial pressure and heart rate

that returned to control values within 100s.
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began within 5-10 seconds, reached a maximum decrease in 10-25s and returned to
control values within 40-60s. Mean arteial pressurc was decreqsed by 25 +3 mmHg
(from 99 to 74 mmHg; pooled S.E.=2.0) and heart rate was decreased by 24 +4 bpm
(from 359 to 335 bpm; pooled S.E.=2.3) following glycine injection. In 2 control
animals glycine was injected into sites rostral to the region of the PRF. The mean
control arterial pressure (96 +2 mmHg) and mean control heart rate (360 1 bpm) of
these animals were not different from those in which glycine was injected into the
PRF. Glycine injection into control sites had no effect on arterial pressure or heart

rate.

6.3.3 Anterograde labelling of Phaseolus vulgaris leucoagglutinin (PHA-L).
Injection sites. A dark reaction product could be seen within cell bodies that had
incorporated PHA-L at the injection site (Fig. 2%a). Large PHA-L injections labelled
between 100 and 140 neurons within an area with a diameter of about 400um while
smaller injections labelled 25 to 70 neurons within an area with a diameter of about
200zm. The locations of PHA-L injection sites are shown in Fig. 30. Six injections
of PHA-L of different sizes were made into sites from which glycine evoked
cardiovascular responses. Five of these sites (cases 1, 2, 4, 8 and 9) were located
within the pontine reticular nucleus (caudal part) and were used for the description of
the efferent projections from PRF neurons involved in cardiovascular control. Three of
these injections (cases 1, 8 and 9) also labelled some cells in the parvocellular

reticular formation. One PHA-L injection (co:c 3) was located in the ventrolateral
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Figure 30. Series of drawings of transverse sections of rat pons (0.70 mm rostral and
0.70 mm and 1.00 mm caudal to the interaural line) showing the locations and
diameters of the PHA-L injections into the PRF and surrounding areas. Numbers
refer to the different cases. Aq (aqueduct); CG (central gray); PnO (pontine
reticular nucleus, oral part); RPO (rostral periolivary region); CGPn (central gray
pons); PB (parabrachial nucleus); LC (locus coeruleus); Mo5 (motor trigeminal
nucleus); Pr5 (principal sensory trigeminal nucleus); PnC (pontine reticular
nucleus, caudal part); A5 (region of the AS cell group); 7n (facial nerve); PnV
(pontine reticular nucleus, ventral part); RMg (raphe magnus); PCRt (parvocellular

reticular nucleus).
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pons within the region of the AS cell group and labelled projections from this region
were compared to those caused by PHA-L injections located exclusively in the PRF.
Two control PHA-L injections (cases 5 and 6) were made into sites from which
glycine failed to evoke cardiovascular responses and these sites were located at the
level of the aquedu .. within the pontine reticular nucleus (oral part). These control
injections were the same size and labelled the same number of neurons as injections
made into sites within the pontine reticular nucleus (caudal part). The results of two
experiments (cases 7 and 10) were not used as these PHA-L injections did not produce
sufficient anterograde labelling for analysis.

6.3.4 Efferent pathways of pontine reticular neurons.

After injections of PHA-L into the PRF, PHA-L - positive fibres and terminal
boutons could be identified in many nuclei of the pons and medulla as well as in the
cervical and thoracic spinal cord. The sites of nuclei receiving projections from PRF
neurons are illustrated with camera lucida drawings of a representative PHA-L
injection (case 1) in Fig. 31. The brainstem and spinal cord sites of projection and the
quantity of anterograde labelling within these areas were identical in animals with
survival times of 7 and 14 days.

Nuclei in the pons. PHA-L injections into the PRF resulted in dense anterograde
labelling of fibres throughout the ipsilateral pontine reticular formation extending
caudal from the level of the aqueduct to the pontomedullary border. A considerable
number of labelled axons exiting the injection site projected across the midline to the

contralateral PRF where dense PHA-L labelling of axons and terminals were observed.
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Anterograde labelling of axons and terminals within the ipsilateral parabrachial
complex was located mainly within the central lateral and external lateral subnuclei
but diffuse labelling of fibres and terminals was also observed within the medial
parabrachial nucleus (Fig. 32a&b). Labelling within the contralateral parabrachial
complex was confined to the medial subnucleus. PHA-L labelled axons and terminals
were also located within the parvocellular reticular formation and in the motor
trigeminal nucleus. After PHA-L injections that had incorporated cells in the
parvocellular reticular formation (cases 1, 8 and 9), PHA-L - positive fibres were also
observed within the principal sensory trigeminal nucleus. Although PHA-L labelling
was observed on s_ides both ipsilateral and contralateral to the injections site,
contralateral labelling was much less dense.

The distribution of labelled axons and terminals within the pons following
injections of PHA-L into the AS region or into sites rostral to the PRF was very
different from that produced by injections into sites within the PRF. The sites of
nuclei receiving projections from neurons located within the AS region (case 3) are
shown in Fig. 33. After one injection of PHA-L into the region of the AS cell group,
anterograde labelling of fibres and terminals was observed within the medial
subnucleus of the ipsilateral parabrachial complex but not within the reticular
formation or any other pontine nuclei.

Although control injections rostral to the PRF produced PHA-L iabelling of fibres
and terminals throughout the pontine reticular formation and sparse labelling of the

parabrachial complex, dense labelling of fibres was also located within the central gray



‘(1oeny A1epjos) jos {(apomudA
Uiw) Ap ‘(3pounpad 1e[aqarso 1ouradns) dos ((yoen Iejjaqasecoulds [enudA) osa wd QT ale sieq uoneiqied (qg
pue g) sydeiSorrwoioyd piatySiiq syi ur smole Yy Aq pajesiput se saiqly paf[aqe] T-VHd swes ay Kjnuapt (O pue
V) sydeiSomniwoioyd pjayyiep sy) ur smoury -uonesyiudew Jamof e uaxye are sydeiSosorwoioyd prayyiep syl (1
9sB0) UoNEULIO) Je[nolaI sunuod ays oyl uondaful T-wHJ & Suimorjo} (g pue D) SUEI[OS Sn)oel) snajonu pue (g pue )

SN3I MU [elydeiqered aY) UIYM S[eUIULIS) PUB SUOXE Pa|[3qe] -V Hd Jo sydeiSorowoioyd piaiiyduq pue piayyieq ‘¢ aandig






‘(Jeued [enuad) 99 (aA1j0 Joudjul) O] ‘(snajonu [essojSodAy) Z1 ‘(ewansod evare) Jy
‘(srunosqo ayder) qOY {(snnJiquie snajonu) qury {(suelrjos snioel snajonu) SIN (Snafonu [e1oe) £ {(snajonu [eutwadin
[eutds) ¢dg ‘(1oen repruresfd) Ad ‘(snuSew syder) By (dnoid 1130 gy 2y Jo uciBal) gy (aAlau [eioe)) Uy ‘(snaponu
jeuiwadwy Kosuss [ediduud) gig ‘(snajni20d sndof) O ‘(sjounpad Iejj3qa1ad Jonadns) dos {(snaponu [eiyoeiqesed)
dd 013z [RINRIUI WOJJ IDUEISIP edlpul sisquin ‘(€ aseds) dnoid [[30 gy a1 Jo uoiFar ayy oyur uondaful J-wHJ
€ JO SP[3l UONBUIULI3) pUE SAIQY Paj[3qe| JO 3sIned pue Als uoudaful ayy Sunensny(i piod jeulds (11) doeioy) IsIyy

pue (1D) pi0o [euids [ed1AI3D ‘B|[NpaW ‘suod jel JO SUOKDIAS ISIIASURI) JO STUIMBIP BPION| BIAWED JO SIS ‘gf 3undyy






187

nucleus of the pons, raphe magnus and the pontine reticular nucleus (ventral; PnV).
PHA-L labelled fibres were also observed within the ipsilateral and contralateral locus
coeruleus.
Nuclei in the medulla. PHA-L injections into the PRF resulted in dense anterograde
labelling of axons and terminals throughout the medullary reticular for...1tion from the
pontomedullary border to the cervical spinal cord (Fig. 29b). PHA-L positive labelling
was most dense on the side ipsilateral to the injection site, although labelled fibres
were also found within the contralateral reticular formation. PHA-L injections into the
PRF yielded a substantial number of PHA-L labelled fibres and boutons throughout
the region of the rostral ventrolateral medulla (RVLM; Fig. 29¢). Axonal projections
from the PRF were directed predominantly to the ipsilateral RVLM extending beneath
the nucleus ambiguus to the ventral surface of the medulla but a few labelled axons
and terminals were found in the contraiateral RVLM. PHA-L labelled axons and
terminals were also observed within the ipsilateral and contralateral hypoglossal
nucleus and within ventral and medial portions of the nucleus tracius solitaris (NTS)
on the ipsilateral side only (Fig. 32c&d). After PHA-L injections that had labelled
cells within the parvocellular reticular formation (cases 1, 8 and 9), labelled fibres
were found within the ipsilateral and contralateral caudal spinal trigeminal nucleus and
facial nucleus.

Injections of PHA-L into the AS region or into control sites produced a pattern of
anterograde labelling very different from that caused by PHA-L injections into sites

within the PRF. One PHA-L injection into the AS region caused labelling of »xons
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and terminals within the ipsilateral NTS but failed to label fibres within the medullary
reticular formation including the ventrolateral medulla. A few labelled fibres were
located within the ipsilateral facial nucleus.

After PHA-L injections into sites rostrzl to the PRF, dense labelling of fibres and
terminals was observed within the gigantocellular reticular nucleus (alpha; GiA), which
is a continuation of the PnV in the pons and in raphe magnus. Less dense labelling of
the dorsal medullary reticular formation, raphe obscurus and raphe pallidus was also
observed. PHA-L positive fibres and terminals were absent in the region of the
ventrolateral medulla.

Spinal cord. After injections of PHA-L into the PRF, dense anterograde labelling of
fibres and terminals was observed within lamina VII of the ipsilateral cervical spinal
cord and fewer PHA-L positive axons and terminals were also found in laminae V,
VIII and X. Few labelled fibres were found in the contralateral cervical spinal cord.
PHA-L injections into the PRF resulted in a few anterogradely labelled fibres in the
thoracic spinal cord. The majority of PHA-L labelled fibres in the spinal gray matter
were located in the ipsilateral intermediolateral cell coluran (IML) but some labelled
fibres were also found in the central autonomic nucleus, in lamina V and in other
regions of lamina VII. Terminal boutons were observed along all fibres in the spinal
gray matter indicating that these fibres may make synaptic connections in these areas.
An example of an anterogradely labelled fibre within the IML is shown in Fig. 29d.
Labelled axons without swellings were only found in the ipsilateral dorsolateral

funiculus. PHA-L labelling on the side contralateral to the injection site was never
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observed. Spinal cord labelling was never observed in lumbar spinal cord segments.

One injection of PHA-L into the AS region labelled fibres within the dorsolateral
funiculus but fibres and terminals within the gray matter of the cervical spinal cord
were not observed. This injection also resulted in PHA-L labelled fibres within the
IML and central autonomic nucleus.

PHA-L injections into sites rostral to the PRF caused dense labelling of fibres and
terminals in laminae 1V and VII and sparse labelling in laminae V, VIII and X of the
ipsilateral cervical cord. A few PHA-L positive fibres were observed in the
contralateral cervical cord. These injections also caused labelling within laminae 1V,
V and VII and within the dorsolateral funiculus of both ipsilateral and contralateral
thoracic spinal cord. These injections did not produce PHA-L positive fibres within

the IML or central autonomic nucleus.
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6.4 Discussion

The major efferent projections of pontine reticular (PRF) neurons involved in tonic
cardiovascular control were identified in the present siudy. Anterograde transport of
Phaseolus vulgaris leucoagglutinin (PHA-L) from PRF neurons labelled axons and
terminals in several brainstem areas that have been shown to be involved in regulation
of the cardiovascular system including central lateral, external lateral and medial
subnuclei of the parabrachial complex (Mraoviich et al., 1982; Fulwiler & Saper,
1984; Herbert, Moga & Saper, 1990; Miura & Takayama, 1991), medullary reticular
formation (Barman and Gebber, 1987; Yardley er al., 1989; Korkola & Weaver, 1992),
nucleus tractus solitaris (NTS: Spyer, 1981) and rostral ventrolateral medulla (RVLM;
review: Calaresu & Yardley, 1988; Barman, 1990; Gu enet, 1990; McCall, 1990;
Chalmers & Pilowsky, 1991). A few projections from PRF neurons also terminated
within regions of the spinal cord associated with autonomic functions including
laminae VII and X of the cervical spinal cord and within the intermediolateral cell
column (IML), central autonomic nucleus and laminae V and VI of thoracic spinal
cord segments. The dorsal medullary reticular formation and the RVLLM have been
implicated in generation of ongoing sympathetic nerve activity (Barman and Gebber,
1987; Sun et al., 1988a; 1988b; Korkola & Weaver, 1992). Therefore, PRF neurons
could influence tonic vasomotor outflow by synaptic connections in either of these
brainstem areas as well as by direct projections to the sympathetic preganglionic
neurons in the spinal cord.

Pontine reticular neurons involved in tonic cardiovascular regulation appear to
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have axonal projections distinct from those of nearby cell groups. Control injections
of PHA-L into sites from which glycine did not elicit cardiovascular responses resulted
in anterograde labelling of fibres and term.nals within the brainstem and spinal cord
but not within the ventrolateral medulla or within the IML. This distinct pattern of
anterograde labelling was not due to differences in the size of PHA-L injection, in the
number of neurons labelled at the injection site or in the survival time of these control
animals. Furthermore, neurons located within the rostral parvocellular reticular
formation. located lateral to the PRF have few projections that terminate within the
ventrolateral medulla (Ter Horst, Copray, Liem & Van Willigen, 1991). This cell
group is primarily involved in orofacial motor control (Minkels, Jich, Ter Horst &
Van Willigen, 1991; Ter Horst et al., 1991). Finally, the AS cell group, a collection
of noradrenergic cells in the ventrolateral portion of the PRF, has known
cardiovascular functions and has major projections to the NTS and to the IML of the
spinal cord (Byrum et al., 1984; Stanek et al., 1984; Byrum and Guyenet, 1987;
Huangfu et al., 1992). In contrast to PRF neurons, A5 neurons provide only sparse
innervation of the RVLM (Loewy, et al., 1986; Byrum and Guyenet, 1987). In the
present study the injection of PHA-L into the region of the AS cell group may have
labelled neurons other than AS cells since noradrenergic neurons are dispersed among
other reticular neurons in this region. However, this injection site was located in an
area shown to contain cell bodies immunoreactive for tyrosine hydroxylase (Byrum &
Guyenet, 1987). In addition, some AS neurons within this injection site probably

incorporated PHA-L because anterograde labelling within the brainstem and spinal
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cord was similar to that observed in previous studies of projections of AS cells.
Furthermore, this pattern of labelling was distinct from that produced by PHA-L
injections into nearby reticular sites. This evidence suggests that the PRF contains a
group of neurons that can be distinguished from other pontine neurons by their role in
cardiovascular control and by their efferent connections.

Axonal projections of reticular neurons in the region of the PRF have been
demonstrated as part of other anatomical investigations. Previous studies have shown
that neurons in this region project to the parabrachial nuclear complex, Kolliker-Fuse
nucleus, RVLM and spinal trigeminal nuclei (Andrezik et al., 1981; Ruggiero et al.,
1989; Ter Horst et al., 1991) but do not have axons that terminate in the NTS (Ter
Horst et al., 1991). Spinal cord projections from PRF neurons have been located in
the IML (Blessing et al, 1981b) and in both dorsolateral and ventrolateral funiculi
(Carlton, Chung, Leonard & Willis, 1985). However, axons from PRF neurons
travelling in the ventral and ventrolateral funiculi are probably involved in mediating
locomotory responses originating in the mesencephalic motor area (Noga, Kriellaars &
Jordan, 1991).

Innervation from either the left or right PRF was directed predominantly to
ipsilateral brainstem regions. This anatomical evidence supports electrophysiological
studies that suggest that sympathetic influences descending from the PRF depend
primarily on synaptic connections within the ipsilateral ventrolateral medulla.
Unilateral microinjection of the synaptic blocking agent cobalt chloride into the

RVLM eliminated sympathetic responses to injection of glycine into the ipsilateral
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PRF (Krassioukov & Weaver, 1992). Conversely, unilateral synaptic blockade within
the RVLM had no effect on responses to glycine injection into the contralateral PRF
(Krassioukov & Weaver, 1992). Furthermore, since PRF responses are completely
abolished by synaptic blockade within the RVLLM, the sparse spinal projection from
pontine reticular neurons probably plays little role in mediating sympathetic influences
from the PRF.

Unilateral PHA-L injections into the PRF resulted in dense anterograde labelling
of axons and axon terminals in the contralateral PRF and a considerable number of
axons exiting the injection site were observed crossing the midline. This projection
may have functional significance. For example, unilateral glycine injections may
inhibit the discharge of neurons located in both sides of the PRF via this pathway.
This hypothesis would explain the electrophysiological finding that sympathetic
responses caused by bilateral blockade of the PRF are not greater than those caused by
unilateral PRF blockade (Hayes & Weaver, 1992).

To our knowledge, this study is the first to demonstrate the major efferent
brainstem and spinal cord projections from PRF neurons that are involved in tonic
cardiovascular regulation. Axons and terminals of PRF neurons were identified
primarily within the pontine and medullary reticular formation as well as within the
ventrolateral medulla. Very few PHA-L labelled fibres and terminais were observed
within autonomic nuclei of the spinal cord. These results provide an anatomical

substrate for tonic control of sympathetic nerve activity by pontine reticular neurons.



Siummary and Conclusions

1. Imhibition of tonic activity (birckade) of neurons in the rostral ventrolateral
medulla (RVLM) caused greater decreases in the discharge of postganglionic renal
than that of spleric rerves und had no consistent effect on mesenteric nerves. RVLM
blockade also decrs. »ed au discharge of preganglionic 13th thoracic (T,,) white rami
more than that of preganglionic greater splanchnic nerves.

2. Ganglionic blockade with chlorisondamine decreased the discharge of severed T,,
white rami indicating that these rami are composed of postganglionic axons (other than
gray rami fibres) as well as preganglionic axons. Histological examination of excised
T;, rami showed that postganglionic cell bodies are located along the course of these
nerves.

3. Cervical (C,) spinal cord transection caused decreases in preganglionic greater
splanchnic and postganglionic splenic nerves which were of the same magnitude as
those caused by bilateral blockade of the RVLM. In contrast, discharge of renal
nerves was decreased more by bilateral RVLM blockade than by cervical spinal cord
transection. Similarly, even unilateral RVLM blockade caused greater decreases in
discharge of T,; white rami than were caused by spinal cord transection.

4. Inhibition of tonic activity of neurons located in the region of the AS cell group
caused increases in arterial pressure and renal and splenic nerve activity but had little
effect on heart rate.

5. Inhibition of tonic activity of neurons in the pontine reticular formation (PRF)

caused large, short-lasting decreases in arterial pressure and heart rate and equal
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decreases in discharge of renal and splenic nerves. The short duration of the responses
to PRF blocksde could not be attributed to compensation by baroreceptors or by
actions specific to glycine.

6. Unilateral PRF blockade eliminated the ongoing activity of 6 cardiovascular units
and reduced the activity of 4 cardiovascular units located within the ipsilateral RVLM.
The duration of inhibition of unit activity was not different from the duration of
inhibition of renal nerve activity. PRF blockade had no effect on the discharge of 5
cardiovascular urits or on the discharge of 6 non-cardiovascutar units.

7. The brainstem and spinal cord projections of PRF neurons that are involved in
tonic cardiovascular control were traced with the anterograde tracer Phaseolus vulgaris
leucoagglutinin. Injections of PHA-L into the PRF identified axons and terminals

primarily within the meduilary reticular formation and RVLM.

These studies have focused on the control of tonic sympathetic activity by two
brainstem regions, the RVLM and the PRF. Experiments have identified
characteristics of sympathetic control by the RVLM which provide selective, non-
uniform influences on individual organs such as the kidney, spleen and intestine. Pre-
and postganglionic sympathetic pathways to the kidney appear more dependent upon
excitatory drive from the RVLM than pathways directed to the spleen and intestine.
Furthermore, renal nerves and their preganglionic inputs (T,; white rami) appear to be
controlled in part by tonic sympathoinhibitory influences which can be unmasked by

blockade of the RVLM. Since these sympathoinhibitory influences do not appear to
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affect the activity of splanchnic and splenic nerves, tonic inhibition may be another
characteristic of sympathetic control which provides differential effects on different
vascular beds. Although neurons located within the region of the A5 cell group
tonically inhibit sympathetic nerve activity, these neurons are not a likely source of
inhibition that is selective for renal nerves.

A previously unknown source of tonic cardiovascular control in the reticular
formation of the pons (PRF) has been identified in these investigations. The activity
of neurons within the PRF makes a contribution to ongoing activity of sympathetic
nerves supporting arterial pressure and heart rate. In addition, tonic control of
sympathetic activity from the PRF differs from that from the RVLM because the PRF
appears to have equal excitatory influences on discharge of both renal and splenic
nerves. Furthermore, ongoing activity of PRF neurons is a source of tonic excitatory
drive to some cardiovascular neurons located within the RVLM. In the absence of
excitatory influences from the PRF, RVLM neurons are still capable of tonic
discharge. This rapid recovery of RVLM unit activity probably explains the short
duration of sympathetic responses after blockade of the PRF. PRF neurons could
influence tonic sympathetic outflow by synaptic connections within the medullary
reticular formation or within the RVLM.

Over the past several years, research has focused on the role of RVLM neurons in
control of tonic sympathetic nerve activity. As demonstrated by the present
investigations, other nuclei including the PRF also contribute to resting levels of

vasomotor discharge. The importance of these other "vasomotor” regions has likely
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been overlooked because destruction of these neurons fails to affect resting levels of
arterial pressure in the long-term. In this respect, specific brainstem nuclei including
the PRF and RVLM (Cochrane et al., 1989; Vasquez et al., 1992) do not appear to be
crucial for ongoing vasomotor tone although both of these regions are responsible for
generation of a substantial portion of tonic sympathetic activity when the neuraxis is
intact. The present studies have also suggested that generation of this drive is the
collective responsibility of a network of brainstem neurons that includes an interaction

between the PRF and RVLM.
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