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ABSTRACT

A DIENCEPHALIC CONTRIBUTION TO SYMPATHETIC NERVE
DISCHARGE IN THE ANESTHETIZED CAT

By

Rurt James Varner

The purpose of this thesis was to study the role of diencephalic structures in
the control of sympathetic nerve discharge (SND) in the anesthetized cat. This
laboratory (Huang et al, Am. J. Physiol. 252: R645-R652, 1987) previously
showed that the forebrain is responsible for a significant component of inferior
cardiac SND in cats anesthetized with alpha-chloralose. My research assessed the
contribution of various diencephalic regions to the forebrain-dependent compo-
nent of SND in this preparation. The reductions in inferior cardiac SND and blood
pressure produced by midbrain transection in nonlesioned control cats were
compared with those in cats in which diencephalic lesions were made with radio-
frequency current. Lesions of the lateral hypothalamus, posterior medial hypo-
thalamus or medial thalamus, but not of the anterior medial hypothalarzus,
attenuated the effects of midbrain transection. These results suggest that the
medial hypothalamus and medial thalamus contribute to SND in the anesthetized
cat.

Tungsten microelectrodes were used to record the spontaneous discharges of
individual neurons in the medial thalamus and hypothalamus to determine whether
these regions contained the cell bodies of neurons that influence basal SND.

Spike-triggered averaging of SND revealed the existence of two types of



Rurt James Varner

hypothalamic and medial thalamic neurons with sympathetic nerve-related acti-
vity in baroreceptor-innervated cats. The activity of type 1 neurons was
synchronized to an aperiodic spike-like component in SND whereas that of type 2
neurons was synchronized to a 2-to $~Hz rhythmic component. Microstimulation
at type 1 and type 2 umit recording sites increased SND. Thzese results are
consistent with the possibility that diencephalic neurons contribute to the
rhythmic and aperiodic components of SND in the anesthetized cat.
Spike-triggered averaging of frontal-parietal cortical activity (EEG) re-
vealed that all medial thalamic and most hypothalamic neurons with activity
related to SND also had EEG-related activity. Thus I considered whether the
frontal-parietal cortex contributed to the forebrain-dependent component of SND.
Electrical stimulation of the cortex evoked excitatory sympathetic nerve re-
sponses and activated some type 1 and type 2 diencephalic neurons. However,
frontal lobotomy failed to attenuate the decreases in SND ard blood pressure
produced by midbrain transection suggesting that these cortical regions do not

contribute to basal SND in the anesthetized cat.
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INTRODUCTION

In the anesthetized animal the sympathetic nervous system maintains a level of
basal activity. The first studies to characterize sympathetic activity were
performed by Adrian et al. (1932) and Bronk et al. (1936) who demonstrated that
in most cases the activity in sympathetic nerve bundles is synchronized into bursts
which are locked in a 1:1 relationship to the cardiac cycle. In addition, SND
contains a respiratory-related periodicity since the amplitude of these cardiac-
related bursts waxes and wanes in relation to the respiratory cycle.

That supraspinal networks generate tasal sympathetic tone to the heart and
vasculature was recognized when Bernard (1863) produced a sustained decrease in
blood pressure by transecting the cervical spinal cord. Subsequent studies by
Owsjannikow (1871) and Dittmar (1873) attempted to localize the brain regions
responsible for generating sympathetic tone by monitoring changes in blood
pressure in response to serial transection of the neuraxis in rabbits. In these
experiments, blood pressure was not affected until the level of transection was at
a point 1-2 mm behind the caudal border of tke inferior colliculi. On this basis it
was concluded that, at least in the anesthetized animal, the forebrain is not
involved in maintaining the level of restiz3g blood pressure. Transections made
more caudally produced further decreases in blood pressure. When the level of
transection was 4-5 mm above the calarzus scriptorius, blood pressure fell to a
level similar to that produced by transection of the cervical spinal cord. Thus it
appeared that the region of the neuraxis responsible for the generation of basal

sympathetic tone lies between the caudal cze third of the pons and the rostral two



thirds of the medulla. Alexander (1946) confirmed this by monitoring the effects
of brain stem transection on the level of tonic activity in the cervical and inferior
cardiac sympathetic nerves of cats.

Although it is widely accepted that sympathetic nerve discharge (SND) is
generated in the brain stem of the anesthetized animal, there are several (often
ignored) observations which support the view that the forebrain contributes to
SND in this preparation. First, SND can be locked to a rhythmic 2- to 6-Hz
component of frontal-parietal cortical activity (EEG) in chlqra.lose- (Barman and
Gebber, 1980) or diallylbarbiturate-urethane- (Gebber and Barman, 1981) anesthe-
tized cats and chloralose-anesthetized dogs (Camerer et al.,, 1977). Furthermore,
the spontaneous discharges of individual medullary neurons in the cat (Gebber and
Barman, 1981) are temporally related to rhythmic 2- to 6-Hz components in both
SND and cortical activity. Langhorst et al. (1975) identified medullary neurons
whose activity is related to a 2- to 6-Hz rhythm in cortical activity and to the
arterial pulse. Second, several laboratories have reported that midcollicular
decerebration in anesthetized animals produces a 30-40 mmHg decrease in blood
pressure (Wang and ChAi, 1962; Reis and Cuenod, 1964; Peiss, 1965; Huang et al.,
1987) and a 38+7% reduction in postganglionic inferior cardiac SND (Huang et al.,
1987). Taken together these data raise the possibility that the forebrain
participates to a significant extent in setting the level of SND in the anesthetized
animal. Moreover, Huang et al (1987) demonstrated that the effects of
decerebration on blood pressure and SND are prevented by removal of the medial
diencephalon prior to transection. Therefore, the purpose of this thesis was to
examine the role of the diencephalon in the control of basal SND in the

anesthetized cat.



To place this study in the proper perspective, I will first review classic and
current literature related to the involvement of forebrain structures in sympathe-
tic function with special emphasis on théir role in cardiovascular regulation.
Moreover, since a distinguishing feature of basal SND is its rhythmicity, I will also
review the proposed mechanisms by which SND is thought to be generated in the
brain stem, as well as mechanisms by which the forebrain is thought to generate
rhythmic activity patterns. These reviews are not intended to be global in scope.
Rather their intent is to orient the reader in terms of the rationale land

conclusions of this study.

L Involvement of the Cerebral Cortex and Limbic System in Autonomic
Cardiovascular Function

A. Early evidence of autonomic regulation by the cortex

An extensive review of the early literature regarding cortical regula-
tion of autonomic function has been provided by Hoff et al. (1963). In 1869
Hughlings Jackson first proposed that the "cortex controls not only voluntary
movements of the body, but the movements of the arteries and viscera as well."
Jackson based his conclusions not on experimental evidence, but on the clinical
observation that somatic and visceral response.s accompany epileptic seizures.
Early experimental studies of cortical involvement in cardiovascular function used
electrical stimulation to elicit changes in heart rate and/or blood pressure. In the
mid 1870's, Schiff, Danilewsky and Bochfeontain working independently, reported
that stimulation of the suprasylvian sulcus and the anterior and posterior sigmoid
gyri elicits primarily increases in blood pressure. Changes in heart rate (increases
and decreases) often accompanied the blood pressure responses; however, no
consistent relationship between the direction of the blood pressure response and
the heart rate changes was observed. In 1866, Rachterew and Mislawski reported

that stimulation of the globus pallidus and internal capsule elicits increases in



blood pressure which persist a.ftgr the elimination of descending motor fibers by
lesioning the motor cortex. These results suggest that motor and autonomic
responses are mediated over separate pathways.

Hoff and Green (1936) used electrical stimulation to map cortical
pressor and depressor sites in ether-anesthetized cats and monkeys. In cats,
pressor responses are consistently elicited from the posterior and anterior sigmoid
gyrus and gyrus proreus (motor and premotor areas). In most cases, a 5 to 10%
increase in heart rate accompanied pressor responses; however, decreases in heart
rate are observed in some cats in which the stellate ganglion and adrenal glands
were removed suggesting that these effects are vagally mediated. Depressor
responses are consistently elicited from the lateral median, medial suprasylvian,
ectosylvian and sylvian gyri. In the monkey, pressor responses are produced by
stimulating areas adjacent to the superior paracentral sulcus (motor and premotor
areas). Depressor responses are occasionally produced by stimulating the margi-
nal gyrus and the anterior tip of the superior paracentral sulcus. No vasoreactive
sites were found in the parietal or occipital cortex. In cats and monkeys pressor
and depressor responses are not the result of current spread to subcortical
stzuctures, since they are abolished by either undercutting or applying local
anesthetic to the cortex. In addition, pressor and depressor responses are
obtained from sites separated by 2-4 mm. Vasomotor responses could often be
elicited in the absence of skeletal muscle movement.

In a subsequent paper, Green and Hoff (1937) compared the vasomotor
responses and changes in blood flow evoked by cortical stimulation in cats and
monkeys anesthetized with ether or diallylbarbiturate. In contrast to the pressor
responses that are elicited by stimulating the motor and premotor cortex in cats
and monkeys anesthetized with ether, stimulation of these same cortical areas in

Dial-anesthetized animals elicits depressor responses or no change in pressure.



Pressor responses elicited from the motor and premotor areas are asscciated with
an increase in blood flow to the li=>s and a decrease in kidney blood £ow. This
was true for both cats and monkeys regardless of the anesthetic used. Tepressor
responses were often accompanied by a decrease in limb blood fis= and an
increase in renal blood flow. Bicod flow changes are considered to be active
rather that passive for several reasczs. 1) Dilation of the limbs occz=s in the
absence of a pressor response. 2) Ctanges in blood flow persist after removal of
the adrenal glands. 3) The cka=z2s in limb blood flow are atcished by
denervation of thé limb. 4) Chazges in blood flow are observed in the ztsence of
musc! * movement. It was concluded that a mechanism exists wherebz the motor
and premotor cortical areas inflience the distzitution of blood to varisus body
regions to favor circulation in active muscles.

The possibility that the sariability of cardiovascular resporsas was due
to experimental variables such as t7pe and depth of anesthesia was exa=ined by
Delgado (1960) who studied cortically-evoked cardiovascular respozses in con-
scious unrestrained cats, monkeys aad humans. In the cat, stimulaiioa of the
motor cortex including the hiddea motor cortex usually increases blocd pressure,
although depressor responses are scetimes observed. Pressor and de;ressor sites
are randomly distributed in the =otor cortex. Stimulation produces variable
effects on heart rate. Cardiovasculzar responses occur in the absence cf cortical
seizures and seizure activity is seen without accompanying cardiovascular effects,
indicating that the cardiovascular effects are not due to generaliced seizure
activity.

Eliasson et al. (1952) elicited atropine-sensitive vasodilator responses
from the cruciate sulcus in dogs. Associated with the vasodilator response is
either an increase or a decrease ia blood pressure. By using electrical stimulation

Eliasson et al. traced a pathway from the cortex to a region in the hy:rothalamus



located near the midline 1-2 mm above the optic chiasma. Vasodilator responses
elicited from this hypothalamic area are also atropine-sensitive and are observed
in hind limbs denervated except for their sympathetic innervation. These results
are in agreement with those of Hsu et al. (1942) who also reported that active
vasodilation is elicited by stimulation of the motor cortex in chloralose-anesthe-
tized dogs.

Clark et al. (1968) examined the blood flow changes elicited by
stimulation of the motor cortex in chloralose-anesthetized monkeys and baboons.
They located sites in area 4 from which discrete movement and a.n increase in
blood flow are elicited in the contralateral limb. Stimulation produced small (5-
10 mmHg) or no change in blood pressure. Blood flow responses are not altered
after preventing muscle movement by administering decamethonium bromide or
surgically transecting the spinal cord at the third or fourth lumbar segment.
Similar responses are also observed in skinned limbs, suggesting that the changes
in blood flow involve changes in muscle perfusion. Stimulus-induced increases in
blood flow are not affected by atropine, suggesting that the changes in flow result
not from the activation of a sympathetic cholinergic vasodilator system, but
rather from the inhibition of sympathetic vasoconstrictor tone. Alternatively,
these effects may reflect the activation of a nonchonnergic vasodilator system.
From these results Clarke et al. suggested that somatomotor and vasomotor
representation of the limbs in the cortex are topographically co-localized.

Hilton et al. (1979), working in althesin (alphaxalone-alphadalone)-
anesthetized cats contradicted the conclusions of Clarke et al. Although muscle
contraction and vasodilation in the contralateral hind limb accompanied stimula-
tion of the motor cortex in the cat, they noted parallel reductions in muscle
contraction and vasodilation after lesioning the contralateral pyramidal tract or

administering gallamine. During recovery from gallamine contractile and blood



flow responses increase in parallel. Vasodilation and muscle contraction (as
verified by electromyographic recordings) are prevented by lumbar cordectomy.
The lack of vasodilation after lumbar cordectomy is not due to disruption of the
sympathetic outflow since an atropine-sensitive vasodilation of the hind limb
muscles is elicited by stimulation of the hypothalamic defense region. They
concluded that the vasodilation elicited by stimulation of the motor cortex is due
to a post-contraction hyperemia, rather than the activation of a cortical
sympathetic vasodilator system.
B. Cardiovascular responses elicited from the infralimbic cortex

The infralimbic cortex (including the anterior cingulate gyrus and
subcallosal cortex) is thought to control autonomic and behavioral rvariables such
as respiration, gastric motility, blood pressure, pupillary size, attention and
searching. (cf. Kaada, 1960; Lofving, 1961).

Smith (1945) was the first to demonstrate that cardiovascul# re-
sponses can be elicited by stimulating the anterior portions of the cingulate gyrus
in monkeys anesthetized with ether. Three types of cardiovascular responses are
observed: 1) a marked increase in blood pressure (20-30 mmHg) without a change
in heart rate, 2) a decrease in arterial pressure and heart rate, 3) a fall in blood
pressure and skipping of cardiac beats. The bradycardia was presumed to be
vagally mediated since it is accentuated by administering the anticholinesterase
eserine. Similar cardiovascular responses are observed in conscious cats and
monkeys (Anand and Dua, 1956).

Lofving (1961), in a very detailed study in the cat, identified pressor
and depressor sites in the medial portions of the rostral cingulate gyrus. The
strongest responses occur upon stimulation of the area around the genu of the
corpus callosum. While some overlap is noted, vasoactive sites are topographical-

ly arranged with depressor sites in the dorsal and pressor sites in the ventral



portions of this region. The pressor responses are associated with a pronounced
decrease in blood flow to skeletal muscles and a moderate decrease in flow to the
intestines. No change in renal blood flow is observed. These responses are
mediated via the activation of vasoconstrictor fibers since they are abolished by
sectioning the white rami (i.e., preganglionic sympathetic fibers). Stimulation of
depressor sites in atropinized, curarized-cats elicits increases in blood flow to
skeletal muscles (most pronounced), skin and intestines with no change in renal
perfusion. Stimulation of depressor sites in animals having intact vagi reduces
heart rate by up to 40%. However, after se’ctioning the vagi, heart rate is still
reduced by up to 10% suggesting that the bradycardic response is in part due to
inhibition of sympathetic tone. Electrolytic lesions of the anterior aypothalamic
depressor area abolish the dep-x-essor responses suggesting that the subcallosal

depressor area mediates its effects via the anterior hypothalamic depressor area.

IL  Cardiovascular Responses Evoked from the Thalamus

A. Cardiovascular responses elicited by electrical stimulation of the
thalamus

Early investigations of thalamic influences on cardiovascular function
monitored blood pressure responses elicited by electrical stimulation (cf. Kabat et
al, 1935). In 1911 Sachs used the Horsley-Clark stereotaxic instrument and found
that electrical stimulation of the n. reuniens and n. ventralis increases blood
pressure, whereas stimulation of the anterior thalamic nuclei occasionally elicits
depressor responses. In contrast, Kabat et al. (1935) reported that electrical
stimulation of the thalamus in pentobarbital-anesthetized cats fails to change
blood pressure. The only exception is an area along the course of the periventri-
cular fiber tract medial to the habenulopeduncular tract from which pressor and

depressor responses are occasionally elicited.



Stimulation of the medial and intralaminar thalamic nuclei increases
blood pressure and decreases renal blood flow in chloralose-anesthetized dogs
(Takeuchi et al., 1960; 1962) and nembutal-anesthetized rabbits (Jurf and Blake,
1972). The increase in renal vascular resistance was both neural and humoral in
origin as determined in cross perfusion studies (removing humoral influences) and
via direct measurement of adrenal catecholamine release. Pressor responses are
accompanied by a reflex vagal bradycardia. Depressor responses are obtained
from n. ventralis pars medilais and n. lateralis posterior and are most often
accompanied by decreases in renal blood flow with no change in heart rate.
Stimulation of sites in ventral and lateral thalamic nuclei usually produce no
change in either blood pressure or renal blood flow.

Angyan (1978) examined the cardiovascular effects associated with
stimulation of rewarding sites the mediodorsal and anteromedial thalamic nuclei
in chronically instrumented cats. Stimulation at these sites was associated with
increases in blood pressure, respiratory rate, heart rate and a decrease in pulse
pressure. Contrary to studies mentioned above, no depressor sites were located in
the thalamus. Interestingly, stimulation of nonrewarding thalamic sites failed to
evoke cardiovascular responses.

Most recently, Buchanan and Powell (1987) examined the cardiovascu-
lar responses elicited by electrically stimulating the anteromedial and medio-
dorsal thalamic nuclei in conmscious rabbits. Stimulation of the anteromedial
nucleus evoked an increase in blood pressure and a biphasic cardiac response (a
brief acceleration followed by a larger deceleration). Phentolamine abolished
both the bradycardia and pressor responses suggesting that the bradycardia results
secondarily from baroreceptor reflex activation. Administration of atropine
abolished the bradycardia suggesting that it is vagally mediated. Stimulation of

the mediodorsal nucleus elicited pressor responses and bradycardia. Phentolamine
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administration prevents the pressor response but does not affect the bradycardia.
Propranolol attenuates the decrease in heart rate and in combination with
atropine abolishes it, suggesting that the bradycardia is in part vagally mediated
and in part due to sympathoinhibition. Like Angyan (1978), these authors failed to
locate depressor points in the medial thalamic nuclei. No cardiovascular
responses were produced by stimulating the lateral thalamic nuclei.

B. Cardiovascular responses evoked by chemical stimulation of the thala-
mus

An inherent problem in the use of electrical stimulation is its
nonselective activation of cell bodies and axons of passage. For this reason many
investigators have used chemical substances to activate selectively cell bodies
and/or synaptic networks.

Rockhold et al. (1985) reported that heart rate and blood pressure
increase after the injection of the excitatory neurotoxins kainic acid and N-
methyl-D-aspartic acid into the n. reuniens of the thalamus in urethane anesthe-
tized rats. On this basis, it was concluded that the n. reuniens contains cell
bodies having excitatory efferent projections to areas regulating cardiovascular
functions. Due to the proximity of the n. reuniens to the ventricular system and
hypothalamus the possibility must be considered that these cardiovascular effects
reflect the activation of other diencephalic structures. In this regard, these
authors have reported similar cardiovascular responses following the injection of
these substances into the hypothalamus (Rockhold et al., 1987).

A similar study was performed in conscious rabbits by Powell and
Buchanan (1986). Small volumes of glutamate, Gamma aminobutyric acid (GABA)
and carbachol were injected into the n. medialis dorsalis via indwelling cannulae.
Glutamate and carbachol, but not GABA, produced dose related (nmol to mmol
range) increases in heart rate and blood pressure. They noted similar responses

during electrical stimulation of the same region (Buchanan and Powell, in press).
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Injections into the anteroventral thalamus or reticular nucleus were without
effect. Injection of equal concentrations of glutamate and carbachol into the
lateral ventricles decreases heart rate and blood pressure, suggesting that the
effects of the intrathalamic injection of these substances are not the result of the

spread of the drugs to the ventricular system.

IOI. Hypothalamic Regulation of the Cardiovascular System

Traditionally the hypothalamus is thought to be involved in the integration
of a wide variety of autonomic and behavioral responses. Several investigators
have even raised the possibility that this area is tonically involved in the control
of the cardiovascular system.

A. Cardiovascular responses elicited by electrical stimulation of the
hypothalamus

Karplus and Kreidl in a series of papers from 1907-1927 first demon-
strated that a variety of autonomic responses are elicited by electrical stimula-
tion of the hypothalamus (Kabat et al., 1935). These investigators showed that
electrical stimulation of the ventral surface of the hypothalamus produces
increases in blood pressure, bladder contraction, rate and depth of respiration and
alterations in gastrointestinal motility. Also observed are increases in the
secretion of sweat, tears and saliva. Cardiovascular responses are not altered by
administering curare, by adrenalectomy or by hypophysectomy; however, section-
ing the renal nerves does attenuate the pressor response.

In the mid 1930's Ranson, Magoun and coworkers (Mon et al,, 1935;
Kabat et al., 1935) used the Horsley-Clark stereotaxic instrument to systemati-
cally explore the hypothalamus for vasoactive sites in curarized nembutal-
anesthetized cats. Pressor responses resulted from stimulation of the lateral
hypothalamus, medial forebrain bunale, anterior commissures, periventricular

fibers, posterior hypothalamic nucleus, H1, H2 Forel's fields or the perifornical
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reg:lon. Kabat and coworkers were unable to elicit pressor responses by
stimulating regions rostral or dorsal to the hypothalamus and therefore concluded
that the hypothalamic pressor responses do not involve the activatioa of pressor
fibers entering the hypothalamus from the cerebral cortex, corpus striatum or
thalamus. A few depressor sites were found in more caudal and lateral
hypothalamic regions. Stimulation of the region surrounding the anterior commis-
sure decreases the rate and depth of respiration, increases bladder contraction
and often decreases blood pressure (10-20 mmHg). Evidence that the anterior
hypothalamus contains a parasympathetic system was provided by Korteweg et al.
(1959) who showed that vagotomy prevents the decreases in heart rate and blood
pressure produced by stimulating the anterior hypothalamus.

Wang and Ranson (1941) reported that decreases in heart rate (6~19%)
and depressor responses (18-30 mmHg) are elicited by stimulating the preoptic
area in chloralose-anesthetized cats. Vagotomy does not alter the depressor
response and only partially attenuates the bradycardia. Both vagal and sympatho-
inhibitory mechanisms were postulated to account for these responses.

Morison and Rioch (1937) elicited pressor responses from the hypotha-
lamus in chronic decorticate cats (lacking corticofugal fibers). Pressor responses
are elicited by stimulating the anterior hypothalamus, rostral periventricular
system, caudal septum and the olfactory tubercule. The strongest pressor
responses are elicited from the posterior hypothalamus. In contrast, depressor
responses are elicited from the rostral pole of the amygdala, rostrobasal septum
and rostral wall of the third ventricle. On the basis of evidence from ablation
experiments, it was concluded that a sympathoinhibitory mechanism is located in
the anterior hypothalamus. In contrast to others (Ranson et al., 1935; Kortweg et
al., 1959), Morison and Rioch did not find evidence of a parasympathetic system in

the anterior hypothalamus.
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The presence of a sympathoinhibitory system in the anterior hypotha-
lamus of the anesthetized cat was confirmed by Folkow et aL (1959). Stimulation
of a circumscribed area located just caudal and ventral to the anterior commis-
sure decreases blood pressure (105 mmHg) and heart rate (20%) and increases
blood flow to skeletal muscle, skin and t!sceral beds. Tae depressor response is
not blocked by atropine, tut is prevented by adrenergic antagonists. After
regional sympathectomy, stimulation of this area elicits parallel decreases in
blood pressure and blood flow to skin, muscle and the viscera. The bradycardia
likely reflects the inhibition of cardio-accelerator fibers in these vagotomized
animals. The authors concluded that stimulation of this anterior hypothalamic
site may produce a generalized inhibition of sympathetic tone by activating a
relay center for cortical sympathoinhibitory systems.

Hilton and Spyer (1971) reported that lesioning the anterior hypothala-
mus in cats attenuates tke cardiovascular responses produced by baroreceptor
afferent stimulation, leading them to suggest that the anterior hypothalamus is
involved in integrating the cardiovascular response to baroreceptor reflex activa-
tion. Furthermore, stimulation of this hypothalamic region located ventral and
caudal to the anterior commissure and extending in the dorsal hypothalamus
dorsal to the the formix, elicits a pattern of cardiovascular effects resembling
that produced by baroreceptor reflex activation. These effects consisted of
decreases in blood pressure (30-50 mmHg), heart rate (25%) and vascular
resistance. Respiratory rate was also decreased. The depressor response is due to
sympathoinhibition, since it is potentiated by carotid artery occlusion and
abolished by administering guanethedine. The bradycardic response is prevented

by sectioning the vagi.
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Reis and Nathan (1973) showed that bilateral electrolytic lesion in the
anterior hypothalamus of the rat increases arterial pressure. Within five to seven
hours the rats died from pulmonary edema. The hypertension is associated with a
50% decrease in cardiac output and is abolished by administering phentolamine.
The lesion-induced hypertension apparently results from a sympathetically-
mediated increase in total peripheral resistance.

Manning and Peiss (1960) examined the cardiac effects produced by
stimulating pressor areas in the lateral and posterior hypothalamus in vagoto-
mized cats. Three basic types of short latency (1-4 s) cardiac and vascular
responses are observed: 1) an essentially pure sympathetic cardioaccelerator
response without an increase in blood pressure, 2) a vasoconstrictor responses with
equal increases in systolic and diastolic pressure, 3) an augmentor response
represented primarily as an increase in systolic pressure due to an increase in
myocardial contractile force. Augmentor responses are observed without an
accompanying increase in heart rate. These three types of cardiac responses are
observed alone or more commonly in combination. These responses are presumed
to be sympathetically mediated owing to their short latency and abolition by
stellate ganglionectomy. Cardiac augmentor and accelerator responses are
generally concentrated into two zones, one in the periventricular areas and nuclei
bounding the ventricular walls and the other located more lateral, extending into
the area of the medial forebrain bundle, the H1 and H2 Forel's fields and
extending into the subthalamic nuclei.

B. Chemical stimulation of the hypothalamus

Masserman (1937) compared the cardiovascular effects elicited by
electrical and chemical stimulation of the anterior hypothalamus in ether-
anesthetized cats. In contrast to studies discussed above, a 10-60 mmHgz rise in

blood pressure and reductions in heart and respiratory rates were produced by
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electrically stimulating the anterior hypothalamus. The intrahypoghalamic injec-
tion of sodium amytal produces a 25-60 mmHg decrease in blood pressure and
increases in heart rate, pulse pressure and respiratory rate. In contrast, the
injection of coramine elicits a slight increase in blood pressure and respiratory
rate.

More recently, Redgate and Gellhorn in a series of papers (Gellhorn
and Redgate, 1955; Redgate and Gellhorn, 1956a; 1956b;) examined the cardio-
vascular effects occurring after the intrahypothalamic injection of barbiturates or
local anesthetics in chloralose-anesthetized cats. The injection of pentothal,
nembutal or procaine into the posterior hypothalamus produces a 10-80 mmHg fall
in blood pressure. The fall in blood pressure is usually accompanied by a decrease
in heart rate. In addition, the action of hypotensive drugs such as acetylcholine or
histamine are potentiated following the injection of barbiturates into the pos-
terior hypothalamus. On this basis they concluded that the posterior hypothala-
mus exerts a strong tonic excitatory sympathetic drive. Injection of pentothal or
nembutal into the anterior hypothalamus between the optic chiasma and the
anterior commissure increases blood pressure and heart rate. These responses are
smaller in magnitude than those produced by posterior hypothalamic injections.
The injection of barbiturates into the anterior hypothalamus reduces the reflexly-
induced bradycardia occurring after the intravenous injection of norepinephrine.
In addition, the magnitude of the pressor response to a given dose of norepine-
phrine is greater following the injection of barbiturate into the anterior hypotha-
lamus. They suggested that the anterior hypothalamus exerts a tonic parasympa-
thetic influence. The results and conclusions of Redgate and Gellhorn must be
viewed with a degree of caution in view of the fact that they used injection

volumes of up to 40 ul/dose in these experiments.



16

~ In 1964, Gellhorn demonstrated that electrolytic lesions of the pos-
terior hypothalamus produce decreases in blood pressure and heart rate similar to
those occurring after the intrahypothalamic injection of barbiturates into these
same regions. These posterior hypothalamic lesions destroyed n. mammillaris, n.
ventrolateralis, n. lateralis and n. posterior. In contrast, the injection of metrazol
or strychine into the posterior hypothalamus increases blood pressure and heart
rate. Lesion of the anterior hypothalamus produces even greater increases in
blood pressure and heart rate than does the injection of barbiturates into the
anterior hypothalamus. The anterior lesions destroyed n. preopticus, n. supra-
opticus, n. superchiasmaticus, and n. hypothalamus anterior.

Lee et al. (1972) studied the cardiovascular effects elicited by the
intrahypothalamic injection of the GABA antagonist picrotoxin in the cat. The
injection of picrotoxin (30-40 ug) into either the lateral or posterior hypothalamus
increases blood pressure (64 mmHg) and heart rate (30 beats/min) and produces
cardiac arrhythmias similar to those seen during electrical stimulation of the
same sites. Unlike intravenous administration, the intra.hypothalamicAinjection of
picrotoxin does not produce a reflex bradycardia even though blood pressure often
rises above 250 mmHg. These effects are similar to those elicited by the
injection of picrotoxin into medullary pressor sites and are thought to reflect a
hypothalamic-mediated inhibition of the vagal reflex. The ability of picrotoxin
injections to increase blood pressure indicates that sympatizoexcitatory systems in
the 'lateral and posterior hypothalamus are under tonic GABAergic inhibitory
influences. Unfortunately, no attempt was made to determine whether these
sympathoexcitatory systems are tonically active by injecting a GABA agonist.
The injection of picrotoxin into depressor sites (as determined by electrical
stimulation) in the anterior hypothalamus produces only slight increases in blood

pressure (14 mmHg) and heart rate.
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Dimicco and colleagues (Williford et al., 1980; Schmidt and Dimicco,
1984) identified a sympathoexcitatory system in the periventricular hypothalamus
of the cat which is under GABAergic control. Bicuculline (8-32 ug in 100 nl)
injected into the left lateral cerebral ventricle was confined to the lateral and
third ventricles by cannulating the aqueduct of Sylvius. Within one minute of
bicuculline injection, blood pressure, heart rate and hind limb vascular resistance
increase. The vagally-induced bradycardia normally accompanying the pressor
response is prevented. The intraventricular injecticn of muscimol (10 pg in 100
nl) during the peak bicuculline-induced cardiovascular response abruptly reverses
these effects. Following muscimol, heart rate and blood pressure are at slightly
less than control levels. These findings support the suggestion of Redgate and
Gellhorn that the hypothalamus exerts a tonic sympathoexcitatory drive. How-
ever, this is not directly tested by administering muscimol alone. These authors
also failed to comsider the possibility that these effects reflect an actioa of
bicuculline in the thalamus or other diencephalic structures.

A pattern of cardiovascular effects similar to that reported by
Dimicco and colleagues was seen after injecting bicuculline or the GABA
synthesis inhibitors isoniazid and 3-mercaptopropionic acid into the posterior
hypothalamus of the rat (Finch and Hicks, 1977). The increases in arterial
pressure, respiratory rate and tachycardia produced by the GABA antagonist and
synthesis inhibitors are reversed by intrahypothalamic muscimol. The injection of
muscimol alone fails to change baseline blood pressure or heart rate. It is
concluded that unlike in the cat, the GABAergic mechanism in the anesthetized
rat is sufficiently active to suppress tonic activity in the sympathoexcitatory
hypothalamic system activated by GABA antagonists.

Histamine (0.01-10 ug/ul) injected into the posterior or anterior

hypothalamus in urethane anesthetized rats also increases blood pressure and
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heart rate (Finch and Hicks, 1977). These effects are thought to be mediated by
H1 receptors since they are attenuated by the H1 antagonist mepyramine. Similar
volumes of histamine injected into the ventromedial hypothalamus, lateral hypo-
thalamus, preoptic area or medial thalamus fails to elicit changes in heart rate or
blood pressure suggesting that the cardiovascular effects elicited by histamine
involve the activation of systems in the posterior and anterior hypothalamus.

Rockhold et al. (1987) showed that the injection of kainic acid and N-
methyl-D-aspartic acid (30-1000 ng dissolved in 100 nl saline) into the area of the
paraventricular nucleus (PVH) in rats increases heart rate and blood pressure and
causes mydriasis, exopthalmos and increases in respiratory rate. Injection of
these agents into the lateral hypothalamus and lateral cerebral ventricle produced
cardiovascular effects of similar magnitude when 1000 ng but not 30 ng was
administered. Pressor and tachycardic responses are reversed by pheatolamine
and propranolol, respectively, suggesting sympathetic mediation of the cardio-
vascular responses. In contrast, injections of L-glutamate into this region
produces only minimal cardiovascular effects. No attempt was made to deter-
mine whether these regions tonically influence sympathetic tone.

Sun and Guyenet (1986) elicited increases in arterial pressure and a
reflex bradycardia by injecting L-glutamate into the lateral hypothalamus of the
rat. In addition, the injection of glutamate increases the discharge rate of
medullospinal sympathoexcitatory neurons in the rostral ventrolateral medulla.
This hypothalamic. projection to the ventrolateral medulla is thought to be
glutamatergic since the activation of the medullospinal neurons and pressor
response to hypothalamic stimulation were blocked by injecting the glutamate

antagonist, kynurenate into the ventrolateral medulla.
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C. The defense arousal system: Possible source of sympathetic tone

Fear and rage reactions are associated with stereotypic behavioral and
visceral responses which prepare the organism for flight or attack. Cannon in tke
1920's suggested that sympathetic activation during these reactions mimics the
effects of epinephrine (Hilton, 1982). That is, sympathetic activation increases
skeletal muscle blood flow, while reducing flow to visceral structures, thus driving
blood out of the viscera and into skeletal muscles to prepare for the exertion of
attack or escape.

Hess and collaborators in the 1940's (cf. Hilton, 1982) used electrical
stimulation to map the regions from which the patterns of behavior characteristic
of alerting and ultimately attack or flight (increased stimulus intensity) are
elicited. Behavioral responses which completely mimic those elicited by natural
stimuli are evoked in conscious cats from the tuberal region of the hypothalamus
just medial, ventral and lateral to the fornix. Hess, collectively termed these
responses the defense reaction.

Abrahams et al (1960) used electrical stimulation to map those
regions of the hypothalamus and midbrain from which the cardiovascular compo-
nents of the defense reaction are elicited in anesthetized cats. Stimulation of
reactive sites in the hypothalamus elicit a stereotypic pattern of cardiovascular
responses including increases in skeletal muscle blood flow, blood pressure and
heart rate. Also observed are vasoconstriction in the skin and intestine, pupillary
dilation, retraction of the nictating membrane, piloerection along the back and
tail and an increase in respiratory rate. Small doses of atropine abolish the
increase in skeletal muscle blood flow. The responsive zone consists of a narrow
strip running bilaterally along the length of the hypothalamus. In the tuberal
region the reactive area extends laterally giving rise to a highly reactive site just

dorsal to the cerebral peduncle. Stimulation identified three mesencephalic
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regions giving similar patterns of responses: 1) in the tegmentum ventral to the:
superior colliculus, 2) in the dorsolateral part of the central gray and 3) dorsal to
the cerebral peduncle. The pattern of responses elicited {rom the central gray
most resembles that occurring during hypothalamic stimulation. The regions that
produce active muscle vasodilation are identical to those identified by Hess and
others as producing the behavioral defense reaction in unanesthetized animals (see
Abrahams et al, 1960). This fact was confirmed by Abrahams et al. (1960) who
elicited alerting and defense behaviors in conscious cats b.y stimulating sites
which elicit muscle vasodilation in anesthetized preparations.

In a subsequent study, Coote et al. (1973) showed that the region
producing defense-like cardiovascular responses, including active muscle vasodila-
tion extends caudally into the medulla. This region consists of a narrow strip 2.5
mm on either side of the midline, starting veutral to the inferior colliculus and
ending close to the floor of the fourth ventricle. This region is anatomically
distinct from the bilateral hypothalamic cholinergic vasodilator pathway coursing
near the ventral surface of the medulla. Stimulation of the medullary defense
area in conscious animals produces defense-like behaviors; however, these re-
sponses are not as vigorously expressed as those occurring during stimulation of
the hypothalamic or midbrain defense areas. The skeletal muscle dilation elicited
by stimulation of the caudal defense area is only partially reversed by atropine,
suggesting that the vasodilation is due to the activation of both a cholinergic
vasodilator system and the inhibition of sympathetic vasoconstrictor tone.

Hilton et al. (1983) used electrical stimulation to trace an efferent
pathway from the hypothalamic and midbrain defense areas through the ventral
medulla. This pathway courses as a narrow strip ventral to the superior olive and
nucleus of the trapezoid body to the level of the rostral inferior olive where it lies

ventral to the facial nucleus. Guetzenstein et al. (1978) and Hilton et al. (1983)
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demonstrated that bilateral application of glycine to the ventral surface of the
medulla overlying the caudal end of the efferent pathway decreases blood
pressure (20-6073), heart rate and cardiac output and stops respiration. Also total
peripheral resistance decreases primarily due to an increase in splanchnic
conductance. Moreover, after applying glycine, stimulation of the hypothalamic
or mesencephalic defense areas fails to elicit a defense response. From these
results Hilton et al. (1983) concluded that glvcine blocks a synaptic relay in the
efferent pathway from the defense regious to preganglionic sympathetic neurons.
Furthermore, they suggested that the neurons in the ventral medulla receiving
inputs from the defense area provide a tonic excitatory drive to preganglionic
sympathetic neurons and that the tonic drive originates in the hypothalamic and
mesencephalic defense regions. Thus these authors concluded that the defense
regions are responsible for the maintaining basal sympathetic tone. On the basis
of the data presented, this suggestion is tenuous at best. The authors present no
evidence that the defense regions are indeed tonically active. In addition, no
attempt was made to determine whether other brain regions provide input to the
glycine-sensitive area. For example, Barman and Gebber (1987) showed that the
ventral lateral medulla (which may correspond to the glycine sensitive area)
receives sympathoexcitatory input from the lateral tegmental field of the dorsal
medulla. In addition, it is well known that sympathetic tone is maintained in the
decerebrate animal.

Lovick et al. (1984) identified neurons in the glycine sensitive area of
the ventral medulla which are antidromically activated by stimulating the
ventrolateral funmiculus of the cat thoracolumbar spinal cord. Approximately half
of these neurons are excited by stimulating the hypothalamic or midbrain defense
regions. In addition, other neurons in the ventral medulla respond to stimulation

of either or both defense regions; however, whether these neurons have spinally



22

projecting axons is not known. 'nxe).' did not address the question of whether the
ef{erent pathway from the defense regions to t=ese medullary neurons is tonically
active.

Hilton and Redfern (1986) comyared the responses produced by chemi-
cal and electrical stimulation of sites in the classical defense regions in order to
locate the cell bodies of neurons responsible for these responses. In conscious and
anesthetized rats, sites from which the defense reaction can be elicited by
electrical stimulation correspond to those identified by Abrahams et al. (1960) in
the cat. In contrast, chemical stimulation via the microinjection of the
excitatory amino acid, D,L-homocysteic acid identified four discrete sites within
the electrically-defined defense region from which the defense reaction is
elicited. These four sites were the dorsomedial periaqueductal gray matter, an
area overlying the lateral optic chiasma, t-e medial tuberal hypothalamus and a
region medial to the lateral lemniscus in the pons. Of these regions the full
pattern of visceral, respiratory and behavioral responses is only elicited by
chemically stimulating the periaqueductal gray. In the remaining three regions,
chemical stimulation elicits decreases rat:er than increases blood pressure. In
addition, chemical stimulation of the tuberal hypothalamus fails to elicit renal
vasoconstriction. Thus it is concluded t=at the components of the defense
reaction are generated in many areas of the brain and integrated in the
periaqueductal gray. The rather wide distribution of areas from which the
defense response is elicited by electrical stimulation is thought to reflect the
activation of fibers of passage.

Indirect evidence that the defezse region is tonmically #ctive and may
generate a component of SND is provided by studies examining the cardiovascular
changes accompanying transitions between a=ake and sleep states. Mancia et al.

(1970) showed that as cats pass from wakefulzess to synchronized and then into
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desynchronized sleep, they display a characteristic pattern of cardiovascular
responses. During synchronized sleep there are slight reductions in heart rate and
blood pressure without much change in total peripheral resistance. During
desynchronized sleep there are greater ‘reductions in cardiac output, total
peripheral resistance and blood pressure. In addition, there is a distinct pattern of
vascular responses, including increased conductance in the skin, mesenteric and
renal vascular beds and a decrease in skeletal muscle conductance. The changes
in vascular resistance are apparently centrally mediated, since, during periods of
desynchronized-like sleep resulting from the administration of physostigmine, the
level of activity on cardiac, renal, splanchnic and lumbar sympathetic nerves
decreases, while activity in vasoconstrictor nerves to skeletal muscles increases
(cf. Coote, 1982). Similar neural responses are reported to occur in other species
during desynchronized sleep (cf. Coote, 1982). Interestingly, the pattern of
cardiovascular responses observed during the transition from the awake state to
desynchronized sleep are the opposite of those resulting from the activation of
the defense reaction. Conversely, the pattern of cardiovascular responses during
awakening from desynchronized sleep mimics that during the defense reaction.
Thus the defense areas appear to be tonically active, with the level of activity in
the system being governed by the behavioral state of the animal.
D. Models of hypertension involving diencephalic systems
Further evidence that the diencephalon can influence cardiovascular
function comes from studies which demonstrate the involvement of diencephalic
structures in several models of experimental hypertension.
1. Renin-dependent renal hypertension
Renal hypertension is produced experimentally by renal artery
stenosis, perinephritis, renal compression or aortic ligation in animals having one

or two kidneys. The initial rise in blood pressure and increase in peripheral
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resistance in these hypertensive models is associated with increases in plasma
renin and circulating angiotensin IL. This early phase of hypertension is known as
renin-dependent renal hypertension. As reviewed by Brody et al. (1984) angioten-
sin I has both peripheral and central sympathomimetic actions. The pressor
response to intravenous administration cf angiotensin II is prevented by cooling or
lesioning the area postrema in dogs, rabbits and cats. In the rat, the region
mediating the central pressor response to intracerebroventricular (icv) angiotensin
O is not the area postrema, but the anteroventral region of the third ventricle
(AV3V). This region incorporating the organum vasculésum of the lamina
terminalis is accessible to both blood-borne and cerebrospinal fluid angiotensin IL
The central action of angiotensin was demonstrated by Fink et al. (1980), who
compared the pressor responses produced by the intracarotid and intra-aortic
administration of angiotensin IIl. Since the pressor response to intracarotid
angiotensin is larger, their difference is used as an index. of a.ngiotensiﬁ's central
pressor effect. The injection of the angiotensin antagonist saralasin into the third
ventricle significantly reduces the central pressor effect of angiotensin IL
Furthermore, the central pressor effect is also abolished by electrolytically
lesioning the AV3V region, suggesting that this region is responsible for mediating
the pressor effect of circulating angiotensin IL

In a similar study, Lappe and Brody (1984) compared the pressor
and regional vascular responses to intracarotid and abdominal aortic infusions of
angiotensin II in conscious rats. Both the intracarotid and intra-aortic infusion of
angiotensin II produce pressor responses and increases in resistance in the renal,
mesenteric and hindquarter vascular beds. However, these changes are uniformly
greater after intracarotid, than after intra-aortic administration. Ganglionic
blockade with hexamethonium abolishes both the central pressor and mesenteric

vascular responses; however, renal vasoconstriction is only slightly reduced, while
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no difference in the hindquarter vasoconstriction is observed. Similarly, the
injection of saralasin into the lateral cerebral ventricle eliminates the pressor
response and significantly attenuates the vasoconstriction in the remnal and
mesenteric vasculature. These results indicate that angiotensin acts centrally to
induce vasoconstriction of the hindquarters, renal and mesenteric vasculature.

Haywood et al. (1983) showed that the sustained renin-dependent
hypertension produced by unilateral clipping of a renal artery is prevented by
electrolytically lesioning the AV3V region. In both AV3V lesioned and nonlesioned
rats, clipping of one renal artery produces an initial increase in blood pressure;
however, the level of hypertension is lower in lesioned animals. After five days,
blood pressure in the lesioned animals begins to decrease reaching levels similar
to those in sham-operated, sham-clipped controls within two weeks, In addition,
the hypertensive rats (sham-lesioned, clipped artery) show a tendency to increase
water intake and urine volume, presumably due to the dipsogenic effect of
fncreasing angiotensin I levels. The AV3V lesioned animals do not show an
increase in water turnover.

The ability of centrally administered angiotensin I to elicit
increases in sympathetic nerve activity was directly demonstrated by Tobey et al.
(1983). These authors showed that the intra-aortic injection of angiotemsia I
increases splenic and renal sympathetic nerve activity and blood pressure. The
increase in activity is greater on the splenic than on the renal nerve. In contrast,
the icv injection of angiotensin II (20 ug) increases splenic but not renal
sympathetic nerve activity, indicating that central angiotensin II can differential-
ly affect sympathetic nerve activity. The ability of angiotensin II to increase
sympathetic nerve activity is confirmed by Keim and Sigy (1971) who reported
that the intravertebral infusion of angiotensin I increases the level of activity on

preganglionic cervical sympathetic nerves in unanesthetized cats.
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Hartle et al (1982) mapped the pithway from the AV3V region
believed to mediate the pressor response to icv administered angiotensin II. By
examining the central angiotensin pressor response after a series of electrolytic
lesions, it was determined that the pathway mediating the pressor res>onse
originates in the AV3V region from where it ascends along the lamina termizalis
to the level of the anterior commissure. The pathway then descends me-ially
through the anterior hypothalamus. A series of horizontal knife cuts showed the
pathway descends anterior to the PVH and then passes ventral to this nucleus.
The authors concluded that lesions of the AV3V regions which prevent reain-
dependent hypertension most likely interrupt part of this pathway.

2. Nonrenin-dependent renal hypertension

A chronic level of hypertension is produced by removingz omne
kidney and then either constricting the renal artery (one kidney Goldblatt) or
wrapping the contralateral kidney (one kidney Grollman). Most authors feel that
this form of hypertension is not renin-dependent (Brody et al. 1984).  For
example, Bumpus et al. {1973) showed that the angiotensin II antagonists [Te 3]-
and [Sar 1, He 8] reverse the initial rise in blood pressure resulting from the
ligation of the renal artery in both one- and two-kidney models of hypertezsion.
However, these antagonists do not lower blood pressure in chfonically hyperten-
sive one-kidney Goldblatt animals.

Buggy et al. (1977) reported that lesions of the AV3V region
prevent the hypertension and increase in drinking normally occurring followingz the
one-kidney Grollman procedure. Lesion of the AV3V region alone produced a
temporary adipsia in one half of the rats, and a transient (1 week) hyperteasion.
The failure of lesioned animals to develop hypertension is not the result of
decreases in water intake since restricting the water intake of sham-lesioned

animals with renal wrapping does not prevent them from reaching hyperteasive
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levels similar to those of sham-lesioned animals which were allowed to increase
their water intake.

Buggy et al. (1978) demonstrated that lesion of the AV3V region
six weeks after the initiation of one-kidney Grollman hypertension returns blood
pressure to normotensive levels. Lesion of the AV3V region two weeks after the
development of two-kidney Goldblait hypertension reduces, but does not com-
pletely return blood pressure to normotensive levels. These results indicate that
the AV3V region is also involved in the nonrenin-dependent maintenance phase of
renal hypertension.

Katholi et al. (1981) studied the contribution of renal afferent
nerve activity to the maintenance phase of hypertension in the one-kidney
Grollman rat. Denervation of the remaining kidney by stripping the adventitia
and painting the renal artery with phenol significantly decreases the chrdnicany
elevated blood pressure in these animals. Denervated animals experience no
change in sodium excretion, urine volume, water or sodium intake, or renal
function compared to sham-operated controls. Sinc;e renal denervation failed to
alter water or electrolyte balance, it is suggested that renal-denervation disinhi-
bits a central sympathoinhibitory mechanism.

Hartle and Brody (1982) identified two separate vasoconstrictor
pathways emanating from the AV3V region in the rat. These pathways were
identified by determining which of a series of lesions and knife cuts would block
the pressor response to icv angiotensin II, hypertonic saline or carbachol. The
first, pathway is the periventricular pathway described above (see Hartle et al.,
1982). This pathway mediates the pressor responses to icv angiotensin II,
hypertonic saline and carbachol. Furthermore, lesion of this pathway prevents the
development of renin-dependent but not renin-independent forms of hypertension,

and does not block the hemodynamic effects produced by electrically stimulating
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the AV3V region. Instead, the hemodynamic effects evoked by stimulating the
AV3V are conducted along a laterally directed pathway which eventually joins the
medial forebrain bundle. Although not directly tested, the authors speculate that
the lateral pathway is involved in nonrenin-dependent forms of hypertension which
are prevented by AV3V lesion.

3. Neurogenic hypertension

Hypertension which results fzrom removal of baroreceptor inhibi-
tory input to the central nervous system is called neurogenic hypertension. This
form of hypertension is marked by persistent fluctuations (lability) in blood
pressure. It remains controversial as to whether blood pressure remains elevated
over long periods of time in these animals (see Brody et al., 1984).

Bing et al. (1945) examined the development of neurogenic
hypertension in unanesthetized dogs occurring after sectioning the carotid sinus
and aortic depressor nerves. Denervation produced tachycardia, sustained in-
creases in blood pressure, cardiac output, renal vascular resistance and blood flow
through the forelimb. The authors concluded that these cardiovascular changes
are consistent with an increase in sympathetic tone, however, this was not
demonstrated directly.

Doba and Reis (1973) produced neurogenic hypertensicn in rats
by electrolytically lesioning the middle third of the n. tractus solitarii (NTS), an
area in which the integration of baroreceptor afferent activity is thought to
occur. The acute effects of NTS lesion include abolition of the baroreceptor
reflexes, an increase in blood pressure without a change in heart rate and a
decrease in respiratory rate. These effects are only present after discontinuation
of the halothane anesthesia. Also observed was a 255% increase in total
peripheral resistance and a 627 reduction in cardiac output. These effects are

attenuated by administering the alpha adrenergic antagonist phentolamine and are
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thought to reflect an increase in sympathetic outflow occurring after removing
baroreceptor mediated inhibition. The hyperteasion -is prevented or reversed by
midcollicular decerebration indicating that the forebrain is essential for the
development and maintenance of neurogenic hypertension. All rats developing
neurogenic hypertension died within 5 hours as a result of pulmonary edema.

Zhang and Ciriello (1985a,b) reported increases in blood pressure
and heart rate after sectioning the aortic depressor nerves in rats. Both
electrolytic and more selective kainic acid lesions of the PVH before or after
aortic baroreceptor denervation prevents or reverses, respectively, the hyperten-
sion and tachycardia occurring after denervation. Lesion of the PVH had no
effect on heart rate or blood pressure in rats with intact buffer nerves. Kainic
acid lesions destroyed the parvocellular but not the magnocellular neurons in the
PVH.

The possibility that the increases in arterial pressure and heart
rate after sinoaortic denervation are the result of humoral factors was explored
by Alexander and Morris (1982). These investigators measured arginine vasopres-
sin, osmolality and sodium levels in rats up to 7 days after sinoaortic denervation.
While no changes in osmolality or sodium are noted, vasopressin levels are
elevated 15 min and 7 days after denervation, suggesting that an increase in
vasopressin contributes to the neurogenic hypertension. This conclusion was
challenged by Brody et al. (1984), who reported that administering vasopressin
antagonists fails to prevent the development of neurogenic hypertension occurring
after sinoaortic denervation.

4. Mineralocorticoid-salt hypertension

A combination of dietary salt and repeated administration of

mineralocorticoids such as deoxycorticosterone acetate (DOCA) produces a non-

renin-dependent hypertension. Several causal factors such as elevated vasopressin
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and sympathetic hyperactivity have been implicated in this model of hypertension.
Berecek et al. (1982) reported that lesion of the AV3V region prevents the
development of DOCA-salt hypertension. The systemic administration of vaso-
pressin to lesioned animals elicits only small increases in blood pressure indicating
that the protective effects of AV3V lesion appareatly involve more than the
prevention of vasopressin release.

Takeda and Bunag (1980) compared the level of sympathetic
nerve activity and the magnitude of pressor responses in DOCA-salt hypertensive
and normotensive rats, Under urethane anesthesia, blood pressure and the
frequency of sympathetic nerve firing are significantly higher in DOCA-salt
hypertensive rats than in normotensive rats. Electrical stimulation of the
posterior hypothalamus in both groups increases sympathetic nerve activity and
blood pressure; however, the magnitude of the increases is significantly greater in
the hypertensive rats. Ganglionic blockade by pentolinium reduces blood pressure
and sympathetic nerve activity to similar levels in both groups. Thus it was
concluded that DOCA-salt hypertension is associated with sympathetic hyperacti-
vity.

5. Spontaneous hypertension

The spontaneously hypertensive rat (SHR) was isolated from an
inbred strain of Wistar rats. These rats are characterized by a pronounced
hypertension which develops with age. The hypertension in SHR is thought to
involve a central mechanism.

Judy et al. (1976) demonstrated that hypertension in SHR's is
associated with an increase in activity on the splanchnic, cervical, renal and
splenic sympathetic nerves in both anesthetized and conscious SHR's. Sympathe-
tic nerve activity and blood pressure increase in parallel with increasing age in

the SHR. This conclusion is disputed by Touw et al. (1980) who, by comparing the
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effects of hexamethonium sympathectomy in conscious adult and juvenile SHR
and normotensive rats, concluded that neurogenic vasoconstrictor tone is not
elevated in SHR's and is thus not directly responsible for the higher blood
pressure.

Although AV3V lesions fail to prevent the development or
maintenance of hypertension in SHR's (Gordon et al., 1982; Buggy et al,, 1~978)
several other forebrain mechanisms and structures are thought to be involved in
the development or maintenance of hypertension in the SHR. These include
hyperactivity of sympathetic systems in the posterior hypothalamus (Bunag aad
Eferakeya, 1976), exaggerated cardiovascular responsiveness to environmental
stress resembling the alerting-defense reaction (Hallback and Folkow, 1974;

Galeno et al., 1984) and the amygdala (Galeno et al., 1982).

IV. Generation of Rhythmic Activity by the Diencephalon and Brain Stem
A. The generation of basal SND
1. Early views on the origin of basal SND

As first demonstrated by Adrian et al. (1932) basal sympathetic
nerve discharge contains cardiac- and respiratory-related rhythms. Historically
there have been two main theories concerning the manner in which the rhythmic
patterns in SND are generated by networks of supraspinal neurons.

The classical theory of how patterns of sympathetic activity are
generated held that sympathetic tone was randomly generated within a diffusely
organized brain stem reticular network. The presence of rhythms in the outflow
of this system was thought to arise as a consequence of periodic activity in
afferents to the generating network. For example the cardiac-related rhythm in
SND was believed by Adrian et al. (1932) and others (Green and Heffron, 1967;

Cohen and Gootman, 1970) to arise from the pulse synchronous activity in
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baroreceptor afferent nerves. That is, increases in baroreceptor nerve discharge
during systole cause a delayed inhibition of SND, whereas, removal of inhibition
during diastole reflexly increases SND. Similarly, the slower respiratory-related
rhythm in SND was thought to arise from the synchronous activity in vagal
pulmonary lung inflation afferents.

This view of sympathetic rhythm generation is no longer held. It
is now well established that central sympathetic networks in the brain stem are
inherently capable of generating complex output patterns in the absence of
periodic afferent input (cf. Gebber, 1982; 1984).

2. Evidence that the brain stem is intrinsically capable of rhythm
generation

Evidence that the brain stem is inherently capable of rhythm
generation was first presented by Greea and Heffron (1967) and Cohen and
Gootman (1969). These authors found that SND in baroreceptor-innervated cats
can contain a noncardiac-related 10 Hz rhythm.

Recently, Barman and Gebber and collaborators have advanced
the theory that the 2- to 6-Hz rhythm in SND which is normally cardiac-locked is
generated in the brain stem and then entrained to the cardiac cycle by the
baroreceptor reflexes. Several lines of evidence support this view. First,
although no longer cardiac-locked, the 2- to 6-Hz rhythm in SND persists after
complete baroreceptor denervation (Taylor and Gebber, 1975; Barman and Gebber,
1980). Therefore, the occurrence of rhythmic bursts in SND (recorded as slow
waves using a band pass of 1 to 1000 Hz) at frequencies between 2 and 6 Hz is not
the result of pulse synchronous baroreceptor nerve activity., The 2- to 6Hz
rhythm in SND is apparently generated in the brain stem since it persists after
midcollicular decerebration (Barman and Gebber, 1980), but not after acute
transection of the spinal cord at the first cervical segment (McCall and Gebber;

1975). Second, slowing of the heart rate by cardiac pacing or vagal stimulation
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produces dramatic shifts in phase between sympathetic nerve slow waves and the
arterial pulse (Gebber, 1976, Morrison and Gebber, 1982). If the cardiac-related
rhythm in SND is the result of pulse synchronous barore<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>