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ABSTRACT

A DIENCEPHALIC CONTRIBUTION TO SYMPATHETIC NERVE

DISCHARGE IN THE ANESTHETIZED CAT

BY

Kurt 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 hypothalamus,

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



Kurt 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 Z-to 6-82 rhythmic component. Microstimulation

at type 1 and type 2 unit recording sites increased SND. These 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-

spouses and activated some type 1 and type 2 diencephalic neurons. However,

frontal lobotomy failed to attenuate the decreases in SND and 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 _e_t. 11. (1932) and Bronk 5_t_ a_l_. (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 basal 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 the 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 resting blood pressure. Transections made

more caudally produced further decreases in blood pressure. When the level of

transection was 4-5 mm above the calamus 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 one 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 chloralose- (Barman and

Gebber, 1980) or diallylbarbiturate-urethane— (Gebber and Barman, 1981) anesthe-

tized cats and chloralose-anesthetized dogs (Camerer gt gl_., 1977). Furthermore,

the spontaneous discharges of individual medullary neurons in the cat (Gebber and

Barman, 1981) are temporally related to rhythmic 2- to 6-H: components in both

SND and cortical activity. Langhorst 55 91. (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 e_t_ 31.,

1987) and a 381-770 reduction in postganglionic inferior cardiac SND (Huang e_t_ 31.,

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 g; 31. (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 their role in cardiovascular regulation.

Moreover, since a distinguishing feature of basal SND is its rhythmicity, I will also

review the preposed 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 and

conclusions of this study.

I. 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 SE 31: (1963). In 1869

Hughlings Jackson first preposed 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 responses 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, Bechterew and Mislawski reported

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



blood pressure which persist after 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

structures, 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 associated with

an increase in blood flow to the limbs and a decrease in kidney blood flow. This

was true for both cats and monkeys regardless of the anesthetic used. Depressor

responses were often accompanied by a decrease in limb blood flow and an

increase in renal blood flow. Blood flow changes are considered to be active

rather that passive for several reasons. 1) Dilation of the limbs occurs in the

absence of a pressor response. 2) Changes in blood flow persist after removal of

the adrenal glands. 3) The changes in limb blood flow are abolished by

denervation of the limb. 4) Changes in blood flow are observed in the absence of

muscl ~ movement. It was concluded that a mechanism exists whereby the motor

and premotor cortical areas influence the distribution of blood to various body

regions to favor circulation in active muscles.

The possibility that the variability of cardiovascular responses was due

to experimental variables such as type and depth of anesthesia was examined by

Delgado (1960) who studied cortically-evoked cardiovascular responses in con-

scious unrestrained cats, monkeys and humans. In the cat, stimulation of the

motor cortex including the hidden motor cortex usually increases blood pressure,

although depressor responses are sometimes observed. Pressor and depressor sites

are randomly distributed in the motor cortex. Stimulation produces variable

effects on heart rate. Cardiovascular responses occur in the absence of cortical

seizures and seizure activity is seen without accompanying cardiovascular effects,

indicating that the cardiovascular effects are not due to generalized seizure

activity.

Eliasson at 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 in blood pressure. By using electrical stimulation

Eliasson et al. traced a athwa from the cortex to a re ion in the hypothalamus
_ ._ P Y 8



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 _e_t al. (1942) who also reported that active

vasodilation is elicited by stimulation of the motor cortex in chloralose-anesthe-

tized dogs.

Clark gt a_l. (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 an 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 noncholinergic vasodilator system.

From these results Clarke g a}. suggested that somatomotor and vasomotor

representation of the limbs in the cortex are tapographically co-localized.

Hilton e_t a}. (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 variables such

as respiration, gastric motility, blood pressure, pupillary size, attention and

searching. (cf. Kanda, 1960; Lofving, 1961).

Smith (1945) was the first to demonstrate that cardiovascular 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 pronmmced), 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 sectioning 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 hypothalamic

depressor area abolish the depressor responses suggesting that the subcallosal

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

II. Cardiovascular Responses Evoked from the T'halamus

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 e_t

_a_l., 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 g_t_ a}, (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 _el 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 conscious 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 e_t_ a_L (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 g_t_ a_1., 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 intrathalamlc injection of these substances are not the result of the

spread of the drugs to the ventricular system.

111. 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 NOT-1927 first demon-

strated that a variety of autonomic responses are elicited by electrical stimula-

tion of the hypothalamus (Kabat e_t a_1., 193 5). 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 (Ranson st 31., 1935;

Kabat e_t_ £11., 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 bundle, anterior commissures, periventricular

fibers, posterior hypothalamic nucleus, H1, H2 Forel's fields or the perifornical
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region. 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 activation 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 g_t_a_1_.

(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 _e_t 31., 1935; Kortweg gt

a_1., 1959), Morison and Rioch did not find evidence of a parasympathetic system in

the anterior hypothalamus.



13

The presence of a sympathoinhibitory system in the anterior hypotha-

lamus of the anesthetized cat was confirmed by Folkow g 31. (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 tisceral beds. The depressor response is

not blocked by atrOpine, but 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 the 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 fornix, 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 3) 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 HZ 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 mml-ig rise in

blood pressure and reductions in heart and respiratory rates were produced by
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electrically stimulating the anterior hypothalamus. The intrahypothalamic 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 mml-lg 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.
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~ 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-

apticus, n. superchiasmaticus, and n. hypothalamus anterior.

Lee 9; a_l. (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 intrahypothalamicinjection 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 sympathoexcitatory 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 mml-ig) and heart rate.
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Dimicco and colleagues (Williford e_t 11., 1980; Schmidt and Dimicco,

1984) identified a sympathoexcitatory system in the periventricular hypothalamus

of the cat which is under GABAergic control. Bicuculline (8-32 pg 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 injection of muscimol (10 ug 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 consider the possibility that these effects reflect an action 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-mercapt0pr0pionic 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



18

heart rate (Finch and Hicks, 1977). These effects are thought to be mediated by

81 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 g §_l. (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 phentolamine

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 the

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 g; 11. (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 from 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 _e_t al., 1960). This fact was confirmed by Abrahams et al. (1960) who

elicited alerting and defense behaviors in conscious cats by stimulating sites

which elicit muscle vasodilation in anesthetized preparations.

In a subsequent study, Coote e_t 31. (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 ventral 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 e_t 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 g_t_ a_l. (1978) and Hilton _e_t_ 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 (20-60%), 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 gt a_l. (1983) concluded that glycine blocks a synaptic relay in the

efferent pathway from the defense regions 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 e_t_ g. (1984) identified neurons in the glycine sensitive area of

the ventral medulla which are antidromically activated by stimulating the

ventrolateral funiculus 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
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projecting axons is not known. They did not address the question of whether the

efferent pathway from the defense regions to these medullary neurons is tonically

active.

Hilton and Redfern (1986) compared 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 gt a_l. (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, the medial tuberal hypothalamus and a

region medial to the lateral lemniscus in the pens. 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 rather than increases blood pressure. In

addition, chemical stimulation of the tuberal hypothalamus fails to elicit renal

vasoconstriction. Thus it is concluded that 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 defense region is tonically active and may

generate a component of SND is provided by studies examining the cardiovascular

changes accompanying transitions between awake and sleep states. Mancia gt a_l.

(1970) showed that as cats pass from wakefulness 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-er 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

ftmction comes from studies which demonstrate the involvement of diencephalic

structures in several models of experimental hypertension.

1. Retain-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 II. This early phase of hypertension is known as

renin-dependent renal hypertension. As reviewed by Brody e_t. a_l. (1984) angioten-

sin II has both peripheral and central sympathomimetic actions. The pressor

response to intravenous administration of 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

II is not the area postrema, but the anteroventral region of the third ventricle

(AVBV). This region incorporating the organum vasculosum of the lamina

terminalis is accessible to both blood-borne and cerebrospinal fluid angiotensin II.

The central action of angiotensin was demonstrated by Fink e_t al. (1980), who

compared the pressor responses produced by the intracarotid and intra-aortic

administration of angiotensin II. Since the pressor response to intracarotid

angiotensin is larger, their difference is used as an index. of angiotensin's central

pressor effect. The injection of the angiotensin antagonist saralasin into the third

ventricle significantly reduces the central pressor effect of angiotensin II.

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 II.

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 renal and

mesenteric vasculature. These results indicate that angiotensin acts centrally to

induce vasoconstriction of the hindquarters, renal and mesenteric vasculature.

Haywood 3121. (1983) showed that the sustained renin-dependent

hypertension produced by unilateral clipping of a renal artery is prevented by

electrolytically lesioning the AV3V region. hi 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

increasing angiotensin II levels. The AVBV lesioned animals do not show an

increase in water turnover.

The ability of centrally administered angiotensin II to elicit

increases in sympathetic nerve activity was directly demonstrated by Tobey g a_l.

(1983). These authors showed that the intra-aortic injection of angiotensin II ‘

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 H increases the level of activity on

preganglionic cervical sympathetic nerves in unanesthetized cats.
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Hartle 53 51- (1982) mapped the pathway 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 response

originates in the AV3V region from where it ascends along the lamina terminalis

to the level of the anterior commissure. The pathway then descends medially

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 renin-

dependent hypertension most likely interrupt part of this pathway.

2. Nonrenin-dependent renal hypertension

A chronic level of hypertension is produced (by removing one

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 e_t 31. 1984). For

example, Bumpus _e_t a_l. (1973) showed that the angiotensin II antagonists [Ila 3]-

and [Sar 1, lie. 8] reverse the initial rise in blood pressure resulting from the

ligation of the renal artery in both one- and two-kidney models of hypertension.

However, these antagonists do not lower blood pressure in chronically hyperten-

sive one-kidney Goldblatt animals.

Buggy §_t_ LL (1977) reported that lesions of the AV3V region

prevent the hypertension and increase in drinking normally occurring following 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) hypertension.

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 hypertensive
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levels similar to those of sham-lesioned animals which were allowed to increase

their water intake.

Buggy gt al. (1978) demonstrated that lesion of the AVBV 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 Goldblatt hypertension reduces, but does not com-

pletely return blood pressure to normotensive levels. These results indicate that

the AVBV region is also involved in the nonrenin-dependent maintenance phase of

renal hypertension.

Katholi e_t_ a_l.. (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 chronically

elevated blood pressure in these animals. Denervated animals experience no

change in sodium excretion, urine volume, water or sodium intake, or renal

fimction compared to sham-operated controls. Since 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 e_t 51.,

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

AVBV 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 from 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 g_t_ a_l., 1984).

Bing 5t 31. (1945) examined the development of neurogenic

hypertension in imanesthetized 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 hypertension 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 62% reduction 'm 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 hypertension (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 e_t_ 11° (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 gt a_l. (1982) reported that lesion of the AVBV 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 apparently involve more than the

prevention of vasOpressin release.

Takeda and Btmag (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 e_t a_l. (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 gt a_l. (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 deve10pment or

maintenance of hypertension in SHR’s (Gordon 32 a_l., 1982; Buggy at 31., 1978)

several other forebrain mechanisms and structures are thought to be involved in

the deve10pment or maintenance of hypertension in the SHR. These include

hyperactivity of sympathetic systems in the posterior hypothalamus (Bunag and

Eferakeya, 1976), exaggerated cardiovascular responsiveness to environmental

stress resembling the alerting-defense reaction (Hallback and Folkow, 1974;

Galeno st 31., 1984) and the amygdala (Galena gt a_l., 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 9_t_ 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 Green 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 l to 1000 Hz) at frequencies between 2 and 6 Hz is not

the result of pulse synchronous baroreceptor nerve activity. The 2- to 6H2

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 baroreceptor discharge then the

phase relation between SND and the arterial pulse should be independent of the

heart rate. Third, when the heart rate is slowed to less than 2.5 beats/s, the

declining phase of the sympathetic nerve slow wave begins before the onset of

pulse synchronous baroreceptor afferent nerve activity, thus the decline of the

sympathetic slow wave cycle can not be attributed to baroreceptor-mediated

inhibition of SND. The termination of the slow wave must involve a central

mechanism. Gebber (1976) proposed that an inhibitory phasing mechanism is

responsible for the baroreceptor reflex entrainment of centrally generated

sympathetic slow waves to the cardiac cycle. In this model, the rising phase of

the sympathetic nerve slow wave begins only when baroreceptor inhibition falls to

some minimum level.

The respiratory-related component of SND is observed following

vagotomy indicating that it, at least in part, is of central origin (Cohen and

Gootman, 1970; Preiss gt a_l., 1975; Barman and Gebber, 1976; Bachoo and Polosa,

1987). However, the origin of the respiratory~related rhythm in SND is contro-

versial. Several authors (Cohen and Gootman, 1970; Preiss gt 51. 1975; Bachoo

and Polosa, 1987) have proposed that this slow rhythm in SND is extrinsically

imposed on sympathetic networks by elements of the brain stem respiratory

oscillator. In contrast, Koepchen and Thurau (1959) and Barman and Gebber

(1976), proposed that the slow component in SND is generated by a sympathetic

oscillator which is normally, but not always, coupled to the respiratory oscillator.

Three observations led to this conclusion: 1) changes in respiratory rate were

accompanied by dramatic shifts in phase relations between sympathetic and

phrenic nerve discharge, 2) slow oscillations of sympathetic and phrenic nerve



34

discharge were not always locked in a 1:1 relation, 3) the sympathetic nerve slow

wave activity persists when respiratory rhythmicity ceases during periods of

hyperventilation.

3. Proposed mechanisms of SND generation in the brain stem

In the baroreceptor-denervated cat, the rhythm in SND is

characterized by irregularly occurring 2- to 6-Hz slow waves (i.e. variable inter-

slow wave intervals (Taylor and Gebber, 1975; Barman and Gebber, 1980). Barman

23 a_l. (1984) tested the possibility that the irregular 2- to 6-Hz activity pattern of

SND in baroreceptor-denervated cats arises from multiple brain stem generating

networks. By using crosscorrelation and power density spectral analysis, they

fomd that the frequency components of activity simultaneously recorded from

different postganglionic sympathetic nerves canbe markedly different. More-

over, by using peri-spike-triggered averaging (a method of crosscorrelation) they

found that the activity of some ventrolateral and raphe medullary neurons is more

strongly correlated to the activity on one sympathetic nerve than another.

Evidence that the sympathetic generating circuits are coupled is provided by the

fact that although more strongly correlated to activity in one nerve, the

medullary units with sympathetic nerve-related activity are correlated to activity

in both nerves. Furthermore, considerable overlap is observed in the frequency

spectra of SND recorded from two sympathetic nerves.

Langhorst and collaborators (1975; 1980; 1984) argue against the

notion that there are discrete pooh of sympathetic reticular neurons capable of

selective sympathetic control. Rather, they believe that rhythmic activity in a

variety of effector systems including SND is generated by a "common brain stem

system". Effector systems under the simultaneous control of this common brain

stem system include the cardiovascular, respiratory, and general activating

systems plus afferent sensory inputs. The output onto the effector system is
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determined by the integration of convergent afferent inputs from somatic and

vegetative receptors. Individual reticular neurons receiving the convergent inputs

then influence more than one effector system. Support for this hypothesis comes

from correlation and spectral analysis which showed that on a long time scale the

rhythmic discharge patterns of all reticular neurons display a common rhythmic

component having a period of 4 to 10 seconds. A While often not the predominant

rhythm, a similar slow 0.1- to 0.25-Hz rhythm is usually observed in the activity

patterns of the effector systems. In addition, power spectral analysis revealed

that there are common rhythmic components in the discharge patterns of some

reticular neurons and the activity patterns in several effector systems. The

authors provided this as evidence that individual reticular neurons influence more

than one effector system.

There are several problems with the common brain stem model.

First, the authors fail to prove that the common slow rhythm in reticular activity

is even generated in the brain stem reticular formation. Second, the discharges of

most reticular neurons are not related to the activity patterns in several effector

systems. This is true in their work and in the work of others (Barman and Gebber,

1981; 1982; 1984). Barman and Gebber demonstrated that most reticular neurons

do not have sympathetic nerve-related activity and those that do often do not

have cardiac-activity and/or EEG-related activity. Third, Langhorst 55 11. failed

to address the possibility that the discharges of reticular neurons are related to

activity in more than one effector system because there is coupling between

ftmctionally distinct reticular systems controlling specific effector systems. In

this case the temporal relationship between the discharges of these neurons and

the activity in effector systems may not reflect a role of these neurons in

controlling all effector systems.
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4. Possible brain stem regions involved in the generation of SND

In recent years electrophysiological and pharmacological investi-

gations have revealed three areas of the medulla which may be involved in the

control of basal SND in the anesthetized animal. The first of these regions is the

rostral ventrolateral medulla (VLM) located caudal to the facial nucleus. Ross gt

_a_l. (1984) and McAllen st 11, (1982) showed that both electrical stimulation and

the application of excitatory amino acids in the VLM elicits dramatic increases in

arterial blood pressure and heart rate. Furthermore, bilateral lesions of this area

lower arterial blood pressure to levels resembling those occurring after acute

transection of the cervical spinal cord (Dampney and Moon, 1980). By using spike.

triggered averaging, Barman and Gebber (1983; 1985) showed that the spontaneous

discharges of some VLM neurons are temporally related to SND in baroreceptor-

denervated and ~intact cats. The axons of many of these neurons project to the

intermediolateral nucleus (IML) of the thoracolumbar spinal cord (Barman and

Gebber, 1985). These neurons are thought to be sympathoexcitatory since their

firing rate decreases during baroreceptor reflex activation.

The second area is the lateral tegmental field (LTF) of the

dorsolateral medulla, including the. reticularis parvocellularis and reticularis

ventralis nuclei. Like the VLM, electrical stimulation of the LT? elicits increases

in blood pressure and SND (Dampney and Moon, 1980; Gebber and Barman, 1985).

The injection of excitatory amino acids into the rostral portions of n. reticularis

parvocellularis increases blood pressure in the rabbit (Goodchild and Dampney,

1985). Lesion of this region also produces a profound decrease in blood pressure

(Kumada g; a_l., 1979). The spontaneous discharges of some neurons in the LTF

are temporally related to SND (Barman and Gebber, 1981; Gebber and Barman,

1985). Some LT‘F neurons with sympathetic nerve-related activity respond to

baroreceptor reflex activation with a decrease in firing rate whereas others show
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an increase. The axons of LTF neurons with sympathetic nerve-related activity

do not project to the thoracic spinal cord. However, as demonstrated by

antidromic activation sympathoexcitatory LTF neurons project to the region of

the VLM containing sympathoexcitatory neurons which project to the IML

(Barman and Gebber, 1987).

The third area believed to be involved in the control of SND is

the medullary raphe nuclei (raphe magnus, pallidus and obscurus). These nuclei

are contained in the medial medullary depressor region of Wang and Hanson

(1939). Electrical stimulation of this area elicits either decreases or increases in

blood pressure and SND (Adair _e; 3.1., 1977; Morrison and Gebber, 1982; McCall

and Humphrey, 1985). Lesion of the medial medulla including the medullary raphe

nuclei increases SND (Barman and Gebber, 1978). By using spike—triggered

averaging Morrison and Gebber (1982; 1984; 1985) showed that some neurons in

the medullary raphe nuclei have spontaneous activity temporally related to SND.

The majority (75%) of these neurons are sympathoinhibitory with the mt being

sympathoexcitatory. As with the VLM sympathetic neurons, the axons of some

raphe neurons with activity related to SND also project to the thoracic spinal

cord, however, only sympathoinhibitory raphe neurons terminate in the IML.

Gebber and Barman (1985) compared the firing times of neurons

in the LTF, VLM and raphe nuclei relative to the peak of the first slow wave to

the right of time zero in the spike-triggered averages of SND. The rationale

behind this comparison is that the neurons which are closer to the origin of SND

should fire earlier in the sympathetic cycle. That is, the interval between unit

spike occurrence and the peak of SND in the spike-triggered averages should be

longer for these neurons. Gebber and Barman found that sympathoexcitatory

neurons in the LTF fire on the average, 35 and 43 ms before their counterparts in

the VLM and raphe, reSpectively. Interestingly, the modal onset latency of
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synaptic activation of sympathoexcitatory VLM neurons to electrical stimulation

of the LTF (26:3 ms) is very similar to the difference in the mean firing times

between LTF and VLM sympathoexcitatory neurons (Barman and Gebber, 1987). A

comparison of sympathoinhibitory neurons showed that LTF neurons fire before

their counterparts in the raphe. A direct connection between these two regions

has yet to be demonstrated. Based on these findings it is concluded that the

sympathetic neurons in the LTF are closer to the origin of SND. Whether the LTF

neurons comprise a sympathetic oscillator which outputs through the VLM and

raphe remains to be determined. Alternatively the LTF may receive input from

some as of yet undefined generator of SND located in the brain stem or the

forebrain.

B. Thalamic mechanisms for the generation of electrocortical rhythms

Under a variety of experimental and behavioral conditions the electri-

cal activity in the cerebral cortex is rhythmic in nature (EEG, electroencephalo-

gram). It is widely accepted that much of this cortical activity originates in the

thalamus (cf. Dempsey and Morison, 1942b). A number of mechanisms by which

these cortical rhythms are generated have been proposed.

1. Early models of thalamic generation of EEG rhythms

Dusser de Barenne and McCollock (1938a, 1938b) used the local

application of strychnine to the cortex and thalamus to demonstrate the func-

tional reciprocity between the thalamic relay nuclei and that portion 'of the

cerebral cortex to which they project. Undercutting of the projection cortex

abolishes or greatly alters the normal pattern of EEG activity. On this basis, it is

proposed that the reverberating activity in thalamocortical—thalamic circuits is

the source of normal EEG activity.

An alternative model of cortical rhythm generation was preposed

by Morison and Dempsey in the early 1940's (Dempsey and Morison, l942a,b;
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Morison and Dempsey, 1942). These authors showed that stimulation of the

thalamus elicits two types of cortical responses. Stimulation of sensory relay

thalamic nuclei elicits a 'primary' or augmenting response in their projection

cortices. These responses with onset latencies of less than 4 ms are characterized

as a positive/negative wave form capable of following stimulus frequencies up to

120 Hz. Stimulation of the nonspecific medial thalamic nuclei at frequencies of

2- to 15-Hz evokes the recruiting response in wide regions of the cortex. The

recruiting response has a long onset latency (20-35 ms) and is characterized by a

monophasic surface negative waveform which waxes and wanes in amplitude with

successive stimuli. The recruiting responses closely resemble, in both contour and

frequency (8-12 Hz), the spontaneous bursts of cortical spindle activity (alpha

spindles) seen in barbiturate-anesthetized or sleeping animals. The recruiting

response and spontaneous cortical spindles are recorded in cortical areas isolated

except for their thalamic connections indicating that the generalized nature of

the recruiting response reflects the activity of a widely distributed system and is

not the result of the intracortical spread of activity from discrete cortical

regions. Based on the similarities, it is concluded that the spontaneous spindle

burst and recruiting responses are identical. Dempsey and Morison concluded that

the spontaneous cortical alpha rhythm is generated in the medial thalamus and

transmitted to wide spread cortical areas via a diffuse thalamic projection system

separate from that relaying sensory information to the the cortex. This

mechanism is proposed in spite of the fact that at this time cortical projections

from many of the medial thalamic nuclei have not been demonstrated.

In a series of papers in the early 1950's, Jasper and colleagues

modified the original hypothesis of Morison and Dempsey (cf. Andersen and

Andersson, 1968). These authors believed that the midline and intralaminar

thalamic nuclei in conjunction with n. reticularis thalami and n. ventralis anterior
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constitute a rostral extension of the generalized reticular activating system

proposed by Magoun and Hanson in 1949. They proposed that the pacemaker

activity of the medial thalamic nuclei is relayed to the cortex via :1. reticularis

and n. ventrais anterior where this activity ”acts upon the cortex, controlling the

form and rhythm of the background of cortical activity upon which afferent

impulses must act, and regulating the generalized excitatory states of the cortex

as a whole“ (Jasper, 1949). This theory had to be discounted when it became clear

that the n. reticularis does not project to the cortex (Scheibel and Scheibel, 1966;

Jones, 1985).

2. Mechanisms for the generation of alpha spindle activity

Purpura and coworkers (Purpura and Cohen, 1962; Purpura and

Shofer, 1963; Purpura gt a_l., 1965) preposed that the nonspecific medial thalamic

nuclei are the major source of synchronizing input to the thalamus. These authors

examined the synaptic events occurring in thalamic neurons during the recruiting

response elicited by stimulation of the nonspecific medial thalamic nuclei.

Intracellular recordings from thalamic neurons during the recruiting response

revealed that the synchronization of neuronal firing is produced by a recurring

sequence of a short-latency (4-15 ms) excitatory postsynaptic potential (EPSP),

followed by a long-latency (15-40 ms), prolonged (80-200 ms) inhibitory postsynap-

tic potential (IPSP). The prolonged IPSP is thought to be the major feature of the

synchronization process since neither spontaneous nor evoked neuronal discharges

of the thalamocortical neuron occur during the IPSP. Rather, the discharges of

thalamocortical neurons are restricted to the short periods between IPSPs. This

EPSP-IPSP sequence is observed in over 70% of the neurons recorded in widely

separated regions of the n. ventralis anterior, n. ventralis medialis, n. ventralis

lateralis and from the intralaminar and midline thalamic nuclei. Thalamic focal

potentials recorded during the recruiting response reveal long-latency (15-40 ms),
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long-duration (40-80 ms) positive waves presumably reflecting the summation of

EPSP-IPSP sequences throughout the thalamus. These positive thalamic waves

are temporally related to the negative waves in the cortical recruiting response.

Similar EPSP-IPSP sequences are (recorded in cells in the ventrobasal complex

during spontaneous alpha spindle activity in the sensory cortex (Maekawa and

Purpura, 1967). High frequency (20 Hz) stimulation of the medial thalamic nuclei

which blocks the recruiting response in the cortex also prevents the development

of prolonged IPSPs in thalamic cells (Purpura and Shofer, 1963). Instead, an

increase in neuronal discharge associated with a steady depolarization or no

change in membrane potential is observed.

Like Purpura and coworkers, Andersen and Eccles (1962) ob-

served that the rhythmic bursting discharge of thalamic neurons is associated with

a recurring sequence of EPSPs and IPSPs. Andersen and Eccles also demonstrated

that rhythmic burst discharges in thalamic relay cells occurs during stimulation of

peripheral afferents or the antidromic activation of thalamocortical neurons,

suggesting that the generation of rhythmic activity is an inherent property of all

thalamic neurons. From these data Andersen and Eccles proposed the facultative

pacemaker theory for the generation of rhythmic burst discharges in thalamic

neurons. This model was later expanded upon by Andersen and Andersson in 1968.

Briefly, this model proposes that the thalamocortical cells excited by afferent

inputs emit excitatory recurrent axon collaterals onto local interneurons. The

interneurons in turn inhibit the thalamocortical neuron. Furthermore, it is

proposed that during the declining phase of the interneuron-induced inhibition, the

thalamocortical neuron becomes hyperexcitable (post anodal exaltation) and

discharges again, thus initiating a repeating cycle of excitation and inhibition.

The post anodal exaltation is thought to be an intrinsic preperty of the membrane,

thus endowing the neuron with pacemaker properties. The possibility that
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excitatory interneurons help to trigger subsequent neuronal discharges and recruit

other relay neurons is also proposed.

Andersen and Sears (1964) demonstrated that spindle bursts and

8- to lZ-Hz focal waves can be recorded in midline and relay thalamic nuclei in

acute and chronically decorticate cats. Spindle activity is also present in relay

nuclei after section of all connections with the nonspecific medial thalamic

nuclei. On this basis, it is concluded that all regions of the thalamus are

inherently capable of generating rhythmic spindle activity via facultative pace-

maker circuits. In contrast to Purpura and coworkers, the medial thalamic nuclei

are not believed to be the major source of spindling activity in the thalamus,

although these regions may exert control over these rhythms. Andersson and

Manson (1971) later demonstrated that rhythmic activity occurring simultaneously

from different thalamic regions in unanesthetized decorticate cats can be quite

different. These data further suggest that the rhythmic activity in the cortex and

thalamus is not generated by or in one specific thalamic region.

Although attractive, the faculatative pacemaker theory is

seriously flawed. For example Purpura and colleagues pointed out that the long

latency and duration of the IPSP in the thalamocortical cells is hard to reconcile

on the basis of a simple feedback inhibitory synapse. These authors also pointed

out that brief periods of stimulation (7 Hz) of the midline thalamic nuclei elicits

EPSP-IPSP sequences in thalamic neurons and spindle waves in the cortex which

persist (in the absence of neuronal spikes) following termination of the stimulus

(Purpura g; a_l., 1966). According to the facultative pacemaker model, the

thalamocortical neuron must discharge in order to observe the IPSPs in thalamic

neurons. Perhaps the strongest evidence against this model comes from anatomi-

cal studies of thalamic nuclei using the Golgi method. These studies failed to

support the facultative pacemaker theory since only 15-20% of thalamocortical
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neurons have recurrent axon collaterals (Scheibel g_t_ 3.1., 1973). In Scheibel's words

the small number of collaterals was deemed to be 'an insignificant substrate for

the powerful recursive effects ascribed to them.‘

3. The thalamic reticular nucleus as a generator of thalamic spindle

sequences

The n. reticularis thalami is a sheet-like structure encompassing

the rostral and lateral borders of the thalamus. The structure and connections of

this nucleus have been well characterized (see Scheibel and Scheibel, 1966;

Steriade _e_t_ a_l., 1984; Jones, 1985). The axons of most thalamocortical neurons

emit collaterals in the n. reticularis in a topOgraphical fashion. The axons of

these thalamic reticular neurons project back to those thalamic regions from

which the collateral input arises. Corticothalamic neurons also collateralize in

the reticular nucleus; however, the reticular nucleus does not have cortical

projections.

The early development of the hypothesis that the n. reticularis is

involved in the generation of the 8- to lZ-Hz spindle rhythms is reviewed by

Steriade and Hobson (1976). On the basis of mostly anatomical data, the Scheibels

proposed that the rhythmic bursting discharge of the thalamic relay cells is due to

direct feedback inhibition from n. reticularis. Physiological evidence in support

of this hypothesis was provided by Schlag and Waszak who showed .that a

reciprocal relationship exists between the burst discharges of n. reticularis and

thalamocortical neurons. During episodes of EEG spindling or high amplitude

cortical slow waves, the discharge rates of neurons in n. reticularis increase while

those of thalamocortical neurons decrease. Moreover, the burst discharges of the

reticularis neurons often spanned the spindle sequence and are thus thought to be

responsible for the spindle-related hyperpolarization (ESP) of the thalamocortical

neurons. During EEG desynchronization elicited by stimulating the mesencephalic

reticular formation, the discharge rates of neurons in n. reticularis decrease while
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those of thalamocortical neurons increase. Additional support for this proposal

comes from the work of Houser .e_t 31; (1980) who demonstrated that many of the

projections from n. reticularis to thalamic relay nuclei are GABAergic.

Further evidence that the n. reticularis is involved in generating

the alpha spindles '3 provided by the observation that neurons in the anterior

thalamic nuclei (anterior ventral, anterior medial and anterior dorsal) which do

not receive afferents from n. reticularis do not display spontaneous or evoked

spindle-like discharges (Mulle g a_1., 1985). This is the case even though these

neurons have intrinsic membrane properties similar to those of thalamic neurons

displaying spindling activity. Furthermore, EEG recorded from the parasplenial

projection cortex of these nuclei also fails to display spindle activity.

Although it is generally accepted that the n. reticularis is

involved in generating the alpha rhythm, Steriade and colleagues (Steriade and

Deschenes, 1984; Steriade g 31., 1985; 1986; 1987) have questioned whether the

regulation of activity in thalamocortical neurons is due solely to a direct feedback

inhibition from n. reticularis. That a more complex mechanism is involved is

suggested by Steriade _e_t. a_l. (1986) who recorded the activity of neurons in

thalamic relay nuclei and n. reticularis during various sleep and awake states in

cats. As in earlier studies, during EEG synchronization n. reticularis neurons fire

in long bursts (increasing then'decreasing interspike intervals) which often span

the spindle sequence of the thalamocortical cells. In contrast, during arousal and

awake states (EEG desynchronized) n. reticularis and thalamocortical neurons

both cease spindling and significantly increase their firing rates in parallel. Such

parallelism is not consistent with a direct inhibitory action of reticularis neurons

on thalamocortical neurons.

To account for the state-dependent relationships between the

activity of thalamocortical and n. reticularis neurons, Steriade and colleagues
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(Steriade e_t a_l., 1985; 1986; 1987) proposed a model whereby n. reticularis

controls the activity in thalamocortical circuits. Moreover, these authors propose

that the n. reticularis functions as a pacemaker to generate alpha spindling. In

this model, neurons in n. reticularis have direct GABAergic projections to

thalamocortical neurons and to GABAergic interneurons located near the thala-

mocortical neurons. These inhibitory interneurons in turn contact the thalamo-

cortical neurons. The presence of GABAergic interneurons was reported by

Montero and Singer (1985). A central feature of this model is the notion that the

projections from n. I reticularis exert differential inhibitory effects on the

thalamocortical and GABAergic interneurons, with the more powerful inhibitory

effects being exerted on the interneurons. Thus state-dependent changes in the

amount of GABA released by the n. reticularis neurons changes the activity

pattern in thalamocortical circuits by changing the ratio of inhibition of the

interneurons and thalamocortical neurons. For example during EEG-desynchroni-

zation, the'n. reticularis cells cease bursting and fire tonically as single spikes at

an increased rate. The GABA released by the n. reticularis neurons inhibits the

more sensitive interneurons. As a consequence, the thalamocortical neurons

become more excitable due to the disinhibition and fire at a higher frequency.

This proposal is supported by the observation that reticularis-disconnected thala-

mocortical neurons have a lower average firing rate than do their counterparts in

reticularis-intact cats during EEG-desynchronization. Conversely, during EEG-

synchronized states, the n. reticularis neurons begin to discharge in prolonged

bursts. During these bursts the intraburst frequencies are higher than the fastest

tonic discharge rates occurring during desynchronized states and as a conse-

quence, more GABA is released. The increased in GABA release via direct

reticularis inputs is now sufficient to hyperpolarize the thalamocortical neurons.

The hyperpolarization of the thalamocortical neuron triggers the deinactivation of
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a calcium (CaH) conductance, eventually leading to the spindle burst discharge of

the neuron. At the same time an overabundance of GABA released by the

bursting n. reticularis neuron saturates the more GABA-sensitive interneurons,

completely inhibiting their firing.

Evidence in support of this model is presented by Steriade et al.

(1985) who examined the discharges of thalamocortical neurons after removing

inputs from the n. reticularis by using either knife cuts or kainic acid lesions.

Removing inputs from the n. reticularis abolished spindle-related rhythms (se-

quences of 7-12 Hz waves recurring at 0.1-0.2 Hz) in the thalamus and ipsilateral

EEG. In addition, n. reticularis-disconnected thalamocortical neurons no longer

display spindle-related sequences of prolonged IPSPs. Instead short duration IPSPs

are recorded. Thalamoco‘rtical cells exhibit high frequency spike bursts whose

parameters (number of spikes, intraburst frequency, duration of consecutive

intervals) are the same as those in relay and intralaminar cells having intact

reticularis connections. However, the characteristic pattern of spindle-related

sequences of spike bursts and irregularly occurring single-spike discharges during

non-spindling periods is replaced by solitary bursts occurring with remarkable

regularity at 1- to Z-l-Iz. This regular 1- to Z-Hz burst pattern is thought to be

mediated by the GABAergic interneurons which are disinhibited by removing

inputs from n. reticularis. The increased activity in the interneurons produces a

series of short duration IPSPs in the thalamocortical neurons. The rapidly

occurring IPSPs summate and hyperpolarize the thalamocortical neuron de-

inactivating a low threshold, long duration Ca“ conductance whose activation

leads to the burst response. This conclusion is based on the finding that a

subconvulsive dose of bicuculline administered intravenously changes the dis-

charge pattern of reticularis-disconnected thalamocortical neurons from rhythmic

bursting to irregularly occurring single spikes.
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Evidence that the n. reticularis functions as a pacemaker in the

generation of spindle rhythmicity during EEG-synchronization is provided by

Steriade _e_t LL (1987). In this study extracellular recordings of unit discharges and

focal potentials were made in the rostral pole of n. reticularis after surgically

disconnecting it from all other thalamic nuclei. As previously discussed discon-

nection of n. reticularis abolishes spindle activity in the ipsilateral cortex and

thalamic nuclei (Steriade _e_t_ 21:, 1986). However, neurons in the disconnected n.

reticularis discharge in the biphasic (acceleration-deceleration) pattern of spike

bursts characteristic of neurons in the intact n. reticularis during EEG synchroni-

zation. The spike bursts were of long duration (50 ms-l.5 s) and recurred with a

frequency of 0.1- to 0.3-Hz. Simultaneous recordings of focal potentials through

the recording microelectrode reveal spindle sequences (grouped 7-16 Hz slow

waves recurring at 0.1-0.3 Hz) temporally related to the spike bursts of the n.

reticularis neurons. The authors suggest that the synchronization of the burst

discharge of the reticularis neurons involves dendrodendritic interactions between

the GABAergic reticularis neurons. The presence of dendrodendritic connections

between reticularis neurons has been demonstrated with the electron microscope

(Deschenes e_t a_l., 1985). In addition, the intravenous administration of bicuculline

greatly reduces spike bursts in the deafferentated n. reticularis.

4. Origin of the cortical delta and theta rhythms

Although it is fairly well established that the cortical alpha-

rhythm (8-12 Hz) is generated in the thalamus there is some controversy as to

whether the slower delta and theta rhythms in the EEG are generated in the

thalamus.

Villablanca (1974) examined sleep and behavioral patterns in

chronic athalamic and decorticate cats. During the first 10 days after removing

the thalamus, irregular high voltage slow waves occurring at frequencies of Z- to
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4-3: dominate the EEG. Initially, the synchronized EEG pattern is unchanged.

during behavioral arousal, however, after 15 to 25 days, periods of desynchro-

nized-like EEG activity accompany arousal. At no time after thalamic ablation

are 8- to IZ-Hz alpha spindles. observed in the EEG, nor can they be induced by

administering pentothal. In acute (3-5 days postoperative) decorticate cats,

rhythmic 8- to IZ-Hz waves which wax and wane in amplitude are recorded in the

electrothalamogram (E‘th). After six postOperative days, the spindle-like

rhythms diminish. During waking irregular, low voltage waves occurring at

frequencies of over 10 Hz are recorded in the EThG. During nonREM sleep the

irregular waves in the EThG increase in voltage and became slower (Z- to 6-Hz).

Thus it was suggested that the thalamus is capable of generating at least some of

the slow wave activity in the EEG.

Steriade it. a_l. (1987) confirmed Villablanca's (1974) observation

that slow wave activity in the EEG persists after removing thalamic influences.

Knife cuts of the corona radiata, which severed corticothalamic connections,

abolish cortical spindle bursts; however, synchronous 0.5- to 4-Hz slow waves

persist in the EEG.

Anderson and Manson (1971) identified three patterns of syn-

chronized thalamic slow wave activity in acute unanesthetized decorticate and

decerebrate cats. The first pattern of activity recorded primarily from the

ventrobasal complex, is characterized by 10- to l4-I-lz spindles. The second

pattern is characterized by long lasting irregular slow waves occurring at a

frequency of 4- to 8-1-12. This pattern of activity is recorded primarily in the

dorsolateral thalamus. The third pattern is most often recorded from the medial

thalamic nuclei and consists of 8- to lZ-Hz spindle bursts separated by periods of

slower frequency (4- to 6-Hz) slow waves. These findings indicate that the
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thalamus is capable of generating spindles as well as synchronized slow wave

activity.

Jahnsen and Llinas (1984), by using a guinea-pig thalamic slice

preparation, demonstrated that most thalamic neurons are endowed with intrinsic

membrane prOperties which allow them to oscillate at frequencies of 9- to lO-l-lz

or 5- to 6-Hz. ‘lhus each thalamic neuron is capable of operating as a single cell

oscillator. 'Ihe central feature of the prOposed mechanism for the 5- to 6-Hz

rhythmic discharge is the prolonged afterhyperpolarization following the spike

burst. Increasing the level of hyperpolarization by synaptically generated IPSPs

or by current injection de-inactivates a transient potassium (K4) current and a

CaH-dependent K+ conductance, thus increasing the duration of the 'afterhyper?

polarization. 'lhis in turn de-inactivates a low threshold Ca” conductance

triggering a rebound low threshold spike burst which begins the cycle again. The

time course (170 ms) of these events is responsible for the 5- to 6-1—Iz frequency

oscillations.



METHODS AND PROCEDURES

A. General Procedures

Cats of either sex, weighing between 2.0 and 4.5 kg were used in these

studies. The animals were initially anesthetized with ketamine hydrochloride (10

mg/kg, im) followed by intravenous alpha-chloralose (‘40 mg/kg, initial dose). The

animals were paralyzed with gallamine triethiodide (4 mg/kg, iv) and artificially

ventilated. The rate (12-20 strokes/min) and stroke volume (50-75 ml/stroke) of

the respirator (Harvard model 607) were adjusted to mimic natural respiration. A

bilateral pneumothoracotomy reduced respirator pump-related movements. Sup-

plemental doses of chloralose and neuromuscular blocking agent were admini-

stered as required. Rectal temperature was maintained at 3711°C by using a heat

lamp. Blood pressure was monitored from either the femoral or brachial artery

with a Statham transducer (Model PZBAC) and displayed on a Grass polygraph

(model 7D). Standard techniques were used to record lead 11 of the electrocardio-

gram (ECG). Drugs were administered through a cannula inserted in the femoral

vein. In approximately 60% of the experiments, a solution of dextran (6% in

saline) and norepinephrine (20 ug/ml) was infused through a femoral vein cannula

to maintain mean arterial blood pressure at or above 100 mmHg. The cats were

placed in a David Kopf Instruments stereotaxic apparatus and spinal investigation

imit.

1. Baroreceptor denervation

In some experiments the baroreceptor nerves (carotid sinus, aortic

depressor and cervical vagus nerves) were sectioned bilaterally. These nerves

50
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were isolated from a ventral approach after reflecting the trachea and esophagus.

The carotid sinus nerve was identified on both sides at its junction with the

hypoglossal nerve. The cervical, vagus and aortic depressor nerves were isolated

at a midcervical level. Denervation was deemed complete if 1) a sudden rise in

blood pressure failed to inhibit reflexly inferior cardiac SND and Z) sympathetic

slow wave activity was no longer locked in a 1:1 fashion to the cardiac cycle.

2. Nerve recordings

The left postganglionic inferior cardiac sympathetic nerve was iso-

lated retropleurally at its exit from the stellate ganglion after removing the head

of the first rib. The nerve was tied distal to the ganglion with saline—soaked silk

thread. A 100p was then tied in the thread and the nerve cut distal to the tie.

Nerve activity was recorded monOphasically after placing the silk loop on the

indifferent pole and the proximal portion of the nerve on the central pole of a

bipolar platinum electrode. To prevent drying, the nerve and ganglion were

covered with an emulsion of silicone release agent (Dow Corning 7 Compound) and

paraffin oil (Fischer Scientific Co.).

'lhe left postganglionic renal sympathetic nerve was isolated retro-

peritoneally through an incision in the left flank. One of the branches was tied

with saline-soaked silk thread and cut between the tie and the nerve's junction

with the renal artery. A loop was then tied in the thread. Monophasic recordings

were made as just described. The abdominal skin flaps were secured to a frame in

order to form a pool which was filled with warm paraffin oil to cover the nerve.

Nerve activity was amplified by using a capacity-coupled preamplifier

at a band pass of l to 1,000 Hz. This allowed the synchronous discharges of the

sympathetic nerves to be viewed as slow waves (i.e. enve10pes of spikes) on the

polygraph and oscilloscope (see RESULTS; Figure 11).
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Electrical cortical activity (electroencephalogram, EEG) was recorded

monophasically between a gold plated electrode (Grass Instruments, Model E46)

affixed to the frontal bone and a indifferent electrode (an alligator clip) attached

to reflected scalp muscle. Cortical activity was preamplified using a band pass

of 1 to 1,000 Hz and displayed on a polygraph and oscilloscope.

3. Electrical stimulation of the diencephalon and cortex

Square wave pulses (IO-ms trains of three pulses or single shocks) were

delivered to selected sites in the diencephalon and frontal-parietal cortex by using

a Grass 588 stimulator connected to a Grass PSIU-6 constant current unit.

Stimuli were passed through either concentric bipolar electrodes, 0.25 mm

exposed tip (Rhodes Medical Instruments, Model NE-lOO) or etched monOpolar

tungsten microelectrodes (10-30 kilo ohm tip impedance). In the latter case, the

anode (an alligator clip) was attached to reflected scalp muscle. Stimulus current

was measured by monitoring the voltage drop across a 100 ohm resistor in series

with the anode. Potentials evoked on sympathetic nerves by stimulation of the

diencephalon and cortex were computer averaged (Nicolet, Model 1070; see

section 3.4), displayed on an oscilloscope and photographed.

4. Histology

The diencephalon and in some cases the brain stem were removed and

placed in 10% buffered formalin for a period of at least 7 days. In decerebration

studies the completeness and level of midbrain transection was verified by gross

inspection of the brain stem and microscopic evaluation of frontal sections of 30-

um thickness stained with cresyl violet. Transection at stereotaxic plane A3 was

at a level approximately midway between the rostral and caudal borders of the

superior colliculus. Transection at stereotaxic plane A0 was near the midcollicu-

lar level. Only those experiments in which the transections were complete and

the planes of transection were within +0.5 mm of the A3 and APO planes of Jasper
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and Ajmone-Marsan (1954) are included in the RESULTS. To identify unit (or

multiunit) recording sites and stimulation sties, frontal sections (30-pin thickness)

of the diencephalon were cut on a cryostat microtome and stained with cresyl

violet. Diencephalic lesions were reconstructed by projecting serially arranged

frontal sections onto the stereotaxic planes of Jasper and Ajmone-Marsan (1954).

Sites of stimulation and imit recording in the diencephalon. were also recon-

structed from stained frontal sections. Since I recorded the depth of all

stimulation and recording sites for each electrode penetration, these sites were

reconstructed using the end of the tracks as reference points. Shrinkage during

fixing was taken into account.

B. Data Analysis

Data were analyzed either on- or off-line. On-line analysis used a Nicolet

MED-80 computer. Off-line analysis from magnetic tape was performed by using

either a Nicolet MED-80 computer or an RC Electronics Computerscope System.

For this purpose arterial pressure, neural activity and pulses derived from the R

wave of the ECG or stimuli applied to the neuraxis were stored on magnetic tape.

‘Ihe data from tape were analyzed after passing SND, EEG and diencephalic

multiunit activity through an A.P. Circuit Corp. variable filter with the low pass

cut-off frequency set at 50 Hz. The following methods of analysis were used.

1. Quantification of SND and blood pressure

In Projects A and D, after preamplification the sympathetic nerve

signal was led to a Grass 7P10 cumulative integrator. Raw and integrated SND

were displayed on a polygraph (see RESULTS; Figure 4). Changes in integrated

SND were quantified by comparing mean epoch length (integrated records).

Correctionswere made for the integration of noise. The noise level was measured

following ganglionic blockade with hexamethonium ‘chloride (5 rug/kg, iv). Mean
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blood pressure was calculated from pulsatile records of blood pressure recorded on

the polygraph. The mean blood pressure (BP) was calculated using the formula:

‘ BP 8 Pd + 1/3 (Ps - Pd)

where Pd is the diastolic pressure and P: is the systolic pressure.

2. Crosscorrelation and autocorrelation analysis

Autocorrelation was used to extract the rhythmic components in

inferior cardiac SND, EEG, and thalamic and hypothalamic multiunit activity.

Forty seconds of data were analyzed. Crosscorrelation analysis was used to

determine whether SND, multiunit diencephalic activity and the EEG contained

common components that were temporally correlated. Normalized crosscorrela-

tion ftmctions [ny(T‘)] N were calculated by using the formula:

ny(T)
R T N =

I XY( )1 {Rxx(O)Ryy(O)} (} = square root

 

where ny(T) is the nonnormalized crosscorrelation function in watts (voltage

squared); x and y are the input signals; T is the lag in the crosscorrelation

function; Rxx(0) and Ryy(0) are values (in watts) at zero lag in the nonnormalized

autocorrelograms. The resolution was 20 ms and 10 ms for the crosscorrelation

and autocorrelation analysis.

3. Post-R wave interval analysis

Trigger pulses coincident with the R wave of the ECG were used to

construct normalized averages (minimum of 500 trials) of the arterial pulse wave,

inferior cardiac SND, EEG and diencephalic multiunit activity. Post-R wave

interval histograms of unit discharge were also constructed. These analyses

revealed whether SND, EEG, multiunit diencephalic activity and diencephalic unit

discharges were temporally related to the cardiac cycle.
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4. Post-stimulus analysis

Trigger pulses coincident with stimuli delivered through metal elec-

trodes in the diencephalon or cortex were used to construct normalized averages

of evoked responses in the inferior. cardiac nerve and histograms of unit responses.

From these averages the modal onset latency of synaptic activation or inhibition

of the neuron and onset latency and time to peak of the evoked sympathetic nerve

response were calculated.

5. Power spectral density analysis

This analysis, performed by fast Fourier transform (Bendat and Pier-

sol, 1971), was used to examine the frequency components and relative power (in

watts) of each frequency band in SND, EEG and diencephalic activity. Power is

plotted against frequency. Aliasing of high frequency components into the 0- to

lS-Hz frequency bands was prevented by filtering the signals (15 Hz low pass cut-

off) prior to analysis. Spectra were constructed by averaging six 20-3 data blocks.

The resolution of the analysis was 0.1 Hz.

6. Peri-spike-trigger averaging

Normalized averages (minimum of 500 trials) of SND and EEG activity

were acquired before and after the spike trigger (a naturally occurring unit spike).

For this purpose, the unit discharge was passed through a window discriminator.

A standardized pulse coincident with unit spike occurrence was used to trigger

computer sweeps. The portion of the average to the left of time zero was

computed from data that preceded the spike trigger, while the second half (right 0

lag) represents data that followed the Spike. Thus it was possible to determine

whether the activity of the neuron was temporally related to changes in SND or

EEG which preceded or followed its discharge. A random pulse train with about

the same frequency as the neuronal Spike train was used to trigger a "dummy”

average of SND and EEG. Neurons were considered to have sympathetic nerve-
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related and/or EEG-related activity if the amplitude of the first peak to the right

of time zero in the spike-triggered averages of SND and EEG exceeded by at least

a factor of three that of the largest deflection in the ”dummy“ averages.

7. Interspike interval analysis

This routine constructs a histogram of the distribution of the intervals

between consecutive spontaneously occurring neuronal spikes. A minimum of 500

spikes are used. This method was used to calculate the mean frequency of

discharge of the individual diencephalic units as well as to gain information on the

periodic components in the spike train.

8. Statistical analysis

Data are expressed as mean 1 S.E. The Student's t-test was used to

compare changes in mean blood pressure between lesioned and nonlesioned groups.

Changes in mean SND between lesioned and nonlesioned groups were compared

using the Students's t-test after transforming the data using arcsin square root

transformation. A random block design analysis of variance (ANOVA) was used to

analyze the effect of time on mean blood pressure after midbrain transection.

The least significant difference test (LSD) was used for individual comparisons.

Regression analysis was used to compare the intervals between the spontaneous

unit spike to peak SND and stimulus to peak SND intervals in the spike-triggered

averages of diencephalic neurons with activity related to SND. In all cases, a 95%

confidence level was used as a criteria for significance.

C. Project A: Experiments Involving Midbrain Transection and Radio-fre-

quency Lesions

l. Decerebration procedures

Following removal of the appropriate portions of the parietal bone and

dura mater, serial transections at stereotaxic planes A3 and APO were made with

spatulas constructed so that their diameters and contours corresponded with those
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of the left and right halves of the midbrain. The spatulas were held in a

stereotaxic electrode manipulator. Left and right hemisections were performed

sequentially at each stereotaxic plane. The two-stage transection was completed

within 90 s without excessive bleeding or subsequent swelling of the brain stem.

The experiment was terminated on those rare occasions when transection caused

excessive bleeding or swelling of the brain.

2. Radio-frequency diencephalic lesions

Diencephalic lesions were made bilaterally with a radio-frequency

generator (Radionics Inc., Model REG-4). An unmodulated sine wave (500 Hz) was

passed through an electrode (0.7 mm tip diam; 1.5 mm uninsulated tip length)

stereotaxically placed into the diencephalon. Current was adjusted to maintain

the temperature of the tissue contacting the thermal sensing electrode tip at 75°C

for 1 min. A lesion of 1-2 mm in diameter was produced at each site of current

application.

3. Data analysis

Changes in SND and blood pressure were quantified as described in

section 3.1. The level of activity during the 5-min period before midbrain

transection was compared with that during the first 2-min period, the following 3-

min period and then during subsequent 5-min periods after midbrain transection.

Either mean blood pressure or change in mean blood pressure was plotted at these

specified intervals following midbrain transection.

4. Histology

The completeness and level of transection were verified and lesions

reconstructed as described in section A.4.
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D. Project B: Multiunit Diencephalic Activity

CNS-intact or decorticate cats with intact or sectioned baroreceptor nerves

were used in this study. Portions of the parietal bone and underlying dura were

removed bilaterally providing access to the diencephalon. The exposed neural

tissue was covered with paraffin oil to prevent drying. In those instances in which

decortication was performed, the skull was removed from the coronal suture to

the lambdoidal suture in a rostral caudal direction and bilaterally as close to the

squamosal suture as possible. Decortication was performed in two steps. First, a

bilateral frontal lobotomy was performed 1 mm caudal to the ansate sulcus.

Second, the cortex, hippocampus, corpus callosum and fornix surrounding the

diencephalon and basal ganglia were removed by suction under visual observation

with 6X magnification. The completeness of decortication was evaluated by gross

inspection and subsequent examination of histological sections. In two cases there

was damage to the anterior portions of the caudate and in all cases a small

portion of the pyriform cortex remained connected to the diencephalon.

l. Multiunit diencephalic recordings

Multiunit activity in the thalamus and hypothalamus was recorded

(capacity-coupled preamplifier band pass, 1 to 1,000 Hz) by using concentric

bipolar stainless steel electrodes (Rhodes Medical Instruments, Model NE-lOO)

with exposed leads (0.5 mm) separated by 0.5 mm. The electrodes were placed

stereotaxically into the diencephalon according to the coordinates of Jasper and

Amjone-Marsan (1954). The multiunit thalamic and hypothalamic activity was

displayed on the polygraph and oscilloscope.

2. Electrical and chemical stimulation of the diencephalon

The diencephalon was electrically stimulated and sympathetic poten-

tials averaged as described in section 3.4. In a series of experiments, chemical

stimulation was accomplished by microinjecting the GABA antagonist picrotoxin
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(5 tag in 0.5 ul saline) bilaterally over a 2 minute period into selected thalamic

sites by using a 26 gauge needle attached to a 10 ul Hamilton syringe. The needle

was placed stereotaxically according to the coordinates of Jasper and Amjone-

Marsan (1954)-

3. Data analysis

The following methods of computer analysis were used: 1) crosscorre-

lation and autocorrelation analysis. 2) Post-R wave interval averaging. 3) Power

spectral density analysis. 4) Post-stimulus averaging. The methodology and

application of these analyses are described in section 3.

E. Project C: Characterization of Diencephalic Neurons with Sympathetic

Nerve-related Activity

1. Diencephalic unit recordings

Metal microelectrodes (Frederick Haer, Z-um tip diam, 2-3 mega ohm

tip impedance, 0.5 mm exposed tip length) were used to record extracellularly the

action potentials of thalamic and hypothalamic neurons from the left side of the

diencephalon in baroreceptor-innervated cats. The indifferent electrode was a

gold-plated disc affixed to the frontal bone. Capacity coupled preamplification

with a band pass of 0.3-3 KHz was used. The position of the recording electrode

was controlled by using a David Kopf Instruments stepping hydraulic microdrive.

Stereotaxic placement of the electrodes was made according to the' coordinates of

Jasper and Ajmone-Marsan (1954). The unitary nature of the recordings was

judged on the basis of the constancy of action potential shape, amplitude and

duration. For units which discharged as high frequency bursts, the comparison

was made for the first spike in successive bursts. The majority (60%) of unit

recordings were from the soma-dendritic region of the neurons. This was

indicated by the presence of an inflection on the rising phase of the action
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potential (see RESULTS; Figure 2232, C2). These inflections likely reflect

separation of the action potentials of the axon hillock and the soma dendritic

region (Coombs _e_t 11,, 1957).

2. Electrical stimulation

A Grass S88 stimulator and a PSTJ-é stimulus isolation imit were used

to deliver square wave pulses (90-800 uA, 1.0 ms duration) to selected recording

sites in the thalamus and hypothalamus. Stimuli were passed through the

recording microelectrode. The strength of the stimulus was measured as

described in section A.3.

3. Effect of baroreceptor reflex activ tion

Baroreceptor reflex activation was produced by either the bolus

injection of norepinephrine bitartrate (1-2 ugjkg, iv) or by inflating the balloon-

tipped end of a catheter (Fogerty embolectomy catheter, Model 12 A4004?)

placed into the abdominal aorta via the femoral artery. The firing rate of

selected thalamic and hypothalamic neurons was assessed during baroreceptor-

induced reflex inhibition of SND. These procedures do not affect unit activity or

SND in baroreceptor-denervated cats (Barman and Gebber, 1987).

4. Data analysis

The following methods of computer analysis were used: 1) Peri-spike-

triggered averaging. 2) Interspike interval analysis. 3) Post-R wave interval

. analysis. 4) Post-stimulus averaging and histogram construction. 5) Autocorrela-

tion analysis. The methodology and applicaticrs of these analyses are discussed in

section 3.

F. Project D: Sympathetic Responses Elicited by Cortical Stimulation

Experiments were. performed on baroreceptor—intact and -denervated cats.

Baroreceptor denervation was performed as described in section A.1. In four
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animals the meninges on the left cerebral hemisphere were deafferentated by

.sectioning the left trigeminal nerve at a point between the medulla and the

sensory ganglion. The trigeminal nerve was exposed by removing portions of the

occipital and basisphenoid bones and the tympanic bulla. EEG activity was

recorded using either a plate electrode (as described in section A.3) or a wick

electrode. Wick electrodes consisted of a small (2x6 mm) piece of cotton wrapped

with silver wire. The electrode was then soaked in saline and placed directly on

the cortical surface. The indifferent lead was an alligator clip placed on crushed

scalp muscle.

1. Electrical stimulation of the cortex

The prefrontal and sensorimotor cortex was exposed bilaterally by

removing the appropriate portions of the frontal and parietal bones and dura

mater as described in section C.l. The exposed cortex was covered with warm

paraffin oil. Electrical stimuli were applied to the cortex using procedures

described in section A.3.

2. Diencephch unit recordings

In some experiments the action potentials of medial thalamic neurons

with sympathetic nerve-related activity were recorded. The responses of these

neurons to cortical stimulation were recorded on magnetic tape for later off-line

construction of post-stimulus histograms (see section 3.4).

3. Data analysis

Computer-aided analyses and changes in blood pressure and inferior

cardiac SND before and after lobotomy and A3 transection were quantified as

described in sections 3 and C.3.
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G. Drugs Used

The following drugs were used in this study. alpha-chloralose (Sigma),

gallamine triethiodide (Lederle), hexamethonium chloride (Mann Research Labora-

tories), atenolol (Sigma) and picrotoxin (Sigma).



RESULTS

I. Identification of diencephalic regions contributing to SND

Huang at 11. (1987) reported that decerebration in the anesthetized cat

produces transient (<30 min) decreases in inferior) cardiac postganglionic SND

(reduced to 62:7% of control) and blood pressure (33:4 mmHg). Three observa-

tions led Huang 3.; 11.: to conclude that the transient effects of midbrain

transection (i.e., decerebration) reflect the loss of a forebrain-dependent compo-

nent of SND in the anesthetized cat rather than a nonspecific phenomenon such as

generalized trauma or the mechanical stimulation of a descending sympathoinhibi-

tory system. First, following recovery from the effects of decerebration, a

second transection more caudally in the midbrain (APO) fails to affect SND and

blood pressure. Second, crosscorrelation analysis revealed that a component of

SND is synchronized to frontal-parietal cortical activity only in those experiments

in which subsequent midbrain transection reduces SND >30%. Third, the effects

of the initial transection are prevented by prior removal of the hypothalamus and

those medial thalamic nuclei located 0 to 4 mm lateral to the midline.

The diencephalic lesions made by Huang et al. were extensive. Thus, the

purpose of my first set of experiments was to localize those regions of the

hypothalamus and/or medial thalamus responsible for the forebrain-dependent

component of SND. For this purpose, the effects of midbrain transection on SND

and blood pressure in nonlesioned control cats were compared with those in cats in

which selective diencephalic lesions were made with radio-frequency current.
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Figure 1 shows examples of histological sections used to reconstruct the dience-

phalic lesions made in these experiments. .The lesions in panels- A, 3, and C were

in the lateral hypothalamic region, the posterior hypothalamic region and'the

medial thalamus, respectively.

A. Midbrain transection in nonlesioned cats

The effects of midbrain transection.on inferior cardiac SND and mean

blood pressure in 23 nonlesioned baroreceptor-denervated cats are summarized in

Figure 2A and 3, respectively. SND was reduced to 651593 of control and mean

blood pressure was reduced 35:3 mmHg in the first 2 min after midbrain

transection at A3. These changes were statistically significant. .There was a

tendency for recovery toward control levels, however, in contrast to the results of

Huang 5}; _e_l. (1987) SND and blood pressure were still significantly reduced at the

end of the 30 min observation period.

In six of the 23 nonlesioned cats, renal as well as inferior cardiac SND

were recorded. As shown in Figure 3, A3 midbrain transection produced parallel

changes in renal and inferior cardiac SND. Figure 4 shows the polygraph records

of raw and integrated SND and blood pressure from one of the six experiments in

this series. The reductions in SND and blood pressure produced by A3 transection

are shown in panel A. Subsequently, hexamethonium (5 mg/kg, iv) was used to

produce ganglionic blockade (panel 3).

3. Anterior medial hypothalamic lesions

Lesions placed in the anterior medial hypothalamus failed to attenuate

significantly the decreases in inferior cardiac SND and blood pressure produced by

midbrain transection (Figure 2). A3 transection was performed one hour after

completion of the lesions. Mean blood pressure (11114 mmHg) just prior to

midbrain transection in these six experiments was not different from that (109:4

mmHg) in the 23 nonlesioned control cats.
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Figure 1. Representative histological sections showing lesions of lateral

hypothalamus (A), posterior hypothalamus (B) and medial thalamus (C). Each

section is from a different cat. Calibration is 2 mm.
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Figure 2. Comparison of effects of midbrain transection on inferior cardiac

sympathetic nerve discharge (SND) and mean blood pressure (BP) in nonlesioned

control cats (n=23) with those in cats with anterior medial hypothalamic (n=6) or

large medial hypothalamic (n=7) lesions. All cats were baroreceptor-denervated

and anesthetized with alphachloralose. Changes in SND (% of control) in panel A

were quantified by comparing mean epoch length (integrated records) during 5-

min period before transection with that during the first 2-min period, the

following 3-min period, and then during subsequent S-min periods after midbrain

transection. Change in 3? (mmHg) is shown. *Denotes a statistically significant

difference from corresponding data point on control curve. Values are means 1

SE.
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Figure 3. Effect of midbrain transection on inferior cardiac (ICN) and renal (RN)

sympathetic nerve discharge (SND), and mean blood pressure (BP) in 6 nonlesioned

baroreceptor-denervated cats anesthetized with chloralose. SND was quantified

as described for Figure 2. 3? (mmHg) is plotted against time after transection

(panel 3). Values are means 1". SE. I"Denotes a statistically significant difference

from pretransection level.
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The extent of the anterior medial hypothalamic lesion shown in Figure

5 is typical for this series of experiments. This lesion destroyed most of the

paraventricular hypothalamic nucleus (PVH) and n. filiformis (Fil), and a small

portion of the dorsal hypothalamic area (aHd) between stereotaxic planes All and

A13. There was minimal involvement of the posterior hypothalamic (Hp) and

anterior hypothalamic (Ha) nuclei. A small portion of the fornix (Fx) on the right

side was destroyed in this particular experiment.

C. Large medial hypothalamic lesions

More extensive lesions of the medial hypothalamus attenuated the

decreases in inferior cardiac SND and blood pressure produced by midbrain

transection. Thus large medial hypothalamic lesions attenuated the forebrain-

dependent component of SND. The reductions in SND and blood pressure were

significantly smaller in these seven experiments than in nonlesioned animals

during the first 20 min and 10 min, respectively, after midbrain transection

(Figure 2). The absence of significant differences beyond 20 min reflects the

rapid, although partial recovery of SND and blood pressure towards control levels

following midbrain transection in nonlesioned cats. Mean blood pressure (107:5

mmHg) just prior to midbrain transection in this series of experiments was not

different from that in nonlesioned cats. Thus, it appears that between 30 and 60

min were required for complete recovery from the loss of the forebrain-dependent

component of SND produced by either midbrain transection or diencephalic

lesions.

The extent of the large medial hypothalamic lesion shown in Figure 6

is typical for this series of experiments. In addition to PVH and Fil in the anterior

medial hypothalamus, large portions of aHd, posterior hypothalamic (Hp) and the

ventromedial hypothalamic (Nva) nuclei were destroyed at more posterior
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levels. Large medial hypothalamic lesions did not extend into the thalamus nor

did they involve the medial forebrain bundle (MFB).

D. Lateral hypothalamic lesions

Lesions placed in the lateral hypothalamic region between stereotaxic

planes A9 and All attenuated the decreases in inferior cardiac SND and blood

pressure produced by midbrain transection. As shown in Figure 7, the reduction in

SND was significantly less in these 12 experiments than in nonlesioned cats during

the first 15 min after midbrain transection. The decreases in blood pressure were

significantly different during the first 10 min after midbrain transection. Mean

blood pressure (111:6 mmHg) just prior to midbrain transection in cats with

lateral hypothalamic lesions was not different from that of nonlesioned cats.

The extent of the lateral hypothalamic lesion in Figure 8 is typical for

this series of experiments. The lesion included portions of the lateral hypothala-

mic nucleus (HL), H1, H2, 21 and the MFB. The HI, H2 and 21 are considered as

part of the hypothalamus rather than the subthalamus in this thesis.

B. Medial thalamic lesions

Lesions of the medial thalamus (0 to 3.5 mm lateral to the midline)

between stereotaxic planes A7 and All also attenuated the decreases in inferior

cardiac SND and blood pressure produced by midbrain transection. As shown in

Figure 9, the reduction in SND was significantly less in these seven experiments

than in nonlesioned animals during the first 15 min after midbrain transection.

The decreases in blood pressure. were significantly different only at 2 min after

midbrain transection. Mean blood pressure (114:8 mmHg) just prior to midbrain

transection in cats with medial thalamic lesions was not different from that in

nonlesioned cats.

A typical medial thalamic lesion is shown in Figure 10. The lesion

included most of the medial dorsal nucleus (MD), :1. rhomboidens (Rh) and the
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Figure 7. Comparison of effects of midbrain transection on inferior cardiac

sympathetic nerve discharge (SND) and mean blood pressure (BP) in nonlesioned

control cats (n=23) with those in cats with lateral hypothalamic lesions (n=lZ).

Same format as in Figure 2. *Denotes a statistically significant difference from

corresponding data point on control curve. Values are means 1 SE.
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Figure 9. Comparison of effects of midbrain transection on inferior cardiac

sympathetic nerve discharge (SND) and mean blood pressure (BP) in nonlesioned

control cats (n=23) with those in cats with medial thalamic lesions (n=7). Same

format as in Figure 2. *Denotes a statistically significant difference from

corresponding data point on control curve. Values are means 1 SE.
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lateral habenula (HbL). In addition, portions of the following intralaminar nuclei

were destroyed: centralis lateralis (CL), centralis medialis (NCM), and paracen-

tralis (Pc). Although extensive, medial thalamic lesions did not extend into the

hypothalamus or the thalamic sensory relay and association nuclei.

II. Synchronization of SND to diencephalic multiunit activity

A. Multiunit recordings of diencephalic activity

Diencephalic activity was recorded between stereotaxic planes A7 and

All in 17 baroreceptor-denervated and six baroreceptor-innervated cats. The

region from O to 3.5 mm lateral to the midline is referred to as the medial

thalamus. Recordings in this region were made from sites in the following

intralaminar, medial and midline thalamic nuclei: CL, MD, Pc, centrum medianum

(CM), reuniens (RE) and ventralis medialis (V'M). Recordings in the lateral

thalamus were made from the following association and sensory relay nuclei:

lateralis dorsalis (LD), lateralis posterior (LP), ventralis posterolateralis NFL) and

ventralis posteromedialis (VPM); and from nuclei ventralis anterior (VA) and

ventralis lateralis (VL) which project to motor regions of the neocortex (Jones,

1985). Recordings were made from the following hypothalamic nuclei: al-id, HL,

Hp, Hl,l-IZ and 21.

Representative recordings of diencephalic activity and inferior cardiac

SND in a baroreceptor-denervated cat are shown in Figure 11. As is the case for

cortical activity in chloralose-anesthetized animals (Camerer _e_t al., 1977; Barman

and Gebber, 1980), diencephalic slow waves occurred primarily at frequencies

between 2 and 6 Hz. The frequency of sympathetic nerve slow wave occurrence

was also in the Z- to 6-l-iz range. These points are illustrated by the oscillogra-

phic traces in Figure 11A and the power spectra in Figure 12A. As reported by

others (Andersen and Andersson, 1968; Andersson and Manson, 1971), the patterns
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Figure 12. Power spectra of arterial pulse wave (AP), sympathetic nerve

discharge (SND) and thalamic activity in two experiments. Records in A are from

experiment illustrated in Figure 11. Medial and lateral thalamic activity in A

were recorded simultaneously from sites in the nuclei medialis dorsalis (MD) and

ventralis posterolateralis (VPL), respectively. Medial and lateral thalamic

activity were recorded simultaneously from nuclei paracentralis (Pc) and ventralis

posteromedialis (VPM), respectively, in experiment B. Each Spectrum is the

average of eight 15-s data blocks. Frequency resolution is 0.06 Hz. Vertical

range of power (voltage squared) is the same in all traces.
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of activity simultaneously recorded from medial and lateral thalamic and from

hypothalamic sites could be quite different. In the example shown in Figure 11A,

the predominant frequency of slow wave occurrence in the 2- to 6-Hz range was

higher in MD than in VPL (also see power spectra in. Figure 12A). Neither SND

nor thalamic activity contained a cardiac-related component in baroreceptor-

denervated cats. This is indicated by the essentially flat post-R wave (ECG)

averages of SND and thalamic activity in Figure 118. Although not shown SND

contained a cardiac-related component in baroreceptor-innervated cats (Barman

and Gebber, 1980; Gebber, 1980), however, thalamic activity did not.

3. Patterns of relationship between SND and diencephalic activity

1. SND related only to medial thalamic activity

Crosscorrelation analysis was used to determine whether SND

and thalamic activity were temporally related. inferior cardiac SND was

temporally related to medial but not to lateral thalamic activity in five

baroreceptor-denervated and two baroreceptor-innervated cats. Two of the

baroreceptor-denervated cats were decorticate. Figure 13 shows an example of

this pattern of relationship in a baroreceptor-denervated cat with an intact

neuraxis. The CM -> SND crosscorrelogram (Figure 133) shows inferior cardiac

SND that preceded (left of zero lag) and followed (right of zero lag) medial

thalamic activity. Note that the crosscorrelogram contains a sharp peak near

zero lag. This peak indicates that a component of SND and medial thalamic (CM)

activity were temporally related. The crosscorrelation function (rho value) at the

peak was 0.2. A value of 1.0 signifies a perfect relationship. A rhythm with a

period of approximately 240 ms appears in both the autocorrelogram of CM

activity (Figure 13A) and the CM -> SND crosscorrelogram. Thus, the component

common to SND and medial thalamic activity was in the 2- to 6-Hz'range. In

contrast, the VA -> SND crosscorrelogram (Figure 138) was flat, indicating that
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Figure 13. Selective realtionship between medial thalamic activity and sympathe-

tic nerve discharge (SND). A: autocorrelograms of SND and of activity recorded

from nuclei centrum medianum (CM) and ventralis anterior (VA) of medial and

lateral thalamus, respectively. B: crosscorrelograms. CM -> SND crosscorrelo-

gram shows SND relative to CM activity at zero lag. VA -> SND crosscorrelogram

shows SND relative to VA activity at zero lag. CM -> VA crosscorrelogram shows

relationship between activity at both thalamic sites. Analysis time for correlo-

grams was 40 s. Bin width was 10 ms.
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- SND was unrelated to activity recorded from this lateral thalamic site. ‘Ihe CM

-> VA crosscorrelogram in Figure 133 shows a sharp peak near zero lag indicating

that medial and lateral thalamic activity contained a common component. This

component apparently was not responsible for the relationship between medial

thalamic activity and SND.

As was the case in CNS-intact cats, 2- to 6-iiz slow waves

appeared in SND and thalamic activity of decorticate cats. Figure 14A shows

representative recordings of SND and medial (VM) and lateral (VPL) thalamic

activity in a decorticate cat. The crosscorrelograms in Figure 143, C demon-

strate that SND was temporally related to VM but not to VPL activity.

Recordings were made from 53 medial thalamic and 40 lateral

thalamic sites in the seven experiments in which SND was temporally related only

to medial thalamic activity. The distribution of thalamic recording sites in these

experiments is shown in Figure 15. Twenty-one of the medial thalamic sites had

activity related to SND. The mean interval between zero lag and the first peak to

the right of zero lag in the medial thalamic -> SND crosscorrelograms for these 21

sites (0) was 73:10 ms. SND was related. to thalamic activity recorded in CL (2

of 7 cases), CM (4 of 8 cases), MD (8 of 21 cases), Pc (4 of 8 cases) and VM (3 of 6

cases). No relationship (0) was observed between SND and RF. activity (3 cases).

2. SND related to medial and lateral thalamic activity

SND was related to both medial and lateral thalamic activity in

seven baroreceptor-denervated and three baroreceptor-innervated cats. Sites

with sympathetic nerve-related activity were distributed, without apparent

concentration, throughout the medial and lateral thalamus. The mean interval

between zero lag and the first peak to the right of zero lag in the medial thalamic

-> SND crosscorrelograms was 77:10 ms. The corresponding value for lateral

thalamic -> SND crosscorrelograms was 61:11 ms. In the representative example
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shown in Figure 16, SND was as strongly related to lateral thalamic (LP) activity

as to medial thalamic (CL) activity (see peak rho values in crosscorrelograms;

panel B). ‘lhe predominant frequencies of medial and lateral thalamic slow wave

occurrence were essentially the same in these experiments (see autocorrelograms

of CL and LP activity in Figure 16A). Twenty-nine of 4S medial thalamic sites

and 27 of 43 lateral thalamic sites had activity related to SND in these

experiments.

3. SND related to hypothalamic activity

"The relationship between SND and hypothalamic activity was

examined in 19 cats. SND was related to hypothalamic activity as well as to

thalamic activity in 13 cats. SND was related to medial thalamic but not to

lateral thalamic activity in five of these experiments. An example of the

relationship between SND and hypothalamic activity from one of five experiments

in which SND was temporally related to medial but not to lateral thalamic

activity is illustrated in Figure 17. The mean interval between zero lag and the

first peak to the right of zero lag in the hypothalamic -> SND crosscorrelograms

was 59:13 ms (19 of 31 sites had activity correlated to SND. The distribution of

these sites is shown in Figure 15. Sites with sympathetic nerve-related‘activity

(9) were located in both the lateral and posterior hypothalamic nuclei. In the

remaining eight cats, hypothalamic and medial- and lateral thalamic activity was

related to SND. In an additional two cats SND was related to hypothalamic but

not to thalamic activity.

4. SND unrelated to diencephalic activity

SND was unrelated to hypothalamic and medial- and lateral

thalamic activity in one decorticate and three CNS-intact cats with severed

baroreceptor nerves. Activity was recorded from a minimum of 20 diencephalic

sites in each of these experiments.
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Figure 16. Nonselective relationship between thalamic activity and sympathetic

nerve discharge (SND). A: autocorrelograms of SND and of activity recorded

from nuclei centralis lateralis (CL) and lateralis posterior (LP) of medial and

lateral thalamus, respectively. B: crosscorrelograms. CL -> SND crosscorrelo-

gram shows SND relative to CL activity at zero lag. LP -> SND crosscorrelogram

shows SND relative to LP activity at zero lag. CL -> LP crosscorrelogram shows

relationship between activity at both thalamic sites. Analysis time for correla-

grams was 40 s. Bin width was 10 ms.
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Figure 17. Crosscorrelograms showing relationships of sympathetic nerve dis-

charge (SND) and activity recorded from thalamus and hypothalamus. Diencepha-

lic activity in this baroreceptor-denervated cat was recorded from sites in N.

medialis dorsalis (MD) of medial thalamus, the lateral hypothalamus (HL) and N.

lateralis posterior (LP) of lateral thalamus. Analysis time for crosscorrelograms

was 40 s. Bin width was 10 ms.
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C. Electrical and chemical stimulation of the diencephalon

An important issue raised by the previous series of experiments is

whether the temporal relationships between diencephalic and sympathetic nerve

activity revealed by crosscorrelation analysis are indicative of a functional

connection between the diencephalon and the sympathetic nerves. Alternatively,

brain stem networks controlling SND and diencephalic circuits controlling other

functions may not be directly connected, but may receive input from a common 2-

to 6-Hz generator. Assuming that a functional connection exists, a second

question which arises is whether the diencephalon contains the cell bodies of

neurons capable of influencing SND. These questions were approached in two

stages. First, electrical stimulation was used to test for a functional connection

between the diencephalzn and the sympathetic nerves. Second, chemical stimula-

tion was used to determine whether the thalamus contains the cell bodies of

neurons capable of influencing SND. In this study, the hypothalamus was not

chemically stimulated. In contrast to the thalamus, numerous studies using

chemical stimulation have shown that the posterior hypothalamus (Gellhorn and

Redgate, 1955; Redgate and Gellhorn, 1956a; 1956b; Lee _e_t_ g“ 1972; Finch and

Hicks, 1977) lateral hypothalamus (Lee e_t_ a_l., 1972; Sun and Guyenet, 1986) and

the PV‘H (Rockhold g_t_ 31:, 1987) contain the cell bodies of neurons capable of

influencing blood pressure and heart rate.

1. Sympathetic nerve responses elicited by electrical stimulation

Increases in SND were elicited by 10-ms trains of three pulses

applied once every 2 s to sites in the diencephalon of 17 cats, three of which were

decorticate. Stimuli were applied to CL, CM, MD, Po and W of the medial

thalamus, VA, VL and VPL of the lateral thalamus and to sites in the lateral and

posterior hypothalamus. Increases in SND could be elicited by stimulation of sites

in each of these nuclei. The onset latencies of the sympathetic nerve responses
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elicited from different medial and lateral thalamic nuclei were statistically

indistinguishable. However, the mean onset latencies of the responses produced

by medial or lateral thalamic stimulation were significantly longer than that for

the responses elicited by hypothalamic stimulation (Table 1). This was the case

even when stimuli of supramaximal intensity (1 mA) were used. Typical examples

of averaged sympathetic nerve responses (32 trials) elicited by thalamic and

hypothalamic stimulation in a CNS-intact and in a decorticate cat are shown in

Figure 18.

In five cats the diencephalon was explored to locate those sites

from which sympathetic nerve responses could be elicited with the lowest

stimulus current (<30 uA in some cases). The concentric bipolar stimulating

electrode was moved vertically in 1 mm steps. Threshold current for eliciting a

sympathetic nerve response and the depth of the electrode were recorded for each

site of stimulation. Eleven depth-threshold curves were constructed from these

data. Representative examples are shown in Figure 19. Electrode tracks passing

through the posterior portion of the medial thalamus and underlying midbrain

yielded the type of depth-threshold curve shown in Figure 19A. Note that the site

requiring the least stimulus current (60 uA) for eliciting an increase in SND was

located in CM of the medial thalamus. Thus these responses were most likely not

due to current spread to more ventral structures. Electrode tracks passing more

anteriorly through the medial thalamus and underlying hypothalamus yielded

depth-threshold curves that were broader in contour. In the case shown in Figure

198, the electrode track extended through MD and Pc of the medial thalamus and

the EL. Note that sympathetic nerve response could be elicited with stimulus

currents below 100 uA applied to widely separated sites in the medial thalamus

and lateral hypothalamus. Sympathetic nerve responses also were routinely
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TABLE 1. Mean onset latencies of inferior cardiac

sympathetic nerve excitation produced by diencephalic

stimulation with 10-ms trains of three pulses of supra-

maximal intensity (1 mA).

A. Cats with intact neuraxis (n=l4)

 

 

-

I

 

 

 

No. of Sites Mean Onset :_ S.E.

MTh 78 69 i 1 ms"

LTh 3O 67 1’. 2 ms“

8‘11: 27 60 1'. 2 ms

 

B. Decorticate cats (n=3) ,

 

 

 

No. of Sites Mean Onset _t S.E.

MTh 7 64 1- 3 ms“

LTh 3 64 _+_ 4 ms"

HTh 5 52 .1 2m

 

MTh, LTh and HTh are medial thalamus, lateral thalamus

and hypothalamus, respectively. " indicates that mean

onset latencies of responses elicited by MT‘n and LTh

stimulation were significantly (P<0.05) longer than that

of the responses evoked by HTn stimulation.
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Figure 18. Sympathetic nerve responses elicited by diencephalic stimulation (10-

ms trains of three l-mA pulses applied once every 2 s) in a CNS-intact (A) and a

decorticate (B) cat. Diencephalic nuclei are labeled as in Figures 5, 6 and 10.

Calibration is 1 mm. Post—stimulus averages (32 trials) of inferior cardiac

sympathetic nerve responses. Responses are numbered to correspond with the site

of stimulation. Bin width was 1 ms. Vertical calibration is 100 uV and horizontal

calibration is 100 ms.
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Figure 19. Depth-threshold curves for sympathetic nerve responses elicited by

medial thalamic, hypothalamic and midbrain stimulation with lO-ms trains of

three pulses. Stereotaxic horizontal plane (H) is plotted against threshold current

(uA) for eliciting a response. Nuclei are labelled as in Figures 5, 6 and 10. Data

in A and B are from different experiments.
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elicited when the stimulus current applied to lateral thalamic sites was less than

100 uA.

2. Intrathalamic injection of picrotoxin

Picrotoxin, a CNS stimulant with GABA antagonistic properties

is believed to exert its action on synaptic networks rather than on fibers of

passage (Johnston, 1976). SND was monitored before and after this drug was

injected into the medial thalamus of five baroreceptor-denervated cats. One or

two series of bilateral injections (5 pg picrotoxin in 0.5 111) were made between

stereotaxic planes A9 and All, 0.5 to 1.5 mm lateral to the midline at H+1 or

8+2. Fast green FCF dye injected at these sites at the end of each experiment

spread to portions of CL, Pc, MD, NCM and RE of the medial thalamus. No dye

was observed in the ventricular system, lateral thalamus (>3 mm lateral to the

midline) or the hypothalamus.

Figure 20 illustrates the changes in SND observed in 4 of 5 cats

approximately 10 min after picrotoxin was injected into the medial thalamus. The

intrathalamic injection of picrotoxin led to an increase in the amplitude of the 2-

to 6-Hz sympathetic nerve slow waves and a decrease in the variability of

interslow wave intervals (Figure ZOIIA). The latter effect indicates that SND

became more rhythmic. The reduction in the variability of interslow wave

intervals after picrotoxin administration is reflected by the sharp peak between 1

and 2.5 Hz in the power spectra of SND in Figure 20113. The changes in SND

produced by the injection of picrotoxin into the medial thalamus were accompa-

nied by a rise in blood pressure (20 and 40 mmHg) in 2 of the 4 experiments. The

failure of intrathalamic picrotoxin to raise blood pressure in 2 of 4 animals

suggests that although picrotoxin altered the rhythm in SND in these animals, it

did not sufficiently increase total sympathetic nerve activity to produce a pressor

response. No quantitation of total SND was made in these experiments.
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Figure 20. Changes in sympathetic nerve discharge (SND) produced by injection

of picrotoxin into the medial thalamus. I: control. 11: 10 min after bilateral

injection of picrotoxin (total dose, 10 ug) into the medial thalamus at stereotaxic

plane A10. Traces in IA and HA are from top to bottom blood pressure (8?,

mmHg), SND and frontal-parietal cortical activity (EEG). Vertical calibration is

100 uV for SND and EEG. Horizontal calibration is 500 ms. Traces in B and EB

power spectra of SND. Traces in IC and EC are power spectra of EEG. Total

power in IIB was 387% of that in TB. Total power in BC was 128% of that in IC.

Each spectrum is the average of 20 6-s data blocks. Frequency resolution is 0.1

Hz.
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constitute a rostral extension of the generalized reticular activating system

proposed by Magoun and Ranson in 1949. They proposed that the pacemaker

activity of the medial thalamic nuclei is relayed to the cortex via n. reticularis

and n. ventrais anterior where this activity ”acts upon the cortex, controlling the

form and rhythm of the background of cortical activity upon which afferent

impulses must act, and regulating the generalized excitatory states of the cortex

as a whole" (Jasper, 1949). This theory had to be discounted when it became clear

that the n. reticularis does not project to the cortex (Scheibel and Scheibel, 1966;

Jones, 1985).

2. Mechanisms for the generation of alpha spindle activity

Purpura and coworkers (Purpura and Cohen, 1962; Purpura and

Shofer, 1963; Purpura g; 3.1;, 1965) prOposed that the nonspecific medial thalamic

nuclei are the major source of synchronizing input to the thalamus. These authors

examined the synaptic events occurring in thalamic neurons during the reCruiting

response elicited by stimulation of the nonspecific medial thalamic nuclei.

Intracellular recordings from thalamic neurons during the recruiting response

revealed that the synchronization of neuronal firing is produced by a recurring

sequence of a short-latency (4-15 ms) excitatory postsynaptic potential (EPSP),

followed by a long-latency (15-40 ms), prolonged (80-200 ms) inhibitory postsynap-

tic potential (IPSP). The prolonged IPSP is thought to be the major feature of the

synchronization process since neither spontaneous nor evoked neuronal discharges

of the thalamocortical neuron occur during the IPSP. Rather, the discharges of

thalamocortical neurons are restricted to the short periods between IPSPs. This

EPSP-IPSP sequence is observed in over 70% of the neurons recorded in widely

separated regions of the n. ventralis anterior, n. ventralis medialis, n. ventralis

lateralis and from the intralaminar and midline thalamic nuclei. Thalamic focal

potentials recorded during the recruiting response reveal long-latency (15-40 ms),
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long-duration (40-80 ms) positive waves presumably reflecting the summation of

EPSP-IFS? sequences throughout the thalamus. These positive thalamic waves

are temporally related to the negative waves in the cortical recruiting response.

Similar EPSP-IPSP sequences are recorded in cells in the ventrobasal complex

during spontaneous alpha spindle activity in the sensory cortex (Maekawa and

Purpura, 1967). High frequency (20 Hz) stimulation of the medial thalamic nuclei

which blocks the recruiting response in the cortex also prevents the development

of prolonged lPSPs in thalamic cells (Purpura and Shofer, 1963). Instead, an

increase in neuronal discharge associated with a steady depolarization or no

change in membrane potential is observed.

Like Purpura and coworkers, Andersen and Eccles (1962) ob-

served that the rhythmic bursting discharge of thalamic neurons is associated with

a recurring sequence of EPSPs and IPSPs. Andersen and Eccles also demonstrated

that rhythmic burst discharges in thalamic relay cells occurs during stimulation of

peripheral afferents or the antidromic activation of thalamocortical neurons,

suggesting that the generation of rhythmic activity is an inherent property of all

thalamic neurons. From these data Andersen and Eccles proposed the facultative

pacemaker theory for the generation of rhythmic burst discharges in thalamic

neurons. This model was later expanded upon by Andersen and Andersson in 1968.

Briefly, this model proposes that the thalamocortical cells excited by afferent

inputs emit excitatory recurrent axon collaterals onto local interneurons. The

interneurons in turn inhibit the thalamocortical neuron. Furthermore, it is

preposed that during the declining phase of the interneuron—induced inhibition, the

thalamocortical neuron becomes hyperexcitable (post anodal exaltation) and

discharges again, thus initiating a repeating cycle of excitation and inhibition.

The post anodal exaltation is thought to be an intrinsic property of the membrane,

thus endowing the neuron with pacemaker prOperties. The possibility that
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excitatory interneurons help to trigger subsequent neuronal discharges and recruit

other relay neurons is also proposed.

Andersen and Sears (1964) demonstrated that spindle bursts and

8- to IZ-Hz focal waves can be recorded in midline and relay thalamic nuclei in

acute and chronically decorticate cats. Spindle activity is also present in relay

nuclei after section of all connections with the nonspecific medial thalamic

nuclei. On this basis, it is concluded that all regions of the thalamus are

inherently capable of generating rhythmic spindle activity via facultative pace-

maker circuits. In contrast to Purpura and coworkers, the medial thalamic nuclei

are not believed to be the major source of spindling activity in the thalamus,

although these regions may exert control over these rhythms. Andersson and

Manson (1971) later demonstrated that rhythmic activity occurring simultaneously

from different thalamic regions in unanesthetized decorticate cats can be quite

different. These data further suggest that the rhythmic activity in the cortex and

thalamus is not generated by or in one specific thalamic region.

Although attractive, the faculatative pacemaker theory is

seriously flawed. For example Purpura and colleagues pointed out that the long

latency and duration of the IPSP in the thalamocortical cells is hard to reconcile

on the basis of a simple feedback inhibitory synapse. These authors also pointed

out that brief periods of stimulation (7 Hz) of the midline thalamic nuclei elicits

EPSP-IPSP sequences in thalamic neurons and spindle waves in the cortex which

persist (in the absence of neuronal spikes) following termination of the stimulus

(Purpura gt- gl., 1966). According to the facultative pacemaker model, the

thalamocortical neuron must discharge in order to observe the IPSPs in thalamic

neurons. Perhaps the strongest evidence against this model comes from anatomi-

cal studies of thalamic nuclei using the Golgi method. These studies failed to

support the facultative pacemaker theory since only 15-20% of thalamocortical
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neurons have recurrent axon collaterals (Scheibel 53.11., 1973). In Scheibel's words

the small number of collaterals was deemed to be "an insignificant substrate for

the powerful recursive effects ascribed to them.”

3. The thalamic reticular nucleus as a generator of thalamic spindle

sequences

The n. reticularis thalami is a sheet-like structure encompassing

the rostral and lateral borders of the thalamus. The structure and connections of

this nucleus have been well characterized (see Scheibel and Scheibel, 1966;

Steriade g 31., 1984; Jones, 1985). The axons of most thalamocortical neurons

emit collaterals in the n. reticularis in a topOgraphical fashion. The axons of

these thalamic reticular neurons project back to those thalamic regions from

which the collateral input arises. Corticothalamic neurons also collateralize in

the reticular nucleus; however, the reticular nucleus does not have cortical

projections.

The early development of the hypothesis that the n. reticularis is

involved in the generation of the 8- to lZ-Hz spindle rhythms is reviewed by

Steriade and Hobson (1976). On the basis of mostly anatomical data, the Scheibels

proposed that the rhythmic bursting discharge of the thalamic relay cells is due to

direct feedback inhibition from n. reticularis. Physiological evidence in support

of this hypothesis was provided by Schlag and Waszak who showed .that a

reciprocal relationship exists between the burst discharges of n. reticularis and

thalamocortical neurons. During episodes of EEG spindling or high amplitude

cortical slow waves, the discharge rates of neurons in n. reticularis increase while

those of thalamocortical neurons decrease. Moreover, the burst discharges of the

reticularis neurons often spanned the spindle sequence and are thus thought to be

responsible for the spindle-related hyperpolarization (IPSP) of the thalamocortical

neurons. During EEG desynchronization elicited by stimulating the mesencephalic

reticular formation, the discharge rates of neurons in n. reticularis decrease while
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those of thalamocortical neurons increase. Additional support for this proposal

comes from the work of Houser g_t_ _a_l. (1980) who demonstrated that many of the

projections from n. reticularis to thalamic relay nuclei are GABAergic.

Further evidence that the n. reticularis is involved in generating

the alpha spindles is provided by the observation that neurons in the anterior

thalamic nuclei (anterior ventral, anterior medial and anterior dorsal) which do

not receive afferents from n. reticularis do not display spontaneous or evoked

spindle-like discharges (Mulle gt. a_l., 1985). This is the case even though these

neurons have intrinsic membrane preperties similar to those of thalamic neurons

displaying spindling activity. Furthermore, EEG recorded from the parasplenial

projection cortex of these nuclei also fails to display spindle activity.

Although it is generally accepted that the n. reticularis is

involved in generating the alpha rhythm, Steriade and colleagues (Steriade and

Deschenes, 1984; teriade 3 31., 1985; 1986; 1987) have questioned whether the

regulation of activity in thalamocortical neurons is due solely to a direct feedback

inhibition from n. reticularis. That a more complex mechanism is involved is

suggested by Steriade e_t _a_l. (1986) who recorded the activity of neurons in

thalamic relay nuclei and n. reticularis during various sleep and awake states in

cats. As in earlier studies, during EEG synchronization n. reticularis neurons fire

in long bursts (increasing then-decreasing interspike intervals) which often span

the spindle sequence of the thalamocortical cells. In contrast, during arousal and

awake states (EEG desynchronized) n. reticularis and thalamocortical neurons

both cease spindling and significantly increase their firing rates in parallel. Such

parallelism is not consistent with a direct inhibitory action of reticularis neurons

on thalamocortical neurons.

To account for the state-dependent relationships between the

activity of thalamocortical and n. reticularis neurons, Steriade and colleagues
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(Steriade st 11., 1985; 1986; 1987) proposed a model whereby n. reticularis

controls the activity in thalamocortical circuits. Moreover, these authors prepose

that the n. reticularis functions as a pacemaker to generate alpha spindling. In

this model, neurons in n. reticularis have direct GABAergic projections to

thalamocortical neurons and to GABAergic interneurons located near the thala-

mocortical neurons. These inhibitory interneurons in turn contact the thalamo-

cortical neurons. The presence of GABAergic interneurons was reported by

Montero and Singer (1985). A central feature of this model is the notion that the

projections from n. reticularis exert differential inhibitory effects on the

thalamocortical and GABAergic interneurons, with the more powerful inhibitory

effects being exerted on the interneurons. Thus state-dependent changes in the

amount of GABA released by the n. reticularis neurons changes the activity

pattern in thalamocortical circuits by changing the ratio of inhibition of the

interneurons and thalamocortical neurons. For example during EEG—desynchroni-

zation, the'n. reticularis cells cease bursting and fire tonically as single spikes at

an increased rate. The GABA released by the n. reticularis neurons inhibits the

more sensitive interneurons. As a consequence, the thalamocortical neurons

become more excitable due to the disinhibition and fire at a higher frequency.

This preposal is supported by the observation that reticularis-disconnected thala-

mocortical neurons have a lower average firing rate than do their counterparts in

reticularis-intact cats during EEG-desynchronization. Conversely, during EEG-

synchronized states, the n. reticularis neurons begin to discharge in prolonged

bursts. During these bursts the intraburst frequencies are higher than the fastest

tonic discharge rates occurring during desynchronized states and as a conse-

quence, more GABA is released. The increased in GABA release via direct

reticularis inputs is now sufficient to hyperpolarize the thalamocortical neurons.

The hyperpolarization of the thalamocortical neuron triggers the deinactivation of
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a calcium (CaH) conductance, eventually leading to the spindle burst discharge of

the neuron. At the same time an overabundance of GABA released by the

bursting n. reticularis neuron saturates the more GABA-sensitive interneurons,

completely inhibiting their firing.

Evidence in support of this model is presented by Steriade et al.

(1985) who examined the discharges of thalamocortical neurons after removing

inputs from the n. reticularis by using either knife cuts or kainic acid lesions.

Removing inputs from the n. reticularis abolished spindle-related rhythms (se-

quences of 7-12 Hz waves recurring at 0.1-0.2 Hz) in the thalamus and ipsilateral

EEG. In addition, n. reticularis-disconnected thalamocortical neurons no longer

display spindle-related sequences of prolonged IPSPs. Instead short duration IPSPs

are recorded. Thalamocortical cells exhibit high frequency spike bursts whose

parameters (number of spikes, intraburst frequency, duration of consecutive

intervals) are the same as those in relay and intralaminar cells having intact

reticularis connections. However, the characteristic pattern of spindle-related

sequences of spike bursts and irregularly occurring single-spike discharges during

non-spindling periods is replaced by solitary bursts occurring with remarkable

regularity at 1- to Z-Hz. This regular 1- to Z-Hz burst pattern is thought to be

mediated by the GABAergic interneurons which are disinhibited by removing

inputs from n. reticularis. The increased activity in the interneurons produces a

series of short duration IPSPs in the thalamocortical neurons. The rapidly

occurring lPSPs summate and hyperpolarize the thalamocortical neuron de-

inactivating a low threshold, long duration Ca++ conductance whose activation

leads to the burst response. This conclusion is based on the finding that a

subconvulsive dose of bicuculline administered intravenously changes the dis-

charge pattern of reticularis—disconnected thalamocortical neurons from rhythmic

bursting to irregularly occurring single spikes.
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Evidence that the n. reticularis functions as a pacemaker in the

generation of spindle rhythmicity during EEG-synchronization is provided by

Steriade 3g 31. (1987). In this study extracellular recordings of unit discharges and

focal potentials were made in the rostral pole of n. reticularis after surgically

disconnecting it from all other thalamic nuclei. As previously discussed discon-

nection of n. reticularis abolishes spindle activity in the ipsilateral cortex and

thalamic nuclei (Steriade e_t 31., 1986). However, neurons in the disconnected n.

reticularis discharge in the biphasic (acceleration-deceleration) pattern of spike

bursts characteristic of neurons in the intact n. reticularis during EEG synchroni-

zation. The spike bursts were of long duration (50 ms-1.5 s) and recurred with a

frequency of 0.1- to 0.3-Hz. Simultaneous recordings of focal potentials through

the recording microelectrode reveal spindle sequences (grouped 7-16 Hz slow

waves recurring at 0.1-0.3 Hz) temporally related to the spike bursts of the n.

reticularis neurons. The authors suggest that the synchronization of the burst

discharge of the reticularis neurons involves dendrodendritic interactions between

the GABAergic reticularis neurons. The presence of dendrodendritic connections

between reticularis neurons has been demonstrated with the electron microscope

(Deschenes _e_t_ a_1., 1985). In addition, the intravenous administration of bicuculline

greatly reduces spike bursts in the deafferentated n. reticularis.

4. Origin of the cortical delta and theta rhythms

Although it is fairly well established that the cortical alpha-

rhythm (8-12 Hz) is generated in the thalamus there is some controversy as to

whether the slower delta and theta rhythms in the EEG are generated in the

thalamus.

Villablanca (1974) examined sleep and behavioral patterns in

chronic athalamic and decorticate cats. During the first 10 days after removing

the thalamus, irregular high voltage slow waves occurring at frequencies of 2- to
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4-Hz dominate the EEG. Initially, the synchronized EEG pattern is unchanged

during behavioral arousal, however, after 15 to 25 days, periods of desynchro-

nized-er EEG activity accompany arousal. At no time after thalamic ablation

are 8- to 12-Hz alpha spindles. observed in the EEG, nor can they be induced by

administering pentothal. In acute (3-5 days postoperative) decorticate cats,

rhythmic 8- to 12-Hz waves which wax and wane in amplitude are recorded in the

electrothalamogram (EThG). After six postoperative days, the spindle-like

rhythms diminish. During waking irregular, low voltage waves occurring at

frequencies of over 10 Hz are recorded in the EThG. During nonREM sleep the

irregular waves in the ET‘hG increase in voltage and became slower (2- to 6-Hz).

Thus it was suggested that the thalamus is capable of generating at least some of

the slow wave activity in the EEG.

Steriade 31 a. (1987) confirmed Villablanca's (1974) observation

that slow wave activity in the EEG persists after removing thalamic influences.

Knife cuts of the corona radiata, which severed corticothalamic connections,

abolish cortical spindle bursts; however, synchronous 0.5- to 4-Hz slow waves

persist in the EEG.

Anderson and Manson (1971) identified three patterns of syn-

chronized thalamic slow wave activity in acute unanesthetized decorticate and

decerebrate cats. The first pattern of activity recorded primarily from the

ventrobasal complex, is characterized by 10- to l4-Hz spindles. The second

pattern is characterized by long lasting irregular slow waves occurring at a

frequency of 4- to 8-Hz. This pattern of activity is recorded primarily in the

dorsolateral thalamus. The third pattern is most often recorded from the medial

thalamic nuclei and consists of 8- to lZ-Hz spindle bursts separated by periods of

slower frequency (4- to 6-Hz) slow waves. These findings indicate that the



49

thalamus is capable of generating spindles as well as synchronized slow wave

activity.

Jahnsen and Llinas (1984), by using a guinea-pig thalamic slice

preparation, demonstrated that most thalamic neurons are endowed with intrinsic

membrane properties which allow them to oscillate at frequencies of 9- to lO-Hz

or 5- to 6-Hz. Thus each thalamic neuron is capable of operating as a single cell

oscillator. The central feature of the prOposed mechanism for the S- to 6-Hz

rhythmic discharge is the prolonged afterhyperpolarization following the spike

burst. Increasing the level of hyperpolarization by synaptically generated IPSPs

or by current injection de—inactivates a transient potassium (K+) current and a

CaH-dependent K+ conductance, thus increasing the duration of the 'afterhyper-

polarization. This in turn de-inactivates a low threshold Ca++ conductance

triggering a rebound low threshold spike burst which begins the cycle again. The

time course (170 ms) of these events is responsible for the 5- to 6-Hz frequency

oscillations.



METHODS AND PROCEDURES

A. General Procedures

Cats of either sex, weighing between 2.0 and 4.5 kg were used in these

studies. The animals were initially anesthetized with ketamine hydrochloride (10

mg/kg, im) followed by intravenous alpha-chloralose (40 mg/kg, initial dose). The

animals were paralyzed with gallamine triethiodide (4 mg/kg, iv) and artificially

ventilated. The rate (17.-20 strokes/min) and stroke volume (50-75 ml/stroke) of

the respirator (Harvard model 607) were adjusted to mimic natural respiration. A

bilateral pneumothoracotomy reduced respirator pump-related movements. Sup-

plemental doses of chloralose and neuromuscular blocking agent were admini-

stered as required. Rectal temperature was maintained at 37:1°C by using a heat

lamp. Blood pressure was monitored from either the femoral or brachial artery

with a Statham transducer (Model P23AC) and displayed on a Grass polygraph

(model 7D). Standard techniques were used to record lead II of the electrocardio-

gram (ECG). Drugs were administered through a cannula inserted in the femoral

vein. hi approximately 60% of the experiments, a solution of dextran (6% in

saline) and norepinephrine (20 ug/ml) was infused through a femoral vein cannula

to maintain mean arterial blood pressure at or above 100 mmHg. The cats were

placed in a David Kopf Instruments stereotaxic apparatus and spinal investigation

imit.

l. Baroreceptor denervation

In some experiments the baroreceptor nerves (carotid sinus, aortic

depressor and cervical vagus nerves) were sectioned bilaterally. These nerves

50
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were isolated from a ventral approach after reflecting the trachea and esophagus.

The carotid sinus nerve was identified on both sides at its junction with the

hypoglossal nerve. The cervical, vagus and aortic depressor nerves were isolated

at a midcervical level. Denervation was deemed complete if 1) a sudden rise in

blood pressure failed to inhibit reflexly inferior cardiac SND and Z) sympathetic

slow wave activity was no longer locked in a 1:1 fashion to the cardiac cycle.

2. Nerve recordings

The left postganglionic inferior cardiac sympathetic nerve was iso-

lated retropleurally at its exit from the stellate ganglion after removing the head

of the first rib. The nerve was tied distal to the ganglion with saline-soaked silk

thread. A loop was then tied in the thread and the nerve cut distal to the tie.

Nerve activity was recorded monOphasically after placing the silk loop on the

indifferent pole and the proximal portion of the nerve on the central pole of a

bipolar platinum electrode. To prevent drying, the nerve and ganglion were

covered with an emulsion of silicone release agent (Dow Corning 7 Compound) and

paraffin oil (Fischer Scientific Co.).

The left postganglionic renal sympathetic nerve was isolated retro-

peritoneally through an incision in the left flank. One of the branches was tied

with saline-soaked silk thread and cut between the tie and the nerve's junction

with the renal artery. A loop was then tied in the thread. Monophasic recordings

were made as just described. The abdominal skin flaps were secured to a frame in

order to form a pool which was filled with warm paraffin oil to cover the nerve.

Nerve activity was amplified by using a capacity-coupled preamplifier

at a band pass of l to 1,000 Hz. This allowed the synchronous discharges of the

sympathetic nerves to be viewed as slow waves (i.e. envelopes of spikes) on the

polygraph and oscilloscOpe (see RESULTS; Figure 11).
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Electrical cortical activity (electroencephalogram, EEG) was recorded

monOphasically between a gold plated electrode (Grass Instruments, Model E46)

affixed to the frontal bone and a indifferent electrode (an alligator clip) attached

to reflected scalp muscle. Cortical activity was preamplified using a band pass

of l to 1,000 Hz and displayed on a polygraph and oscilloscope.

3. Electrical stimulation of the diencephalon and cortex

Square wave pulses (lO-ms trains of three pulses or single shocks) were

delivered to selected sites in the diencephalon and frontal-parietal cortex by using

a Grass S88 stimulator connected to a Grass PSIU-6 constant current unit.

Stimuli were passed through either concentric bipolar electrodes, 0.25 mm

exposed tip (Rhodes Medical Instruments, Model NE-IOO) or etched monOpolar

tungsten microelectrodes (10-30 kilo ohm tip impedance). In the latter case, the

anode (an alligator clip) was attached to reflected scalp muscle. Stimulus current

was measured by monitoring the voltage drop across a 100 ohm resistor in series

with the anode. Potentials evoked on sympathetic nerves by stimulation of the

diencephalon and cortex were computer averaged (Nicolet, Model 1070; see

section 3.4), displayed on an oscilloscope and photographed.

4. Histology

The diencephalon and in some cases the brain stem were removed and

placed in 10% buffered formalin for a period of at least 7 days. In decerebration

studies the completeness and level of midbrain transection was verified by gross

inspection of the brain stem and microscopic evaluation of frontal sections of 30-

um thickness stained with cresyl violet. Transection at stereotaxic plane A3 was

at a level approximately midway between the rostral and caudal borders of the

superior colliculus. Transection at stereotaxic plane A0 was near the midcollicu-

lar level. Only those experiments in which the transections were complete and

the planes of transection were within +0.5 mm of the A3 and APO planes of Jasper
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and Ajmone-Marsan (1954) are included in the RESULTS. To identify unit (or

multiunit) recording sites and stimulation sties, frontal sections (30-um thickness)

of the diencephalon were cut on a cryostat microtome and stained with cresyl

violet. Diencephalic lesions were reconstructed by projecting serially arranged

frontal sections onto the stereotaxic planes of Jasper and Ajmone-Marsan (1954).

Sites of stimulation and unit recording in the diencephalon) were also recon-

structed from stained frontal sections. Since I recorded the depth of all

stimulation and recording sites for each electrode penetration, these sites were

reconstructed using the end of the tracks as reference points. Shrinkage during

fixing was taken into account.

B. Data Analysis

Data were analyzed either on- or off-line. On-line analysis used a Nicolet

MED-80 computer. Off-line analysis from magnetic tape was performed by using

either a Nicolet MED-80 computer or an RC Electronics Computerscope System.

For this purpose arterial pressure, neural activity and pulses derived from the R

wave of the ECG or stimuli applied to the neuraxis were stored on magnetic tape.

The data from tape were analyzed after passing SND, EEG and diencephalic

multiimit activity through an A.P. Circuit Corp. variable filter with the low pass

cut-off frequency set at 50 Hz. The following methods of analysis were used.

1. Quantification of SND and blood pressure

In Projects A and D, after preamplification the sympathetic nerve

signal was led to a Grass 7P10 cumulative integrator. Raw and integrated SND

were displayed on a polygraph (see RESULTS; Figure 4). Changes in integrated

SND were quantified by comparing mean epoch length (integrated records).

Corrections were made for the integration of noise. The noise level was measured

following ganglionic blockade with hexamethonium lchloride (5 mg/kg, iv). Mean
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blood pressure was calculated from pulsatile records of blood pressure recorded on

the polygraph. The mean blood pressure (BP) was calculated using the formula:

. BP 8 Pd 4» 1/3 (Ps - Pd)

where Pd is the diastolic pressure and Ps is the systolic pressure.

2. Crosscorrelation and autocorrelation analysis

Autocorrelation was used to extract the rhythmic components in

inferior cardiac SND, EEG, and thalamic and hypothalamic multiunit activity.

Forty seconds of data were analyzed. Crosscorrelation analysis was used to

determine whether SND, multiunit diencephalic activity and the EEG contained

common components that were temporally correlated. Normalized crosscorrela-

tion ftmctions [ny(T)] N were calculated by using the formula:

 

nyn‘)
R T N =

I xy( )1 {Rxx(O)Ryy(0)} {} =square root

where ny(T) is the nonnormalized crosscorrelation function in watts (voltage

squared); x and y are the input signals; T is the lag in the crosscorrelation

function; Rxx(0) and Ryy(0) are values (in watts) at zero lag in the nonnormalized

autocorrelograms. The resolution was 20 ms and 10 ms for the crosscorrelation

and autocorrelation analysis.

3. Post-R wave interval analysis

Trigger pulses coincident with the R wave of the ECG were used to

construct normalized averages (minimum of 500 trials) of the arterial pulse wave,

inferior cardiac SND, EEG and diencephalic multiunit activity. Post-R wave

interval histograms of unit discharge were also constructed. These analyses

revealed whether SND, EEG, multimiit diencephalic activity and diencephalic unit

discharges were temporally related to the cardiac cycle.
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4. Post-stimulus analysis

Trigger pulses coincident with stimuli delivered through metal elec-

trodes in the diencephalon or cortex were used to construct normalized averages

of evoked responses in the inferior cardiac nerve and histograms of unit responses.

From these averages the modal onset latency of synaptic activation or inhibition

of the neuron and onset latency and time to peak of the evoked sympathetic nerve

response were calculated.

5. Power spectral density analysis

This analysis, performed by fast Fourier transform (Bendat and Pier-

sol, 1971), was used to examine the frequency components and relative power (in

watts) of each frequency band in SND, EEG and diencephalic activity. Power is

plotted against frequency. Aliasing of high frequency components into the 0- to

lS-Hz frequency bands was prevented by filtering the signals (15 Hz low pass cut-

off) prior to analysis. Spectra were constructed by averaging six 20-3 data blocks.

The resolution of the analysis was 0.1 Hz.

6. Peri—spike-trigger averaging

Normalized averages (minimum of 500 trials) of SND and EEG activity

were acquired before and after the spike trigger (a naturally occurring unit spike). .

For this purpose, the unit discharge was passed through a window discriminator.

A standardized pulse coincident with unit spike occurrence was used to trigger

computer sweeps. The portion of the average to the left of time zero was

computed from data that preceded the Spike trigger, while the second half (right 0

lag) represents data that followed the spike. Thus it was possible to determine

whether the activity of the neuron was temporally related to changes in SND or

EEG which preceded or followed its discharge. A random pulse train with about

the same frequency as the neuronal spike train was used to trigger a "dummy"

average of SND and EEG. Neurons were considered to have sympathetic nerve—
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related and/or EEG-related activity if the amplitude of the first peak to the right

of time zero in the spike-triggered averages of SND and EEG exceeded by at least

a factor of three that of the largest deflection in the "dummy" averages.

7. Interspike interval analysis

This routine constructs a histogram of the distribution of the intervals

between consecutive spontaneously occurring neuronal spikes. A minimum of 500

spikes are used. This method was used to calculate the mean frequency of

discharge of the individual diencephalic units as well as to gain information on the

periodic components in the spike train.

8. Statistical analysis

Data are expressed as mean i S.E. The Student's t-test was used to

compare ch ages in mean blood pressure between lesioned and nonlesioned groups.

Changes in mean SND between lesioned and nonlesioned groups were compared

using the Students's t-test after transforming the data using arcsin square root

transformation. A random block design analysis of variance (ANOVA) was used to

analyze the effect of time on mean blood pressure after midbrain transection.

The least significant difference test (LSD) was used for individual comparisons.

Regression analysis was used to compare the intervals between the spontaneous

unit spike to peak SND and stimulus to peak SND intervals in the spike-triggered

averages of diencephalic neurons with activity related to SND. In all cases, a 95%

confidence level was used as a criteria for significance.

C. Project A: Experiments Involving Midbrain Transection and Radio-fre-

quency Lesions

l. Decerebration procedures

Following removal of the appropriate portions of the parietal bone and

dura mater, serial transections at stereotaxic planes A3 and APO were made with

spatulas constructed so that their diameters and contours corresponded with those
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of the left and right halves of the midbrain. The spatulas were held in a

stereotaxic electrode manipulator. Left and right hemisections were performed

sequentially at each stereotaxic plane. The two-stage transection was completed

within 90 s without excessive bleeding or subsequent swelling of the brain stem.

The experiment was terminated on those rare occasions when transection caused

excessive bleeding or swelling of the brain.

2. Radio-frequency diencephalic lesions

Diencephalic lesions were made bilaterally with a radio-frequency

generator (Radionics Inc., Model RFG—4). An unmodulated sine wave (500 Hz) was

passed through an electrode (0.7 mm tip diam; 1.5 mm uninsulated tip length)

stereotaxically placed into the diencephalon. Current was adjusted to maintain

the temperature of the tissue contacting the thermal sensing electrode tip at 75°C

for l min. A lesion of 1-2 mm in diameter was produced at each site of current

application.

3. Data analysis

Changes in SND and blood pressure were quantified as described in

section 3.1. The level of activity during the 5-min period before midbrain

transection was compared with that during the first Z-min period, the following 3-

min period and then during subsequent 5-min periods after midbrain transection.

Either mean blood pressure or change in mean blood pressure was plotted at these

specified intervals following midbrain transection.

4. Histology

The completeness and level of transection were verified and lesions

reconstructed as described in section AA.
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D. Project B: Multiunit Diencephalic Activity

CNS-intact or decorticate cats with intact or sectioned baroreceptor nerves

were used in this study. Portions of the parietal bone and underlying dura were

removed bilaterally providing access to the diencephalon. The exposed neural

tissue was covered with paraffin oil to prevent drying. In those instances in which

decortication was performed, the skull was removed from the coronal suture to

the lambdoidal suture in a rostral caudal direction and bilaterally as close to the

squamosal suture as possible. Decortication was performed in two steps. First, a

bilateral frontal lobotomy was performed 1 mm caudal to the ansate sulcus.

Second, the cortex, hippocampus, corpus callosum and fornix surrounding the

diencephalon and basal ganglia were removed by suction under visual observation

with 6X magnification. The completeness of decortication was evaluated by gross

inspection and subsequent examination of histological sections. In two cases there

was damage to the anterior portions of the caudate and in all cases a small

portion of the pyriform cortex remained connected to the diencephalon.

l. Multiunit diencephalic recordings

Multiunit activity in the thalamus and hypothalamus was recorded

(capacity-coupled preamplifier band pass, 1 to 1,000 Hz) by using concentric

bipolar stainless steel electrodes (Rhodes Medical Instruments, Model NE-lOO)

with exposed leads (0.5 mm) separated by 0.5 mm. The electrodes were placed

stereotaxically into the diencephalon according to the coordinates of Jasper and

Amjone-Marsan (I954). The multiunit thalamic and hypothalamic activity was

displayed on the polygraph and oscilloscope.

2. Electrical and chemical stimulation of the diencephalon

The diencephalon was electrically stimulated and sympathetic poten-

tials averaged as described in section 8.4. In a series of experiments, chemical

stimulation was accomplished by microinjecting the GABA antagonist picrotoxin
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(5 1.1g in 0.5 ul saline) bilaterally over a 2 minute period into selected thalamic

sites by using a 26 gauge needle attached to a 10 ul Hamilton syringe. The needle

was placed stereotaxically according to the coordinates of Jasper and Amjoner-

Marsan (1954).

3. Data analysis

The following methods of computer analysis were used: 1) crosscorre-

lation and autocorrelation analysis. 2) Post-R wave interval averaging. 3) Power

spectral density analysis. 4) Post-stimulus averaging. The methodology and

application of these analyses are described in section B.

E. Project C: Characterization of Diencephalic Neurons with Sympathetic

Nerve-related Activity

1. Diencephalic unit recordings

Metal microelectrodes (Frederick Haer, Z-um tip diam, 2-3 mega ohm

tip impedance, 0.5 mm exposed tip length) were used to record extracellularly the

action potentials of thalamic and hypothalamic neurons from the left side of the

diencephalon in baroreceptor-innervated cats. The indifferent electrode was a

gold-plated disc affixed to the frontal bone. Capacity coupled preamplification

with a band pass of 0.3-3 KHz was used. The position of the recording electrode

was controlled by using a David Kopf Instruments stepping hydraulic microdrive.

Stereotaxic placement of the electrodes was made according to the‘ coordinates of

Jasper and Ajmone-Marsan (1954). The unitary nature of the recordings was

judged on the basis of the constancy of action potential shape, amplitude and

duration. For units which discharged as high frequency bursts, the comparison

was made for the first spike in successive bursts. The majority (60%) of unit

recordings were from the soma-dendritic region of the neurons. This was

indicated by the presence of an inflection on the rising phase of the action
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potential (see RESULTS; Figure 2232, C2). These inflections likely reflect

separation of the action potentials of the axon hillock and the soma dendritic

region (Coombs at. g” 1957).

2. Electrical stimulation

A Grass 588 stimulator and a PSI'J-é stimulus isolation unit were used

to deliver square wave pulses (90-800 uA, 1.0 ms duration) to selected recording

sites in the thalamus and hypothalamus. Stimuli were passed through the

recording microelectrode. The strength of the stimulus was measured as

described in section A.3.

3. Effect of baroreceptor reflex activation

Baroreceptor reflex activation was produced by either the bolus

injection of norepinephrine bitartrate (1-2 33,123, iv) or by inflating the balloon-

tipped end of a catheter (Fogerty embolectemy catheter, Model 12 A4004?)

placed into the abdominal aorta via the femoral artery. The firing rate of

selected thalamic and hypothalamic neurons was assessed during baroreceptor-

induced reflex inhibition of SND. These procedures do not affect unit activity or

SND in baroreceptor-denervated cats (Barman and Gebber, 1987).

4. Data analysis

The following methods of computer analysis were used: 1) Peri-spike-

triggered averaging. Z) Interspike interval analysis. 3) Post-R wave interval

analysis. 4) Post-stimulus averaging and histogram construction. 5) Autocorrela-

tion analysis. The methodology and applications of these analyses are discussed in

section B.

F. Project D: Sympathetic Responses Elicited by Cortical Stimulation

Experiments were performed on baroreceptor-intact and -denervated cats.

Baroreceptor denervation was performed as described in section A.l. In four
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animals the meninges on the left cerebral hemisphere were deafferentated by

sectioning the left trigeminal nerve at a point between the medulla and the

sensory ganglion. The trigeminal nerve was exposed by removing portions of the

occipital and basisphenoid bones and the tympanic bulla. EEG activity was

recorded using either a plate electrode (as described in section A.3) or a wick

electrode. Wick electrodes consisted of a small (2x6 mm) piece of cotton wrapped

with silver wire. The electrode was then soaked in saline and placed directly on

the cortical surface. The indifferent lead was an alligator clip placed on crushed

scalp muscle.

1. Electrical stimulation of the cortex

The prefrontal and sensorimotor cortex was exposed bilaterally by

removing the appropriate portions of the frontal and parietal bones and dura

mater as described in section C.l. The exposed cortex was covered with warm

paraffin oil. Electrical stimuli were applied to the cortex using procedures

described in section A.3.

Z. Diencephalic unit recordings

In some experiments the action potentials of medial thalamic neurons

with sympathetic nerve-related activity were recorded. The responses of these

neurons to cortical stimulation were recorded on magnetic tape for later off-line

construction of post-stimulus histograms (see section B.4).

3. Data analysis

Computer-aided analyses and changes in blood pressure and inferior

cardiac SND before and after lobotomy and A3 transection were quantified as

described in sections B and C.3.



62

G. Drugs Used

The following drugs were used in this study. alpha-chloralose (Sigma),

gallamine triethiodide (Lederle), hexamethonium chloride (Mann Research Labora-

tories), atenolol (Sigma) and picrotoxin (Sigma).



RESULTS

I. Identification of diencephalic regions contributing to SND

Huang st a_l. (1987) reported that decerebration in the anesthetized cat

produces transient (<30 min) decreases in inferior cardiac postganglionic SND

(reduced to 621770 of control) and blood pressure (33:4 mmHg). Three observa-

tions led Huang e_t g. to conclude that the transient effects of midbrain

transection (i.e., decerebration) reflect the loss of a forebrain-dependent compo-

nent of SND in the anesthetized cat rather than a nonspecific phenomenon such as

generalized trauma or the mechanical stimulation of a descending sympathoinhibi-

tory system. First, following recovery from the effects of decerebration, a

second transection more caudally in the midbrain (APO) fails to affect SND and

blood pressure. Second, crosscorrelation analysis revealed that a component of

SND is synchronized to frontal-parietal cortical activity only in those experiments

in which subsequent midbrain transection reduces SND >30%. Third, the effects

of the initial transection are prevented by prior removal of the hypothalamus and

those medial thalamic nuclei located 0 to 4 mm lateral to the midline.

The diencephalic lesions made by Huang et al. were extensive. Thus, the

purpose of my first set of experiments was to localize those regions of the

hypothalamus and/or medial thalamus responsible for the forebrain-dependent

component of SND. For this purpose, the effects of midbrain transection on SND

and blood pressure in nonlesioned control cats were compared with those in cats in

which selective diencephalic lesions were made with radio-frecuency current.

63
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Figure 1 shows examples of histological sections used to reconstruct the dience-

phafic lesions made in these experiments. .The lesions in panels A,.B, and C were

in the lateral hypothalamic region, the posterior hypothalamic region andithe

medial thalamus, respectively.

A. Midbrain transection in nonlesioned cats

The effects of midbrain transection.on inferior cardiac SND and mean

blood pressure in 23 nonlesioned baroreceptor-denervated cats are summarized in

Figure 2A and B, respectively. SND was reduced to 651553 of control and mean

blood pressure was reduced 35:3 mmHg in the first 2 min after midbrain

transection at A3. These changes were statistically significant. .There was a

tendency for recovery toward control levels, however, in contrast to the results of

Huang _e_t a_l. (1987) SND and blood pressure were still significantly reduced at the

end of the 30 min observation period.

In six of the 23 nonlesioned cats, renal as well as inferior cardiac SND

were recorded. As shown in Figure 3, A3 midbrain transection produced parallel

changes in renal and inferior cardiac SND. Figure 4 shows the polygraph records

of raw and integrated SND and blood pressure from one of the six experiments in

this series. The reductions in SND and blood pressure produced by A3 transection

are shown in panel A. Subsequently, hexamethonium (5 mg/kg, iv) was used to

produce ganglionic blockade (panel B).

B. Anterior medial hypothalamic lesions

Lesions placed in the anterior medial hypothalamus failed to attenuate

significantly the decreases in inferior cardiac SND and blood pressure produced by

midbrain transection (Figure 2). A3 transection was performed one hour after

completion of the lesions. Mean blood pressure (111:4 mmHg) just prior to

midbrain transection in these six experiments was not different from that (109:4

mmHg) in the 23 nonlesioned control cats.
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Figure 1. Representative histological sections showing lesions of lateral

hypothalamus (A), posterior hypothalamus (3) and medial thalamus (C). Each

section is from a different cat. Calibration is 2 mm.
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Figure 2. Comparison of effects of midbrain transection on inferior cardiac

sympathetic nerve discharge (SND) and mean blood pressure (BP) in nonlesioned

control cats (n=Z3) with those in cats with anterior medial hypothalamic (n=6) or

large medial hypothalamic (n=7) lesions. All cats were baroreceptor-denervated

and anesthetized with alphachloralose. Changes in SND (9’3 of control) in panel A

were quantified by comparing mean epoch length (integrated records) during 5-

min period before transection with that during the first 2-min period, the

following 3-min period, and then during subsequent 5-min periods after midbrain

transection. Change in BP (mmHg) is shown. *Denotes a statistically significant

difference from corresponding data point on control curve. Values are means 1

SE.



68

 

   

   

-o'

3100 ‘ ‘c: f” . ~ , I 1' t I

as j

g 80-
o .9: Lg. Med. Hyco. Lesion

0‘ - -e Ant. Mec'. Hypo. Lesion

-og 60 .1 Control

 

 

 

 
Time, min

Figure 2



69

Figure 3. Effect of midbrain transection on inferior cardiac (ICN) and renal (RN)

sympathetic nerve discharge (SND), and mean blood pressure (BP) in 6 nonlesioned

baroreceptor-denervated cats anesthetized with chloralose. SND was quantified

as described for Figure 2. BP (mmHg) is plotted against time after transection

(panel B). Values are means 1 SE. ‘Denotes a statistically significant difference

from pretransection level.
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The extent of the anterior medial hypothalamic lesion shown in Figure

5 is typical for this series of experiments. This lesion destroyed most of the

paraventricular hypothalamic nucleus (PVH) and n. filiformis (Fil), and a small

portion of the dorsal hypothalamic area (al-id) between stereotaxic planes All and

A13. There was minimal involvement of the posterior hypothalamic (Hp) and

anterior hypothalamic (Ha) nuclei. A small portion of the fornix (F3) on the right

side was destroyed in this particular experiment.

C. Large medial hypothalamic lesions

More extensive lesions of the medial hypothalamus attenuated the

decreases in inferior cardiac SND and blood pressure produced by midbrain

transection. Thus large medial hypothalamic lesions attenuated the forebrain-

dependent component of SND. The reductions in SND and blood pressure were

significantly smaller in these seven experiments than in nonlesioned animals

during the first 20 min and 10 min, respectively, after midbrain transection

(Figure 2). The absence of significant differences beyond 20 min reflects the

rapid, although partial recovery of SND and blood pressure towards control levels

following midbrain transection in nonlesioned cats. Mean blood pressure (107:5

mmHg) just prior to midbrain transection in this series of experiments was not

different from that in nonlesioned cats. Thus, it appears that between 30 and 60

min were required for complete recovery from the loss of the forebrain-dependent

component of SND produced by either midbrain transection or diencephalic

lesions.

The extent of the large medial hypothalamic lesion shown in Figure 6

is typical for this series of experiments. In addition to PVH and Fil in the anterior

medial hypothalamus, large portions of aHd, posterior hypothalamic (Hp) and the

ventromedial hypothalamic (Nva) nuclei were destroyed at more posterior
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levels. Large medial hypothalamic lesions did not extend into the thalamus nor

did they involve the medial forebrain bundle (MFB).

D. Lateral hypothalamic lesions

Lesions placed in the lateral hypothalamic region between stereotaxic

planes A9 and All attenuated the decreases in inferior cardiac SND and blood

pressure produced by midbrain transection. As shown in Figure 7, the reduction in

SND was significantly less in these 12 experiments than in nonlesioned cats during

the first 15 min after midbrain transection. The decreases in blood pressure were

significantly different during the first 10 min after midbrain transection. Mean

blood pressure (111:6 mmHg) just prior to midbrain transection in cats with

lateral hypothalamic lesions was not different from that of nonlesioned cats.

The extent of the lateral hypothalamic lesion in Figure 8 is typical for

this series of experiments. The lesion included portions of the lateral hypothala-

mic nucleus (HL), l-ll, H2, 21 and the MFB. 'lhe H1, H2 and 21 are considered as

part of the hypothalamus rather than the subthalamus in this thesis.

E. Medial thalamic lesions

Lesions of the medial thalamus (0 to 3.5 mm lateral to the midline)

between stereotaxic planes A7 and All also attenuated the decreases in inferior

cardiac SND and blood pressure produced by midbrain transection. As shown in

Figure 9, the reduction in SND was significantly less in these seven experiments

than in nonlesioned animals during the first 15 min after midbrain transection.

The decreases in blood pressure were significantly different only at 2 min after

midbrain transection. Mean blood pressure (114:8 mmHg) just prior to midbrain

transection in cats with medial thalamic lesions was not different from that in

nonlesioned cats.

A typical medial thalamic lesion is shown in Figure 10. The lesion

included most of the medial dorsal nucleus (MD), n. rhomboidens (Rh) and the



79

Figure 7. Comparison of effects of midbrain transection on inferior cardiac

sympathetic nerve discharge (SND) and mean blood pressure (BP) in nonlesioned

control cats (n=23) with those in cats with lateral hypothalamic lesions (n=lZ).

Same format as in Figure 2. *Denotes a statistically significant difference from

corresponding data point on control curve. Values are means 1 SE.
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Figure 9. Comparison of effects of midbrain transection on inferior cardiac

sympathetic nerve discharge (SND) and mean blood pressure (BP) in nonlesioned

control cats (n=23) with those in cats with medial thalamic lesions (n=7). Same

format as in Figure 2.. *Denotes a statistically significant difference from

corresponding data point on control curve. Values are means 3. SE.
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lateral habenula (HbL). In addition, portions of the following intralaminar nuclei

were destroyed: centralis lateralis (CL), centralis medialis (NCM), and paracen-

tralis (Pc). Although extensive, medial thalamic lesions did not extend into the

hypothalamus or the thalamic sensory relay and association nuclei.

II. Synchronization of SND to diencephalic multiunit activity

A. Multiunit recordings of diencephalic activity

Diencephalic activity was recorded between stereotaxic planes A7 and

All in 17 baroreceptor-denervated and six baroreceptor-innervated cats. The

region from 0 to 3.5 mm lateral to the midline is referred to as the medial

thalamus. Recordings in this region were made from sites in the following

intralaminar, medial and midline thalamic nuclei: CL, MD, Pc, centrum medianum

(CM), reuniens (RE) and ventralis medialis (VM). Recordings in the lateral

thalamus were made from the following association and sensory relay nuclei:

lateralis dorsalis (LD), lateralis posterior (LP), ventralis posterolateralis (WL) and

ventralis posteromedialis (VPM); and from nuclei ventralis anterior (VA) and

ventralis lateralis (VL) which project to motor regions of the neocortex (Jones,

1985). Recordings were made from the following hypothalamic nuclei: aHd, HL,

Hp, H1,H2 and 21.

Representative recordings of diencephalic activity and inferior cardiac

SND in a baroreceptor-denervated cat are shown in Figure 11. As is the case for

cortical activity in chloralose-anesthetized animals (Camerer _e_t_ a_l., 1977; Barman

and Gebber, 1980), diencephalic slow waves occurred primarily at frequencies

between 2 and 6 Hz. The frequency of sympathetic nerve slow wave occurrence

was also in the Z- to 6-lIiz range. These points are illustrated by the oscillogra-

phic traces in Figure 11A and the power spectra in Figure 12A. As reported by

others (Andersen and Andersson, 1968; Andersson and Manson, 1971), the patterns
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Figure 12. Power spectra of arterial pulse wave (AP), sympathetic nerve

discharge (SND) and thalamic activity in two experiments. Records in A are from

experiment illustrated in Figure ll. Medial and lateral thalamic activity in A

were recorded simultaneously from sites in the nuclei medialis dorsalis (MD) and

ventralis posterolateralis (VPL), respectively. Medial and lateral thalamic

activity were recorded simultaneously from nuclei paracentralis (Pd and ventralis

posteromedialis (VPM), respectively, in experiment B. Each spectrum is the

average of eight IS-s data blocks. Frequency resolution is 0.06 Hz. Vertical

range of power (voltage squared) is the same in all traces.
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of activity simultaneously recorded from medial and lateral thalamic and from

hypothalamic sites could be quite different. In the example shown in Figure 11A,

the predominant frequency of slow wave occurrence in the 2- to 6-Hz range was

higher in MD than in VPL (also see power spectra in Figure 12A). Neither SND

nor thalamic activity contained a cardiac-related component in baroreceptor-

denervated cats. This is indicated by the essentially flat post—R wave (ECG)

averages of SND and thalamic activity in Figure 118. Although not shown SND

contained a cardiac-related component in baroreceptor-innervated cats (Barman

and Gebber, 1980; Gebber, 1980), however, thalamic activity did not. i

3. Patterns of relationship between SND and diencephalic activity

1. SND related only to medial thalamic activity

Crosscorrelation analysis was used to determine whether SND

and thalamic activity were temporally related. Inferior cardiac SND was

temporally related to medial but not to lateral thalamic activity in five

baroreceptor-denervated and two baroreceptor-innervated cats. Two of the

baroreceptor-denervated cats were decorticate. Figure 13 shows an example of

this pattern of relationship in a baroreceptor-denervated cat with an intact

neuraxis. The CM -> SND crosscorrelogram (Figure 133) shows inferior cardiac

SND that preceded (left of zero lag) and followed (right of zero lag) medial

thalamic activity. Note that the crosscorrelogram contains a sharp peak near

zero lag. This peak indicates that a component of SND and medial thalamic (CM)

activity were temporally related. The crosscorrelation function (rho value) at the

peak was 0.2. A value of 1.0 signifies a perfect relationship. A rhythm with a

period of approximately 240 ms appears in both the autocorrelogram of CM

activity (Figure 13A) and the CM -> SND crosscorrelogram. Thus, the component

common to SND and medial thalamic activity was in the Z- to 6-Hz range. In

contrast, the VA -> SND crosscorrelogram (Figure 133) was flat, indicating that



93

Figure 13. Selective realtionship between medial thalamic activity and sympathe-

tic nerve discharge (SND). A: autocorrelograms of SND and of activity recorded

from nuclei centrum medianum (CM) and ventralis anterior (VA) of medial and

lateral thalamus, respectively. B: crosscorrelograms. CM -> SND crosscorrelo-

gram shows SND relative to CM activity at zero lag. VA -> SND crosscorrelogram

shows SND relative to VA activity at zero lag. CM -> VA crosscorrelogram shows

relationship between activity at both thalamic sites. Analysis time fOr correlo-

grams was 40 s. Bin width was 10 ms.



 

   

 

   

  

 
   

10 0.2 l

SND fl CM->SND

O o J

r l l l l

0 1.0 ‘10 O *10

Interval, s interval, s

1.0 0.20-

CM VA->SND

l i l l l

10 ‘10 +1.0
Interval, s interval, 5

10 030-,

VA CM ->VA

i l l i

10 “'10 0 +1.0

intervals lnierval,s

Figure 13



9S

SND was tmrelated to activity recorded from this lateral thalamic site. The CM

-> VA crosscorrelogram in Figure 133 shows a sharp peak near zero lag indicating

that medial and lateral thalamic activity contained a common component. This

component apparently was not responsible for the relationship between medial

thalamic activity and SND.

As was the case in CNS-intact cats, 2- to 6-Hz slow waves

appeared in SND and thalamic activity of decorticate cats. Figure 14A shows

representative recordings of SND and medial (VM) and lateral (VPL) thalamic

activity in a decorticate cat. The crosscorrelograms in Figure 143, C demon-

strate that SND was temporally related to VM but not to VPL activity.

Recordings were made from 53 medial thalamic and 40 lateral

thalamic sites in the seven experiments in which SND was temporally related only

to medial thalamic activity. The distribution of thalamic recording sites in these

experiments is shown in Figure 15. Twenty-one of the medial thalamic sites had

activity related to SND. The mean interval between zero lag and the first peak to

the right of zero lag in the medial thalamic -> SND crosscorrelograms for these 21

sites (0) was 73:10 ms. SND was related. to thalamic activity recorded in CL (2

of 7 cases), CM (4 of 8 cases), MD (8 of 21 cases), Pc (4 of 8 cases) and VM (3 of 6

cases). No relationship (0) was observed between SND and RE activity (3 cases).

2. SND related to medial and lateral thalamic activity

SND was related to both medial and lateral thalamic activity in

seven baroreceptor-denervated and three baroreceptor-innervated cats. Sites

with sympathetic nerve-related activity were distributed, without apparent

concentration, throughout the medial and lateral thalamus. The mean interval

between zero lag and the first peak to the right of zero lag in the medial thalamic

-> SND crosscorrelograms was 77:10 ms. The corresponding value for lateral

thalamic -> SND crosscorrelograms was 61:11 ms. In the representative example
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Recovery of SND and blood pressure to near control levels occurred between 1

and 1 1/2 hr after picrotoxin injection (not shown). After recovery, the same

pattern of results could be obtained following a second series of picrotoxin

injections into the medial thalamus (not shown). In one cat intrathalamic

picrotoxin (110 ug total dose) failed to alter SND.

As seen in the raw records (Figure 201A, HA) and power spectra

(Figure 201C, IlC) of EEG activity, the intrathalamic injection of picrotoxin

increased the amplitude and frequency of the EEG (4 of 5 cats). However, these

effects were not as dramatic as the effects on the SND as indicated by the

smaller increase in power and the broad peak in the power spectrum of the EEG

(Figure ZOIIC). In two cats larger doses of picrotoxin (60 and 90 ug total dose)

changed the synchronous 1- to Z-Hz rhythm in SND into a less synchronous pattern

dominated by periods of spike-like activity. The spikes in SND were locked to

spikes in the EEG in a 1:1 fashion. The degree to which these larger injections

volumes spread was not assessed in these experiments. The periods of synchro-

nized sympathetic and cortical spikes resembled those seen after intravenous

administration of convulsive doses of picrotoxin (0.5-1.0 mg/kg). The polygraphic

records of EEG and SND in Figure 21 are representative of the patterns of

activity observed during picrotoxin-induced (1 mg/kg, iv) seizures in eight cats.

Note the wide variety of activity patterns and the strong 1:1 synchronization of

EEG and SND (panels B, C and D). The changes in blood pressure (increases and

decreases) of 10-35 mmHg shown in the example in Figure 21 are typical of those

accompanying picrotoxin-induced seizure activity in all eight cats.

In contrast to the changes produced by injection of picrotoxin

into the medial thalamus, multiple injections of normal saline (0.5 ul) into the

same regions failed to affect SND (3 ermeriments). SND also was unaffected

when bilateral injections of picrotoxin (lO-ZO pg total dose) were made into V'L,
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Figure 21. Changes in sympathetic nerve discharge (SND) and frontalparietal

cortical activity (EEG) produced by the intravenous (iv) administration of a

convulsive dose of picrotoxin. A: control. B, C and D, are 3, 5 and 7 min,

respectively, after iv injection of 1 mg/kg picrotoxin. Traces in A, B, C and D are

from top to bottom blood pressure (BP, mmHg). SND and EEG. Vertical

calibration for SND is 100 11V and EEG is 80 uV. Time base is l s/division.
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VPL and LP of the lateral thalamus (4 experiments) or when the drug was injected

intravenously in a dose of 250 ug/kg (2 experiments).

III. Identification of diencephalic neurons with sympathetic nerve-related acti-

vity

The experiments with chemical stimulation in this and other studies suggest

that the medial thalamus and hypothalamus contain the cell bodies of neurons

capable of influencing SND. However, the question of whether these cells are

tonically active thus accounting for the temporal relationship between SND and

multiunit diencephalic activity required further investigation. To test this I

recorded from individual neurons in the medial thalamus and hypothalamus.

Whereas the experiments with radio-frequency lesions were performed on

baroreceptor-denervated cats, single neurons were studied in cats with intact

baroreceptor nerves. This allowed me to characterize baroreceptor reflex

influences on diencephalic neurons with sympathetic nerve-related activity.

Although the decreases in SND and blood pressure produced by decerebration are

most pronounced in nonlesioned baroreceptor-denervated cats, qualitatively simi-

lar effects are observed in baroreceptor-innervated cats (Huang e_t a_l., 1987).

A. Identification of diencephalic neurons with sympathetic nerve-related

activity ‘

In 30 cats, the hypothalamus was explored from 8.5 to 14 mm rostral

to the interaural line and between 0.5 and 3.5 mm lateral to the midline for

neurons whose spontaneous discharges were temporally related to postganglionic

inferior cardiac SND. In another 23 cats, the medial thalamus was searched from

7.0 to 11.0 mm rostral to the interaural line and from 0 to 3.0 mm lateral to the

midline for neurons with sympathetic nerve-related activity.
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l. Diencephalic unit discharge patterns

‘ ‘lhe unit discharge patterns illustrated in Figure 22 are typical of

those of diencephalic neurons with sympathetic nerve-related activity. Most

medial thalamic neurons fired in bursts of three or more spikes. Interspike

intervals (151) within a burst usually were <10 ms. This was reflected by a‘large

number of counts in the first bin of the IS'. histograms (Figures 260, 271'), 290 and

30D). A second sharp peak corresponding to a frequency between 2 and 6 Hz

appeared in the ISI histograms for thalamic neurons with regularly spaced bursts

(Figures 27D, 29D and 30D). This peak was absent when the bursts were

irregularly spaced (Figure 26D). Raw records of the regularly spaced bursts of a

medial thalamic neuron are shown in Figure ZZAI, whereas the irregularly spaced

bursts of another thalamic neuron appear in Figure 2231. Hypothalamic neurons

rarely discharged in a burst. These neurons were most apt to generate single

spikes or doublets (1513 < 50 ms; Figure 2201) that were usually irregularly spaced

(Figure 280). Representative recordings of inferior cardiac SND and frontal-

parietal cortical activity are shown in Figure 22D.

2. Synchronization of diencephalic unit activity to inferior cardiac

SND

Peri-spike-triggered averaging was used to identify diencephalic

neurons with naturally occurring (i.e., spontaneous) activity temporally related to

inferior cardiac SND. Sixty of 310 hypothalamic neurons (including those in the

21 and H1, H2 Forel's Fields) and 47 of 196 medial thalamic neurons tested had

activity related to SND. Neurons with sympathetic nerve-related activity were

intermingled with those whose discharges were unrelated to SND. Recordings

were made from the vicinity of the cell body in most cases. This was indicated by

the appearance of an inflection on the rising phase of the spikes of 60% of the

neurons with sympathetic nerve-related activity. These inflections are believed
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Figure 22. Representative recordings of action potentials of diencephalic neurons

with sympathetic nerve-related activity. A, 3: two thalamic neurons located in

nucleus medialis dorsalis. C: hypothalamic neuron located in paraventricular

nucleus. Horizontal calibration is 200 ms for Al, 31 and Cl, 1 ms for A2, C2, and

2 ms for 82. Vertical calibration is 200 uV for A and 100 11" for B and C. Note

inflection on rising phase of action potential when spike amplitude decremented

during the burst in BZ. Five successive spikes of hypothalamic neuron were

superimposed in C2. Note separation of action potential into two components.

This occurred for the second spike of a doublet. Arrows in A3-C3 mark locations

of neurons. Calibration for histological sections is 2 mm. D: representative

recordings of arterial pressure (AP; mmHg), inferior cardiac sympathetic. nerve

discharge (SND), and frontal-parietal cortical activity (EEG). Horizontal calibra-

tion is l 3. Vertical calibration is 200 uV for SND and 100 uV for EEG.
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to reflect separation of the action potentials of the initial segment and soma-

dendritic regions (Coombs gt a_l., 1957). Examples are shown in Figure 2232 and

C2. The inflections were particularly evident when spike amplitude decremented

during a burst or doublet.

Peri-spike-triggered averaging revealed two patterns of relation-

ship between diencephalic unit activity and SND, both of which often occurred in

the same experiment. These patterns are illustrated in Figure 23. The first

pattern was characterized by synchronization of unit activity to an aperiodic

spike-like event in SND. The aperiodic component could be detected in raw

records of inferior cardiac nerve activity (Figure 23A). Neurons with activity

synchronized to the aperiodic component are referred to as type 1 units. A

typical example of the spike-triggered average (based on 729 spikes) of SND for

one of these neurons is shown in Figure 2381. The trace shows the average of

inferior cardiac SND that preceded (left of zero lag) and followed (right of zero

lag) the action potential of the hypothalamic neuron. Unit discharge was followed

by a sharp spike-like increase (upward negative deflection) in SND that was

succeeded by a positive wave and then by a second smaller negative wave. The

portion of the average to the left of zero lag was flat. Thus, type 1 unit

discharges were unrelated to preceding activity in the inferior cardiac nerve.

Diencephalic neurons were considered to have activity synchronized to SND when

the amplitude of the peak closest to zero lag in the spike-triggered average was

at least three times as great as the largest deflection in the 'dummy" average of

SND (Figure 2382). "Dummy" averages of SND were constructed by using a

random pulse train whose mean frequency approximated that of the unit spike

train. Fortyfour type 1 neurons were located in the hypothalamus and 34 type 1

neurons were found in the medial thalamus.
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Figure 23. Peri-spike-triggered averages of inferior cardiac sympathetic nerve

discharge (SND) for a type 1 hypothalamic and a type 2 hypothalamic neuron in

the same cat. A: oscillographic record of SND showing 2- to 6-i-iz slow waves and

aperiodic spike-like events (marked by dots). Horizontal calibration is 0.5 s.

Vertical calibration is 200 uV. Bl: normalized peri-spike-triggered average (729

trials) of SND for type 1 neuron. Unit spike occurrence is at zero lag. 32:

'dummy' pulse-triggered average (729 trials) of SND. Cl: peri-spike-triggered

(500 trials) of SND for type 2 neuron. C2: "dummy" pulse-triggered average (500

trials). Vertical calibration is 20 LIV. Bin width for averages is 4 ms.
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The second pattern of relationship is illustrated in (Figure 23Cl.

This pattern was characterized by synchronization of unit activity to a 2- to 6-Hz

rhythmic component in inferior cardiac SND. Neurons of this kind are referred to

as type 2 units. Their spike-triggered averages of SND contained a 2- to 6-Hz

rhythmic component both to the left and right of zero lag. This rhythm was

clearly discernible in raw records of SND (Figure 23A). Type 2 neurons were

located in the hypothalamus (n=16) and in the medial thalamus (n=l3).

The distributions of type 1 (left side of coronal sections) and

type 2 (right side) neurons in the hypothalamus and medial thalamus are shown in

Figure 24. The two neuronal types generally were intermingled. The hypothala-

mic regions containing these neurons included: Fil, H1, H2, HL, Hp, PVH and the

21. In addition, three type 1 neurons were located in the preoptic region (RPO) of

the hypothalamus. Medial thalamic nuclei containing type 1 and type 2 neurons

included: CL, CM, MD, Pc, RE and VM. CL, CM and Po are part of the

intralaminar complex.

3. Comparison of unit firing times

The firing times of type 1 and type 2 neurons relative to the

spike-like event and 2- to 6-Hz rhythmic components in inferior cardiac SND,

respectively, were assessed from spike-triggered averages. I measured the

interval between unit spike occurrence and the first peak to the right of zero lag

in the average of SND. The distributions of the intervals for type 1 and type 2

neurons are shown in Figure 25. The mean intervals for corresponding unit types

in the hypothalamus and medial thalamus were not significantly differ: .t.

Further analysis (not shown) failed to reveal differences in unit firing times on the

basis of location in a particular nucleus.
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Figure 24. Anatomical distribution of diencephalic neurons with sympathetic

nerve-related activity. Type 1 (O) neurons are shown on left of coronal sections:

type 2 neurons (£21) are shown on right. Calibration is 1 mm. Stereotaxic planes

and abbreviations are the same as those in Figures 5, 6 and 10 with the addition

of: CA, commissura anterior; Ch, chiasma opticum; RPO, Regio preOptica.
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Figure 25. Firing times of type 1 (A,B) and type 2 (C,D) hypothalamic and medial

thalamic neurons relative to inferior cardiac sympathetic nerve discharge (SND).

Number of neurons is plotted against interval between unit spike occurrence and

the first peak to the right of zero lag in the spike-triggered average of SND.

Values are means 1 SE.
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B. Detailed analysis of diencephalic neurons with sympathetic nerve-

related activity

1. Detailed analysis of type 1 neurons

Post-R wave analysis was performed off-line for 12 type 1

hypothalamic and 11 type 1 medial thalamic neurons. The relationships between

unit activity, SND, cortical activity and the cardiac cycle were similar for these

23 neurons. A typical example is shown in Figure 26. The discharges of this

medial thalamic neuron were synchronized to spikeelike events in SND (Figure

26A) and cortical activity (Figure 263). While the sharp increase in SND followed

the action potential of the neuron (i.e., zero lag in the average), the onset of the

spike-like event in cortical activity preceded the unit action potential. This was

the case for 20 of the 23 type 1 neurons. The discharges of the other three type 1

neurons preceded the onsets of the spike-Like events in cortical activity and SND.

As evidenced by the flat post-R wave histograms of unit discharges, type 1

neurons did not have cardiac-related activity (Figure 26C). Type 1 neurons had

irregular firing patterns as indicated by the absence of sharp peaks beyond the

first bin in their 151 histograms (Figure 26D). The mean firing rates of the 12 type

1 hypothalamic and 11 type 1 medial thalamic neurons were 1310.8 and 3.0103

spikes/s, respectively.

2. Detailed analysis of type 2 neurons

Post-R wave analysis was performed for seven type 2 hypothala-

mic and seven type 2 medial thalamic neurons. The mean firing rates of these

hypothalamic and medial thalamic neurons were 2.9:? and 4.9115 spikes/s,

respectively. Five of the hypothalamic and three of the medial thalamic neurons

had cardiac-related activity. Figures 27C and 28C show the post-R wave

histOgrams (1118 and l630 R wave triggers, respectively) of the discharges of two

of these neurons. As might be expected, the rhythm (3.6101 Hz) in the spike-

triggered averages of SND for the eight type 2 neurons with cardiac-related
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Figure 26. Type 1 medial thalamic neuron. A: normalized peri-spike-triggered

(trace 1) and "dummy" pulse-triggered (trace 2) averages (565 trials) of inferior

cardiac sympathetic nerve discharge (SND). Unit spike occurrence and 'dummy"

pulse were at zero lag. Bin width is 4 ms. B: same for frontal-parietal cortical

activity (EEG). Vertical calibration is 10 uV for SND and BBC. C: normalized

post-R wave averages (2595 trials} of arterial pulse (AP), SND and EEG, and

histogram of thalamic unit spike occurrences. Bin width is 1 ms for averages and

10 ms for histogram. Vertical calibration is 20 uV for SND and EEG. D:

interspike interval histogram based on 2700 spikes. Bin width is 32 ms.
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Figure 27. Type 2 medial thalamic neuron with cardiac-related activity. Same

format and abbreviations as in Figure 23 except that "dummy" pulse-triggered

averages are not shown. A, B: peri-spike-triggered averages based on 3011 trials.

Bin width is 4 ms. Vertical calibration is 10 11V. C: based on 1118 R wave

triggers. Bin width is 1.1 ms for averages and 11 ms for histogram. Vertical

calibration is 20 1.1V. D: interspike interval histogram based on 2732 spikes. Bin

width is 16 ms.
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Figure 28. Type 2 hypothalamic neuron with cardiac-related activity. Same

format and abbreviations as in Figure 23 except that "dummy" pulse-triggered

averages are not shown. A, B: peri-spike-triggered averages based on 3070 R

wave triggers. Vertical calibration is 10 UV. C: based on 1630 R wave triggers.

Bin width is 1.4 ms for averages and 14 ms for histogram. Vertical calibration is

20 11V. D: interspike interval histogram based on 3149 spikes. Bin width is 32 ms.



A Unit-DSND

 

136

 

 

 

 

r ! j l *j

‘10 0 61.0 ‘10 4'10
IntervaI s IntervaI,:

MM

SND I

377-, Ut‘lll

EEG "A ‘—

108 UnIt g

fLWII-fl §

-3 c3

3 If“

U

500 0 1

Post R Wave Int, ms 720 0 IntervaI,: 20

 

Figure 28

B Unit-eEEG

  

  



137

activity was the same as that (161-0.2 Hz) appearing in the post-R wave averages

of SND (see examples in Figures 27A, C and 28A, C). The frequency of the

rhythm in the spike-triggered average of SND was taken as the reciprocal of the

interval between the two peaks closest to zero lag x 1000. Cortical activity did

not contain a cardiac-related rhythm (Figures 26C-30C). Nevertheless, the

discharges of 6 of the 8 type 2 neurons with cardiac-related activity were

synchronized to a rhythm in cortical activity whose frequency (3.9.10.2 Hz) was

close to that of the cardiac-related sympathetic nerve rhythm. The spike-

triggered average (based on 3011 spikes) of cortical activity for one of these

neurons is shown in Figure 27B. The “.25: at 240-256 ms in the ISI histogram (2732

spikes) for this medial thalamic neuron corresponded to a frequency higher than

that of the rhythms in the spike-trigghred averages of SND and cortical activity.

‘Dais was not surprising since first order 151 analysis reflects the mean interval

between the last spike in a burst and the first spike in the next burst rather than

that between the first spikes in successive bursts. The discharges of two type 2

hypothalamic neurons with cardiac-related activity were not synchronized to

cortical activity (Figure 288).

The remaining two type 2 hypothalamic and four type 2 thalamic

neurons did not have cardiac-related activity even though SND contained a

prominent cardiac-related rhythm. Examples are shown in Figures 29 and 30. The

spike-triggered averages of SND far these neurons contained a rhythm (3.43:0.3

_ Hz) that was the same as that {3.é:0.3 Hz) appearing in their Spike-triggered

averages of cortical activity. The cardiac-related sympathetic nerve rhythm was

3.1:0.4 Hz in these experiments. Figure 30 shows an example in which there was

a marked difference in the frequencies of the rhythm in the spiketriggered

average (2.8 Hz) and the cardiac period (2.2 Hz). This neuron was located in a cat
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Figure 29. Type 2 medial thalamic neuron without cardiac-related activity. Same

format and abbreviations as in Figure 23 except that "dummy" pulse-triggered

averages are not shown. A, B: peri-spike-triggered averages based on 732 trials.

Bin width is 4 ms. Vertical calibration is 10 uV. C: based on 2360 R wave

triggers. Bin width is 1.1 ms for averages and 11 ms for histogram. Vertical

calibration is 20 3.1V. D: interspike interval histograms based on 2732 spikes. Bin

width is 32 ms.
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Figure 30. Activity of a type 2 medial thalamic neuron synchronized to a

noncardiac-related component in sympathetic nerve discharge (SND). Cardiac

period was lengthened by administration of atenolol (0.5 mg/l-zg, iv). Same format

and abbreviations as in Figure 23 except that "dummy" pulse-triggered averages

are not shown. A, B: peri-spike-triggered averages based on 1100 trials. Bin

width is 4 ms. Vertical calibration is 12 uV for SND and 10 uV for BBC. C:

based on 618 R wave triggers. Bin width is 1.7 ms for averages and 17.5 ms for

histogram. Vertical calibration is 18 LIV. D: interspike interval histograms based

on 1112 spikes. Bin width is 32 ms.
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in which the cardiac period had been slowed by administering the beta-adrenergic

antagonist atenolol (0.5 mg/kg, iv).

3. Electrical stimulation

A square wave pulse (0.5 ms duration) was applied once every 2.5.

s at 32 type 1 and nine type 2 diencephalic unit recording sites. Sixty-four trials

were averaged. in each case, stimulation increased SND. The minimum current

needed to increase SND ranged from 18-140 uA. Using two to three times

threshold current, 1 measured the interval between the stimulus and the peak

increase in inferior cardiac nerve activity from the post-stimulus average of SND.

This interval was compared with that between unit spike occurrence and the first

peak to the right of zero lag. in the peri-spike-triggered average of SND. The data

points for type 1 unit recording sites in the hypothalamus and medial thalamus are

shown in Figure 31A. The diagonal line is the identity line. By definition, the

slape (i.e., regression coefficient) of the identity line is one and the y-intercept is

zero. The slope (1.11:0.25) and y-intercept (-27:3O ms) of the regression line

were not significantly different from those of the identity line. The mean

interval between unit spike occurrence and the first peak to the right of zero lag

in the averages of SND for the 32 type 1 neurons was 104:6 ms. The interval

between the stimulus applied to type 1 unit recording sites and the peak increase

in SND was 118:3 ms. Figure 32 shows an example of close correlation of the

intervals in the spike-triggered and stimulus-triggered averages of SND. Note

that the contour of the sympathetic nerve potential synchronized to the dis-

charges of this type 1 hypothalamic neuron (panel A) was similar to that of the

sympathetic nerve response evoked by electrical stimulation at the site of unit

recording (panel B).

The slope (2.85:1.08) and y-intercept (-266:127 ms) of the

regression line for the data from type 2 unit recording sites were not significantly
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Figure 31. Comparison of changes in inferior cardiac sympathetic nerve discharge

(SND) accompanying diencephalic unit spike occurrence and an electrical stimulus

applied at site of unit recording. The interval between unit spike occurrence and

the first peak to the right of zero lag in the peri-spike-triggered average of SND

is plotted against that between the stimulus and the peak increase in SND (as

measured from peri-stimulus average). A: data points for type 1 unit recording

sites. B: data points for type 2 unit recording sites. hypothalamic site, thalamic

site. The diagonal line in each plot is the identity line. See text for slopes and y-

intercepts of regression lines.



144

  

  

A Type I

I80-

‘ L

‘ O

E o '

5.. ‘0 o u

a o

'5. 3 o

: o

I A,

.3 :

L5." 0
c- C

'3

D

C

0 I I —]

O Stirn. -> pk SND.ms I80

B Type II

180-
C

E

o‘-

5 .

'5, e

I 0 .

.3 0

.§_.

£5 0.

O I r j

0 Stirn. -> pk SND, ms I80

Figure 31



145

Peri-spike-triggered and peri-stimulus averages of inferior cardiac

sympathetic nerve discharge (SND). A: spike-triggered average (519 trials) of

SND for a type 1 hypothalamic neuron. Unit spike occurrence is at zero lag. B:

peri-stimulus average (64 trials). Stimulus at zero la; {50 uA, 0.5 ms) was applied

once every 2.5 s at site of unit recording. Bin width is 1 ms. Vertical calibration

ile uVinAand40 uVinB.

Figure 32.
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different from those of the identity line (Figure 318). Nevertheless, 7 of the 9

data points fell far from the identity line. Thus, it was not surprising that the

mean interval (68117 ms) between type 2 unit spike occurrence and the peak of

the accompanying 2- to 6-Hz sympathetic nerve slow wave differed considerably

from that (11715 ms) between the electrical stimulus applied to the uni: recording

site and the peak increase in SND.

4. Baroreceptor reflex activation

1 monitored the effect of baroreceptor reflex activation on the

firing rate of 26 diencephalic neurons with sympathetic nerve-related activity in

18 cats with intact carotid sinus, aortic depressor and vagus nerves. Arterial

pressure proximal to the point of aortic obstruction was raised to a level needed

to inhibit maximally SND (Figure 33). Baroreceptor reflex activation was

considered to affect unit firing rate when a change (increase or decrease) of > 20%

was observed during the reflex inhibition of SND. Six of 13 type 1 hypothalamic

neurons were affected by baroreceptor reflex activation even though they did not

have cardiac-related activity. Three of these neurons were inhibited (1510.4 to

0.410.4 spikes/s) while the other three cells were excited (5.214.1 to 8.114.9

spikes/s). Two of four type 2 hypothalamic neurons were inhibited (2310.3 to

0.510.2 spikes/s) during baroreceptor reflex activation. Both of these neurons had

cardiac-related activity. The baroreceptor reflex-induced response of one of

these cells is shown in Figure 331. Note that the undershoot of brachial arterial

pressure following the release of aortic obstruction was accompanied by a rebound

increase in unit discharge rate. This response is consistent with a reduced level of

baroreceptor nerve activity during the fall in arterial pressure. The type 2

hypothalamic neurons unaffected by baroreceptor reflex activation did not have

cardiac-related activity. The failure of baroreceptor reflex activation to affect

the firing rate of one of these neurons is shown in Figure 3311.
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Figure 33. Effect of baroreceptor reflex activation produced by aortic

obstruction on firing rate of two type 2 hypothalamic neurons (1, II). 1A, 11A:

traces from top to bottom are brachial arterial pressure (AP: mmHg),

standardized pulses derived from unit action potentials, inferior cardiac

sympathetic nerve discharge (SND) and time base (1 s/division). Vertical

calibration for SND is 100 uV. 1:3, 113: histograms of unit firing rate based on 4

episodes of baroreceptor reflex activation for each neuro .
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Baroreceptor reflex activation failed to affect the firing rate of

medial thalamic neurons with sympathetic nerve-related activity. Six type 1 and

three type 2 neurons were studied. None of these cells had cardiac-related

activity.

IV. Sympathetic nerve responses elicited by cortical stimulation

The locking of type 1 diencephalic unit activity to a preceding spike-like

event in frontal-parietal cortical activity raised the possibility that this region of

the cortex provides input to sympathetic neurons in the diencephalon. To

determine whether these cortical regions had sympathetic representation I

examined the responses of the inferior cardiac nerve and diencephalic neurons

with sympathetic nerve-related activity to electrical stimulation of the frontal-

parietal cortex.

A. Sympathetic nerve responses elicited by cortical stimulation

This series of experiments was performed in 24 cats, 10 of which were

baroreceptor-denervated. In these animals, sites of stimulation in the frontal-

parietal cortex were along electrode penetrations through the gray matter located

both on the convexities of the gyri and hidden in the depths of the sulci. On

occasion stimulation also included portions of the underlying white matter. In

most cases, cortical stimulation (IO-ms trains of three l-mA pulses) elicited

increases in SND. Occasionally, increases in SND were also elicited by single

shocks of l-ms duration. The post-stimulus average of SND in Figure 34Al is

typical of an excitatory sympathetic nerve response. In all cases, the increase

(upward negative deflection) in SND was followed by a downward positive

deflection. Such positive wave forms are indicative of a decrease in background

SND time-locked to the stimulus. In some cases, the negative and positive wave

forms could be differentiated by lowering the stimulus current (Figure 34A). In
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Figure 34. Increases and decreases in inferior cardiac sympathetic nerve

discharge (SND) elicited by stimulation (IO-ms trains of three pulses applied once

every two 3) of the motor cortex. A1-3: post-stimulus averages (64 trials) of SND

elicited using stimulus currents of 1 mA, 200 11A and 53 LIA, respectively. 31,82:

Post-stimulus averages (128 trials) of increase and decrease, respectively, in SND

elicited by supramaximal (l-mA) stimulation. Sites of stimulation in the motor

cortex in Bi and 32 were separated by 2 mm. Bin width was 1 ms for all

averages. Vertical calibration is 100 uV for A and 2:3 1.1" for 8. Horizontal

calibration is 125 ms for A and 500 ms for B.



153

the example shown in Figure 34A, the ratio of the amplitudes of the negative to

the positive wave forms decreased as the stimulus current was lowered, until at

50 uA (A3) only the positive wave form remained. These results suggest that the

decrease in S}:D following an excitatory response is, at least in part, due to active

inhibition. b 13 instances (in seven cats), stimulation using supramaximal (1 mA)

currents elicited inhibitory sympathetic nerve responses (Figure 3432). In these

seven cats, stimulation of other cortical sites elicited increases in SND. Figure

3431, 3?. compares an excitatory and an inhibitory sympathetic nerve response

elicited by stimulation (1 mA) of the motor cortex in the same cat. The

mechanism responsible for producing the sympathetic nerve responses was not

studied.

As shown in Figure 35, increases in SND could be elicited from widely

separated regions of the frontal-parietal and infralimbic cortex. These regions

included the primary motor (MI, sites 1 and 2), primary sensory {51, sites 3, 4, 5

and 6), secondary sensory (511, site 7) and infralimbic (IL, sites 1-4 in panel B)

cortex. Although not shown, increases in SND were also elicited from the orbital

gyrus (C.G.) and the parietal association cortex (ASC). The ASC cortex included

the anterior marginal (M.G.) and suprasylvian (5.8.6.) gyri. Sites from which

inhibitory responses were elicited with supramaximal stimulus currents (1 mA)

were dispersed throughout the MI, SI, ASC and C.G. Inhibitory responses were not

elicited from the 511 or IL cortex. Sympathetic nerve responses could be evoked

in the left inferior cardiac nerve by stimulation of either the left or right cerebral

hemisphere (not shown).

The mean onset latencies of the sympathetic nerve responses evoked

by cortical stimulation were calculated for each of the cortical regions listed

above. These values are listed in Table 2. The mean onset latencies of responses

elicited from the different cortical regions were not significantly different from
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Figure 35. Sympathetic nerve responses elicited by stimulation (10 ms trains of

three l-mA pulses applied once every 2 s) of prefrontal, frontal (A) and

infralimbic (B) cortex. A,B: Dorsal and sagital (approximately 0.5 mm from

midline) views, reapectively, of the cat brain and post-stimulus averages (64

trials) of inferior cardiac sympathetic nerve responses. Responses are numbered

to correspond with the site of stimulation. Sites of stimulation in A were 1 to 3

mm deep in gray matter. Bin width was 1 ms in A and B. Vertical calibration is

100 3.1V for A and 50 uV for B. Horizontal calibration is 500 ms in A and B.

Cortical structures are labeled as defined by Crouch (1969) and include: A.S.,

ansate sulcus; CC, corpus callosum; C.G., coronal gyrus; Co.S., coronal sulcus;

Cr.S., cruciate sulcus, E.S.G., ectosylvian gyrus; F.G., fornicatus gyrus; M.G.,

marginal gyrus; O.B., olfactory bulb; C.G., orbital gyrus; S.G. sigmoid gyrus and

5.8.6., suprasylvian gyrus.
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Figure 35
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TABLE 2. Mean onset latencies of inferior cardiac

sympathetic n rve responses produced by cortical stimu-

lation with lO-ms trains of three pulses or l-ms single

shocks of supramaximal intensity (l-mA).

A. Cortically evoked increases in SND

 

j

 

 

 

 

 

 
 

 

No. of Sites ' Mean Onset : S.E.

ASC S 66 _+_ 2 ms

11. 30 72 3 1 ms

C.G. 7 66 3 7 ms

MI 52 64 j; 2 ms

SI 15 65 j; 2 ms

831 3 60 : 1 ms

B. Cortially evoked decreases in SND

No.1; Sites i Mean Onset : 5.2.

combined 13 104 1; 2 ms

 

Cortical regions are abbreviated and defined as follows:

ASC, association cortex area S (anterior marginal and

suprasylvian gyri); IL, infralimbic area (anterior fornica-

tus gyrus and subcallosal cortex); C.G., orbital gyrus; MI,

primary motor area {anterior sigmoid gyrus including the

hidden cortex on the banks of the cruciate sulcus); SI,

primary sensory area {posterior sigmoid and coronal gyri);

$11, secondary sensory area (anterior ectosylvian gyrus).
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each other. In determining the onset latency for a given cortical site, measure-

ments were made for the potential elicited with l-mA pulses that had the

greatest amplitude along each electrode penetration.

In view of the suggestion by Wall and Pribram (1950) that sympathetic

responses elicited by cortical stimulation result from the activation of meningeal

afferents, I compared the sympathetic nerve responses elicited by stimulation of

the frontal-parietal cortex in cats having intact or sectioned meningeal afferents.

In three cats, two of which were baroreceptor-denervated, the left trigeminal

nerve was sectioned. Both increases (n=20) and decreases (n=4) in SND were

elicited by stimulation of the left C.G., M1, 51 and ASC cortex in these animals.

No attempt was made to elicit responses from the 52 or II. cortex in these

animals. The shape and mean onset latencies of the excitatory and inhibitory

responses evoked from the deafferentated frontal-parietal cortex were similar to

those of the corresponding responses elicited from these same regions in cats

having intact meningeal afferents. For this reason the responses elicited in

meningeally deafferentated and intact cats were pooled for statistical analysis of

onset latencies in Table 2.

B. Synaptic activation of type 1 and type 2 neurons by cortical stimula-

tion

The possibility that comically-evoked increases in SND are mediated

via a relay in the medial diencephalon was tested by determining whether medial

diencephalic neurons with sympathetic nerverelated activity could be activated

synaptically by cortical stimulation.

Stimulation (IO-ms trains of three l-mA pulses) of the sensorimotor

cortex in seven cats synaptically activated 4 of 4 type 1 hypothalamic and Z of 4

type I medial thalamic neurons. The other 2 type 1 medial thalamic neurons

tested were inhibited by cortical stimulation for 165 and 210 ms. All type 1

neurons tested were related to a Spike-like event in the EEG preceding their



158

discharge. In response to cortical stimulation hypothalamic neurons discharged as

a single or a pair of spikes with variable onset latencies. Thalamic neurons

discharged as a burst of 3 to 6 spikes also with variable onset latencies. The

modal onset latencies of synaptic activation were calculated from the post-

stimulus histograms of the units (Figure 363). The modal onset latencies of

synaptic activation ranged from 22 to 26 ms for the type 1 hypothalamic neurons,

while those of the type 1 thalamic neurons were 90 and 105 ms. For those type 1

neurons activated by cortical stimulation a comparison was made to determine

whether the modal onset latency of synaptic activation, plus the time to peak in

the peri-spike-triggered average of SND for the unit was similar to the interval

between the cortical stimulus and the peak of the increase in SND in the poet-

stimulus average. If the cortically evoked sympathetic nerve responses involved

the diencephalic neurons, these values should be similar. For three of the type 1

hypothalamic neurons the modal onset latency, plus the time to peak in the spike-

triggered average was similar (within 10 ms) to the time to the peak of the

cortically evoked increase in SND. The example in Figure 36 is representative of

the results obtained for these three hypothalamic units. In this example the

modal onset latency (26 ms) plus the time to peak SND in the peri-spike-triggered

average (116 ms) was similar to the time to the peak of the increase in SND (144

ms) evoked by cortical stimulation. The comparison of times to peak and onset

latencies for type limedial thalamic neurons showed that the latency of the

cortically-induced activation of the thalamic neurons was more than 50 ms less

than that of the accompanying increase in SND.

Stimulation of the sensorimotor cortex in three cats synaptically

activated 2 of 2 type 2 medial thalamic neurons with modal onset latencies of 45

and 105 ms. Cortical stimulation inhibited the two type 2 hypothalamic neurons

tested for 172. and 72 ms. The discharge patterns of the type 2 neurons in
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Figure 36. Synaptic activation of a type 1 hypothalamic neuron by stimulation

(lo-ms trains of three l-mA pulses delivered once every 2 .5 s) of the motor

cortex. A: normalized peri-spike-triggered average (873 trials) of inferior

cardiac sympathetic nerve discharge (SND). Unit spike occurrence is at zero lag.

Bin width is 4 ms. Vertical calibration is 30 uV for SND. B: post-stimulus

histogram (513 trails) of synaptic activation of the Lmit. Modal onset latency of

synaptic activation of the unit is 27 ms. Bin width is 2 ms. C: normalized post-

stimulus average (513 trials) of inferior cardiac SND elicited by cortical

stimulation. Vertical calibration is 80 uV.
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response to cortical stimulation were similar to those described for the type 1

neurons. All of the type two neurons were related to a rhythmic component in the

EEG. For the type 2 thalamic neurons the sum of the modal onset latency and the

time to peak in the spike-triggered average of SND was at least 40 ms less than

the interval between the cortical stimulus and the peak increase in SND.

C. Effects of frontal lobotomy on the forebrain-dependent component of

SND

Although diencephalic neurons with sympathetic nerve-related activity

can be activated synaptically by stimulation of the frontal-parietal cortex, the

question still remained as to whether these cortical regions contribute to basal

SND in the anesthetized cat. This possibility was tested by first examining the

effects of bilateral frontal lobotomy on blood pressure and inferior cardiac SND.

Subsequently, an A3 transection was performed and the changes in SND and blood

pressure compared with those produced by A3 transection in a group of control

cats.

The results obtained in seven baroreceptor-denervated cats anesthe-

tized with chloralose are summarized in Figure 37. Frontal lobotomy was

performed bilaterally 1-2 mm behind the apex of the ansate sulcus. In five cats,

the plane of transection passed immediately anterior to the genu of the corpus

callosum. In the remaining three cats the transection removed 1 to 2 mm of the

anterior corpus callosum. Frontal lobotomy failed to significantly reduce SND or

mean blood pressure (Figure 37A, B). One hour after lobotomy, midbrain

transection at A3 reduced SND initially (i.e., 2 min reading) to 72% of control and

mean blood pressure by 44 mml-ig (Figure 37C, D). These changes were

statistically significant. Mean blood pressure before A3 transection (116:3

mmHg) was not significantly different than that (123:7 mmHg) before lobotomy.

The level and time course of the reductions in SND and blood pressure produced

by A3 transection in the lobotomized animals were not significantly different
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from those in 23 control animals (Figure 37C, D). These data suggest that the

frontal-"parietal cortex did not contribute to the forebrain-dependent component

of SND in the anesthetized cat.



DISCUSSION

The purpose of this thesis was to determine whether the diencephalon is

responsible for a component of basal SND in the anesthetized cat. Several lines

of evidence from this study support this hypothesis. First, radio-frequency lesions

of the hypothalamus or the medial thalamus significantly attenuated the reduc-

tions in SND and blood pressure produced by midbrain transection.

The reductions in SND and blood pressure produced by midbrain transection

were attenuated similarly by either lateral hypothalamic, large medial hypothala-

mic or medial thalamic lesions. Whether these lesions were made at different

points in the same pathway is not known. It is also possible that the forebrain-

dependent component of SND was manifested only when two or more independent

systems were simultaneously active. It is doubtful that attenuation of the effect

of midbrain transection resulted from a nonspecific effect of the diencephalic

lesions. Regarding this point the effectiveness of a lesion was related to the

region rather than the amount of tissue destroyed. For example, small lateral

hypothalamic lesions including a major output pathway to the brain stem [MFB

(Nauta and Haymaker, 1969)] significantly attenuated the effects of midbrain

transection on SND and blood pressure whereas larger lesions in the anterior

medial hypothalamus did not.

Anterior portions of the medial hypothalamus participate in the expression

of several forms of experimental hypertension (see INTRODUCTION, 111D). For

instance, destruction of either tWe AV3V region (Brody _e;t 11., 1934) or the PVH

(Zhang and Ciriello, 1985a, 1985b) prevents or reverses the hypertension

165
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produced by sinoaortic or aortic baroreceptor denervation in unanesthetized rats.

In the present study, anterior medial hypothalamic lesions including the PVH

failed to affect significantly the decreases in SND and blood pressure produced by

midbrain transection. Medial hypothalamic lesions attenuated the effects of

midbrain transection only when large portions of aHd, Hp and 3'va were

destroyed. Whereas species differences as well as the use of an anesthetic might

explain why anterior hypothalamic lesions failed to attenuate the effects of

midbrain transection in my experiments, it should also be recognized that the

basic phenomenon studied was different from that in unanesthetized rats. I

examined the consequences of diencephalic lesions on the acute redu tions in SND

and blood pressure produced by midbrain transection. These acute changes were

short lived (<1 hour). Moreover, although most pronounced in baroreceptor-

denervated cats, the effects of midbrain transection are qualitatively the same in

cats with intact baroreceptor nerves (Huang et al., 1987). Thus the present study

examined the effects of diencephalic lesions on a forebrain system that contri-

butes to SND in both baroreceptor-innervated and -denervated cats, and whose

loss is rapidly compensated for presumably by heightened activity in neural

circuits located in the brain stem or spinal cord. The mechanism(s) responsible

for the compensatory increase in neural activity remain to be determined. In

contrast, the studies (Brody gt a_l., 1984; Zhang and Ciriello, 1985a; 1985b) in

unanesthetized rats focused on the effects of hypothalamic lesions on the chronic

elevation of blood pressure observed in hypertensive models.

Diencephch lesions were more effective in attenuating the reduction in

SND produced by midbrain transection than the reduction in blood pressure. This

is indicated by the fact that the changes in SND produced by midbrain transection

in lesioned and nonlesioned cats deviated significantly from each other for a
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longer period of time than did the changes in blood pressure. This was most

evident for the series of experiments with medial thalamic lesions.

Currently, it is unclear why diencephalic lesions were more effective in

attenuating the effects of midbrain transection on SND than on blood pressure.

Inferior cardiac and renal SND were similarly affected by midbrain transection in

nonlesioned cats (see Figures 3 and 4). Thus, the changes in inferior cardiac SND

in these preparations were representative of those occurring in at least one

sympathetic nerve controlling the vasculature. Whether such is also the case in

cats with diencephalic lesions was not tested. Consequently, the possibility

remains that the diencephalic regions lesioned exerted greater control over

cardiac sympathetic nerves than vascular sympathetic nerves.

Humoral substances may have played a role in determining the degree to

which blood pressure was reduced by midbrain transection. If so, differential

attenuation of the effects of midbrain transection on SND and blood pressure may

indicate that the lesions destroyed diencephalic regions that were more involved

in controlling SND than the release of these substances. In this regard, although

some of the hypothalamic lesions destroyed the PVH, none of the lesions in this

study destroyed both the PVH and the supraoptic nuclei. Both of these nuclei are

known to be involved in the humpral control of the circulation through the release

of vasopresssin (Blessing g_t_§_l_., 1932; Johnson, 1985; Page, 1987).

The second line of evidence supporting the view that the medial diencepha-

lon contributes to SND in the anesthetized cat was obtained in experiments in

which multiunit activity was recorded in the hypothalamus and thalamus. SND

was coupled to ongoing diencephalic activity in both CNS-intact and decorticate

cats. In some experiments, SND was temporally related to medial thalamic and

hypothalamic multiunit activity but not to lateral thalamic activity. In other

cases, SND was coupled to lateral thalamic as well as to medial thalamic and



I68

hypothalamic activity. The potential significance of this observation will be

discussed subsequently.

Radio-frequency lesions tmdoubtedly destroyed diencephalic neurons and

axons of passage. Moreover, multiunit diencephalic activity synchronized to SND

may have been recorded from axons of passage rather than synaptic networks.

'Ihus, other approaches were required to determine whether the hypothalamus

and/or medial thalamus contain the cell bodies of neurons that contribute to SND

in the anesthetized cat. Evidence that the medial thalamus contains synaptic

networks capable of influencing SND was provided by the results of chemical

stimulation studies. While other investigators (Powell and Buchannan, I985:

Rockhold s_t_ 3.1» 1985) reported that the injection of CNS stimulants into the

medial thalamus increases blood pressure and heart rate, the present study was

the first to demonstrate directly changes in SND upon chemical stimulation of the

medial thalamus. The intrathalamic injection of picrotoxin increased the ampli-

tude and decreased the variability of the interslow wave intervals (i.e. synchro-

nized) in inferior cardiac SND (see Figure 20). The changes in SND were

accompanied by an increase in blood pressure in 40% of the experiments. This

CNS stimulant with GABA antagonistic properties was chosen in view of the large

GABAergic innervation of the medial thalamus (Houser g a_l., I980; Steriade e_t

31., 1985). ‘Ihe microinjection of equal volumes of saline into the medial thalamus

or of picrotoxin into the lateral thalamus failed to elicit sympathetic responses.

Although intrathalamic injections of fast green dye did not spread to the

hypothalamus or the ventricular system, I cannot be completely certain that the

extent of dye spread was representative of that of picrotoxin. With this

qualification, it appears that the medial thalamus contains synaptic networks

capable of generating sympathetic rhythms. This also seems to be the case for

the hypothalamus. Regarding this point, numerous investigators (Gellhorn and
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Redgate, I955; Redgate and Gellhorn, l956a,b; Lee g_t_ a_l., 1972; Finch and

Hicks, 1977; Williford g_t_ 31., 1980; Schmidt and Dimicco, 1984; Dimicco and

Abshire, 1987; Rockhold §_t_ a_l., 1987) have reported that blood pressure and heart

rate changes are elicited by the injection of neurotoxins and excitatory amino

acids into the hypothalamus of rats and cats.

While the results of chemical stimulation indicate that synaptic networks in

the medial diencephalon can influence SND, these experiments did not answer the

question of whether these networks are the same as those responsible for the

tonic forebrain-dependent component of SND in the anesthetized cat. Thus

experiments were initiated to locate individual diencephalic neurons with natural-

ly occurring (i.e., spontaneous) discharges temporally related to SND. Barman and

Gebber (1982) identified hypothalamic neurons with sympathetic nerve-related

activity. The current study confirmed this finding and, in addition, demonstrated

for the first time that such neurons are also contained in the medial thalamus.

Two types of neurons with sympathetic nerve-related activity were located in

both the hypothalamus and medial thalamus. Type 1 unit activity was synchro-

nized to an aperiodic spike-like event in SND while type 2 neuronal activity was

synchronized to a 2- to 6-Hz rhythm in SND (see Figure 23). Neurons with these

patterns of relationship to SND are also located in the cat medulla (Barman and

Gebber, 1981; 1985; 1987; Gebber and Barman, 1981; Morrison and Gebber, 1985).

The major issue raised by these results is whether the temporal relationships

between diencephalic unit activity and SND reflect the existence of functional

connections between these neurons and sympathetic nerves. That is, were type 1

and/or type 2 diencephalic neurons contained in networks contributing to SND in

the anesthetized cat? Two lines of evidence support this possibility. First, as

demonstrated by the lesion studies, ablation of either hypothalamic or medial

thalamic regions containing type 1 and type 2 neurons attenuated the reduction in
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SND produced by decerebration. The distribution of neurons with sympathetic

nerve-related activity in widely separated diencephalic nuclei (see Figure 24)

presumably explains why large lesions were required to attenuate the effect of

decerebration on SND. Small diencephalic lesions significantly attenuated the

reduction in SND produced by decerebration only when they destroyed the MFB, a

major output pathway to the brain stem (Nauta and Haymaker, 1969; Conrad and

Pfaff, 1976).

The second line of evidence supporting the view that at least some of the

diencephalic neurons studied contributed to SND was obtained with electrical

stimulation. SND was increased by low current stimuli applied through the

microelectrode used to record from hypothalamic and medial thalamic neurons

with sympathetic nerve-related activity. The interval between the stimulus and

the peak increase in SND often was close to that between unit spike occurrence

and the peak of the accompanying change in SND. This was most evident from

type 1 unit recording sites. These data suggest that at least some diencephalic

neurons with sympathetic nerve-related activity were involved in mediating the

increases in SND produced by electrical stimulation of the diencephalic recording

sites.

An important issue in these studies concerns the sources of the sympathetic

nerve-related activity of diencephalic neurons. Is such activity inherent to

diencephalic circuits or is it imposed on these neurons by inputs from other

sources? The second alternative likely holds for type 1 diencephalic neurons. The

discharges of these cells were also synchronized to a spike-like event in frontal-

parietal cortical activity. The onset of the spike-like event in cortical activity in

most cases preceded the discharge of the type I diencephalic neuron. This

observation suggests that the spike-like event in SND was not generated in the

diencephalon. Nevertheless, type 1 diencephalic neurons may have been in the
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pathway transmitting this activity pattern to sympathetic nerves. As already

discussed, this possibility is supported by the results obtained with microstimula-

tion at type 1 diencephalic unit recording sites. There are at least two ways to

explain why spike-like cortical activity preceded type 1 diencephalic unit activity.

First, the frontal-parietal cortex may have provided an important driving input to

type 1 diencephalic neurons. This possibility seems remote, however, since

frontal lobotomy failed to attenuate the effects of midbrain transection on SND.

This observation indicates that the sympathetic nerve-related activity of these

neurons did not arise in the frontal cortex. However, these observations do not

rule out the possibility that the frontal-parietal cortex contributes to SND under

other conditions. For example, Skinner and Reed (1931) demonstrated that

cryogenic blockade of a frontocortico—hypothalamo-brain stem pathway prevents

'

ventricular fibrillation in the ischemic heart of emotionally stressed conscious

pigs.

The second possible explanation for the relationship of type 1 units to a

spike-like cortical event preceding their discharge is that the cortex and the

diencephalon share input from a common source. In this case, conduction time

from the source to the cortex would have been shorter than from the source to

the diencephalon.

Choosing between these possibilities is complicated by the fact that the

origin of the spike-like activity in the EEG of chloralose-anesthetized animals is

unknown» Under chloralose anesthesia, the EEG is characterized by a pattern of

2- to 6-Hz slow waves and spikes (Winters and Spooner, 1966). A similar EEG

pattern is observed during natural or experimentally-induced global epileptic

seizures (Gloor and Testa, 1974). At this time, neither the origin nor the

mechanism responsible for this epileptic pattern of cortical slow waves and spikes

is known. Studies have implicated the cortex (Fischer and Prince, 1977; Gloor _e_t
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_a_l., 1977), the medial and intralaminar thalamic nuclei (Quesney g_t_ a_l., 1977;

KostOpoulos gt al., 1981) and the reticular formation (Velasco g a_l., 1975;

Faingold, 1980) as being involved in the genesis of this EEG pattern.

The origin of the sympathetic nerve-related discharges of type 2 diencepha-

lic neurons is also unknown. SND contains 2- to 6-Hz rhythmic components in

decerebrate, baroreceptor-denervated cats (Barman and Gebber, 1980). This

activity pattern is abolished by acute high spinal cord transection (McCall and

Gebber, 1975). These observations led to the prOposal that brain stem circuits are

inherently capable of generating a Z- to 6-Hz component in SND (Barman and

Gebber, 1980; Gebber, 1980). Forebrain circuits can also generate 2- to 6-Hz

rhythms since this rhythm appears in thalamic (Andersson and Manson, 1971;

Villablanca, 1974) and cortical (Barman and Gebber, 1980; Steriade e_t a_l., 1987)

activity in decerebrate cats and in guinea-pig thalamic slice preparations, i_n 3353

(Jahnsen and Llinas, 1984). Thus there are at least three ways to explain

synchronization of type 2 diencephalic unit activity to Z- to 6-Hz SND. First, the

diencephalic neurons may comprise a generator of Z- to 6-Hz SND .subsidiary to

that located in the brain stem. Second, type 2 diencephalic neurons may receive

input from a 2- to 6-Hz generator of SND located in the brain stem. In this case,

the temporal relationship between type 2 diencephalic unit activity and SND

might not reflect a sympathetic nerve controlling function of these neurons.

Regarding this possibility there are numerous pathways from the VLM, medullary

LTF and raphe nuclei to the diencephalon. These medullary regions contain

neurons with activity locked to the Z- to 6-Hz activity pattern in SND. Neurons

in the VLM have been shown both anatomically and electrOphysiologically to

project to the RPO, Ha, PVH, BL and supraOptic nuclei in the hypothalamus

(Loewy gt a_l., 1981; Kaba e_t a_l., 1986). Although a direct projection from the

medullary LTF to the hypothalamus has not been reported, the medullary LTF
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may influence the hypothalamus via a relay in the VLM (Barman and Gebber,

1987). Alternatively, inputs from the medullary LTF may reach the hypothalamus

via a polysynaptic route through the reticular core (Scheibel and Scheibel, 1958).

A similar pathway may exist whereby LTF influences are transmitted through the

mesencephalic reticular formation and then to the medial thalamus (Scheibel and

Scheibel, 1958). Neither the VLM nor the medullary LTF project directly to the

medial thalamus; however, their influences may reach the thalamus via a relay in

the BL, 21 or al-ld (Velayos, 1982; Irle, 1984; Ono and Niimi, 1985). Direct

projections from raphe mag-nus and obscurus to most nuclei in the medial, lateral

and dorsal hypothalamus in rats and cats have been identified (Bobillier _e; al.,

1976; Takagi at 11., 1980; Bowker, 1986). In addition, Bobillier _e_t_ a_l. (1976)

reported direct projections from raphe magnus to CM, CL, Pf and Pc, but not to

MD in the cat.

A third possibility which might account for the synchronization of type 2

diencephalic neurons to 2- to 6-Hz SND is that these neurons receive input from a

2- to 6-Hz generator located elsewhere in the forebrain such as in the medial

septum. Wilson _e_t a_l. (1976) demonstrated that the septum of the anesthetized

cat contains pacemaker neurons which discharge in rhythmic bursts at frequencies

of Z- to 6-82. These neurons are presumed to generate the hippocampal theta

rhythm. The septum projects to the lateral and medial hypothalamus (Szenta-

gothai, 1968; Palkovits and Zaborszky, i979) and medial thalamus (Gullery, 1952;

Irle £31., 1984) of the cat.

The relationships between the discharges of type 2 units and the inferior

cardiac nerve suggest that the 2- to 6-Hz rhythmic components in SND arise from

more than one central source. Regarding this point, the peri-Spike-triggered

averages of SND for type 2 neurons contained a Z- to 6-Hz rhythm independent of

whether the unit had cardiac-related activity. Although close in frequency, one
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can presume that the rhythm in the spike—triggered average of SND for type 2

neurons without cardiac-related activity is distinct from the cardiac-related

rhythm. Indeed, the period of the 2- to 6412 rhythm in the peri-spike-triggered

average of SND for a thalamic unit without cardiac-related activity was clearly

different from that of the cardiac rhythm when the heart rate was slowed by

atenolol (see Figure 30). Thus, I propose that SND contains both cardiac- and

noncardiac-related Z- to 6-Hz rhythmic components. This hypothesis is indirectly

supported by other observations. The activity of most type 2 neurons was

synchronized to a noncardiac-related Z- to 6-l-lz rhythm in cortical activity. The

frequency of the cortical rhythm was the same as that of the rhythm in the spike-

triggered averages of SND for type 2 neurons without cardiac-related activity.

These data may explain why crosscorrelation analysis in some cats reveals a

common 2. to 6-Hz rhythm in SND and cortical activity (Camerer gt a_l., 1977;

Barman and Gebber, 1980; Gebber and Barman, 1981; Huang e_t 31., 1987).

Descending connections from the hypothalamus to autonomic regions of the

brain stem and spinal cord have been studied extensively. The V'LM receives

projections from aHd, HI. and Hp (Lovick, 1985). In addition, the axons of neurons

in the PVH, HI. and al-id pass through the VLM on their way to the IML of the

spinal cord in rats and cats (Kuypers and P-iaisky, I975; Saper e_t_ a_l., 1976; Tucker

and Saper, 1985). Whether the axons of these hypothalamic neurons emit

collaterals in the VLM has not been determined. Hilton and coworkers (1983) by

using electrical stimulation traced a functional pathway from the midbrain

defense regions to the VLM. They speculated that the pathway controls

sympathetic tone even in the anesthetized animal. Hilton and Smith (1984) and

Lovick et al. (1984) showed that medullospinal VLM neurons are synaptically

activated by stimulation of the midbrain and/or hypc: mlamic defense regions.
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The raphe nuclei (magnus, pallidus and obscurus} receive direct afferent projec-

tions from HL, HP and H1, H2 in the cat (Ab-obs and Basbaum, 1981) and from

BL, aHd, PVH, Hp in the rat (Conrad and Pfaff, I976; Hosoya, 1985; ter Horst and

Luiten, 1986).

In contrast to the hypothalamus, relatively little attention has been paid to

descending connections emanating from medial and intralaminar thalamic nuclei.

There are at least four routes from the medial thalamus that might be involved in

the control of SND. First, a projection from the medial thalamus to the lateral

hypothalamus has been anatomically (Seigel 23. 51., 1973) and functionally mapped

by using the Z-deoxyglucose technique (Brutus 9.3 a_l., 1984). Such a pathway might

explain why type 1 and type 2 hypothalamic neurons fired at about the same time

as their counterparts in the medial thalamus (see Figure 25). Alternatively, these

data may indicate that hypothalamic and medial thalamic neurons with sympathe-

tic nerve-related activity received input from a common source. It is also

possible that the thalamic neurons were influenced by their hypothalamic counter-

parts. Indeed, projections from hypothalamic regions containing type 1 and type 2

neurons to the medial thalamus have been demonstrated (Velayos, 1982; Irle, 1984;

Duo and Niimi, 1985).

Two other routes over which medial thalamic neurons might influence SND

include projections to the midbrain. One route includes a monosynaptic connec-

tion from the intralaminar thalamic nuclei to the midbrain tegmentum. This

pathway was defined in rats, mice and cats by using the Golgi technique (Scheibel

and Scheibel, 1967). The second route includes a disynaptic pathway from the

intralaminar and medial thalamic nuclei to the periaqueductal gray (PAC) of the

midbrain tegmentum and the superior colliculus via the n. reticularis thalami

(Scheibel and Scheibel, 1966; Grofova e_t 31., 1978; Parent and Steriade, 1984).

Regarding these potential pathways for the control of SND, the microinjection of
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excitatory amino acids into the midbrain tegmentum or PAG increases blood

pressure (Hilton, 1982; Tan _e_t a_l., 1983; McDougall 51 31., 1985). Thus these

midbrain regions are believed to contain the cell bodies of neurons that control

SND. Hypothalamic influences on SND may also involve a relay in the PAG since

Ha, afid, PVH, 111., 21 are known to project to this region (Saper _e_g 11., 1976; 1978; '

ter Horst and Luiten, 1986).

A fourth route over which medial thalamic neurons might influence SND

includes a loop through the prefrontal and infralimbic cortex. CL, MD and Fe

contain neurons projecting to these cortical regions (Scheibel and Scheibel, 1967;

Jones, 1985). Moreover, changes in blood pressure and heart rate can be elicited

by electrical stimulation of these cortical regions (I-ioff and Green, 1936; Green

and Hoff, 1937; Hsu gt a_l., 1942; Kaada, 1951; Eliasson _e_t a_1., 1952; Hoff gt a_1.,

1959; 1963; Delagado, 1960; Lofving, 1961; Clarke 33 3.1., 1968). It should be

noted, however, that the integrity of thalamocortical projections is not mandatory

for eliciting increases in SND by electrical stimulation of the medial thalamus.

Regarding this point, sympathetic nerve responses elicited by low current stimuli

applied to sites in the medial thalamus were similar in intact and decorticate cats

(see Figure 18).

Although some hypothalamic neurons respond to natural or electrical

activation of baroreceptor afferents (Hilton and Syper, 1971; Calaresu e_t 11.,

1975) or have cardiac-related activity (Barman and Gebber, 1982), this is the first

study to describe the effects of baroreceptor reflex activation on diencephalic

neurons with sympathetic nervedrelated activity. These results further reflect

the heterogeneity of such neurons. Perhaps the most interesting finding was that

some of the hypothalamic neurons and all of the medial thalamic neurons with

sympathetic nerve-related activity did not respond to baroreceptor reflex activa-

tion. This was the case even when the reflex inhibition of inferior cardiac SND
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was complete (see Figure 3313, IIB). Some of these neurons may have exerted

sympathoexcitatory actions. If so, their influences on SND would have been

intercepted at a lower level of the neuraxis.

Although it is generally accepted that cardiovascular responses can be

elicited by stimulation of the prefrontal, sensorimotor and infralimbic cortex in

an variety of species (Hoff and Green, 1936; Green and Hoff, 1937; Hsu 9; 11.,

1942; Kaada, 1951; Eliasson e_t a_l., 1952; Hoff e_t_ al., 1959; 1963; Delgado, 1960;

Lofving, 1961;.Clarke .3 31, 1963), this is the first study to demonstrate directly

that sympathetic nerve responses can be elicited by electrical stimulation of

these cortical regions. Evidence is presented suggesting that both sympathoexci-

tatory and -inhibitory systems are represented in these cortical regions.

In view of the preceding discussion of diencephalic involvement in the

control of SND in the anesthetized cat, a major issue is whether sympathetic

nerve responses elicited by electrical stimulation of the frontal-parietal cortex

involve a synaptic relay in the diencephalon. That is, are diencephalic neurons

with sympathetic nerve-related activity part of a corticosympathetic pathway? If

the diencephalic neurons were contained within pathways mediating cortical

influences to the sympathetic nerves, one would expect that these neurons could

be synaptically activated by stimulation of those cortical areas from which

sympathetic nerve responses were elicited. Furthermore, the sum of the modal

onset latency of synaptic activation of the diencephalic neuron and the interval

between its spontaneous discharge and the peak increase in SND (as measured

from its peri-spike-triggered average) should be close to the interval between the

cortical stimulus and the peak of the increase in SND in the post-stimulus

average. This was the case for 3 of 4 type 1 hypothalamic neurons activated by

stimulation of the cortex, suggesting that these neurons were part of a cortico-

sympathetic pathway. However, such was not the case for the type 1 nor the type
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2 medial thalamic neurons activated by cortical stimulation, since the intervals

were not similar. Thus, the results are consistent with the possibility that

hypothalamic but not thalamic neurons with sympathetic nerve-related activity

are contained in a pathway responsible for the sympathetic nerve responses

elicited by stimulation of the frontal-parietal cortex. The functional significance

of those type 2 hypothalamic and type 1 medial thalamic neurons inhibited by

stimulation of the cortex remains to be determined. 1

While the results of my study suggest that cortically-evoked sympathetic

nerve responses are, at least in part, mediated through the hypothalamus,

anatomical studies have failed to demonstrate a direct connection from the

frontal cortex to the hypothalamus in the cat (Szentagothai, 1968; Palkovitz and

Zaborszky, 1969). However, a direct frontocortico-hypothalamic connection has

recently been demonstrated in the rat (Beakstead, 1979; Van der Kooy 3_t_ al.,

1984). In the cat, influences from the frontal cortex may reach the hypothalamus

via a multisynaptic pathway through the septum or amygdala (cf. Brodal, 1981;

Kuypers, 1981).

The possibility that the sympathetic nerve responses elicited by cortical

stimulation involved extra-diencephalic as well as diencephalic pathways, must

also be considered. Indeed this is believed to be the case in the monkey (Wall and

Davis, 1951). There are at least two extra-diencephalic pathways by which

cortical sympathetic responses may reach sympathetic nerves. First, these

responses may have involved the activation of a direct cortical projection to the

medullary tegmental field or the PAG (Brodal, 1981; Kuypers, 1981). Second,

some of the responses may have been mediated via a monosynaptic pathway from

the medial frontal cortex to the IML. Such a pathway was recently identified in

the tat by Hurley-Guis gt 31., (1986).
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The possibility that the cortically-evoked sympathetic responses did not

involve the activation of cortical neurons must also be considered. These

responses may have resulted from the antidromic activation of thalamic or

hypothalamic neurons connected via collaterals to caudally projecting sympathe-

tic neurons. In this case, the synaptic activation of diencephalic neurons with

sympathetic nerve-related activity may have been due to collateral input to these

neurons from the antidromically activated thalamocortical or hypothalamocorti-

cal neurons. Both the thalamus (Jones, 1985) and the hypothalamus (Conrad and

Pfaff, 1976) contain neurons with cortically projecting axons.

There are no studies implicating the relay and association nuclei of the

lateral thalamus in the control of SND and blood pressure. Thus, the finding that

multiunit lateral thalamic activity was temporally related to SND in some

experiments was unexpected. There are at least three possible explanations to

account for the synchronization of SND to lateral thalamic activity. First, the

sympathetic nerve-related activity in the lateral thalamus may have resulted

from the hypersynchronization of activity in different thalamic nuclei rather than

simply a role of the lateral thalamus in the control of SND. Regarding this

possibility, the predominant frequency of slow wave activity at medial and lateral

thalamic sites was essentially the same in these experiments. Such occurrences

may reflect the level of cateleptic anesthesia produced by chloralose, since this

agent is known to be capable of hypersynchronizing activity in different thalamic

nuclei and cortical regions (Winters and Spooner, 1966). Direct pathways from the

medial to the lateral thalamus which might account for the synchronization of

activity in these two regions have been demonstrated (Purpura gt a_l., 1966;

Purpura, 1970).

A second explanation of sympathetic nerve-related activity in the lateral

thalamus is that this activity was recorded from the axons of medial thalamic
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neurons passing through the lateral thalamus. Evidence against this possibility

comes from the finding that in some experiments activity recorded from medial,

but not lateral thalamic nuclei was related to SND. In these experiments the

lateral thalamus was extensively searched, suggesting that the lack of sympathe-

tic nerve-related activity in the lateral thalamus was not due simply to the failure

to locate the axons of medial thalamic neurons with activity related to SND.

A third possibility is that lateral thalamic neurons are involved in control-

ling SND. This possibility is supported by the fact that electrical stimulation of

the lateral thalamus increased SND. Whether these responses involved the

activation of lateral thalamic neurons or fibers of passage is not known. The fact

that picrotoxin injected into the lateral thalamus failed to affect SND does not

distinguish between these alternatives. Lateral thalamic “sympathetic" neurons

may be picrotoxin-insensitive. If such neurons exist, there are at least two routes

by which they may influence SND. First, their influences may be relayed through

the cortex which is a major target of lateral thalamic neurons (Scheibel and

Scheibel, 1967; Jones, 1985). Second, they may control SND via the n. reticularis

thalami or medial and intralaminar thalamic nuclei. These nuclei project to the

midbrain and hypothalamus (Scheibel and Scheibel, 1966; 1967; Seigel gt gt” 1973;

Grofova gt 3.1., 1978; Brutus gt g._l., 1984; Parent and Steriade, 1984) and receive

input from the lateral thalamic nuclei (Jones, 1985). None of these potential roles

of the lateral thalamic nuclei in the control of SND were tested in this thesis.



SUMMARY

My thesis involved studies on the role of the diencephalon in the control of

sympathetic nerve discharge (SND) in the anesthetized cat. The thesis is

comprised of four main projects. The findings and conclusions of each of these

projects are summarized below.

A. Localization of diencephalic regions contributing to SND in the barorecep-

tor-denervated cat anesthetized with chloralose.

The results of this project are:

1. Midbrain transection at stereotaxic plane A3 produced significant

decreases in blood pressure (38:6 mmHg) and SND in the inferior

cardiac (341496) and renal (351396) sympathetic nerves.

2. Radio-frequency lesions of the lateral hypothalamus (including the

MFB), posterior medial hypothalamus or medial thalamus significantly

attenuated the decreases in SND and blood pressure produced by

midbrain transection.

3. Lesions of the anterior medial hypothalamus (including the PVl—l) failed

to attenuate the effects of midbrain transection.

The conclusions of this project are:

1. As previously suggested by Huang e_t_ gl. (1987), the forebrain makes a

significant contribution to SND in this preparation.
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The medial hypothalamus and medial thalamus are, at least in part,

responsible for the forebrain-dependent component of basal SND in

this preparation.

Synchronization of SND to diencephalic multiunit activity and sympathetic

nerve responses to electrical and chemical stimulation of the diencephalon.

The results of this project are:

l.

3.

4.

Multiunit activity recorded from the thalamus and hypothalamus was

temporally related to a Z- to 6-Hz component of SND in the majority

of baroreceptor-denervated and -intact cats anesthetized with chlora-

lose.

In some CNS-intact and decorticate cats, activity recorded from the

medial thalamus and hypothalamus, but not from the lateral thalamus

was related to SND. In other cats, lateral as well as medial thalamic

and hypothalamic activity was synchronized to SND.

Electrical stimulation of the medial and lateral thalamus and hypo-

thalamus elicited increases in inferior cardiac SND in decorticate and

CNS-intact cats.

The injection of the GABA antagonist picrotoxin into the medial, but

not the lateral thalamus increased the amplitude of the Z- to 6-Hz

sympathetic slow wave activity and decreased the variability of the

interslow wave intervals.

The conclusions of this project are:

l. A component of basal SND in the 2- to 6-Hz range can be coupled to

thalamic and hypothalamic activity in both CNS-intact and decorti-

cate cats anesthetized with chloralose.
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A functional connection exists between the diencephalon and the

sympathetic nerves.

The medial thalamus contains the cell bodies of neurons capable of

influencing SND.

Identification of diencephalic neurons with sympathetic nerve-related acti-

vity.

The results of this project are:

1.

z.

3.

4.

Peri-spike-triggered averaging showed that some diencephalic neurons

(type 1 neurons) were related to a spike-like event in SND following

their discharge but were not related to SND preceding their discharge.

All type 1 neurons were also related to a cortical event which most

often preceded the discharge of the neuron.

Peri-spike-triggered averaging showed that some diencephalic neurons

(type 2. neurons) were related to a 2- to 6-Hz rhythm in SND. All type

2 medial thalamic and most type 2 hypothalamic neurons were also

related to a 2- to 6-Hz rhythm in frontal-parietal cortical activity.

Stimulation through the recording microelectrode at type 1 and type 2

recording sites elicited increases in inferior cardiac SND. In some

instances, the interval between the stimulus and the peak increase in

SND was close to that between unit spike occurrence and the peak of

the accompanying increase in SND.

Post-R wave averaging in combination with spike-triggered averaging

revealed that the discharges of some type 2 diencephalic neurons were

synchronized to a cardiac-related component in SND while those of

other type 2 neurons were locked to a noncardiac-related Z- to 6-Hz

component.



5.

184

Baroreceptor reflex activation altered (increased or decreased) the

firing rate of some type 1 and type 2 hypothalamic neurons. Reflex

activation did not affect the firing of medial thalamic neurons with

sympathetic nerve-related activity.

“Die conclusions of this project are:

1.

z.

3.

4.

The medial thalamus and hypothalamus in the chloralose-anesthetized

cat contains two types of neurons with sympatheticmerve related

activity.

At least some diencephalic neurons with sympathetic nerve-related

activity are contained in pathways mediating the increases in SND

produced by electrical stimulation of the diencephalon.

Some hypothalamic but none of the medial thalamic neurons with

sympathetic nerve-related activity receive inputs from baroreceptor

afferents.

There is more than one central source of basal 2- to 6-Hz SND in the

chloralose-anesthetized cat.

Sympathetic nerve responses elicited by cortical stimulation.

line results of this project are:

l.

2.

Both increases and decreases in inferior cardiac SND can be elicited

by stimulation of the frontal-parietal and infralimbic cortex.

Stimulation of the frontal (sensorimotor) cortex synaptically activated

medial thalamic and hypothalamic type 1 and medial thalamic type 2

neurons.

For some of the hypothalamic type 1 neurons, the sum of the modal

onset latency of synaptic activation plus the time to peak in the spike-

triggered average of SND was similar to the interval between the
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cortical stimulus and the peak of the evoked increase in inferior

cardiac SND.

Bilateral frontal lobotomy failed to attenuate the decreases in SND

and blood pressure produced by midbrain transection at stereotaxic

plane A3 in baroreceptor-denervated cats anesthetized with chlora-

lose.

The conclusions of this project are:

l.

2.

3.

The prefrontal, frontal and infralimbic cortex have sympathetic repre-

sentation. Both sympathoexcitatory and -inhibitory systems are

represented.

Some type 1 hypothalamic neurons may be contained in pathways

mediating sympathetic responses to cortical stimulation.

The prefrontal and frontal cortex is not involved in providing the

forebrain-dependent component of SND under the conditions of my

experiments.
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