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SUMMARY

The aim of the present study was to ascertain possible roles for the posterior cerebellar 

vermis in cardiovascular control using the anaesthetised, paralysed and artificially 

ventilated rabbit. The cortex of lobule IXb was stimulated both electrically and 

chemically and the effects of removal of lobules VI, VII and IX on the 

cardiorespiratory responses evoked from defensive behaviour related structures were 

observed. Arterial blood pressure, heart rate, femoral and renal vascular blood flow, 

and phrenic and renal nerve activities were routinely measured.

Removal of lobule IX resulted in an increase in the sensitivity of the baroreceptor 

reflex response to a pressor challenge induced by intraluminal balloon inflations in the 

descending aorta. The increase in baroreflex gain was still evident when the 

experiments were carried out under -receptor blockade, the cell bodies in only 

lobule IXb were lesioned and whether the gain was calculated using R-R intervals 

derived from the heart rate or absolute R-R intervals.

Stimulation of the HDA or PAG and ACe results in cardiorespiratory responses that 

are synonymous with those which occur in "fight or flight" and "playing dead" 

behaviours, respectively. Removal of lobule IX, but not lobules VI and VII, resulted in 

attenuated HDA, PAG and ACe evoked cardiovascular responses. On the other hand, 

simultaneous stimulation of lobule IXb with either of these structures resulted in 

facilitated "cardiovascular defence responses". Indeed, chemical activation of neurons in 

the HDA, PAG, ACe and lobule IXb identified the structure related nature of these 

cerebellar-midbrain/forebrain interactions.

The cardiovascular effects elicited from the HDA or ACe and lobule IXb were vastly 

attenuated when cell bodies in the ipsilateral lateral parabrachial nucleus (LPBN) were 

lesioned with the excitotoxin kainic acid.

Neurons in lobule IX demonstrated their ability to receive baroreceptor and 

hypothalamic inputs upon single or paired-pulse stimulation of the ipsilateral aortic 

nerve and hypothalamic defence area (HDA).

A possible role for lobule IX of the posterior vermis in cardiovascular control is



discussed in relation to published physiological and neuroanatomical studies and the 

results gained in the present study.
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General Introduction
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l(a^ ANATOMY AND PHYSIOLOGY OF THE CEREBET J.TJM

Traditionally the cerebellum is considered as a structure involved in the control of 

motor function in as much as it makes a special contribution to synergy of muscle action 

(i.e. to the synchronisation of muscles that make up a functional group), ensuring that 

there is contraction of the proper muscles at the appropriate time, each with the correct 

force. The steady input of detailed proprioceptive information is processed by the 

cerebellar cortex and the resultant output modulates descending motor activity allowing 

for the adjustment of ongoing movements.

In contrast to the basic nature of our understanding concerning the physiological 

roles of the cerebellum, the neuroanatomy and microphysiology of this structure are 

better characterised than any other structure of the central nervous system. Before 

proceeding to discuss the extended functions of the cerebellum, in addition to its role in 

the fine tuning of somatomotor activity, it is important to have an understanding of the 

micro- and macroanatomy of this structure and its connections to the brainstem.

The cerebellum is connected to the brainstem via the three cerebellar peduncles, the 

inferior, or restiform body, middle, or brachium pontis, and superior, or brachium 

conjunctivum. Overall the cerebellum is divided into three regions consisting of a 

middle portion called the vermis which is flanked by the two cerebellar hemispheres. 

Phylogenetically the whole cerebellum, vermis and hemispheres, contains three parts 

that evolved at different time periods.

The archicerebellum (oldest part) consists of the flocculonodular lobe and is 

segregated from the other parts of the cerebellum by the posterolateral fissure. Modulus, 

lobule X according to the classification of Larsell (Larsell, 1952; 1953), is situated in 

the most inferior portion of the vermis and its from here that the two flocculi extend 

laterally. In general, the flocculonodular lobe receives fibres from the inferior and 

medial vestibular nuclei.

The next region of the cerebellum to evolve was the paleocerebellum which consists 

of the anterior lobe and is separated from the rest of the cerebellum by the primary 

fissure. This portion contains the anterior parts of both hemispheres in addition to the
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anterior vermis. At this stage it is important to distinguish between the different 

terminologies attributed to each part of the cerebellum since there is no uniform 

acceptance of a single nomenclature. The anterior vermis consists of lobules I to V 

(Larsell, 1952; 1953). Lobule I is often given the alternative name lingula. Lobules II 

and III are also considered as the ventral and dorsal lobules of lobus centralis, 

respectively. In addition, lobules IV and V are often referred to as the ventral and dorsal 

lobules of culmen, respectively. In general, the paleocerebellum receives inputs from the 

posterior and anterior spino-cerebellar tracts via the inferior and superior cerebellar 

peduncles, respectively.

The neocerebellum is separated from the other two lobes by the primary and 

posterolateral fissures, and consists of the posterior lobe and tonsil. As the latest portion 

of the cerebellum to evolve, it is only found in mammals and is particularly large in 

humans. The posterior lobe incorporates the posterior parts of both hemispheres and the 

posterior vermis excluding lobule X (nodulus). Larsell's classification of the posterior 

neocerebellar vermis includes lobules VI to IX. The alternative nomenclature used is as 

follows: lobule VI is known as declive, the sublobules of VII as folium  and tuber, VIII 

as pyramis and lobule IX as the uvula. These alternative names were given by the early 

anatomists and do not have any functional significance: (figure 1.1),

Due to the highly convoluted nature of the cerebellar surface in the form of 

transverse folia, approximately 85% of the cortical surface lies out of sight. The cortex 

itself consists of three layers. The granule layer is the deepest and is composed of 

densely packed granule cells which receive the largest input to the cerebellum via mossy 

fibres. In addition to granule cells, the outer part of this layer also contains numerous 

intemeurons called Golgi cells, one of three types of intemeuron found in the cerebellar 

cortex. Above this layer lies the Purkinje layer, which consists of a single row of 

Purkinje cell bodies, the sole source of cortical output. The molecular, or surface layer, 

contains relatively few nerve cells, being largely a synaptic layer made up of profusely 

branching dendrites of Purkinje cells, the dendritic arbor of Golgi cells and axons 

arising from granule cells in the deepest layer. The granule cell axons bifurcate upon
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reaching the molecular layer and run for a few millimetres parallel to the folia of the 

cortical surface. Within this layer the other two types of intemeuron, stellate and basket 

cells are found which exert their inhibitory effects upon the efferent Purkinje cells.

There are two prominent types of excitatory afferent input to the cerebellum. The 

first of these is the large diameter rapidly conducting mossy fibres which arise from 

several major tracts including the pontocerebellar, spinocerebellar and 

vestibulocerebellar tracts, in addition to others. These cerebellar afferents terminate in 

synaptic contact with the dendrites of granule cells of the innermost layer and, in 

addition, they also provide an excitatory input to the deep cerebellar nuclei en route to 

the cerebellar cortex.

The second major type of cerebellar afferent are called climbing fibres and these all 

originate from the inferior olivary and associated accessory olivary nuclei. These nuclei 

receive afferents from the spinal cord, the cerebral cortex and the cerebellar nuclei. Each 

Purkinje cell receives an excitatory input from a single climbing fibre and each climbing 

fibre makes contact with no more than a dozen Purkinje cells. Moreover, each climbing 

fibre forms many contacts as it wraps itself around both the soma and dendritic arbor of 

its target Purkinje cell. In addition, axon collaterals of the climbing fibre supply an 

excitatory input to the deep cerebellar nuclei. These multiple contacts lead to a powerful 

excitatory action, in which a single discharge from a climbing fibre, can result in a burst 

of impulses from a Purkinje cell.

A third but less prominent input to the cerebellum is aminergic and resembles neither 

the mossy nor climbing fibre afferent systems. This includes noradrenergic afferents 

from locus coeruleus and serotonergic afferents from raphe nuclei (Hokfelt & Fuxe, 

1969; Chu & Bloom, 1974; Bloom, Hoffer & Siggins, 1971; Chan-Palay, 1977; 

Takeuchi, Kimura & Sano, 1982). Furthermore, direct projections from the 

hypothalamus to the cerebellar vermis have also been demonstrated, more recently 

(Haines, Dietrichs, Culberson & Sowa, 1986). As is the case with the aminergic 

afferents these projections also do not correspond to the recognised mossy and climbing 

fibre afferent systems. As a result of these neurons terminating throughout all three
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layers of cortex, they are referred to as multilayered fibres. It is thought that these inputs 

modulate the excitability of cerebellar cortical neurons.

In contrast to the climbing fibre input where a small population of Purkinje cells are 

activated, the mossy fibre influence is more divergent, activating a large pool of granule 

cells and thus parallel fibres. The parallel fibres activate all three types of inhibitory 

intemeuron, whose dendritic tree lies in the molecular layer. Golgi cell activation causes 

feedback inhibition of granule cells thus closing down mossy fibre input. Activation of a 

narrow strip of parallel fibres stimulates a small band of Purkinje cells and, in addition, 

excites both basket and stellate cells which feedforward an inhibitory effect onto the 

somata and dendrites of Purkinje cells, respectively, that lie parallel to the activated 

band on both sides.

Cerebellar cortical output is inhibitory on the deep cerebellar nuclei (Eccles, Ito & 

Szentagothai, 1967). Most Purkinje neurons in the vermal cortex project onto cells in 

the fastigial nuclei, the most medial of the deep nuclei, although some project directly 

to the brainstem. In contrast, the Purkinje cells of the cerebellar hemispheres project 

onto the dentate nuclei, the most lateral of the deep nuclei. Between the vermis and both 

hemispheres lie the paravermal zones of the cortex of the cerebellar hemispheres (see 

Haines, Patrick & Satmlee, 1982 for review). From these areas Purkinje cells project 

onto neurons of the intermediate or interposed deep nuclei, globus and emboliform, 

which correspond to the interpositus nuclei in the commonly studied carnivore. A high 

level of ongoing excitatory activity in the deep nuclei is probably maintained by 

excitatory inputs from axon collaterals of both the mossy and climbing fibre systems. 

Thus cortical output neurons are capable of modulating the excitatory influences of the 

deep cerebellar nuclei on their target brainstem nuclei.

Afferent and efferent connections of the cerebellar vermal cortex

The dorsal spinocerebellar tract enters the cerebellum as climbing fibres via the 

ipsilateral inferior peduncle and terminate throughout the cortex of the anterior vermis 

(Armstrong, 1974; Oscarsson, 1969) and lobules VIII and IX of the posterior vermis
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(Grant, 1962). On the other hand, the ventral spinocerebellar projection enters via the 

ipsilateral superior cerebellar peduncle and the climbing fibres in this case terminate in 

the lateral regions of the anterior vermis (Armstrong, 1974; Oscarsson, 1969). Certain 

spinal projections are indirect, relaying in the external cuneate nucleus from where they 

project ipsilaterally through the superior and inferior peduncles to the cortex of the 

anterior vermis, and to lobule IX of the posterior vermis (Barrett, Bradley & Paton, 

1985; Bradley, Ghelarducci, La Noce, Paton, Spyer & Withington-Wray, 1990). These 

pathways supply the cerebellar vermis with somatosensory and proprioceptive 

information from the skin and skeletal muscles of the forelimbs (Cooke, Larson, 

Oscarsson & Sjolund, 1971). Inputs from natural vestibular stimulation and secondary 

projections from the vestibular nuclei are also received by lobule IX (Barrett et al., 

1985; Bradley et al., 1990; Brodai & Hoivik, 1964; Carpenter, Steiner & Peter, 1972; 

Korte & Mugnaini, 1979; Precht, Volkind & Blank, 1977), in addition to lobule X. The 

pontine nuclei relay descending visual and auditory information from the superior and 

inferior colliculi (Barr & Kieman, 1983), respectively, and from all areas of the cerebral 

cortex via the ipsilateral superior cerebellar peduncle to all lobules of the vermis, 

including lobule IX (Bradley et al., 1990a). In addition, the lateral and paramedian 

reticular nuclei (PRN) and the pontine tegmental reticular nucleus relay ascending and 

descending information via the middle and superior cerebellar peduncles to the anterior 

vermis (Somana & Walberg, 1978), although the PRN has also been shown to project to 

lobule IX (Bradley et al. 1990; Brodai & Hoddevik, 1978; Eisenman & Noback, 1986). 

Finally, the anterior vermis and lobule IX of the posterior vermis receive mossy fibre 

inputs from the perihypoglossal nuclei which are important in relaying messages 

relating to movements of the eyes, neck and head (Bradley et al., 1990; Kotchabhakdi, 

Hoddevick & Walberg, 1978). Finally, lobule IX of the posterior vermis has also been 

shown to receive a projection from the rostral portion of the nucleus o f  the solitary tract 

(NTS) in both the cat (Somana & Walberg, 1979) and rabbit (Bradley et al., 1990a), a 

region where gustatory fibres belonging to VII and IX cranial nerves terminate 

(Norgren, 1978).
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The anterior vermis and posterior vermis are topographically represented in the 

ipsilateral rostral and caudal portions of the fastigial nucleus (FN), respectively 

(Courville & Diakiw, 1976; Dow, 1936; 1938; Jansen & Brodai, 1942; Klinkhachom, 

Haines & Culberson, 1984a; 1984b; Voogd, 1964). Furthermore, particular sections of 

each vermal lobule have been shown to have highly localised terminal fields v^thin the 

FN by Armstrong and Schild (1978) utilising autoradiographic techniques and by 

Haines et al. (1982) using restricted heat lesions. In addition, certain Purkinje cells of 

the cerebellar cortex bypass the FN projecting directly onto neurons in the brainstem 

vestibular complex (Angaut & Brodai, 1967; Dow, 1936; 1938; Klinkhachom et al., 

1984a; 1984b Walberg & Jansen, 1961; Voogd 1964).

Walberg and Jansen (1961) demonstrated that corticovestibular fibres exit the 

cerebellum through the inferior cerebellar peduncle and terminate throughout the 

ipsilateral vestibular complex. However, some degree of controversy exists as to the 

precise termination sites of these fibres. In the cat (Angaut & Brodai, 1967) and 

opposum (Klinkhachom et ah, 1984a, 1984b) lesions studies have shown that fibres 

arising from the anterior vermis pass through the rostral FN and terminate, almost 

exclusively, within the lateral vestibular nucleus {Dieter's nucleus). On the other hand, 

projections from lobules VIII, IX and X of the posterior vermis descending through the 

caudal FN to the ipsilateral medial and superior vestibular nucleus {Bechterew's 

nucleus) were found to be relatively sparse in both the cat (Voogd, 1964) and opposum 

(Klinkhachom et ah, 1984b). Furthermore, Dow (1936) using degeneration techniques 

reported terminations within all the vestibular nuclei following lesions of lobule IX in 

the rat. However, Walberg and Jansen (1961), using similar experimental techniques, 

discovered degenerating axons in the dorsal halves of the lateral vestibular nucleus and 

inferior vestibular nucleus. More recently, projections from lobule IXb to the entire 

vestibular complex, via the inferior cerebellar peduncle, have been demonstrated by 

Paton et ah (1991) in the rabbit using anterograde neuroanatomical tracing techniques. 

In addition to the presence of label in the vestibular complex they also found a dense 

projection to the medial and lateral regions of the parabrachial nucleus (PBN). Except
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for a report in the prosimian primate (Haines, 1975), this pathway has not been 

previously identified as a major projection from the uvula. The discrepancies in 

vestibular termination sites in the above studies may be attributed to the exact location 

of lobule IX studied. However, of all the lobules of the posterior vermis it is lobule IX 

that sends the heaviest projection to the vestibular nuclei (Achenbach & Goodman, 

1968; Haines, 1975).

In several different species of animal a pathway between the deep cerebellar nuclei 

and the cortex has been demonstrated. Using neuroanatomical and electrophysiological 

techniques, Tolbert (1982) suggested that these projections originated either from 

corticonuclear axon collaterals or from the deep nuclei themselves. The site of 

termination for these axons are granule cell bodies and in contrast to mossy fibres they 

subserve inhibitory actions.

THE INFLUENCE OF THE CEREBELLUM ON THE 

CARDIOVASCULAR SYSTEM

Traditionally the cerebellum has been thought as a motor structure. Indeed, the 

cerebellar cortex has been viewed as a neuronal machine functioning to integrate an 

abundance of sensory inputs concerned with the regulation of movement and posture. 

However, since late last century a role for the cerebellum in cardiovascular function has 

been investigated.

Since Eckhard (1872) and Ferrier (1876) first reported blood pressure, heart rate and 

pupillary changes upon electrical stimulation of the cerebellum, many attempts to 

clarify the relationship between the cerebellum and the autonomic nervous system have 

been carried out. There was, and to some degree still is, much controversy as to the 

direction, duration and magnitude of the evoked cardiovascular changes. Investigators 

have reported pressor (Ban, 1959; Simkina, 1948; Zanchetti & Zoccolini, 1954), 

depressor (Ban, 1959; Dow & Moruzzi, 1958; Simkina, 1948) and rebound (Dow & 

Moruzzi, 1958: Simkina, 1948; Zanchetti & Zoccolini, 1954) blood pressure responses 

to stimulation of the cerebellum. Due to general descriptions and lack of precise details
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concerning the stimulation sites in some of the reports, it is difficult to determine 

whether the discrepancies between studies are a result of activation of different regions 

of the cerebellum.

Cardiovascular effects of the anterior vermal cortex and rostral fastigial nucleus.

In cats decerebrated to the precollicular level, Moruzzi (1938a; 1938b) was 

unsuccessftil in eliciting any changes in respiratory or cardiovascular variables by 

electrically stimulating the anterior vermis. However, more reliable autonomic effects 

were reported to be achieved by anterior vermal stimulation superimposed on raised 

blood pressure created by occlusion of both carotid arteries or intracarotid injection of 

cyanide in decerebrate cats (Moruzzi, 1938; 1940; 1950) and anaesthetised dogs 

(Wiggers, 1943). In these experiments anterior vermal stimulation resulted in an 

attenuation of both the reflex pressor response and increased ventilation. On the 

contrary, activation of the anterior cortex of the vermis has also been shown to result in 

a direct pressor response and inhibition of a reflex increase in blood pressure in the 

unrestrained conscious rabbit (Ramu & Bergman, 1967).

Stimulation of the anterior lobe in urethane anaesthetised and unanaesthetised rabbits 

has been reported to produce: EEG arousal; mydriasis-exophthalmos; piloerection; 

increases in heart rate, respiration and blood pressure; constriction of the ear vessels; 

dilatation of the urinary bladder and decreased stomach motility (Ban, 1959; Ban, 

Inoue, Ozaki & Kurotsu, 1956; Ban & Inoue 1957; Inoue Ozaki & Ban, 1958, Sawyer, 

Hilliard & Ban, 1961). These visceral responses are not unlike those which occur in 

defensive reactions. Furthermore, hypothalamic destruction or precollicular transection 

abolished these autonomic effects (Sawyer et al. 1961) thus confirming previous 

findings that the integrity of hypothalamic-cerebellar connections were essential for 

cerebellar evoked autonomic responses (Moruzzi, 1950; Zanchetti & Zoccolini, 1954; 

Ban, Inoue, Ozaki & Kurotsu, 1956). Similarly, the pressor effects to stimulation of the 

anterior vermis in the chloralose anaesthetised cat were shown to be abolished following 

precollicular decerebration by Hoffer et al. (1972). However, direct pressor patterns
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prior to the lesion often subsequently reversed to depressor responses at greater stimulus 

strengths following the lesion. In comparison, the depressor and rebound effects to 

cerebellar stimulation were found to be unaffected by the decerebration procedure from 

which they concluded that these responses were probably mediated via fastigiofugal 

pathways to the pontine and medullary reticular formation, whereas direct pressor 

effects involved hypothalamic areas. When the cortex of the anterior vermis was 

simultaneously stimulated along with the central gray matt?/> an inhibition of both the 

pressor response and renal constriction evoked by the latter stimulus alone was 

observed. Similarly, Lisander & Martner (1971) demonstrated a suppression o f all 

components of the hypothalamic evoked "cardiovascular defence response" in the 

anaesthetised cat following stimulation of the anterior cerebellar vermis. However, 

cerebellar stimulation alone did not evoke any notable cardiovascular response. In the 

report by Hoffer (1972), some important potential sources of variability in obtaining 

responses from the cerebellum were raised that should be taken in to mind when 

considering cerebellar studies. In some of his previous investigations, cerebellar 

stimulation in animals anaesthetised with chloralose produced the largest cardiovascular 

response, although the magnitude of the response was very inconsistent, and varying the 

stimulus frequency produced marked changes in both the evoked blood pressure and 

blood flow responses.

Nisimaru et al. (1984) found stimulation of the medial portion of lobules I, II and III 

of the anterior vermis in the anaesthetised rabbit to exert a strong influence on the 

cardiovascular system by inhibiting ongoing renal sympathetic nerve activity (RSNA) 

and reducing systemic blood pressure. These responses were suggested to be produced 

by Purkinje cell inhibition o f neurons in the subcortical nuclei (Ito & Yoshida, 1964; 

Ito, Yoshida & Obata, 1964). However, in some instances increases in both blood 

pressure and RSNA were observed and explained to be the result o f activation of axon 

collaterals of mossy or climbing fibre cerebellar afferents impinging on subcortical cells 

(Ito, Kawai, Udo & Mano, 1969). Since the anterior vermis is topographically 

represented within the rostral FN, which is well known to produce the "fastigial pressor
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response" (FPR) in many species (see below), activation of cerebellar afferent axon 

collaterals which are excitatory on neurons of the deep cerebellar nuclei could easily 

have resulted in a pressor response with an associated increase in RSNA. The possibility 

of antidromic afferent activation rather than activation of efferent Purkinje inhibitory 

cells introduces a dilemma in that previous results which have reported pressor effects 

from anterior vermal stimulation could have been evoked via this method or that the 

pathways involved do not synapse within the FN. Since a pressor response has been 

reported to be obtained from both the anterior vermis and FN within the same study 

(Sawyer et al., 1961), this would suggest that the pathway involved passes through the 

FN and thus cortical pressor effects can be obtained from this nucleus by the activation 

of fibres of passage.

The FPR elicited by electrical stimulation has been shown to be a very reproducible 

response with little species difference. In the anaesthetised rat (Chida, ladecola, 

Underwood & Reis, 1985; Henry & Conner, 1986), rabbit (Nisimaru & Kawaguchi, 

1984a), ferret (Person & Dormer, 1983), cat (Achari & Downman, 1969; 1970; Doha & 

Reis, 1972a; 1972b; Mitra & Snider, 1972), dog (Dormer & Stone, 1976a) and monkey 

(Huang, Carpenter & Wang, 1977), electrical stimulation of the rostral FN produces a 

pressor response that is usually associated with a tachycardia. Moreover, this response 

can be reproduced in the conscious cat (Achari, Al-Ubaidy & Downman, 1973) and dog 

(Dormer & Stone, 1976b).

In some of the early studies performed on the acute thalamic cat, sham rage (arching 

of the trunk, protrusion of the claws, struggling movements of the legs, a large increase 

in blood pressure, hyperpnoea, mydriasis and retraction of the nictitating membrane) 

was observed upon stimulation of the rostral FN (Zanchetti & Zoccollini, 1954), as well 

as some anterior and posterior lobules and underlying white matter (Moruzzi, 1947). 

These somatic and autonomic responses are not unlike those which occur in defensive 

behaviours or stimulation of the "hypothalamic defence area". Subsequently these 

responses were then abolished following precollicular decerebration. Consequently, it 

was suggested that the cerebellar actions were mediated via the hypothalamus. On the
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contrary, Miura & Reis (1969) demonstrated that the fastigial induced pressor response 

persisted following transection of the brainstem, at the level of the inferior colliculus, 

and was also unaffected by various brain lesions. Only after bilateral lesions 

encompassing the paramedian reticular nuclei was the pressor response almost 

completely abolished. The independence of the FN evoked pressor response from the 

hypothalamus was further substantiated by Achari & Downman (1970) and later by 

Bradley and co-workers in the rabbit and cat (1987a, b). These findings repudiate the 

work of Sawyer et al. (1961) and Hoffer et al. (1972) who failed to evoke a pressor 

response in the absence of an intact forebrain. Interestingly, stimulation of the rostral 

FN in the conscious cat has actually been shown to evoke predatory attack, grooming 

and feeding behaviours that were accompanied by vasopressor and tachycardie 

responses (Reis, Doha & Nathan, 1973).

However, it was not until 1972b, when Doha & Reis undertook their investigation in 

an attempt to finally attach a candidate physiological role for the FPR, that a detailed 

analysis of the haemodynamic changes which accompany this response was carried out. 

In this study they concluded that the FPR was a highly reproducible response which 

included: an increase in blood pressure without changes in central venous pressure; 

decreased flow and increased vascular resistance in the axillary, renal, femoral and 

mesenteric beds, a small increase in heart rate and myocardial contractile force; a 

decrease in calculated stroke volume and no change in cardiac output. Due to the overall 

pattern of cardiovascular effects they suggested that the FN may be involved in the 

compensatory (orthostatic) reflex response to maintenance of the upright posture, by 

acting in concert with systemic baroreceptors which provide the principal stimulus to 

orthostatic cardiovascular reflexes (Gauer & Thron, 1965).

Another physiological role was proposed by Dormer (1984) who suggested that the 

FN acts as a modulator of both blood pressure and heart rate during dynamic exercise in 

conscious dogs due to the observed deficits following lesioning and because the FN is 

known to both send efferent projections to medullary vasomotor areas (Andrezik, 

Dormer, Foreman & Person, 1984) and to receive projections from the motor cortex and
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muscle and joint afférents (Donner & Stone, 1982; Oscarsson, 1973). This suggested 

role does bear some relation to the one suggested by Doba and Reis (1972) since 

postural reflexes are also known to be active during exercise (Johnson, Rowell, 

Niederberger & Eisman, 1974).

Although a great wealth of information has been presented over the years on the

visceral and somatic effects o f rostral FN and anterior vermal stimulation in a variety of

species and preparation, the site of the true locus for these cerebellar effects remained

unclear. All of these historical studies carry the possible problems, discussed earlier,

associated with electrical stimulation and physical lesioning techniques. Electrical

stimulation of the cortex can result in antidromic activation of cerebellar afferent

collaterals synapsing with excitatory influences on fastigial neurons. On the other hand

stimulation in the FN could result in activation of cortical Purkinje cell axons passing

through en route to the brainstem. With this in mind the results of electrical induced

lesions can be imagined. However, in 1974 Fries & Zieglgansberger discovered that

excitatory amino acids (EEA) could be used as a discriminating test, since they only

excite cell bodies and not axons. To avoid the problems discussed above. Dormer,

Foreman & Stone (1977) microinjected glutamate (1.75M, 50-100pl) or infused it at 10-

20pl.min"^ into the fastigial pressor region in the dog and obtained a slow onset (10-

15s) increase in pressure and bradycardia lasting up to 50 minutes. However, the

concentration and volume of the injectate was so large that the drug would have

diffused quite a distance, possibly encompassing other neurons in the deep layer of the

cerebellum (Lipski, Bellingham, West & Pilowsky, 1988). A more reasonable quantity

of glutamate was injected into the rostral FN of the rat but failed to elicit any change in

either blood pressure or heart rate (Henry & Conner, 1986). Within this study the

authors also looked at the effects of lesioning the FN using kainic acid and ibotenic acid

and found that the pressor response to electrical stimulation of the FN was of similar

magnitude to that obtained before lesioning. A novel depressor/bradycardic response to
QCid )

microinjection o f kainic acid or DL-Homocysteic, but not glutamate or aspartate, into 

the rostral FN in the rat was described by Chida et al. (1985; 1986).
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More recently, Paton (1987) demonstrated that electrical or chemical activation of 

lobules I, II and III of the anterior vermis in the anaesthetised or decerebrate rabbit 

results in a tachycardia, a pressor response associated with vasoconstriction in both the 

renal and femoral vascular beds, and an increase in the rate of phrenic nerve discharge. 

Furthermore, a similar pattern of cardiovascular response was obtained from electrical 

activation of the rostral FN of the rabbit, with a silencing of the phrenic nerve discharge, 

although it could not be reproduced upon chemical activation. Similarly, microinjection 

of L-glutamate into regions of the rostral FN of the decerebrate or anaesthetised cat, 

which consistently produced a pressor response, tachycardia and changes in phrenic 

nerve discharge upon electrical stimulation, failed to elicit any cardiovascular response 

(Bradley, Pascoe, Paton & Spyer, 1987). Indeed, Miura & Takayama (1991) suggested 

the FPR was the result of stimulations that activated a subfastigial commissural fibre 

bundle communicating between each PEN, since the properties elicited by electrical or 

chemical stimulation of the PEN were similar to those of the FPR. Since activation of 

lobules I, II and III evokes similar effects to stimulation of the rostral FN in decerebrate 

preparations (Paton 1987), it appears the responses evoked from the rostral FN are 

probably the result of stimulation of anterior vermal efferents coursing through the FN 

en route to the brainstem or perhaps even non-cerebellar fibres.

Cardiovascular effects of the posterior vermal cortex and the caudal fastigial 

nucleus.

In contrast to central cardiorespiratory research looking at the effects of the anterior 

lobe, studies focusing on the posterior vermis and caudal FN are sparse. However, some 

investigators have also stimulated the posterior lobe in early studies (Ban, Hilliard & 

Sawyer, 1960; Rasheed, Manchanda & Anand, 1970), but the effects obtained were 

considered to be so small as to be insignificant. Ban et al. (1960) separated the rabbit 

vermis into the sympathetic anterior and parasympathetic posterior vermis. In contrast, 

Rasheed et al. (1970) and Stella & Steven (1962) did not find such a functionally 

divided vermis in anaesthetised cat and decerebrate dog, respectively. In the study by

24



Rasheed et al (1970), stimulation of the vermal cortex resulted in a depression of both 

blood pressure and respiration, with greater effects being obtained from the anterior lobe 

than the posterior lobe. Zanchetti & Zoccolini (1954) elicited a short lasting decrease in 

blood pressure with mydriasis which was subsequently replaced post-stimulus by a 

rebound pressor response and further pupillary dilatation, often developing into a 

complete outburst of sham rage, after stimulation of the fibres of lobules Vllb, VIII and 

IX in the thalamic cat. Due to this profile of response they suggested that these lobules 

were probably responsible for the rebound effects reported earlier by Moruzzi (1947; 

1948; 1950). Both the depressor and rebound responses were later abolished following 

precollicular decerebration. In agreement with Zanchetti (1954), Sawyer et al. (1961) 

demonstrated a transient depressor response which was associated with parasympathetic 

effects such as enophthalmos and miosis after electrical stimulation of lobules VIII or 

IX in the conscious immobilised rabbit. Furthermore, a sleeplike EEG pattern with 

spindles was also produced during stimulation and the parasympathetic effects 

described above gave way to rebound sympathetic effects, such as an increase in blood 

pressure, exophthalmos and mydriasis which was accompanied by EEG arousal, at the 

end of stimulus. However, when stronger currents were applied to the same sites that 

produced the parasympathetic responses, stimulation of lobules VIII or IX produced 

pressor responses with exophthalmus and mydriasis. The induced spindles, depressor 

effect and parasympathetic responses as well as the rebound phenomena were all 

abolished upon coagulation of the diencephalon or following precollicular 

decerebration. In contrast, Cooke & Snider (1953) demonstrated "activation effects" on 

the EEG as a result of stimulation of lobule Vllb, in the conscious, paralysed and 

artificially ventilated cat, which manifested as an increase in the amplitude of fast 

frequency waves. These effects were later shown to be mediated by the diencephalon 

(Snider, 1956). Furthermore, stimulation of lobule VI also produced lower voltage faster 

waves in the occipital cortex whilst enhancing low frequency waves (2-4Hz) in the 

lateral amygdala and hippocampus in the anaesthetised cat (Snider & Maiti, 1976). In 

accordance with Zanchetti & Zoccolini (1954) and Sawyer et al. (1961), stimulation of
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the posterior cortex in the anaesthetised cat was shown by Rasheed et al. (1970) to result 

in a vasodepressor response and suppression of respiration. In the anaesthetised rabbit 

stimulation of lobules VII and VIII (Nisimaru & Yamamoto, 1977) and in a later 

investigation (Nisimaru & Watanabe, 1985) the ventral portion of lobule IX and dorsal 

portion of lobule X resulted in a vasodepressor response with a decrease in ongoing 

RSNA. In contrast to all the previously discussed findings, stimulation of the posterior 

vermis (VIII, IX and X) has also been shown to elicit a pressor response with increase in 

ventilation rate (Manchanda, Tandon & Aneja, 1972).

Until recently, to my knowledge, the function of the caudal FN in cardiovascular 

control has not been openly investigated. However, in some early studies looking at the 

rostral FN some information has been gleaned from misplaced electrodes verified upon 

histological examination of the cerebellar sections. Activation at these sites produced no 

changes in blood pressure, heart rate or peripheral blood flows (Miura & Reis, 1970). In 

another study stimulation of the caudal FN resulted in a vasodepressor response and 

apnoea in the anaesthetised cat (Manchanda & Bhattari, 1972). More recently the effects 

of activation of the posterior vermis and caudal FN on cardiovascular function have 

been well documented by Bradley and co-workers.

Electrical activation of the caudal FN has been shown to evoke a bradycardia and 

apnoea in the anaesthetised rabbit (Bradley, Paton & Spyer, 1987). Furthermore, a 

depressor response was also elicited with no change in renal vascular resistance, a 

transient drop in RSNA and a vasodilatation of the hindlimb associated with a decrease 

in sympathetic vasoconstrictor tone. In comparison, activation of the same site in the 

unanaesthetised decerebrate animal produced the opposite effect ie. a sympathetically 

mediated pressor response, associated with vasoconstriction in both renal and femoral 

vascular beds, and a tachycardia with an increase in central inspiratory drive. 

Subsequent administration of anaesthetic to the decerebrate animal reversed the 

cardiorespiratory response to the profile seen in the anaesthetised intact rabbit. It is of 

interest that the cardiorespiratory effects of stimulation of the rostral FN in the same 

series of experiments did not alter upon administration of anaesthetic to the decerebrate
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rabbit. However, microinjection of glutamate or y-amino butyric acid (GABA) into the 

caudal FN failed to elicit any cardiovascular effects suggesting that fibres of passage 

were being activated by electrical stimulation of this region (Paton, 1987). In a report 

released simultaneously, electrical stimulation of the rostral but not caudal FN produced 

a cardiovascular and respiratory response in both the decerebrate and anaesthetised cat, 

and this response could not be reproduced by chemical activation (Bradley, Pascoe, 

Paton & Spyer, 1987). Within this study the cardiorespiratory effects to stimulation of 

the posterior vermis in anaesthetised and decerebrate cats were also assessed. The 

findings showed lobule IX, and Xa in some anaesthetised cats, to be the only lobules 

which consistently produced responses to electrical stimulation. In the anaesthetised cat 

electrical activation of lobule IX produced apnoea, a small bradycardia and a depressor 

response related to a vasodilatation in the hindlimb vascular bed. In contrast stimulation 

of a similar region in the decerebrate evoked qualitatively the opposite cardiorespiratory 

response, with the exception that a vasoconstriction of the renal vascular bed was now 

evident. The same profile of cardiovascular response can also be found in both the 

decerebrate and anaesthetised rabbit after stimulation of lobule IX, which was the only 

lobule to elicit a cardiovascular response in this species (Bradley, Paton & Spyer, 1987; 

Paton, 1987). Furthermore, the cardiovascular effects elicited in both the anaesthetised 

and decerebrate rabbit and cat could be qualitatively reproduced by chemical activation 

with glutamate, thus suggesting that the responses obtained by electrical stimulation do 

not involve antidromic activation of collaterals of brainstem neurons (Bradley, Pascoe, 

Paton & Spyer, 1987; Paton, 1987). The findings therefore suggested that the 

cardiovascular effects are initiated within the cortex and the responses are mediated by 

cortico-brainstem pathways which pass through the caudal FN, without relay, in the 

rabbit and they are sensitive to the effects of anaesthesia.

Subsequent studies in the rabbit provided an anatomical substrate for the cortico- 

brainstem projection with a structure known to be involved in cardiovascular control 

(Bradley, Ghelarducci, La Noce, Paton, Sebastiani, Spyer & Sykes, 1989; Paton, La 

Noce, Sykes, Sebastiani, Bagnoli, Ghelarducci & Bradley, 1991). Dense direct
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projections from lobule IXb showed terminal-like patterns of label in the medial and 

lateral parabrachial nucleus (PBN). Indeed electrolytic lesioning of the brachium 

conjunctivum and parts of the surrounding PBN resulted in attenuated IXb 

cardiovascular responses in the anaesthetised rabbit, whilst destruction of the restiform 

body reduced the effects obtained in the decerebrate animal (Bradley et al., 1989; Paton 

et al., 1991). In later investigations injection of the excitotoxin kainic acid, which 

selectively lesions the perikarya (Coyle, Molliver & Kuhar, 1978; Denavit-Saubie, 

Riche, Champagnat & Velluti, 1980), into the ipsilateral rostral PBN abolished or 

attenuated the IXb evoked cardiovascular response in the anaesthetised rabbit (Paton & 

Spyer, 1990). In comparison, kainic acid placed in the ipsilateral caudal PBN 

suppressed the cardiovascular response to IXb stimulation in the decerebrate rabbit. In 

addition, chemical lesioning of the ipsilateral NTS greatly attenuated or reversed the 

response to IXb stimulation in the decerebrate rabbit only. Taken together, the two 

studies proposed two functionally distinct pathways from lobule IX to the PBN. One 

pathway which is active in relaying cardiovascular information from lobule IXb via the 

brachium conjunctivum to the rostral PBN in the anaesthetised rabbit and the other via 

the restiform body to the caudal PBN in the decerebrate. Therefore, the integrity of the 

rostral PBN and caudal PBN/NTS are essential for the evoked IXb responses in the 

anaesthetised and decerebrate preparations, respectively.

It was later demonstrated that electrical stimulation of lobule IXb could inhibit

barosensitive neurons in the NTS of decerebrate rabbits (Paton, Silva-Carvalho,

Goldsmith & Spyer, 1990). Indeed lesioning of lobule IX showed it provides a tonic

inhibitory influence on the cardioinhibitory component of the baroreceptor reflex in the

same preparation (La Noce, Bradley, Goring & Spyer, 1991). In addition, stimulation of
! *

the same sublobule in the anaesthetised cat produced marked effects on presympathetic 

'vasomotor' neurons of the rostroventral lateral medulla (RVLM: Silva-Carvalho, Paton, 

Goldsmith & Spyer, 1991). I * The majority of cells were excited, some were excited 
I  and then inhibited and a few were inhibited.

In an attempt to supply a potential physiological purpose for lobule IX in 

cardiovascular control, two investigations were carried out in parallel. The
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neuroanatomical tracing part of the first study revealed widespread afferent inputs from 

brainstem reticular and sensory nuclei to lobule IX, whilst the electrophysiological part 

demonstrated the ability of lobule IXb to receive radial, sciatic, trigeminal and 

vestibular inputs (Bradley, Ghelarducci, La Noce, Paton, Spyer & Withington-Wray, 

1990). In the second investigation, electrical stimulation of lobule IXb in the conscious 

instrumented rabbit produced cardiovascular and somatic effects suggestive of arousal 

(Bradley, Ghelarducci, La Noce & Spyer, 1990). On the basis of the identified inputs in 

addition to the evoked cardiovascular and behavioural effects, it was proposed that 

lobule IX could have a role to play in coordinating the visceral and somatic components 

of alerting behaviour in the rabbit. In this context it was surprising that a subsequent 

study could find no support for this suggestion, at least for the cardiovascular 

component (Bradley, Goring, La Noce & Spyer, 1991). However, it is noteworthy that 

the alerting tone did not provoke any signs of defensive or aggressive behaviour. In 

addition, it was also found that lobule IX had no part to play in the aquisition or 

retention of conditioned bradycardias in the rabbit (Sebastiani, La Noce, Paton & 

Ghelarducci, 1992).

Uc  ̂DEFENSIVE BEHAVIOUR AND ITS ASSOCIATED CARDIOVASCULAR

ADJUSTMENTS

Since Bard (1928) demonstrated rage reactions following decortication and brainstem 

transection at the level of the diencephalon in cats, researchers have been investigating 

the structures and pathways involved in mediating these effects. Stimulation of the 

lateral hypothalamus in the region occupied by the medial forebrain bundle has been 

observed by Kabat and co-workers to cause mydriasis, increased respiration, struggling 

movements with clawing and biting, salivation, goose pimples and sweating in the pads 

of the paws in cats. Furthermore, cessation of peristalsis and sometimes emptying of 

the bladder was observed (Kabat, Anson, Magoun, & Ranson, 1935; Kabat, Magoun & 

Ranson, 1935; Ranson Kabat & Magoun, 1935; Kabat, 1936; Kabat, Magoun & 

Ranson, 1936). In addition, the responses obtained in the lightly anaesthetised animal
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were similar to those seen in unanaesthetised animals.

In later experiments on the waking, freely moving cat, Hess & Brugger (1943) 

evoked what was termed an affective "defence reaction" from the perifomical 

hypothalamus which consisted of hissing, lowering of the head, flattening of the ears, a 

marked dilatation of the pupils and piloerection on the back and tail. On the other hand, 

stimulation of the posterior hypothalamus and adjacent thalamus has been shown to 

elicit flight behaviour (Hess, 1949, 1957). Indeed bilateral destruction of the caudal 

hypothalamus in cats produces somnolence and catalepsy, together with a decline in 

emotional activity (Ingram, Barris & Ranson, 1936). In addition to the perifomical 

region of the hypothalamus, Hunsperger (1956) also produced the affective "defence 

reaction" upon activation of the midbrain central gray matter with both regions being 

surrounded by larger fields from which flight responses could be obtained. Threshold 

stimulation of this region evokes pupillary dilatation and an alerting, or orienting, 

reaction (Abrahams, Hilton & Zbrozyna, 1960). At higher current intensities, pupillary 

dilatation, piloerection, flattening of the ears, unsheathing of the claws, hissing, 

snarling and attack behaviour can also be elicited in response to a visual or auditory 

stimulus. These reactions are very similar to those observed upon confronting a cat with 

a dog, but are dissimilar to those associated with a reaction to pain as reported by 

Spiegel, Kletzkin & Szetkely (1954) in the unrestrained conscious cat, and by Delgado 

(1955) in the monkey.

In addition to the behavioural reactions described above, activation of the same 

hypothalamic or central gray regions in the chloralose anaesthetised cat has been shown 

to result in cardiovascular alterations (Abrahams et al., 1960). This response involved 

an increase in arterial blood pressure, a mobilisation of venous reserves, a tachycardia, 

a vasodilatation in skeletal muscle and an increase in rate with decrease in depth of 

breathing. A similar pattern of cardiovascular response can be elicited by various 

stimuli thought to induce stress, such as confronting a conscious cat with a dog or 

approaching it with fire. Within this cardiovascular response an increase in cardiac 

output has been demonstrated with haemodynamic adjustments including a
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vasoconstriction in cutaneous, renal and splanchnic vascular beds and a vasodilatation 

in the hindlimb (Mancia, Baccelli & Zanchetti, 1972; 1974; Martin, Sutherland & 

Zbrozyna, 1976). Furthermore, emotional stress in man has been reported to increase 

blood pressure, heart rate and the contractility of the heart leading to an increase in 

cardiac output that is redistributed from cutaneous, renal and splanchnic vascular beds 

to the cholinergically vasodilated beds in the active muscles of the forearm (Barcroft, 

Brod, Hejl, Hirsjarvi & Kitchin, 1960; Blair, Glover, Greenfield & Roddie, 1959; Brod, 

Fend, Hejl & Jirka, 1959). Sympathetic cholinergic vasodilator nerve fibres are known 

to supply the skeletal muscles of cats, dogs, sheep, goats and foxes whilst rats, badgers, 

polecats, hares and a variety of monkeys do not have such a nerve supply to skeletal 

muscle (Bolme, Novotny, Uvnas & Wright, 1970). Indeed, the skeletal muscle 

vasodilatation observed in the defence reaction of cats has been shown to be, at least in 

part, cholinergically mediated since it is abolished or attenuated by pre-administration 

of atropine (Martin et al., 1976).

With respect to reflexes, chemoreceptor inputs in themselves are able to elicit the 

defence response (Marshall, 1977) and the chemoreceptor reflex has been shown to be 

facilitated by the hypothalamus (Hilton & Joels, 1965; Silva-Carvalho, Dawid-Milner, 

Goldsmith & Spyer, 1993). In contrast, the baroreflex is inhibited during the defence 

reaction in the cat and rat, as elicited by hypothalamic (Coote, Hilton & Perez- 

Gonzalez, 1979; Gebber & Snyder, 1970) and periaqueductal gray stimulation, 

respectively (Jones, Kirkman & Little, 1990; Nosaka, Murata, Inui & Murase, 1993). 

Indeed intracellular recordings in the NTS have shown that inhibitory postsynaptic 

potentials (IPSP's) are elicited in barosensitive neurons following application of a 

conditioning stimulus to the HDA in the cat (Mifflin, Spyer & Withington-Wray, 

1988). The mechanism by which the hypothalamus inhibits the baroreceptor reflex has 

been shown to be G ABA mediated (Jordan, Mifflin & Spyer, 1988). Since descending 

inputs from the hypothalamus and midbrain do not involve G ABA containing fibres 

(Izzo, Sykes & Spyer, 1992), the target cells for these inputs must be intrinsic NTS 

GABA-containing intemeurons.
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Besides the midbrain central gray matter and the hypothalamus, similar affective 

responses have been found upon stimulation of the amygdala and surrounding 

structures in the unrestrained cat (MacLean & Delgado, 1953). In this study the authors 

reported growling and hissing, organised angry behaviour as well as attempts to escape. 

Using weak stimulation an attention response accompanied by contraversive turning of 

the head or searching movements has also been reported which changes to fear and 

anger behaviours identified by dilatation of the pupils, piloerection, lowering of the 

head, flattening of the ears and either flight or growling and hissing with stronger 

stimulations (Gastaut, Naquet, Vigouroux & Corriol, 1952; Naquet, 1953; Kaada, 

Anderson & Jansen, 1954; Kaada & Ursin, 1957). In association with the 

aforementioned affective behaviours, stimulation of the amygdala also evokes 

cardiovascular responses (Stock, Schlor, Heidt & Buss, 1978). In their studies Stock et 

al. showed activation of the central nucleus o f the amygdala (ACe) to produce alerting 

and searching movements which at higher stimulus intensities were followed by hissing 

and growling. The induced behaviours built up gradually and outlasted the stimulus. 

This phenomenon of a gradual build up of the response had previously been noted by 

Hilton & Zbrozyna (1963) upon stimulation of the basal and medial nuclei as well as 

parts of the central and lateral nuclei. Basal nucleus activation on the other hand 

resulted in flattening of the ears and retraction of the head, behaviour identified as 

defensive by Ley hausen (1973). As ACe elicited behaviour did not contain this stance it 

was suggested to be closer to attack or superimposition of attack on the defence 

reaction. An increase in both blood pressure and heart rate was produced by ACe 

stimulation, which was maintained throughout the stimulus, and was often followed by 

a bradycardia. Stimulation of the basal nucleus produced a small decrease in blood 

pressure, which was followed by a brief increase at higher intensities, and acompanied 

by a small increase in heart rate.

The pathways involved in mediating these emotional responses were then 

investigated by de Molina & Hunsperger, (1959) and Hilton & Zbrozyna (1963). With 

low intensity stimulation the response obtained by de Molina & Hunsperger consisted
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of growling integrated in a defence pattern consisting of lowering of the head, 

flattening of the ears, pupil dilatation and piloerection in the unrestrained cat. At higher 

intensities the growls were louder and were followed by hissing and an exaggerated 

defence pattern which included arching of the back. The area producing these responses 

was reported to extend from the dorsal portion of the basal nucleus and adjacent parts 

of the central and medial nuclei along the stria terminalis to the bed nucleus o f the stria 

terminalis, at the level of the anterior commisure, and further caudal to the preoptic 

area and rostral hypothalamus where it joins the active field of the hypothalamus and 

mesencephalon. The amygdala, septum and hypothalamus had previously been shown 

to be linked via the stria terminalis in neuroanatomical studies (Fox, 1940; 1943; 

Droogleever Fortuyn, 1956). Interruption of the stria terminalis suppressed responses 

obtained from the ipsilateral amygdala and on this basis it was suggested to be the 

efferent pathway conveying behavioural responses from the amygdala (de Molina, 

1962). On the other hand, Hilton & Zbrozyna (1963) showed lesions of a ventral 

amygdalo-hypothalamic pathway and not the stria terminalis to result in attenuated 

amygdaloid responses in conscious cats. Anatomical evidence for such a pathway had 

previously been shown by Escolar (1955) when he suggested that amygdaloid axons 

join the ansa lenticularis which had already been known to contain amygdalofligal 

fibres (Garcia, 1954). It was later suggested by Nauta (1961) that 'the most massive 

amygdaloid projection system' was a ventral amydalofugal pathway. The positively 

identified sites for producing the defence reaction in this study differed from that of de 

Molina in that pupillary dilatation, piloerection, restlessness and growling resulted from 

threshold stimulation and extension of the claws, wild running, jumping up the walls 

and urination were achieved by stronger currents. The region that produced the defence 

reaction corresponded essentially to the basal nucleus with slight overlapping of the 

lateral and central nuclei o f the amygdala.

Although most of the historical findings above were essentially derived from 

extensive studies in the cat, similar results demonstrating integrated autonomic and 

behavioural components of the defence reaction have been obtained in the dog (Bolme,
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Ngai, Uvnas & Wallenberg, 1967), rat (Yardley & Hilton, 1986) and rhesus monkey 

(Forsyth, 1970). Essentially the same distinctive pattern of cardiovascular response can 

be consistently elicited by electrical activation of similar hypothalamic and midbrain 

regions in the dog, rat, monkey and baboon (Azevedo, 1981; Azevedo, Hilton & 

Timms, 1980; Yardley & Hilton, 1986; Bolme et al., 1967; Forsyth, 1970; Schramm, 

Honig & Bignall, 1971; Smith, Astley, De Vito, Stein & Walsh, 1980).

From the early studies using lesioning and electrical stimulation techniques, 

invaluable information regarding structures involved in mediating the defence reaction 

has been gained, however, the findings are limited with regards to the defined locus for 

initiation of these events. Electrical stimulation not only activates neuronal perikarya 

but also stimulates fibres passing through the vicinity of the electrode tip. More 

recently, studies have been undertaken employing microinjections of EEA's, which 

exclusively activate neuronal cell bodies (Goodchild, Dampney & Bandler, 1982).

In the conscious rat Hilton & Redfem (1986) failed to observe a pressor response 

upon injection of an EAA into any region of the hypothalamus. They concluded that 

only the PAG contains the cell bodies capable of producing both the behavioural and 

cardiorespiratory components of the defence response, following injection of large 

doses of DLH. Three other regions (dorsal to the optic chiasm, medial tuberal region of 

the hypothalamus and lateral pontine tegmentum) produced almost all the autonomic 

components with the exception that blood pressure fell. In decerebrate rats, 

microinjection of DLH into the caudal third of the lateral PAG produced forward 

running movements with an associated increase in heart rate and blood pressure. DLH 

injected into sites situated more rostral in the intermediate PAG resulted in backward 

"defensive" movements which were also associated with a pressor response and 

tachycardia (Depaulis, Keay & Bandler, 1992).

Similar to the report of Hilton & Redfem (1986), Bandler (1982) failed to elicit 

defensive behaviour following microinjection of L-glutamate into the HDA of the 

conscious cat, whereas injection of large doses of DLH or aspartate into the midbrain 

PAG readily did so (Bandler & Carrive, 1988). The evoked threat display characteristic
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of the cat's defence reaction involved pupillary dilatation, piloerection, retraction of the 

ears, arching of the back, hissing, howling, growling and sometimes directed attack, 

when the injected EEA was a small dose of kainic acid. Subsequently it was 

demonstrated that microinjection of large doses of DLH into a similar region of the 

PAG in the anaesthetised and paralysed cat evoked the cardiovascular components of 

the defence reaction, including a hindlimb vasodilatation (McDougall, Dampney & 

Bandler, 1985).

Concerning the amygdala, all studies using EEA microinjection techniques have 

been performed in the rat. In the "Saffan" anaesthetised rat microinjection of DLH has 

been reported to result in a pressor response, tachycardia, renal vasoconstriction and 

hindlimb vasodilatation, but only when the injectate was placed in the basolateral 

nucleus (al Maskati & Zybrozyna, 1989). On the other hand, in rats anaesthetised with 

a-chloralose, injection of L-glutamate into the ACe was observed to result in a 

vasodepressor response and bradycardia (Roder & Ciriello, 1993).

The defence response of the rabbit

In contrast to the wealth of information accrued over the years initially with the cat and 

then the rat, there is a paucity of studies relating to visceral and behavioural 

components of the rabbits defence reaction. Although there is striking similarities in the 

evoked cardiorespiratory changes between different species of animal, the behaviours 

induced from distinct brain structures in the rabbit have notable differences. This is not 

really surprising since rabbits are not inherently aggressive animals.

In the anaesthetised rabbit, Evans (1976) evoked essentially the same visceral 

response to the cat upon HDA stimulation, except apnoea ensued and heart rate fell. 

Since the area activated showed some homology with the region known to produce 

aggression in the conscious cat (Hess & Brugger, 1943), Evans suggested the evoked 

effects to be species-specific. The increase in blood pressure and increased extensor 

muscle tone indicated a form of aggression with the apnoea and bradycardia suggestive 

of a passive fear component. During the bradycardia, the baroreflex was shown to be
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potentiated (Azevedo, 1987; Evans, 1978). On the other hand, tachycardias 

incorporated into the HDA response have also been demonstrated in other studies, 

although the incidence of occurrence was low (Azevedo, 1987; Azevedo, Hilton & 

Timms, 1980). Electrical stimulation of the HDA in the conscious rabbit has only been 

able to evoke "flight" and "freezing" behaviours (Azevedo, 1987). Stimulation of the 

same sites when the animals were subsequently anaesthetised induced pressor 

responses accompanied by either tachycardias and an increase in ventilation or 

bradycardias associated with apnoea.

In comparison to the HDA, electrical stimulation of the dorsal PAG consistently 

evokes the full "cardiovascular defence response", including a vasodilatation in 

hindlimb skeletal muscle, a tachycardia and an increase in the respiration rate 

(Markgraf, Winters, Liskowsky, McCabe, Green & Schneiderman, 1991). In the light 

of all these studies, it seems surprising that only one attempt has been undertaken to 

positively locate the hypothalamic and PAG regions responsible for initiating these 

cardiovascular events. In that investigation. Tan & Dampney (1983) concluded that 

only the PAG and possibly the ventromedial nucleus of the hypothalamus contained 

neurons capable of initiating certain components of the "cardiovascular defence 

response", including an increase in hindlimb vascular conductance.

Concerning the amygdala, electrical stimulations of the ACe has been reported to 

evoke a "playing dead" response which was characterised by a cessation of ongoing 

somatomotor activity and was accompanied with a pupillary dilatation, a rapid onset 

vagal bradycardia, a vasodepressor response and increase in ventilation rate (Applegate, 

Kapp, Underwood & McNall, 1983). Essentially the same pattern of cardiorespiratory 

response can also be evoked in the chloralose anaesthetised rabbit (Cox, Jordan, Paton, 

Spyer & Wood, 1987). The depressor responses also involve a vasodilatation of the 

hindlimb resulting from a withdrawal of sympathetic tone and the evoked 

cardiovascular responses are not secondary to changes in respiration since paralysis and 

hypo- and hyperventilation do not modify the magnitude of the vasodepressor response 

or bradycardia (Cox et al., 1987; Kapp). Indeed ACe lesions have been reported to
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attenuate or abolish the bradycardic and vasodepressor components that are associated 

with conditioned emotional arousal (Gentile, Jarrell, Teich, McCabe & Schneiderman, 

1986; Kapp, Frysinger, Gallagher & Haselton, 1979).

Ud  ̂THE PRESENT INVESTIGATION

As previously shown the cardiovascular effects to stimulation of lobule IX of the 

posterior cerebellar vermis have been well documented, and there appears to be little 

species differences between the cat and rabbit. Although activation of lobule IXb in the 

conscious rabbit evoked somatic and cardiovascular effects suggestive of arousal, 

subsequent investigations using models for alerting and the conditioning of 

bradycardias failed to supply a physiological role for this lobule. The present study was 

carried out to establish links between lobule IX of the posterior cerebellar vermis and 

structures known to be involved in the mediation of defensive behaviours with a view 

to assigning a possible function for this lobule in cardiovascular control.

Since the baroreceptor reflex has been reported to be suppressed in cats (Coote, 

Hilton & Perez-Gonzalez, 1979; Coote, Hilton & Zbroznya, 1973; Gebber & Snyder, 

1970) and facilitated in rabbits during activation of the HDA (Azevedo, 1987; Evans,

1978) and tonically more sensitive following uvula lesioning in the decerebrate rabbit 

(La Noce, Bradley, Goring & Spyer, 1991), it was first of all essential to establish how 

the reflex sensitivity was altered upon removal of lobule IX in the anaesthetised and 

paralysed rabbit. Stimulation of the ACe and the HDA or PAG evokes cardiovascular 

changes that are synonymous with those which occur "playing dead" and "fight or 

flight" behaviours, respectively, therefore the modulatory effects of cerebellar lesioning 

and simultaneous cerebellar stimulations with the forebrain were investigated. 

Microinjections of EEA's into the forebrain, cerebellar and midbrain regions were 

employed to discriminate between responses elicited by axonal activation and those of 

cell body excitation.

To identify the relay/integration site for forebrain-cerebellar influences, the effect of 

chemical lesioning of the cell bodies within the parabrachial nucleus, a possible site of
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convergence for the interactions, was observed on both forebrain and cerebellar evoked 

cardiovascular responses.

Since lobule IX is well known to receive vestibular and somatosensory afferent 

inputs, it was important to elucidate the possibility of this lobule receiving inputs from 

a previously identified hypothalamo-cerebellar projection in addition to inputs from 

cardiovascular afferents. This information would be useful in postulating a role for this 

part of the posterior cerebellar vermis in cardiovascular control.

Changes in respiratory drive can severely affect concomitant cardiovascular 

responses (Daly, 1972; 1985; Gilbey, Jordan, Richter & Spyer, 1984; Jordan & Spyer, 

1986; Janig, 1985), therefore all of the present studies were performed in paralysed 

rabbits.
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Figure 1.1
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A posterior view of the rabbit cerebellum. Lobule VI of the posterior cerebellar 
vermis= declive, lobule VII= folium and tuber, lobule VIII= pyramis and lobule 
IX= uvula.
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CHAPTER!

Effects of cerebellar lesions on the cardioinhibitory component of the

baroreceptor reflex
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2. TNTRODUCTTON

Stimulation of lobule IX in the unanaesthetised decerebrate rabbit has been shown 

to reduce the excitability of barosensitive neurons located in the nucleus tractus 

solitarii (NTS; Paton, Silva Carvalho, Goldsmith & Spyer, 1990). Indeed, removal of 

lobule IX resulted in an increase in the gain of the cardioinhibitory component of the 

baroreceptor reflex in the unanaesthetised decerebrate rabbit (La Noce, Bradley, 

Goring & Spyer, 1991). Since the profile of the cardiorespiratory response evoked by 

electrical or chemical stimulation of lobule IXb is reversed by anaesthesia (Bradley, 

Ghelarducci, La Noce, Paton, Spyer & Withington-Wray, 1990; Bradley, Ghelarducci, 

Paton & Spyer, 1987; Bradley, Pascoe, Paton & Spyer, 1987; Paton, 1987), the aim of 

this study was to determine if the tonic inhibition of the baroreflex, observed in the 

decerebrate rabbit, was reversed to a facilitation of the reflex after lesioning of lobule 

IX in the anaesthetised animal; a necessary prelude to studies of interactions between 

the cerebellum and forebrain structures involved in cardiovascular control.

Two widely accepted methods of stimulating the baroreflex were used in this study. 

These are the 'pressor' test (Smyth, Sleight & Pickering, 1969), which involves 

pharmacological stimulation of all barosensory areas by bolus intravenous injection of 

a pressor drug, such as phenylephrine, and aortic intraluminal balloon inflations. The 

use of phenylephrine has advantages in that it uses arterial pressure as the stimulus, it 

requires no special equipment, and is relatively non-invasive. Involvement of other 

reflex mechanisms in addition to the arterial baroreflex has been argued to be minimal. 

Although intracardiac pressures are altered (Petrov, Karachiviev & Bredy-Dobreva,

1979), cardiac receptors do not appear to have an important role in mediating reflex 

responses to phenylephrine (Alexander & DeCuir, 1966; Komer, Shaw, West & 

Oliver, 1972). This study also allowed comparison of the use of phenylephrine with 

the aortic balloon as a means to invoke a baroreceptor-reflex mediated bradycardia. To 

allow a direct comparison with the findings in the unanaesthetised decerebrate rabbit 

using aortic balloon inflations, the sensitivity of the baroreceptor reflex was tested and 

analysed according to the method of La Noce et al. (1991).
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2. MATERIALS AND METHODS

2 (a) General Method

Fourteen adult New Zealand White rabbits (1.7-2.25kg) were anaesthetised with 

4ml/kg of a mixture of urethane (Sigma Ltd, UK., 25% w/v) and a-chloralose (Sigma 

Ltd., 1.5% w/v) via the marginal ear vein and supplemented i.v. when necessary with 

the same anaesthetic. Chloralose-urethane was chosen since it was reported to be the 

anaesthetic of choice for studying the baroreflex (Ginzel, 1968). In all animals the 

bladder was drained and cannulated following a midline incision of the lower 

abdominal wall, to prevent afferent activity from a distended bladder evoking changes 

in cardiovascular reflexes. A midline incision was then made in the neck and the 

stemo-hyoid muscles were separated to allow the trachea to be intubated, just below 

the larynx, for artificial ventilation. The left femoral vein was cannulated to allow for 

administration of anaesthetic supplements and drugs. Arterial blood pressure was 

monitored via a cannula inserted into the left brachial artery and connected to a 

pressure transducer (Gould Statham, USA., P23Db). Heart rate was derived from the 

pressure record using an instantaneous rate meter (Neurolog, Digitimer Ltd., module 

NL 250). Rectal temperature was maintained within the normal physiological range for 

this species (37-39°C) by using a heating lamp and/or a thermostatically controlled 

heating blanket (Harvard Apparatus Co., USA). A Swan-Ganz catheter (American 

Edwards Laboratories, size 4F) was inserted into the left femoral artery and its tip 

advanced into the descending aorta, above the renal arteries, at the level of the 

diaphragm.

In two of the fourteen animals, silver wire electrodes tied through the skin on either 

side of the chest were used to obtain EGG recordings. The output was connected to a 

high impedance preamplifier (Neurolog Ltd., model NLIOOK), the activity was 

amplified (Neurolog Ltd., model NL104) and filtered (Neurolog Ltd., model NL125) 

before being displayed on a chart recorder (Gould Electronics, USA., model 2800S), 

The output was also channeled through an analogue to digital converting interface
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(Cambridge Electronic Design (CED), UK., model 1401) and the data were captured 

and analysed using Spike2 software (CED).

Rabbits were placed in the prone position with their heads fixed rigidly to a 

stereotaxic frame (Kopf Instruments). The animals were then paralysed with 

décaméthonium bromide (Sigma Ltd, 0.6mg/kg iv) and supplemented every hour after 

testing blink, pupil and pedal withdrawal reflexes and artificially ventilated (Harvard 

Apparatus Co., USA., model 665) with oxygen enriched room air (tidal volume 12- 

20ml, 40-60 cycles min’l). During paralysis, the depth of anaesthesia was assessed by 

monitoring the stability of resting blood pressure and the magnitude of the change in 

heart rate to a pinch. This procedure of testing depth of anaesthesia was also carried 

out in all subsequent studies. End tidal CO2 was sampled, from a side arm in the 

tracheal cannula, and monitored continuously using an infrared gas analyser (P.K. 

Morgan, UK., model 901-MK2) and maintained at 4.0-4.5% in all animals by 

adjusting the minute volume. The posterior vermis was exposed following a dorsal 

midline incision, from the lambdoidal suture to the second cervical segment of the 

spinal cord, retraction of the nuchal muscles and removal of the occipital bone. The 

dura mater was only incised when all other surgical procedures were completed. Any 

bleeding from the bone was arrested by application of bone wax and the exposed 

cerebellar tissue was protected subsequently by cotton wool soaked frequently with 

warm saline (37°C).

Supplementary anaesthetic was given to animals in approximately 3% aliquots up 

to a total of 6-21% of the induction dose, over the surgical period, finishing not less 

than Ihr before baroreflex testing. To minimise the difficulty of changing levels of 

anaesthesia with time, all experiments were completed within two hours from the start 

of baroreflex testing and before any further supplementary doses of anaesthetic were 

necessary.

2 fbl Experimental protocol

The baroreceptor-cardiac reflex, which for simplicity may be later referred to as
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baroreflex, was tested by a series of bolus injections of phenylephrine (0.5-25pg/kg iv; 

Sigma Ltd., UK) followed by a series of aortic balloon inflations (n=10-20). The 

balloon was inflated rapidly (approx. Is) and the inflation was held for less than 10s in 

all instances. In all experiments lobule IX was aspirated and the animals were left for 

lOmins prior to repeating the baroreflex testing. A settling period of ten minutes was 

chosen after monitoring blood pressure and heart rate records where both these 

variables had stabilised within this time.

In two of the fourteen rabbits, which will be discussed separately, the above 

protocol was carried out under -receptor blockade using atenolol (1 mg/kg iv; Sigma 

UK), to test whether the cerebellar effects on the baroreflex were still present in the 

absence of sympathetic involvement in reflex responses. Before administering 

atenolol, the cardioexcitatory component of the baroreceptor reflex was tested using 

bolus iv injections (2.5-lOpg) of sodium nitroprusside (NaNP). NaNP causes a 

decrease in blood pressure resulting in a baroreceptor reflex mediated rise in heart rate, 

primarily due to an increase in sympathetic drive to the heart. To test for a decrease in 

the effectiveness of the pj-blockade, periodic injections of lOpg NaNP were used to 

challenge the reflex in addition to observing a gradual rise in the resting levels of heart 

rate.

In another two of the fourteen rabbits, which Avill also be discussed separately, the 

above protocol was carried out with the exceptions that phenylephrine was not tested 

and lobule IXb alone was lesioned using 2x Ipl injections of kainic acid (Sigma, UK), 

made up in a solution of pontamine sky blue (PSB), placed in either side of the 

midline. Although the diffusion coefficient of the dye will be different from that of 

kainic acid, it provides an approximate indication of spread and therefore the area 

lesioned.

2 (cl Analysis of results

At the end of each experiment the brain was removed and placed in 10% neutral 

buffered formalin. The cerebellum was then cut sagitally (100pm), mounted and
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stained with neutral red. Microscopic (X40) examination was used to assess the extent 

and location of the lesion.

The accuracy of the catheter-manometer system for recording blood pressure was 

assessed, with a flat response of up to 24Hz (± 5%) calculated by the method of Frank 

(1903).

In order to quantify the baroreceptor reflex responses, the beat-to-beat pulse 

interval, expressed in ms, was derived from the instantaneous measurements of heart 

rate (60000/heart rate). Maximal changes in mean arterial blood pressure (MABP), 

calculated as diastolic pressure plus one third of the pulse pressure, and cardiac 

inter\^al, to each inflation, were used to calculate reflex gain. Although it would have 

been more accurate to take ECG recordings from all of the animals and to construct 

baroreceptor curves for each inflation, the main aim of this study was to compare 

results with the investigation by La Noce (1991), therefore the above method was 

employed. To test for specific changes in the sensitivity of the reflex after the lesion, a 

Students t-test was performed on the gain values and responses in cardiac interval at 

given pressure levels, using the computerised statistical package ’Tnstat". The data 

were expressed as mean ± s.e.m. and n = no. of data points. In the case of the p- 

blocked (n=2) and the kainic acid lesioned rabbits (n=2), actual changes in the 

sensitivity of the reflex will be reported, since statistical analysis could not be 

performed on such a small sample size. ECG recordings were also taken in the two 

kainic acid lesioned animals to compare the results obtained using calculated R-R 

intervals, from the Gould trace recording, with results gained from absolute changes in 

R-R interval, derived from the computerised ECG recording. The mean of the first five 

R-R intervals preceding the inflation and the interval which showed the greatest 

increase at the peak of the pressor response were used in the calculation of the results. 

Actual changes in gain for each animal will be reported.
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RESULTS

2, Effects of cerebellar lesions on the cardioinhibitory component of the 

baroreflex (n=14^

2 (a) Extent o f cerebellar lesioning (n=14)

Examination of the cerebellar sections showed that substantial portions of the uvula 

cortex (lobule IX) and underlying white matter had been removed, while the fastigial 

nuclei, the deep cerebellar relay nuclei for the vermal cortex, were unaffected in all 

animals. In addition to lobule IX, two of the animals also had sections of lobule X 

aspirated, and another two had small portions of Vlllb removed. Figure 2.1 shows the 

extent of a typical lesion. In the animals where lobule IXb was lesioned with kainic 

acid, a length of between 3.5mm and 4mm across the cortex was stained with PSB, 

suggesting almost all of the visible cortex of this lobule to have been affected.

2 (b) Baroreflex testing in the absence o f atenolol (n=10)

Following removal of the uvula, the cardiac interval increased, over a period of 

minutes, by between +2.9 and +82.8ms (a bradycardia of -4 to -98bpm) reaching a 

plateau by lOmin after lesioning. Resting blood pressure and cardiac interval before 

and after lesioning of lobule IX are detailed in Table 2(a). The mean resting cardiac 

interval before lesioning was significantly increased 10 minutes after removal of 

lobule IX (n=10; p<0.02), although resting blood pressure remained unchanged. The 

mean resting heart rate (291±9bpm) was significantly reduced following removal of 

lobule IX (255+12bpm; n=10; p<0.05).

2 û>) û)Aortic Balloon If\flations ('n=10)

When changes in the gain are considered for each individual animal, seven out of 

the ten rabbits showed an increase following the lesion. In addition, when the reflex 

response to given pressure changes (ie. up to 45mmHg) were investigated (fig 2.2.), it
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was found that for increases in pressure of 15-30mmHg the reflex responses were 

significantly augmented after lesioning (p<0.01 - p<0.05). However, although the 

mean gain value of 1.8±0.3ms/mmHg increased to 2.2±0.3ms/mmHg after lesioning, 

when compared statistically the values did not differ significantly. The linear 

relationship of the reflex response to the stimulus was not compromised by lesioning 

of lobule IX, as seen on comparing xy-correlation values, where the pre-lesion mean 

and post-lesion mean were 0.92±0.02 and 0.95±0.01, respectively.

2 (b) (ii) Pressor Test using Phenylephrine (n=10)

If changes in reflex sensitivity are considered separately for each animal, six rabbits 

had an increase in gain following the lesion. When the reflex responses to given 

changes in pressure were calculated (figure 2.3), only when blood pressure was 

increased by 30mmHg did a significant augmentation in the bradycardia occur 

(p<0.05). The mean pre-lesion gain, 2.5±0.6ms/mmHg, was not significantly different 

from the mean gain after lesioning, 2.7±0.4ms/mmHg. There was also no difference in 

the linear relationship between blood pressure and responses in heart interval on 

comparing the mean pre-lesion xy-correlation value, 0.92±0.03, with the mean post

lesion value, 0.90±0.03.

2 fb) (Hi) Comparison o f  Aortic Balloon Ii\ilations to Pressor Test (n=10)

On reviewing the changes in gain for individual animals, seven rabbits showed an 

increase after lesioning with aortic balloon inflations, as opposed to six with 

phenylephrine. Only four rabbits showed an increase in reflex sensitivity to both the 

aortic balloon and phenylephrine following the lesion. There was no significant change 

in the linear relationship of the blood pressure/heart interval responses upon lesioning, 

and there was also no difference in the linearity of the response created by either 

stimulus. The mean pre-lesion gain for phenylephrine was not significantly different 

from the mean gain for the aortic balloon stimulus (figure 2.4). The same conclusion 

was found for mean gain values after lesioning. However, phenylephrine produced
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nine greater gain values pre-lesion and six post-lesion compared to the aortic balloon.

2 (b) (iv) Baroreceptor reflex to phenylephrine and the aortic balloon, excluding the 

two animals which had portions o f  lobule X  removed (n=8)

Since lobule Xa has been shown to produce to produce cardiovascular responses to 

electrical stimulation in some anaesthetised cats (Bradley, Pascoe, Paton & Spyer, 

1987), results therefore have been considered where rabbits with parts of this 

sublobule removed have been omitted. Removal of these two rabbits from the study 

did not alter the results or the final conclusion for the study.

2 (c) Baroreceptor reflex under ^i ~blockade (n=2)

Before administration of atenolol, 2.5-6pg of NaNP caused a drop in blood pressure 

but failed to increase heart rate. However, injections of lOpg of NaNP produced 

decreases in blood pressure accompanied by increases in heart rate, therefore this dose 

was used as a control to test the effectiveness of the subsequent pj-receptor blockade. 

Injection of atenolol then caused a small drop in blood pressure and a large drop in 

heart rate (-32bpm and -62bpm from resting levels of 250bpm and 338bpm, 

respectively), thus suggesting the presence of a high level of sympathetic tone on the 

heart. These experiments were concluded within Ihr and 47min, respectively.

In the first rabbit the pj-blockade was not very effective as the heart rate steadily 

rose (+20bpm) by the end of the pre-lesion testing period and injection of NaNP 

dropped blood pressure and increased heart rate. Subsequent injection of atenolol 

decreased heart rate and left blood pressure unchanged. Since resting blood pressure 

was low, lesioning of lobule IX caused a large increase in blood pressure and the p%- 

receptor blockade could not be maintained, this animal will be omitted from the results 

(see table 2(b) animal 1). The reflex sensitivity to the aortic balloon stimulus decreased 

following the lesion in this animal.

In the second rabbit heart rate did not rise at any stage during the experiment and 

lesioning of lobule IX did not alter blood pressure but caused a small decrease in heart
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rate (Table 2(b)). Atenolol administration after completion of the experiment did not 

alter blood pressure and heart rate. The gain of the reflex produced by the aortic 

balloon increased from 0.49ms/mmHg before lesioning to 2.16ms/mmHg after 

lesioning and the linearity of the reflex was marked, 0.90 and 0.85, respectively. On 

the other hand, the sensitivity of the baroreflex to phenylephrine was decreased fi*om 

1.92ms/mmHg to 1.04ms/mmHg after removal of lobule IX and the respective xy- 

correlation values were poor (0.44 before and 0.81 after).

2 (d) Lesioning o f lobule IXb using kainic acid (n=2)

For changes in resting blood pressure and R-R interval see Table 2(c). To compare 

results using the method to calculate changes in R-R interval from the heart rate trace 

with absolute changes in R-R interval, ECG recordings were also made. Since resting 

blood pressure was low and removal of lobule IX resulted in a large increase in blood 

pressure (animal 2), this animal will be omitted from the results, except for the 

comparison of calculated with absolute R-R intervals. The reflex sensitivity to the 

aortic balloon stimulus decreased after lesioning in this animal.

Chemical lesioning of lobule IXb in the first rabbit resulted in an increase in the 

sensitivity of the reflex from 1.3ms/mmHg to 1.7ms/mmHg and the xy-correlation 

values were marked (0.96 before and 0.98 after). Using ECG derived changes in R-R 

interval, the pre-lesion gain (l.Oms/mmHg) was also found to be substantially lower 

than the gain after lesioning (2.0ms/mmHg) and the xy-correlation values were 0.89 

and 0.9, respectively.

Before lesioning, the difference between the mean calculated pre-inflation resting 

R-R interval (171.8±1.7ms) and the mean ECG derived resting interval (184+1.8ms) 

was + 12.2ms (n=2, t=40). After chemical lesioning, the ECG derived R-R interval 

(200.8+3.4ms) was then 15.5ms greater than the calculated interval (185.3±2.7ms; 

n=2, t=40). However, as seen from the results above the direction of change in 

baroreflex sensitivity remained the same.
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2. DISCUSSION

Since anaesthesia is known to cause a decrease in the sensitivity of the baroreflex 

(Ginzel, 1968; La Noce, Bradley, Goring & Spyer, 1991; Watkins & Maixner, 1991), 

the possibility of different depressed states of the reflex between animals could make it 

difficult to observe significant changes in reflex sensitivity. At first sight this appears 

to be the case for both stimuli when comparing mean gain values before and after 

lesioning. However, reflex responses to given increases in aortic pressure (15- 

30mmHg) are significantly larger following the lesion. This, as with the study of La 

Noce et al. (1991) in the unanaesthetised decerebrate rabbit, suggests that lesions of 

lobule IX result in the removal of an ongoing inhibitory discharge from Purkinje cells 

to the cardioinhibitory component of the baroreflex. Indeed, seven out of ten rabbits 

exhibited an increase in gain after lesioning, to the aortic balloon stimulus in the 

absence of Pj-receptor blockade, although the change in reflex sensitivity was only 

shown to be statistically significant when absolute responses to specific rises in 

pressure were compared. Furthermore, one of the rabbits where baroreflex testing was 

carried out under p%-blockade and one of the animals in which lobule IXb was 

chemically lesioned also showed an increase in reflex sensitivity after lesioning. 

Consistent with this notion, it was not possible to raise blood pressure by 45mmHg, 

with the aortic balloon following the lesion, which may indicate a more sensitive 

baroreflex response preventing blood pressure from rising to this level.

Since the relationship between blood pressure and heart interval is truly sigmoidal 

(Komer et al., 1972; see also figs. 2.2. and 2.3), although the greatest part is linear 

(Eckberg 1980; Rea, & Eckberg, 1987), it is possible that the pressure range which 

shows augmented responses with the aortic balloon following the lesion, represents the 

linear portion of the relationship. In support of this view, the range showing an 

augmented bradycardia in the decerebrate rabbit (La Noce et al., 1991), is almost 

identical to the range depicted here. Indeed, the lack of significantly augmented 

bradycardias at the threshold and saturation parts of the sigmoidal curve could also be 

attributed to the lower numbers of animals attaining these specific pressor levels.
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As a result of the decrease in heart rate found in all animals upon lesioning lobule 

IX, altered gain values may be attributed to modified reflex responses at the new 

resting heart rate, implying that the baroreceptors may have reset. In five of the 

unblocked, one of the -blocked and one of the kainic acid lesioned rabbits, where 

resting heart rate only changed slightly (a bradycardia of 4-20bpm, +3.5ms to +25.8ms 

in heart interval), increased gain values after lesioning (aortic balloon stimulus) were 

obvious. However, in the remaining seven animals, where blood pressure increased 

(>13mmHg) and/or heart rate decreased by a substantial amount (bradycardia of 30- 

98bpm, +18.5ms to +82.8ms in heart interval) upon lesioning, two had increased and 

five had decreased sensitivities following the lesion. It could therefore be suggested, in 

the case of large changes in either resting heart rate or blood pressure, that the 

baroreceptors have reset. In four separate and later experiments, this drop in heart rate 

was abolished by blocking Pj receptors with atenolol, which does not pass the blood- 

brain barrier (van Zwieten & Timmermans, 1979), suggesting it to be the result of a 

withdrawal of sympathetic tone to the heart. It is therefore not surprising that three out 

of five unblocked and one of the kainic acid lesioned rabbits, whose resting heart 

rate/interval changed appreciably, had decreased sensitivities after lesioning, since the 

baroreflex involves both sympathetic and parasympathetic systems in response to a 

pressure increase. However, in one of the Pj-receptor blocked animals, where removal 

of lobule IX did not alter blood pressure or heart rate, an increase in the sensitivity of 

the reflex was still evident after lesioning thus suggesting the role of the sympathetic 

nervous system in the tonic inhibitory cerebellar effects on the reflex to be minimal.

It is of interest that lesioning in the absence of possible physical manipulation 

produces the same increase in reflex gain after chemical destruction of the cortical 

cells of sublobule IXb. Since the increase in reflex sensitivity in this animal was quite 

substantial and this sublobule has been previously shown to possess the largest 

responsive surface area for evoking a cardiovascular response (Bradley, Ghelarducci, 

La Noce, Paton, Spyer & Withington-Wray, 1990), this may suggest lobule IXb to be 

the most crucial sublobule involved in cardiovascular control. Furthermore, the two
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kainic acid lesioned animals allowed comparison of results using calculated R-R 

intervals with R-R intervals derived from the ECG recording. The results show that 

calculated pre-inflation resting R-R intervals underestimate the absolute R-R intervals 

from the ECG recording by only 7.1% before lesioning and 7.5% after. In addition, the 

overall change in the sensitivity of the reflex after lesioning was in the same direction 

whether calculated R-R intervals or R-R intervals derived from the ECG recording 

were used in obtaining gain values.

On comparing the aortic balloon and phenylephrine stimuli, Lumbers et al. (1979) 

suggested that there was no difference in cardiac response to the two forms of 

stimulation whereas Paris et al. (1980) found phenylephrine to produce markedly 

weaker reflex responses. In the present study phenylephrine gave less consistent reflex 

bradycardias than inflation of the aortic balloon, in that the responses to specific 

pressure rises and also the mean gain values were highly variable. This variability 

might mask the change in reflex sensitivity, after lesioning, that was revealed by the 

aortic balloon stimulus. In addition, phenylephrine produced nine greater gain values 

pre-lesion and six post-lesion when compared to the aortic balloon stimulus in the 

unblocked animals. Indeed, phenylephrine also produced two greater gain values 

before and one after removal of lobule IX in the two pi-receptor blocked rabbits. This 

is not surprising since phenylephrine has been shown to stimulate baroreceptors 

directly (Goldman & Saum, 1984; Peveler, Bergel, Robinson & Sleight, 1983), to have 

a central effect (Hirooka, Imaizumi, Sugimachi & Takeshita, 1992) and, unlike the 

aortic balloon, to augment baroreceptor firing by increasing aortic pressure whilst 

decreasing aortic diameter, ie. by mechanisms other than increased strain on the 

baroreceptors (Hirooka et al., 1992). Since unmyelinated baroreceptor afferents 

generally have a higher threshold than myelinated ones (Thoren, Saum & Brown, 

1977), aortic balloon inflations, which rapidly increase pressure, are more likely to 

involve both types of fibre than stimuli that increase pressure more slowly. Where 

pressure is elevated gradually, as in the case of phenylephrine, reflex changes initiated 

by lower-threshold myelinated fibres may prevent pressure from rising high enough to
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activate unmyelinated fibres.

It could be suggested that on raising blood pressure with the balloon the input from 

left ventricular receptors was increased, which contributed to the response. However, 

La Noce et al. (1991) found that the bradycardia resulting from stimulation of the 

aortic nerve, which in the rabbit only carries baroreceptor information (Chalmers, 

Komer & White, 1967), increased by a similar degree to the bradycardia induced by 

aortic balloon inflation.

The unexpected finding in these experiments was that the change in sensitivity of 

the baroreflex was in the same direction to that previously described in the 

unanaesthetised decerebrate rabbit (La Noce et al., 1991). The preservation of the 

inhibitory influence under anaesthesia was at first surprising since responses to 

electrical stimulation of the uvula are reversed from a vasopressor and tachycardia to a 

vasodepressor and bradycardia in the anaesthetised rabbit (Bradley et al., 1987a). 

However, Paton & Gilbey (1992) showed that anaesthetic given to decerebrate cats 

does not block the sympathoexcitatory response but acts to augment the 

sympathoinhibitory processes associated with uvula stimulation. Lesioning of lobule 

IX might therefore have been expected to reduce the sensitivity of the baroreflex, at 

least as far as any sympathetic component is concerned. However, since both 

sympathoexcitatory and sympathoinhibitory processes are still active under 

anaesthesia, a possible explanation for the results of lesioning may be derived from a 

dependence on the degree of tonic activation of one or the other processes prior to 

lesioning.

The higher resting heart rate in the urethane-chloralose anaesthetised rabbit, than in 

the "Saffan" anaesthetised (see results chapter 5) or unanaesthetised decerebrate rabbit 

(La Noce et al., 1991), may be a consequence of the fact that urethane anaesthesia 

increases sympathetic discharge (Maggi & Meli, 1986; Reinert, 1964), in particular to 

the adrenal medulla (Armstrong, Lefevre-Borg, Scatton & Cavero, 1982). Electrical 

stimulation in the unanaesthetised decerebrate animal is thus acting from a low base 

level of sympathetic activity, whereas in the presence of urethane the stimulus is
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imposed upon a preparation with a much higher sympathetic tone. The direction of 

lobule IX effects on the baroreflex may also be preserved by the fact that the 

baroreflex bradycardia has a substantial vagal component, and is thus likely to be less 

affected by the differing level of sympathetic activity. In support of this view, the tonic 

cerebellar effects on the baroreflex have been demonstrated to be active under 

anaesthesia and Pj-receptor blockade in one animal. A more likely explanation would 

therefore be that the pathways mediating cerebellar effects on the baroreflex depend 

primarily on associated parasympathetic processes which are not affected by 

anaesthesia and may also be distinct from those responsible for the overt 

cardiovascular effects of stimulation.

In conclusion, lesioning of lobule IX in the rabbit produces an augmented 

baroreflex induced bradycardia that is preserved under anaesthesia and p%-receptor 

blockade. These tonic inhibitory effects can also be reproduced by chemical lesioning 

of the cortical cells of sublobule IXb alone. Since the cerebellum is involved in 

modulating somatic motor activity, it would not be surprising for it to have a role in 

regulating autonomic features accompanying motor activity, such as in defensive 

behaviours or muscular exercise where the sensitivity of the baroreflex is reduced 

(Coote, Hilton & Perez Gonzalez, 1979; Eckberg & Wallin, 1987). If this is the case, 

then these results show that a possible role for the uvula in such activities could also be 

investigated by activating the structures involved in anaesthetised preparations. In 

addition, R-R intervals derived from heart rate give intervals close to the R-R intervals 

derived from the ECG recording, with a reasonably consistent small error, and can also 

be used to discover changes in reflex sensitivity. Furthermore, these results suggest 

that, although phenylephrine is a useful tool for studying the presence and state of the 

baroreflex, when compared with the aortic balloon it may not be sufficiently sensitive, 

or repeatable, to show significant alterations in the baroreflex gain following lesions of 

cardiovascular related nuclei.
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Table 2. Resting mean arterial blood pressure (  MABP ) and pulse interval ( PI )  

before and 10 minutes after lesioning o f lobule IX.

2 (a) In the absence of pj-receptor blockade

PRE-LESION POST-LESION

Animal No. MABP
(mmHg)

PI (ms) MABP
(mmHg)

PI (ms)

1 93 202.7 93 247.9

2 92 211.3 85 215.8

3 99 197.4 93 201.3

4 96 186.3 95 189.9

5 93 265.5 92 291.3

6 111 208.3 110 211.3

7 94 187.5 99 270.3

8 114 206.9 113 236.2

9 92 225.6 96 265.5

10 103 189.9 100 201.3

x±sem 98.4±2.5 208.1±7.4 97.6±2.7 233.1110.9

2 (b) Under pi-receptor blockade

1 68 265.5 81 306.2

2 82 275.2 82 285.7

2 (c) Lesioning of lobule IXb with 2x l|il kainic acid

1 93 182.9 90 201.3

2 69 162.2 82 168.5
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1mm
Figure 2.1

A drawing of a sagittal section of the midline cerebellar vermis 
(A, P, D, V = anterior, posterior, dorsal, ventral), with the black 
area showing the location and extent of a typical lesion of lobule IX. 
In no case was there any damage to the white matter related to other 
cerebellar lobules, or to the fastigial nuclei.
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FIGURE 2.2

Baroreceptor evoked reflex bradycardia, expressed as the change in heart 

interval against change in mean arterial blood pressure, induced by aortic 

balloon inflations before ( □ ) and after ( ■ ) lesioning o f  lobule IX  o f the 

posterior cerebellar vermis (n=10). Numbers on the graph indicate the number 

o f animals that attained a pressure rise at each particular level. * = P<0.05 

(Student's Paired t-test; x%  s.e.m.).
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FIGURE 2.3

Baroreflex bradycardia, plotted as change in heart interval against change 

in mean arterial blood pressure, induced by phenylephrine (0.5-25p.g/kg iv) 

before ( o ) and after ( #  ) lesioning o f  lobule IX o f the posterior cerebellar 

vermis (n=10). Numbers on the graph indicate the number o f animals that 

attained a pressure rise at each particular level. * P<0.05 (Student's Paired 

t-test; X /̂_ s.e.m.)
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FIGURE 2.4

Comparison o f the baroreflex bradycardia induced by aortic 

balloon inflations and phenylephrine (0.5-25pg/kg iv) before 

and after lesion o f lobule IX. Statistics are shown on the 

previous figures and omitted here for clarity.( □ ) aortic balloon 

pre-lesion;( o ) phenylephrine pre-lesion;( ■ ) aortic balloon 

post-lesion;( #  ) phenylephrine post-lesion.
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CHAPTER 3

Effects of cerebellar lesions on ACe evoked cardiovascular responses
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3. INTRODUCTION

Considerable evidence exists that the ACe has a role in cardiovascular regulation, 

especially during emotional states (eg. see Kapp, Pascoe & Bixler, 1984). Electrical 

stimulation of ACe is known to evoke a species appropriate "playing dead" response in 

the conscious rabbit which consists of a bradycardia, an increase in ventilation rate 

with decrease in tidal volume, pupillary dilatation and an arrest in ongoing 

somatomotor activity, ie. responses that are similar to those which occur in 

conditioned emotional arousal (Applegate, Kapp, Underwood and McNall, 1983). 

Indeed, destruction or pharmacological manipulation of ACe attenuates or abolishes 

the bradycardia and vasodepressor response normally observed in the rabbit during 

conditioned emotional arousal (Gallagher, Kapp, Frysinger, & Rapp, 1980; Gallagher, 

Kapp & Pascoe, 1982; Gentile, Jarrell, Teich, McCabe & Schneiderman, 1986; Kapp, 

Frysinger, Gallagher & Haselton, 1979). Furthermore, the magnitude of change in 

ACe neuronal activity to a conditioned stimulus has been demonstrated to be 

correlated significantly to the magnitude of the bradycardia produced by the stimulus 

(Applegate, Frysinger, Kapp & Gallagher, 1982; Pascoe & Kapp, 1985).

Consistent with the idea of an ACe involvement in the motor expression of the 

conditioned bradycardia are the presence of both direct and indirect projections from 

ACe to the cardioregulatory nuclei in the medulla, incorporating the NTS, the dorsal 

motor nucleus of the vagus (DVM) and the nucleus ambiguus (NA; Hopkins & 

Holstege, 1978; Schwaber, Kapp, Higgins & Rapp, 1982). Moreover, since stimulation 

of ACe has been shown to excite cardioinhibitory neurons in the DMV (Cox, Jordan, 

Moruzzi, Schwaber, Spyer & Turner, 1986) it would not be unreasonable to assume 

that these direct, or indirect, projections from ACe to the DVM/NTS complex are 

those which are integral to an ACe involvement in cardiovascular control during 

emotion.

In addition to ACe, the cerebellum has also been implicated in affective behaviour. 

Taming effects have been reported in cats and monkeys upon cerebellar vermal 

lesions, and many fear-related defensive behaviours have been shown to be attenuated
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by lesions of the vermis or fastigial nucleus (Berman, Berman & Prescott, 1974; 

Supple, Leaton & Fanselow, 1987; Bemtson & Torello, 1982). Indeed, it has been 

suggested that the anterior vermis, in particular, is involved specifically in the 

expression of the classically conditioned bradycardia (Supple & Kapp, 1988; Supple, 

Archer & Kapp, 1989). Consistent with this report are the results obtained on 

stimulation of the midline cerebellum which demonstrate an induction or 

augmentation of different fear-related somatomotor responses such as freezing (Albert, 

Dempsey & Sorenson, 1985) and the acoustic startle response (Asdourian & Frierichs, 

1970). Until quite recently, few investigations into the role of the posterior vermis in 

affective behaviour have been carried out. Stimulation of lobule IXb, at low intensies, 

in the conscious rabbit results in cardiovascular and somatic movements suggestive of 

arousal (Bradley, Ghelarducci, La Noce & Spyer, 1990). However, subsequent studies 

could not identify a role for this lobule in the mediation of the cardiovascular changes 

in alerting behaviour or the acquisition of conditioned bradycardias, with lobules VI 

and/or VII of the posterior vermis being suggested to be involved in the latter response 

(Bradley, Goring, La Noce & Spyer, 1991; Sebastiani, La Noce, Paton & Ghelarducci, 

1992).

Since activation of the ACe in the anaesthetised rabbit gives similar cardiovascular 

and respiratory responses to those observed in the conscious animal (Cox, Jordan, 

Paton, Spyer & Wood, 1987; Pascoe, Bradley & Spyer, 1989), the effect of removing 

tonic cerebellar activity on the evoked response from this nucleus was studied by 

lesioning of the posterior vermis.
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3. MATERIAL AND METHODS

3 Ta) General Method

All experiments were performed on male NZW rabbits weighing 1.8-2.4kg. Nineteen 

animals were used in this study of which 11 were anaesthetised with 7ml/kg urethane 

(20%w/v) and the other 8 with 4ml/kg of a mixture of a-chloralose (1.5%w/v) and 

urethane (25%w/v) given intravenously (iv). The left femoral artery and vein were 

cannulated for blood pressure monitoring and administration of drugs and 

supplementary anaesthetic, respectively. For details on caimulation of the trachea and 

bladder, ventilation, paralysis and depth of anaesthesia during paralysis see method 

2(a). The animals' rectal temperature was maintained at 38±0.5°C by a 

thermostatically controlled heating blanket (Harvard Biosciences, USA., model 8185). 

Craniotomies were performed over the left ACe and posterior cerebellar vermis. The 

atlanto-occipital membrane was incised to allow the cistema magna to be drained of 

cerebrospinal fluid before placement of the ACe or HDA electrode. This helped to 

avoid repositioning of the electrode upon incising the dura mater for subsequent 

cerebellar lesioning. Implantation of the concentric bipolar stainless steel electrode 

was guided by monitoring the magnitude and profile of cardiovascular response to 

electrical stimulation as the electrode was advanced. The accepted electrode positions 

for ACe were between 0 and 1mm caudal to bregma, 4.5-5.5mm lateral to the midline 

and 9.0-11.75mm ventral to the surface of the brain. Stimuli applied to ACe consisted 

of 4sec trains of 300-400pA of cathodal current at lOOHz and with a pulse duration of 

0.5msec and the current delivered by the electrode was monitored on an oscilloscope 

(Tectronix UK Ltd., model 5110). Little or no electrolytic damage appeared to occur, 

since repeated stimulation at the same point resulted in consistent cardiovascular 

responses.

3 fb) Recording of renal and femoral vascular blood flow

In thirteen animals, right femoral vascular blood flow and/or left renal blood flow 

were measured using ultrasonic Doppler flow probes (Crystal Biotech., USA). The
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femoral artery was approached by a midline incision in the inner thigh of the right 

hindlimb with the leg extended and placed under tension. The femoral artery was 

carefully teased free of the surrounding muscle, connective and nervous tissue. The 

blood vessels supplying the fat overlying the abdominal wall and the profunda artery 

were ligated in all the animals. In addition, some small side vessels were tied off in 

younger animals to enhance blood flow through the femoral artery. The blood supply 

to the paw was reduced by tying a stout ligature just below the ankle joint. The lumen 

of a close fitting ultrasonic Doppler flow probe (1-1.5mm internal diameter; id), filled 

with ultrasonic jelly, was placed around the artery. A retroperitoneal approach was 

employed to access the renal artery which was then dissected away from the 

surrounding fat and connective tissue and a probe (1.5-2mm id), with the lumen filled 

with ultrasonic jelly, was placed around it.

3 fcl Recording of phrenic and renal nerve activity

In two animals phrenic nerve activity (PNA) was recorded to monitor central 

inspiratory drive. The right phrenic nerve was exposed after deflecting the shoulder to 

the side and dissecting the nerve clear of overlying connective tissue. The nerve was 

then cut peripherally, desheathed and placed onto a bipolar silver electrode. The 

electrode was connected to a high impedance differential preamplifier (Neurolog Ltd., 

UK, model NLIOOK, the activity was amplified (Neurolog Ltd., model NL104) and 

filtered (Neurolog Ltd., model NL125) before being displayed on a chart recorder. The 

left kidney was exposed by a retroperitoneal approach and was deflected laterally to 

reveal the renal artery and nerves (n=4). A fibre bundle was dissected free, the 

peripheral end was cut and the central end was placed onto a pair of silver wire 

electrodes for recording, so that the nerve was not put under tension by respiratory 

related movements. The nerve activity was amplified and filtered as previously 

described. The nerves were submerged in a pool of warm liquid paraffin, covered by a 

semi-solid mixture of liquid paraffin and vaseline or covered with dental impression 

compound ("Provil", Bauer).
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3 Experimental protocol

At the beginning of each experiment the cardioinhibitory component of the 

baroreceptor reflex was tested by observing whether heart rate and, where appropriate, 

renal nerve activity were reduced by a rise in blood pressure evoked by phenylephrine 

(30pg per animal). Only preparations with an intact baroreceptor reflex were used.

Each rabbit underwent a series of 8 stimulations before and after lesioning of lobule 

IX (n=14). The lesion was produced by aspiration, with the surrounding cerebellum 

held steady with the ends of a pair of forceps placed on either side of the lobule to be 

removed. This procedure was carried out to minimise possible movements due to the 

action of the suction probe. In 5 experiments, lesions of lobules VI and VII were 

carried out prior to removal of lobule IX. Since stimulation of these lobules does not 

produce any cardiovascular responses (Bradley, Pascoe, Paton & Spyer, 1987; 

Bradley, Ghelarducci, Paton & Spyer, 1987), their lesioning was used as a control to 

identify possible effects on ACe responses caused by physical manipulation of the 

cerebellum and the specificity of cerebellar effects. Each animal was left for 10 min 

after each lesion to allow the heart rate and blood pressure to stabilise before 

subsequent ACe stimulation. In two animals the baroreceptor reflex was also tested 

before and after removal of lobule IX, using an aortic balloon, and blood pressure in 

these rabbits was measured via the brachial artery (see method 2(c)). The effects of a 

1 mg/kg iv bolus of atropine methylnitrate (Sigma UK.; n=10; ) and a 1 mg/kg iv bolus 

injection of atenolol (n=2) were monitored on the ACe induced cardiovascular effects. 

Atropine methylnitrate and atenolol were chosen since they do not pass the blood brain 

barrier (Herz, Teschemacher, Hofstetter & Kurz, 1965; van Zwieten & Timmermans, 

1979). For later identification of stimulation sites, electrolytic lesions were made by 

passing 0.2mA DC current through the electrode for 20 s.

3 fel Analysis of results

At the end of each experiment the brain was removed and placed in 10% neutral
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buffered formalin. Sagittal sections through the cerebellar vermis and coronal sections 

through the amygdala were histologically processed, as in section 2(c), to examine the 

extent of the lesion and ACe stimulation site, respectively.

Percentage changes in mean Doppler shift signals were taken as an index of flow 

changes and the corresponding % changes in vascular conductances were calculated by 

dividing the mean Doppler shift signal by the mean arterial blood pressure. This 

method of estimating blood flow has previously been shown to be correlated with 

blood flow measured by the square wave electromagnetic flowmeter method 

(Haywood, Schaffer, Fastenow, Fink & Brody, 1981) and by the timed collection 

method, which utilises a timed collection of blood from a vessel fitted with a Doppler 

flow probe (Hartley, Hanley, Lewis & Cole, 1978).

Baroreceptor reflex responses to pressor challenges were expressed as in section 

2(c). Where effects on blood pressure are reported, in this and all subsequent lesioning 

studies, it is with reference to MABP. Furthermore, changes in blood pressure, heart 

rate and conductances as a result of lesioning were measured at lOmin after lesioning, 

in this and all subsequent lesioning studies. For statistical analysis, mean ACe evoked 

bradycardic (±sem) and blood pressure (±sem) responses before and after lesioning 

were compared using either a two-way analysis of variance (ANOVA) with Tukey- 

Kramer post tests, in the case of control experiments, and with the Student's paired t- 

test for the other experiments. Differences were considered significant at p<0.05. Since 

the baroreflex was studied in only 2 rabbits, actual changes in gain for each animal 

will be reported. (n=no. of animals and t=no of stimulations).
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RESULTS

3. Effects of cerebellar lesions on the ACe evoked cardiovascular responses

The affect of lesions on forebrain evoked responses will be considered in all rabbits 

and then grouped according to the location of the stimulation sites and the number of 

cerebellar lobules removed.

3 (a) LESIONING OF LOBULE IX ONLY fn=14^

On examination of sagittal cerebellar sections, large portions of the uvula and 

underlying white matter were shown histologically to have been removed, in all 

fourteen rabbits, without any damage occurring to the fastigial nuclei. However, in one 

rabbit lobule Vlllb was also removed. Since baroreceptor afferent activity has been 

shown to be an important factor in the production of a bradycardia from the ACe 

(Pascoe, Bradley & Spyer, 1989), two animals with substantially increased resting 

blood pressures post-lesion, one of which showed a increase in the bradycardia after 

lesioning, were considered separately. Ten minutes after lesioning of lobule IX, resting 

blood pressure was close to pre-lesion levels and heart rate was decreased (-14 to 

-90bpm, -52±7bpm; n=12). This drop in heart rate was independent of the resting level 

of heart rate before lesioning. Where blood flow was measured during the lesioning 

period, an increase in femoral conductance was evident in two animals (+21.5%, 

+21.9%) and a slight decrease in another (-3.4%) while renal conductance was slightly 

decreased in one (-3.1%) and increased in another two (+31%, +12.4%).

In order to determine whether the drop in heart rate upon lesioning of the uvula was 

parasympathetically or sympathetically mediated, two experiments were carried out 

under pi -adrenoceptor blockade. Administration of atenolol (1 mg/kg iv) resulted in a 

drop in heart rate of -56bpm and -42bpm with no change in blood pressure. Upon 

lesioning of lobule IX in these animals, heart rate was unaltered although blood 

pressure increased by +11 mmHg in the latter animal. Together vdth another two 

separate lesioning experiments, the mean bradycardia produced by atenolol was 

-48±7bpm (n=4). In both these additional experiments heart rate did not drop upon
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lesioning. This P,-blockade induced drop in heart rate lies close to the mean 

bradycardia of -39±5bpm (n=21) produced by lesioning of lobule IX.

3 (a) (i) Location o f stimulation sites

All stimulation sites were found to lie within a 3mm range of the anteroposterior 

axis (A16-A19, Urban & Richards, 1972). The stimulus sites were located in the dorsal 

portions of the caudal ACe (n=7), the caudal portions of globus pallidus (n=2), the 

middle to rostral putamen (n=2) and rostrally in the anterior amygdaloid area (AAA; 

n=3). Stimulus sites found between two different levels of the telencephalon were 

plotted at the level which showed the most similar histological markers.

3 (a) (ii) Effects o f cerebellar lesions on forebrain evoked responses in the group as 

a whole (n=14)

Electrical stimulation of the ACe and the surrounding areas resulted in a 

bradycardia of rapid onset (<lsec) and concomitant fall in blood pressure. The mean 

elicited vasodepressor response (-14.5±0.5mmHg) and bradycardia (-29±lbpm) before 

lesioning were found to differ significantly from the mean post-lesion vasodepressor 

response (-ll±0.4mmHg) and bradycardia (-26±lbpm) with p-values <0.001 and 

<0.05, respectively (n=14, t=112). In individual rabbits, lesioning of lobule IX 

attenuated the bradycardic response in six, five remained of similar magnitude, and 

three had augmented bradycardic responses. In nine animals the vasodepressor 

response was diminished, three were unaffected, and two were augmented after 

lesioning. Attenuated heart and blood pressure responses occurred simultaneously in 

five of the rabbits. In the two rabbits with augmented vasodepressor responses after 

lesioning, no change in the magnitude of heart response occurred. No correlation 

appeared to exist between the magnitude of the drop in resting heart rate upon 

lesioning and the direction and magnitude of change in evoked cardiovascular effects, 

after lesioning, for animals stimulated in similar regions at the same telencephalic 

level.
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In the two animals in which blood pressure had increased ten minutes after 

lesioning, one had an augmented evoked vasodepressor response with a similar evoked 

bradycardic response, and the other had an augmentation of both the vasodepressor 

and bradycardic responses. The stimulation site for the first one, whose resting blood 

pressure increased by 34mmHg upon lesioning, was found in the borders between the 

caudal dorsal ACe and globus pallidus (Gp, A16 level). In the other animal which had 

its Pi-receptors blocked and whose resting blood pressure rose by 12mmHg upon 

lesioning, the stimulation site was located in the borders between the caudal putamen 

(Put) and Gp (A16.5 level). Considering blood pressure increased by >10mmHg, an 

amount that could not be attributed to natural experimental variation, and for reasons 

outlined in section 3(a), these animals will be omitted from subsequent analysis. Since 

heart rate was reduced by a substantial amount (>20bpm) in ten animals, evoked 

responses will also be considered as a % of resting values, which would account for 

responses that were attenuated in proportion to the lower resting heart rates. At no 

stage during any of these experiments was a vasopressor response obtained by 

stimulation of ACe.

3 (a) (Hi) Caudal ACe (n=6)

Six rabbits had their stimulation sites restricted to the caudal ACe (A16-A16.5 

levels, see fig. 3.1). Removal of lobule IX did not alter blood pressure although heart 

rate was decreased by -14bpm to -80bpm (-58±12bpm), excluding the p | -blocked 

animal, ten minutes after lesioning. In this group, five out of the six rabbits had 

attenuated ACe evoked bradycardias and three had reduced depressor responses 

following the lesion (see fig 3.2). The rabbit that did not express an attenuated 

bradycardia had an augmented depressor response with a similar heart response after 

lesioning. The mean ACe evoked hypotension (-15.3±0.9mmHg) and bradycardia (-31 

±lbpm) before lesioning were both found toksignificantly different from the 

hypotension (-9.±0.4mmHg) and bradycardia (-20±1) evoked after lesioning (p<0.001 

for both, see fig 3.3).
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The mean pre-stimulus blood pressure before (97.5±lmmHg) and after lesioning 

(98.4±1.2mmHg) were not significantly different (n=5, t=40 excluding the -blocked 

animal). On the other hand, the difference between the mean pre-stimulus heart rate 

before (310±4bpm) and after (256±5bpm) lesioning were found to be significantly 

different (n=5, t=40, p<0.001). Calculating the mean ACe evoked changes in blood 

pressure and heart rate as a % of their pre-stimulus resting values, the same conclusion 

was found as when actual changes were reported. Both the evoked blood pressure 

(-15.9±0.9%) and bradycardic responses (-11 ±0.4%) before lesioning were 

significantly attenuated to -9.4±0.3% and -8.1 ±0.7%, respectively, following the lesion 

(n=6, t=48; both p<0.001).

ACe evoked changes in renal and femoral arterial conductance

Activation of ACe resulted in an increase in renal and femoral conductances before 

removal of lobule IX (n=l). Ten minutes after lesioning activation of the ACe 

produced a smaller dilatation of the renal vascular bed and a larger dilatation in the 

femoral vascular bed. Incidentally, lesioning in this animal attenuated both the 

bradycardic and vasodepressor responses to ACe stimulation. In another animal, ACe 

stimulation produced no change in renal conductance. After lesioning there was an 

evoked decrease in renal conductance.

Effect o f  intravenous injections o f atenolol and atropine methylnitrate on the ACe 

evoked response

Administration of atenolol (1 mg/kg) to one rabbit caused a large fall in heart rate 

(-56bpm) with no change in blood pressure. The ACe elicited hypotension (-10.1± 

0.6mmHg before and -9.5±0.7mmHg after) and bradycardia (-35±lbpm before and -33 

±lbpm after) were unaltered by the injection of atenolol (n=l). Subsequent 

administration of atropine methylnitrate (1 mg/kg) to the atenolol blocked rabbit did 

not alter resting blood pressure or heart rate. However, it abolished the post-lesion 

ACe evoked bradycardia and did not affect the evoked hypotension (-9.9±0.3 before
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and -7.7±2.0mmHg after; n=l, t=8).

Similarly, injection of atropine methylnitrate in two other rabbits did not alter the 

resting blood pressure although heart rate was increased in both (+12, +18bpm). The 

administration of atropine also attenuated the ACe evoked bradycardia from -21±lbpm 

to -6±2bpm and the vasodepressor response from -10.7±0.6mmHg to -5±1.5mmHg 

(n=2, t=16).

Changes in the sensitivity o f the baroreceptor reflex qfier lesioning o f  lobule IX

The baroreceptor reflex was also tested using a series of aortic balloon inflations 

before and after lesioning of lobule IX (n=2). Although the gain of the reflex was 

increased (1.806 and 2.062 before to 3.221 and 2.532 after lesioning), the ACe evoked 

bradycardic responses were attenuated in both animals. The linearity was marked with 

xy-correlation values of 0.94 and 0.97 before and 0.87 and 0.96 after lesioning, 

respectively.

Summary o f 3(a) (in)

Lesions of lobule IX significantly attenuated both the ACe evoked hypotension and 

bradycardia. In addition, intravenous administration of atropine, but not atenolol, 

demonstrated the vagal nature of the ACe evoked bradycardia. Since atropine caused 

only a small increase in heart rate, the resting vagal tone in urethane anaesthetised 

rabbits is shown to be at a low level. Removal of lobule IX resulted in a significant 

drop in resting heart rate and an increase in the sensitivity of the cardioinhibitory 

component of the baroreceptor reflex. In one animal, this drop in resting heart rate was 

prevented by intravenous administration atenolol. The attenuation of the ACe evoked 

response was still evident when the responses were represented as a % of the pre

stimulus resting blood pressure and heart rate values.

3 (a) (iv) Anterior Amygdaloid Area (n=3)

All three rabbits had their stimulation sites restricted to the AAA in the rostral
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forebrain (A18.5-A19 levels, see fig 3.1). Removal of lobule IX did not alter blood 

pressure although heart rate was decreased by between -18bpm to -70bpm (-49± 

16bpm; n=3), ten minutes after lesioning. Out of these three rabbits, two had their 

evoked vasodepressor responses attenuated by removal of lobule IX and the other 

showed a response of similar magnitude (see fig 3.4). Lesioning only reduced the 

evoked bradycardia in one animal with the other two showing a bradycardia of similar 

magnitude. The mean amygdaloid elicited vasodepressor response (-12.6±0.4mmHg) 

was significantly reduced (-9.6+0.8mmHg) as a result of cerebellar lesioning (n=3, 

t=24; p<0.02). On the other hand, the evoked bradycardia before lesioning (-22±2bpm) 

was not significantly altered by removal of lobule IX (-19±2bpm, see fig 3.5).

The mean pre-stimulus blood pressure (77.1±2.9mmHg) and heart rate (314±3bpm) 

before lesioning of lobule IX were found to be significantly different from the mean 

blood pressure (83.2±2.4mmHg) and heart rate (266±7bpm) after (n=3, t=24; both 

p<0.001). Furthermore, the evoked vasodepressor response, represented as a % of pre

stimulus blood pressure before lesioning (-17.1+1.1%) was significantly attenuated 

following the lesion (-12.1+1.1%; n=3, t=24, p<0.001). On the other hand, the evoked 

heart response before lesioning (-7.0±0.5%) was not significantly different from that 

after lesioning (-7.2+0.6%; n=3, t=24).

AAA evoked changes in renal and femoral arterial conductance

Renal and femoral blood flow were measured separately in two animals and 

together in another animal. In the first animal, the evoked decrease in renal 

conductance was found to be of similar magnitude although the evoked hypotension 

was reduced after lesioning. In the second rabbit, the AAA induced femoral 

vasodilatation was attenuated after lesioning. In the third animal, AAA stimulation 

caused an increase in both renal and femoral conductance of similar magnitude before 

and after lesioning.
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s  (a) (y) Caudal Globus Pallidus (n=2) and rostral Putamen (n=l)

The stimulation sites for these animals were in the ventral region of Gp 1mm dorsal to 

the dorsal border of ACe (A 16 level) and in the ventral Put just dorsal to the anterior 

commissure (A18.5; see fig 3.1). Resting blood pressure was unaltered and heart rate 

was reduced (from -24 to -90bpm; -51±20bpm; n=3), 10 minutes after lesioning. The 

Gp evoked hypotension was attenuated and the bradycardia was augmented after 

lobule IX had been lesioned (see fig 3.6). Lesioning of lobule IX also augmented the 

Put evoked bradycardia, although the vasodepressor component was unaltered. 

Administration of atropine methylnitrate did not alter the resting blood pressure 

although resting heart rate increased (+12 and +18bpm) and the Gp and Put evoked 

vasodepressor and bradycardic responses were vastly reduced (n=2).

Due to the lack of animals with stimulation sites in these regions, statistics could 

not be performed on any of the data.

3 (bl LESIONS OF LOBULES VI AND VII FOR CONTROL. AND THEN 

LOBULE IX (n=51

Upon histological examination of sagittal cerebellar slices, all of lobules VI and VII 

and large portions of lobule IX were confirmed to have been removed without any 

damage to the fastigial nuclei. In addition, small portions of the ventral part of 

sublobule Vlllb were aspirated in two rabbits. Ten minutes after removal of lobules VI 

and VII, resting blood pressure and heart rate were unaltered. After subsequent 

removal of lobule IX, resting blood pressure was close to the pre-lesion value although 

heart rate was variably affected (+22 to -78bpm, -33±24bpm; n=4), ten minutes after 

lesioning. In the other rabbit resting blood pressure rose by +15mmHg and heart rate 

fell by -82bpm. Since blood pressure was raised in this animal it will be excluded from 

the subsequent analysis (see section 3(a)). Incidentally, both the evoked hypotension 

and bradycardia were attenuated following the lesion in this rabbit. In two rabbits 

femoral conductance was unaltered and blood pressure remained the same, following 

the removal of lobules VI and VII. Subsequent lesioning of lobule IX resulted in an
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increase in femoral vascular conductance in one rabbit (+19.2%) and a decrease in the 

other (-21.7%).

3 (b) (ii) Effects o f cerebellar lesions on cardiovascular responses evoked from the 

caudal ACe (n=4)

The stimulus sites were shown to be in the caudal ACe at the A16 and A 16.5 levels 

(see fig 3.1). They were located in the dorsal ACe (n=l), the dorsomedial ACe (n=l) 

and in the ventral ACe bordering the ALP (n=2). In individual rabbits, aspiration of 

lobules VI and VII caused a slight attenuation of the evoked vasodepressor response 

and heart response in two and one animals, respectively. However, subsequent 

removal of lobule IX resulted in substantial attenuation of the evoked bradycardias in 

all four animals and the vasodepressor response in two (t=8; see fig 3.7). On the other 

hand, taken as a group the mean ACe elicited vasodepressor response (-14.2± 

0.7mmHg) and bradycardic response (-29+lbpm) before lesioning of lobules VI and 

VII were found not to differ from the mean evoked vasodepressor response (-13.7± 

l.lmmHg) and bradycardia (-27±2bpm) after lesioning (n=4, t=32). However, 

lesioning of lobule IX caused an attenuation of the mean evoked blood pressure (-8.2± 

0.7mmHg) and heart responses (-17+2), when compared to evoked effects before any 

lesioning (n=4, t=32; p<0.001 for both, see fig 3.8).

There was no difference between the mean pre-stimulus resting blood pressures 

before and after removal of lobules VI and VII (85.9+1.4mmHg before and 86.6± 

2.4mmHg after), and then lobule IX (86.5±2.8mmHg). In addition, although no 

difference in the pre-stimulus resting heart rate before and after lesioning of lobules VI 

and VII (31 l±2bpm before and 313±3 after) was evident, a significant difference was 

seen after lesioning of lobule IX (280±8bpm; p<0.001). Since resting heart rate 

changed quite substantially upon lesioning of lobule IX, the evoked responses were 

also expressed as a % of the resting blood pressure and heart rates. Although there was 

no difference between the evoked heart responses before (-9.3±0.5%) and after 

removal of lobules VI and VII (-8.3±0.5%), a slight difference existed between the
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evoked vasodepressor responses (-18.8+1.4% before and -16.1±1.3% after; p<0.05). 

However subsequent aspiration of lobule IX resulted in a much greater attenuation of 

both the vasodepressor response (-12.2±1.1%; p<0.01) and bradycardia (-5.7±0.5%;

p<0.001).

ACe evoked changes in arterial conductance, renal and phrenic nerve activity

Stimulation of ACe caused a decrease in RSNA during stimulation and at the offset 

of the stimulus (n=4) and no change in PNA (n=l). Removal of lobules VI and VII 

caused no change in either RSNA (n=4) or PNA (n=l). On the other hand lesioning of 

lobule IX resulted in a temporary increase in RSNA in three rabbits. There was no 

difference in the evoked changes in RSNA or PNA observed upon ACe stimulation 

after lesioning of lobules VI and VII, although the evoked decrease in RSNA was less 

evident following removal of lobule IX. In addition, a vasoconstriction of the femoral 

vascular bed was evident during stimulation of ACe in one animal. Following removal 

of lobules VI and VII and then IX the evoked responses were not altered. In another 

rabbit, a slight vasodilatation of the femoral vascular bed was observed during 

stimulation and this response was not greatly altered by removal of lobules VI and VII 

and then IX.

Effects o f  intravenous atropine methylnitrate on the ACe evoked response

Administration of atropine methylnitrate caused a drop in blood pressure (-11+ 

3mmHg) while resting heart rate remained unchanged in two animals and increased 

(+10bpm) in the other (n=3). The mean ACe evoked vasodepressor response (-13.2+ 

O.TmmHg) and bradycardia (-19±lbpm) were significantly reduced (-8.9+1.6mmHg 

and -2±0.4bpm) after administration of atropine (p<0.01 and p<0.001, respectively; 

unpaired t-test, n=3, t=22 before atropine and t=12 after).
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3. DISCUSSION

As reported in the discussion of chapter 2, removal of lobule IX in this study resulted 

in a reduction in cardiac sympathetic discharge shown by the lack of a decrease in 

heart rate in animals under Pj-receptor blockade and by the similarity in magnitude of 

the bradycardia produced by atenolol to that upon lesioning of lobule IX. The caudal 

ACe evoked bradycardia and vasodepressor response were not altered by atenolol but 

the bradycardic component was abolished by subsequent administration of atropine 

methylnitrate. In addition, atropine when given alone abolished or greatly attenuated 

the ACe evoked bradycardia in five rabbits thus confirming the primary vagal nature 

of the evoked heart response as observed in both the conscious (Applegate et al., 1983) 

and anaesthetised rabbit (Cox et al., 1987). Furthermore, in five out of the six rabbits 

in which atropine methylnitrate was administered intravenously, the caudal ACe 

evoked decrease in blood pressure was also attenuated suggesting that it was partly a 

consequence of a decrease in cardiac output.

In this study stimulation of the caudal ACe also elicited a small vasodilatation of 

the renal artery (n=l), a small dilatation of the femoral artery in one animal (n=l) with 

a small constriction in another (n=l), RSNA was decreased (n=4) and PNA was not 

altered (n=l). The absence of a consistent vasodilatation of the femoral artery and an 

increase in central respiratory rate upon caudal ACe stimulation is in contrast to the 

findings of Cox et al. (1987). However, stimulation of ACe in the pentobarbitone or 

dial anaesthetised cat failed to elicit the hindlimb vasodilataion characteristic of the 

defence reaction (Hilton & Zbroznya, 1963; Stock et al., 1978) and this may also be 

the case for the urethane anaesthetised rabbit. The use of urethane anaesthesia, instead 

of chloralose, as well as slightly different stimulation parameters (half the pulse 

duration and less than half the length of stimulus train) may also explain the absence 

of these characteristics in the present study. However, the mean bradycardia produced 

by stimulation of a similar region of the caudal ACe with the same stimulus 

parameters as in this study is equivalent to that evoked in the chloralose anaethetised 

rabbit (Pascoe et al., 1989). This may suggest the presence of an increase in respiratory
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drive to be a result of the stimulus parameters or may also suggest a stronger 

depressant action of urethane on the ACe evoked changes in phrenic nerve activity.

It has previously been suggested that the size of bradycardia resulting from ACe 

activation does not depend on the pre-stimulus resting vagal or sympathetic tone on 

the heart, but appears to be a function of the level of baroreceptor afferent activity 

(Pascoe et al., 1989). Therefore, the decrease in resting heart rate upon lesioning of 

only lobule IX should not have major consequences on the evoked bradycardia, since 

resting blood pressure remained the same. Furthermore, when actual or % changes in 

heart rate or blood pressure are used, removal of lobule IX, but not lobules VI and VII, 

resulted in significantly attenuated vasodepressor and bradycardic responses, therefore 

suggesting the attenuated heart effects were not merely the result of ACe stimulation 

superimposed on a lower resting heart rate.

Since the gain of the baroreceptor reflex is increased following removal of lobule 

IX in the anaesthetised rabbit (see chapter 2), evoked responses after lesioning may be 

affected as a consequence of a more sensitive reflex. In confirmation of the increase in 

gain, two animals in this study expressed an increase in the sensitivity of the reflex as 

well as an attenuation of the ACe evoked bradycardia following aspiration of lobule 

IX. Indeed, it has shown that the baroreceptor reflex is still active, although its 

sensitivity is reduced, during stimulation of ACe in lightly anaesthetised or conscious 

cats (Schlor, Stumpf & Stock, 1984). With this in mind, an increase in the sensitivity 

of the reflex following lesions of lobule IX might be expected to reduce the ACe 

elicited bradycardia. However, since heart rate fell substantially (-38 to -80bpm) upon 

removal of lobule IX in seven out nine rabbits (excluding the -blocked animal), it 

would be unexpected for the baroreflex gain to be increased in these animals (see 

chapter 2 discussion for details). On the contrary, for such a drop in heart rate the 

reflex sensitivity would have been expected to decrease in the majority of rabbits in 

this study, with a consequent increase in the ACe evoked bradycardia. Furthermore, a 

more sensitive baroreflex resulting in an attenuation of the bradycardia would also be 

expected to attenuate the vasodepressor component of the evoked response by
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reducing the decrease in cardiac output. However, the evoked hypotension was 

unaltered after lesioning in five animals, therefore suggesting that the attenuated 

responses do not involve baroreceptor reflex alterations.

Furthermore, considering the ACe evoked response does not depend on the resting 

tone on the heart and the baroreceptor reflex sensitivity was increased in two animals, 

and most probably decreased in the rest, the attenuation effects of lesioning are due to 

another mechanism. Since cerebellar cortical output is exclusively inhibitory (Eccles et 

al., 1967), removal of lobule IX would be expected to disinhibit neurons in the 

pathways activated by ACe stimulation and therefore lead to an augmentated 

cardiovascular response. However, lesioning of lobule IX resulted in an attenuation of 

the ACe evoked response. Therefore, an explanation for the results could be resolved 

by the possibility of the cerebellar efferents synapsing with a pool of intemeurons thus, 

in effect, providing an excitatory influence on the descending pathways. The proposed 

convergent site for such a mechanism is the parahrachial nucleus (PBN) which has 

been shown to receive direct projections from lobule IXb (Bradley, Ghelarducci, La 

Noce, Paton, Sebastiani, Spyer & Sykes, 1989; Paton, La Noce, Sykes, Sebastiani, 

Bagnoli, Ghelarducci & Bradley, 1991), project to and receive projections from the 

ACe (Hamilton, Ellenberger, Liskowsky & Sneiderman, 1981; Takeuchi, McLean & 

Hopkins, 1982; Yamano, Hillyard, Girgis, Emson, MacIntyre & Tohyama, 1988; 

Kapp, Markgraf, Schwaber & Bilyk-Spafford, 1989; Moga, Herbert, Hurley, Yasui, 

Gray & Saper, 1990) and is known to receive baroreceptor related inputs (Cechetto & 

Calaresu, 1983; Hamilton, et al., 1981). Moreover, the PBN has reciprocal connections 

with the NTS (Hamilton et al., 1981; Kivipelto & Panula, 1991; Smith, Morrison, 

Ellenberger, Otto & Feldman, 1989) and stimulation of the PBN has also been shown 

to result in both inhibition and excitation of barosensitive neurons in the NTS (Felder 

& Mifflin, 1988; Hamilton et al., 1981). The PBN has the perfect connections and 

properties to allow this region of the cerebellum to become integrated with the systems 

involved in cardiovascular control.

It is of interest that stimulation of regions outwith the ACe resulted in a
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cardiovascular response of similar profile. Indeed a bradycardia to electrical 

stimulation of GP has previously been demonstrated (Kapp, Gallagher, Frysinger & 

Applegate, 1981; Pascoe et al,, 1989). However, afferent projections to and from these 

regions of the forebrain and the amygdala (Krettek & Price, 1978; Heimer, 1978; 

Otterson, 1981; Shinonaga, Takada & Mizuno, 1992) together with the many intrinsic 

amygdaloid connections (Otterson, 1981) open up the possibility of eliciting such 

cardiovascular effects via the amygdala. The cardiovascular responses could be 

elicited in a number of ways including antidromic stimulation of afferents to these 

regions from the cells in the amygdala which elicit cardiovascular effects via axon 

collaterals and recruitment of fibres of passage from ACe, in the case of the Put and 

GP, in the ventral amygdalofugal pathway.

Stimulation of the AAA evoked smaller depressor and bradycardic responses than 

those elicited from the ACe. Since lesioning of lobule IX resulted in an attenuation of 

only the depressor response, the evoked cardiovascular effects whether mediated via 

the ACe or not involve a different neuronal pool from that evoked by stimulation of 

ACe directly.

Activation of the caudal GP elicited a larger bradycardia than that evoked by ACe 

stimulation. This may be the result of activation of the many amygdaloid axons 

passing just ventral to GP in the ventral amygdalofugal pathway. Similar to the ACe 

evoked cardiovascular effects, the bradycardia was substantially of vagal origin and 

the depressor response was partially the result of a decrease in cardiac output. Since 

the stimulus current should in theory spread between 0.5mm and 1mm (Wise, 1972; 

Bagshaw & Evans, 1976), in the case of intensities used in this study, more axons 

would be encompassed in such an area than cell bodies stimulated by electrodes placed 

within the ACe. Therefore, theoretically it could be possible to elicit a larger 

cardiovascular response from stimulation of the ventral GP. However, removal of 

lobule IX caused an attenuation of the GP evoked decrease in blood pressure and an 

augmentation of the bradycardia. In the animal where the Put was stimulated, similar 

changes in the evoked responses were found after the lesion. This suggests that the Put
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and GP elicited responses involve different neuronal pools or pathways from that 

involved in ACe activation.

In conclusion, removal of lobule IX, but not lobules VI and VII, results in an 

attenuation of the ACe evoked vasodepressor and bradycardic response which appears 

to be unrelated to the direction of change in the sensitivity of the baroreceptor reflex. 

Conversely, since lobules VI and VII of the posterior vermis, but not lobule IX, have 

been suggested to be involved in the acquisition of the bradycardia to conditioned fear, 

lobule IX may have a role to play in modulating the cardiovascular components of a 

previously learned fear response. The proposed site for the convergence of cerebellar 

and forebrain influences is the PBN.
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FIGURE 3.1
Forebrain stimulation sites for lobule IX lesioned and control lesioned (lobules VI and VII 
and then IX) rabbits (n=16). ACe= central nucleus of the amygdala; ALP= posterior part 
o f the lateral amygdaloid nucleus; AA= anterior amygdaloid area; GP= globus pallidus, 
PU= putamen; ca= anterior commissure. A 16, A 16.5, A 18.5 and A 19= the distance (mm) 
in a rostral direction from the auditory orifices.
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Figure 3.2
Cardiovascular effects evoked by electrical stimulation o f ACe before 
and after lesioning o f  lobule IX. ABP = arterial blood pressure; HR = 
heart rate; MRDSS = mean renal Doppler shift signal; PRDSS = 
pulsatile renal Doppler shift signal; MTDSS = mean femoral Doppler 
shift signal; PFDSS = pulsatile femoral Doppler shift signal.
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Figure 3.3

ACe evoked vasodepressor and bradycardic responses before ( )

and after lesioning o f lobule IX  ( | | | | | ) o f the posterior cerebellar 

vermis (n=6). *P<0.05 (Student's paired t-test; x%  s.e.m.).
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Figure 3.4
Cardiovascular effects evoked by electrical stimulation of 
AAA before and after lesioning o f lobule IX. ABP = arterial 
blood pressure; HR = heart rate; MRDSS= mean renal Doppler 
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Figure 3.5

AAA evoked vasodepressor and bradycardic responses before ( )

and after lesioning o f lobule IX  ( \JYY\ ) o f  the posterior cerebellar 

vermis (n=3). *P<0.05 (Student's paired t-test; x^/_ s.e.m.).
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Figure 3.6
Cardiovascular effects evoked by electrical stimulation o f GP 
before and after lesioning of lobule IX. ABP= arterial blood 
pressure; HR= heart rate; MFDSS=mean femoral Doppler shift 
signal; PFDSS= pulsatile femoral Doppler shift signal; MRDSS= 
mean renal Doppler shift signal; PRDSS=pulsatile renal Doppler 
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Figure 3.7
Cardiovascular response evoked by ACe stimulation before and after 
lesioning of lobules VI and VII and then IX. ABP= arterial blood pressure; 
HR= heart rate; MFDSS= mean femoral Doppler shift signal; RSNA= renal 
sympathetic nerve activity
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Figure 3.8

ACe evoked vasodepressor and bradycardic responses before ( )

and after lesioning o f lobules VI and VII ( [ \ \ \ ]  ), and then lobule IX ( | | | | | ) 

o f the posterior cerebellar vermis (n=4). *P<0.05 (ANOVA; x^/_ s.e.m.).
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CHAPTER 4

Effects of cerebellar lesions on HDA evoked cardiovascular responses
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4. TNTRODTJCTTON

In contrast to the extensive investigations in the cat that have firmly established the 

defence-alerting reaction as an integrated pattern of autonomic and behavioural 

alterations and requiring integrated activity of amygdaloid, hypothalamic and central 

gray regions (Abrahams, Hilton, Zbrozyna, 1960, 1964; Eliasson, Folkow, Lindgren & 

Uvnas, 1951; Fernandez de Molina & Hunsperger, 1959; Hilton & Zbrozyna, 1963), 

the role of the hypothalamus is less well established in the rabbit. Although similarities 

exist between the cardiorespiratory responses (Markgraf, Winters, Liskowsky, McCabe, 

Green & Sneiderman, 1991), striking differences in behavioural and visceral patterns 

have also been reported (Applegate et al., 1983, Azevedo, 1987; Azevedo, Hilton & 

Timms, 1980 This is not really surprising since rabbits are not inherently aggressive 

animals, with exception of males towards males in defence of intrusion into their 

territory. However, when outside the boundaries of their territory or when presented 

with a predator they are fearful animals that adopt a "freezing" or "playing dead" stance 

in the hope of evading detection (Lockley, 1976).

Electrical stimulation of the caudal hypothalamus in the urethane-chloralose 

anaesthetised rabbit evoked apnoea followed by tachypnoea, a pressor response, vagally 

mediated bradycardia, exothalamus, pupillodilatation, erected ears and a dra'wing 

forward of the vibrissae (Evans, 1976). Moreover, these responses did not depend on 

connections with the cerebral cortex since decortication did not alter the evoked 

responses. The region of the hypothalamus activated showed some homology with the 

area from which aggression was produced in the conscious cat (Hess & Brugger, 1943). 

However, the overall response was mixed with the hypertensive phase and increased 

extensor muscle tone indicative of a form of aggression and the apnoea and bradycardia 

suggestive of a passive "playing dead" response. During this type of evoked 

cardiovascular response the baroreflex has been shown to be potentiated (Azevedo, 

1987; Evans, 1978) with an inflow of baroreceptor information being essential to evoke 

the bradycardia (Evans, 1986). On the other hand, variable heart responses have been 

reported to accompany the pressor response, hindlimb vasodilatation, renal constriction
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and pupillary dilatation, upon hypothalamic activation in the urethane anaesthetised 

rabbit (Azevedo, 1987; Azevedo, Hilton & Timms, 1980). Hyperpnoea often 

accompanied the tachycardia and the cardiac component of the baroreflex was 

suggested to be inhibited (Azevedo, 1987; Coote, Hilton & Perez-Gonzalez, 1979) 

whilst apnoea accompanied the bradycardic response and the baroreflex bradycardia 

was potentiated (Azevedo, 1987; Evans, 1978). Responses involving a tachycardia were 

almost exclusively elicited from the perifomical area, therefore, Azevedo et al. (1980) 

concluded that this response was elicited from the true defence area. In a later study, 

Azevedo (1987) found only 32% of stimulation sites in the anaesthetised rabbit to 

produce a characteristic cardiorespiratory response, including an increase in hindlimb 

vascular conductance greater than 50% which he termed a 'positive' response. Within 

such responses there was a consistent rise in blood pressure, associated with renal 

vasoconstriction, variable changes in heart rate and respiration, pupillary dilatation, 

somatic alterations and a long lasting desynchronisation of the EEG. 50% of 'positive' 

responses resulted in a bradycardia, 27% in a tachycardia and 23% without any change 

at all.

In the conscious rabbit electrical stimulation of the hypothalamus elicited "flight" 

and "freezing" or "playing dead" behaviours (Azevedo, 1987). Upon subsequent 

administration of anaesthetic, some of the sites from which "flight" was evoked in the 

conscious animal elicited a vasopressor-bradycardic response accompanied by apnoea 

or, less commonly, gave pressor-tachycardic responses with an increase in ventilation. 

The stimulation site which produced "freezing" evoked a small rise followed by a 

small fall in blood pressure, a large bradycardia and apnoea.

With respect to a cerebellar involvement in affective behaviour, lesions of the 

vermis but not hemispheres, impair a variety of species-specific defensive behaviours 

in rats (Supple, Cranney & Leaton, 1988; Supple, Leaton & Fanselow, 1987; Supple & 

Kapp, 1993), findings consistent with reports in the monkey (Berman, Berman & 

Prescott, 1974; Peters & Morgan, 1971). Similar involvement of the midline 

cerebellum and hypothalamus in such behaviours are supported by a rich
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neuroanatomical network that includes connections between the dorsomedial and 

lateral hypothalamus and the anterior vermis in a number of species including the 

rabbit (Dietrichs & Haines, 1989) and also by the fact that these two regions are 

functionally interactive (Supple, 1993). Likewise, reciprocal connections between the 

hypothalamus and lobule IX in the posterior vermis have been demonstrated in the 

squirrel monkey (Dietrichs, 1984; Dietrichs & Haines, 1989; Haines & Dietrichs, 

1984, Haines, Dietrich, Culberson & Sowa, 1986). Indeed stimulation of lobule IXb 

elicits an arousal-like behavioural response with associated cardiovascular alterations 

(Bradley, Ghelarducci, La Noce & Spyer, 1990) and lesioning of lobule IX is 

suggested to attenuate the cardiovascular adjustments accompanying "playing dead" 

behaviour (See chapter 3; Gallacher, Goring & Bradley, 1993).

Since stimulation of the HDA results in cardiovascular responses similar to those 

that occur in defensive behaviour, the effect of removal of tonic cerebellar activity on 

these cardiovascular adjustments were investigated in the anaethetised rabbit upon 

cerebellar vermal lesioning.

4. METHOD AND MATERIALS

4 tal General Method

Twenty five NZW rabbits weighing 1.8-2.45kg were used in this study. Of these, 

seventeen animals were anaesthetised with 7ml/kg urethane (20%w/v) iv and eight 

with 4ml/kg of a mixture of chloralose (1.5%w/v) and urethane (25%w/v) iv, and 

supplemented when necessary. For details of arterial, venous, tracheal and bladder 

cannulations, ventilation, paralysis and depth of anaesthesia during paralysis see 

method 2(a). Animals' rectal temperature was maintained at 38±0.5®C by a 

thermostatically controlled heating blanket. Craniotomies were performed over the left 

HDA and posterior cerebellar vermis. The atlanto-occipital membrane was incised and 

cisterna magna drained (for reasons see method 3(a)). Concentric bipolar stainless 

steel electrode implantation was guided by monitoring the magnitude and profile of 

cardiovascular response to electrical stimulation as the electrode was advanced. The
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HDA was located between 3.5 and 5mm in the anteroposterior direction from bregma, 

l-2mm lateral from the midline and 11.6-14mm ventral to the surface of the brain. 

Stimuli applied to the HDA consisted of 6s trains of 80-200|iA of cathodal current at 

50-70Hz with a pulse duration of 0.5ms. Little or no electrolytic damage appeared to 

occur since repeated stimulation at the same point resulted in consistent cardiovascular 

responses. In two animals both aortic nerves were anatomically and physiologically 

identified by their distinctive pulse related discharge and looped with threads for later 

sectioning. Femoral blood flow (n=8), renal blood flow (n=5), phrenic (PNA; n=3) and 

renal sympathetic (RSNA; n=3) nerve activities were recorded in some animals (see 

method 3(b) and (c) for details).

4 fb) Experimental protocol

At the beginning of each experiment the cardioinhibitory component of the 

baroreceptor reflex was tested by a bolus injection of phenylephrine (see method 3(d) 

for details).

Each rabbit underwent a series of 6 stimulations before and after lesioning lobule 

IX (n=16). In 7 separate rabbits, lesions of lobules VI and VII were carried out prior to 

lesioning of lobule IX. The lesion was produced by aspiration, with the surrounding 

cerebellum being held steady with the ends of a pair of forceps placed on either side of 

the lobule to be removed. See method 3(d) for reasons why lobules VI and VII were 

lesioned as control. The animals were left for 10 minutes after each lesion to allow the 

heart rate and blood pressure to stabilise before subsequent HDA stimulation. In 

another 2 separate rabbits, the HDA was stimulated before and after sinoaortic 

denervation and then followed by lesioning of lobule IX. In 5 of the 16 rabbits where 

only lobule IX was lesioned, the baroreceptor reflex was tested using an aortic balloon 

(see method 2(c) for details) before and after removal of lobule IX, and blood pressure 

in these rabbits was measured via the brachial artery. At the end of the experiment, the 

effect of a 1 mg/kg iv bolus of atropine methylnitrate was monitored on the HDA 

induced cardiovascular responses after lesioning of lobule IX in 10 rabbits. The effect
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of sectioning the left and right vagus nerves on the HDA evoked bradycardia was also 

monitored, after separation from the aortic and sympathetic nerves in the bundle (n=l), 

to elucidate the origin of the HDA evoked drop in heart rate. In one rabbit the effects 

of atenolol (1 mg/kg iv) on resting blood pressure and heart rate was observed. For 

marking of stimulation site see method 3(d).

4 Tĉ  Analvsis of results

At the end of an experiment the brain was removed and placed in 10% neutral buffered 

formalin. Sagittal sections through the cerebellar vermis and coronal sections through 

the hypothalamus were histologically processed as in method 2(c) for examining the 

extent of the lesion and HDA stimulus site, respectively.

Where femoral and/or renal blood flows were measured the change in arterial 

conductances were calculated as in method 3(e). Baroreceptor reflex responses to 

pressor challenges were expressed as in section 2(c). Statistical analysis was carried 

out as in method 3(d). Effects of lesioning on the baroreflex were reported as actual 

changes in gain for each animal. Similarly, the effects of sinoaortic denervation and 

then lesioning of lobule IX on HDA evoked responses were reported as changes in the 

actual mean elicited blood pressure and heart rate (t=6 before and after each) for each 

animal. (n=no. of animals and t=no of stimulations).

RESULTS

4. Effects Of Cerebellar Lesions On HDA Evoked Cardiovascular Responses

The HDA evoked blood pressure and heart effects will be reported according to the 

profile of cardiovascular effects elicited and the number of cerebellar lobules removed. 

As resting heart was substantially altered in some rabbits as a consequence of removal 

of lobule IX, responses will also be represented as a % of the pre-stimulus resting 

values of blood pressure and heart rate.
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4 (a) LESIONING OF LOBULE TX ONLY (n=16^

Upon histological examination of the sagittal cerebellar sections, large portions of 

lobule IX were shown to have been removed in all 16 rabbits. Ten minutes after 

lesioning of lobule IX, resting blood pressure was close to pre-lesion levels although 

heart rate dropped by up to -98bpm (-33±7bpm; n=15). In the remaining animal, 

resting blood pressure was increased by +20mmHg after lesioning and heart rate 

decreased (-30bpm). Since raised resting blood pressure has been suggested to result in 

augmented HDA evoked bradycardias (Evans, 1986), this rabbit will be excluded from 

the subsequent grouped results. In animals where changes in renal and femoral blood 

flow were measured during the lesioning period, femoral conductance was increased 

by between +6.0% and +37.3% (n=5) and renal conductance was altered between - 

16.9% and +8.9% (n=3).

4 (a) (i) HDA evoked pressor response and bradycardia (n=12)

The stimulation sites for this group were located in the PHA, VMH, PFx and MT areas 

and between the APO and P3 levels of the hypothalamus (see fig 4.1). Lesioning of 

lobule IX resulted in a drop in heart rate of up to -98bpm (-31±8bpm; n=12) and blood 

pressure was unchanged, measured at 10 minutes after lesioning. The mean HDA 

evoked vasopressor response (+27.4±0.9mmHg) and bradycardia (-37+3bpm) were 

both significantly attenuated (+23.5±0.9mmHg and -25±3bpm) after lesioning of 

lobule IX (n=12, t=72; p<0.001 for both, see fig 4.2). It is important to note that there 

was no correlation between the drop in heart rate upon lesioning and the degree of 

attenuation of the HDA evoked bradycardia. In addition, a long lasting pupillary 

dilatation was observed in all of the animals upon stimulation.

In individual rabbits, the HDA evoked bradycardia was attenuated in seven animals 

(see fig. 4.3), was of similar magnitude in three rabbits and reversed from a 

bradycardia to a tachycardia in two animals, after removal of lobule IX. Furthermore, 

the vasopressor response was attenuated in five animals, augmented in one and 

remained of similar magnitude in the other six animals. An attenuation of both
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cardiovascular responses occurred simultaneously in four rabbits. The nine animals 

with altered heart responses after lesioning were restricted to the PHA/PFx region at 

the PI level (n=5), the PFx at the APO and P3 levels (n=2), just dorsal to the Fx at the 

P2 level (n=l) and the VMH at the PI level of the hypothalamus(n=l).

In four rabbits an even larger bradycardia developed at the offset of the stimulus. In 

all of these animals the post-stimulus bradycardia was attenuated after lesioning of 

lobule IX. The mean bradycardia before lesioning was -41±lbpm and this was 

significantly reduced to -20±2bpm after lesioning (n=4, t=24; p<0.001).

Pre-stimulus resting blood pressure before lesioning (91.G±1.4mmHg) was not 

significantly different from resting blood pressure after lesioning (93.4±1.4mmHg; 

n=12, t=72). On the other hand, removal of lobule IX resulted in a large and significant 

drop in the pre-stimulus heart rate from 293±4bpm to 261±4bpm (n=12, t=72; 

p<0.001). Since pre-stimulus resting heart rate dropped quite substantially upon 

lesioning, the evoked responses were also expressed as a % of the resting pre-stimulus 

blood pressure and heart rate values. The HDA evoked vasopressor (+30.5±1.1%) and 

bradycardic responses (-12.1 ±1.0%) were significantly attenuated to +25.4+1 % and 

-8.7±1.3%, respectively, after removal of lobule IX (n=12, t=72; p<0.001 for both).

Evoked changes in arterial conductance, renal and phrenic nerve activity

In addition to the pressor response and bradycardia, stimulation of the HDA evoked 

a vasodilatation of the femoral vascular bed (+19.4+4.9%), during the stimulus, that 

was not altered significantly by lesioning of lobule IX (+23.5+4.1%; n=4, t=24). 

Furthermore, there was a slight reduction in the HDA evoked decrease in renal 

conductance (-55.9+12.8%) after lesioning (-31.1+7.9%; n=2, t=12).

Stimulation of the HDA resulted in an increase in the bursting rate (almost double) 

of the phrenic nerve throughout the stimulation period. Upon lesioning of lobule IX, 

no change in burst amplitude, duration or rate was noticed. However, after the end of 

the stimulus there were periods of rapid bursting activity interspersed amongst normal 

bursting activity, and after removal of lobule IX these periods were abolished.
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Stimulation of the HDA in this rabbit also produced an increase in femoral 

conductance that developed during the stimulus (+6.8±4.0%) and peaked after 

stimulation (+57.5±8.1%) and a large decrease in renal conductance (-96.8±0.6%) 

during stimulation. The electrode in this animal was positioned just ventral to the PHA 

at the PI level. In a separate rabbit stimulation of the PHA at the PI level resulted in a 

biphasic increase in RSNA during the stimulus, separated by a quiescent period of 

-0.5s, and the nerve was silenced for up to 3s after termination of the stimulus. No 

change in RSNA was evident upon lesioning and the evoked effects on nerve activity 

were unaltered following the lesion.

Changes in baroreceptor reflex sensitivity upon lesioning o f  lobule IX

The baroreceptor reflex was tested in five rabbits using an intraluminal aortic 

balloon as the stimulus. In one of these animals the sensitivity of the reflex before 

lesioning (2.13ms/mmHg) was reduced following the lesion (1.48ms/mmHg). Blood 

pressure was unaltered whilst heart rate fell (-98bpm) after removal of lobule IX. 

Lesioning resulted in an attenuation of the HDA evoked bradycardia. In another 

animal, where only heart rate was altered by lesioning (-36bpm), the sensitivity of the 

reflex was similar following removal of lobule IX (0.63ms/mmHg before and 

0.59ms/mmHg after) and the HDA evoked bradycardia was unaltered. In the other 

three rabbits, the sensitivities of the reflex before lesioning (0.54ms/mmHg, 

0.86ms/mmHg and 2.79ms/mmHg, repectively) were increased upon removal of 

lobule IX (0.75ms/mmHg, 1.43ms/mmHg and 3.74ms/mmHg, respectively). 

Lesioning resulted in a decrease in resting heart rate (-22±12bpm) and blood pressure 

was unchanged. The evoked bradycardic response remained the same in the first two 

animals and was vastly attenuated in the last rabbit after lesioning. On the other hand, 

the pressor response was augmented in one, remained the same in another and was 

attenuated in the last rabbit.

96



Effect o f  intravenous iryection o f atropine methylnitrate and vagus nerve sectioning 

upon the HDA evoked bradycardia

To elucidate the origin of the HDA evoked bradycardia, both vagus nerves were 

sectioned in one animal and atropine methylnitrate was administered to three other 

rabbits. Sectioning of both vagus nerves caused a transient drop in both blood pressure 

and heart rate before returning to normal. After sectioning, stimulation of the HDA 

produced a pressor response of similar size and a greatly attenuated bradycardia, when 

compared to pre-sectioning values. In the other three rabbits, iv administration of 

atropine methylnitrate resulted in a transient drop in resting blood pressure, which 

recovered within a few minutes. In addition, resting heart rate increased (+14bpm) 

then recovered within a few minutes in one rabbit, and did not alter in the other two. 

HDA stimulation resulted in a similar vasopressor response (+23.8±l.lmmHg before 

and +22.8±1.0mmHg after) and a vastly attenuated bradycardia (-27±3bpm before and 

-5±3bpm) after atropine methylnitrate was given (n=3, t=18; p<0.001). Subsequent 

administration of atenolol to one of these latter rabbits resulted a large long lasting 

reduction in heart rate of -50 bpm from a resting rate of 290bpm.

4 (a) (ii) HDA evoked vasodepressor response and bradycardia (n=2)

The stimulation sites for these animals were located in ventral border of the 

ventrolateral thalamus (P3) and in a region medial to the PHA on the dorsolateral 

borders of the DMH (PI). In the first rabbit stimulation produced a hypotensive 

response that was unchanged by lesioning, although the mean evoked bradycardia was 

almost doubled. The bradycardia was of rapid onset (Is) and peaked within 2s of the 

start of stimulation.

In the second rabbit both the evoked hypotension and bradycardia were reduced 

after lesioning. Incidently, the cardiovascular response in this animal was followed by 

a rebound vasopressor response and tachycardia and a pupillary dilatation was also 

evident upon stimulation.
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Resting blood pressure remained the same after lesioning although the resting heart 

rate decreased (-22±0bpm; n=2), 10 minutes after lesioning. Since only two animals 

gave this type of response, statistical analysis could not be carried out on the data.

4 (a) (in) HDA evoked pressor response and tachycardia (n=l)

The location of the hypothalamic electrode for this rabbit was in the PFx region (P2). 

Lesioning of lobule IX resulted in an attenuation of the evoked pressor response, a 

small reduction in the tachycardia and a great reduction in the post-stimulus 

bradycardia. HDA stimulation in this animal also resulted in a marked long lasting 

pupillary dilatation. Resting blood pressure remained the same 10 minutes after 

lesioning, although resting heart rate was decreased (-74bpm).

4 (b) LESIONING OF LOBULES VI AND VII FOR CONTROL AND THEN 

LOBULE IX (n=71

Upon histological examination of sagittal cerebellar sections, lobules VI, VII and large 

portions of lobule IX were confirmed to have been removed in all rabbits. In addition, 

two animals also had small portions of lobule Vlllb aspirated by mistake. Removal of 

lobules VI and VII did not alter resting blood pressure or heart rate, measured at 10 

minutes after lesioning. Subsequent aspiration of lobule IX did not alter blood pressure 

although heart rate decreased (-8bpm to -36bpm, -24±5bpm; n=5) at 10 minutes after 

lesioning. In the other two animals, one of which had an extremely low resting blood 

pressure (49.4±2.8mmHg), blood pressure was raised by +12mmHg in both animals 

and heart rate decreased (-16, -64bpm), ten minutes after removal of lobule IX. For 

reasons stated in results section 4(a), these animals will be omitted from all subsequent 

analysis.

4 (b) (i) HDA evoked pressor response and bradycardia (n=5)

The stimulation sites for these animals were located in the STH and the PFx at the P3 

level (n=3), just ventral to the SMA at the P2 level (n=l) and the PFx at the PI level
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(n=l; see fig. 4.4). The mean HDA evoked pressor response (+29.0±lmmHg) and 

bradycardia (-46±3bpm) before lesioning of lobules VI and VII were not significantly 

different from the mean evoked pressor response (+30.3±2.3mmHg) and bradycardia (- 

43±3bpm) after lesioning (n=5, t=30). However, subsequent removal of lobule IX 

caused a significant reduction in both the mean evoked pressor response (+21.5± 

l.SmmHg) and bradycardia (-30±2bpm;n=5, t=6; p<0.001 for both; see fig. 4.5). In 

individual animals, the HDA evoked pressor response was slightly reduced in two 

animals and increased in one following removal of lobules VI and VII. However, after 

subsequent lesioning of lobule IX the evoked pressor response and bradycardia were 

attenuated in four animals (see fig. 4.6). In the other animal no alteration of either 

component of the evoked response was evident.

Removal of lobules VI and VII did not alter the mean pre-stimulus resting blood 

pressure (85.5±2.5mmHg before and 88.1±2.1mmHg after) or heart rate (306±4bpm 

before and 308±4bpm after). However, subsequent removal of lobule IX resulted in an 

increase in resting blood pressure (93.7±2.5mmHg) and a decrease in resting heart rate 

(285±5bpm; n=5, t=30; p<0.001 for both). Since the mean pre-stimulus resting blood 

pressure increased after lesioning of lobule IX, results were also expressed as a % of 

the pre-stimulus resting blood pressure and heart rate values. Removal of lobules VI 

and VII did not alter the HDA evoked pressor response (+34.4+1.7% before and +34.9 

±2.7% after) or bradycardia (-13.9+1.6% before and -14.6+1.3% after). On the other 

hand, an attenuated pressor response (+23.1 ±1.7%) and bradycardia (-10.8±0.9) were 

found after lesioning of lobule IX (n=5, t=30; p<0.001 and p<0.05, respectively).

Evoked changes in arterial conductance and renal and phrenic nerve activities

Stimulation of the HDA produced a pressor response associated with a decrease in 

renal conductance (-17.3±0.7%) in two animals (n=2, t=12). Femoral conductance was 

also decreased during stimulation (-18.1 ±1.1%) in one of these animals, although flow 

was increased, and a vasodilatation was evident after stimulation (+16±2.7%; n=l, 

t=6). Lesioning of lobules VI and VII did not alter the evoked changes in conductance
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in either vascular bed. Subsequent removal of lobule IX vastly attenuated the decrease 

in femoral conductance during stimulation (-2.7+1.1%) and augmented the post

stimulation increase in femoral conductance (+36±7%), although the pressor response 

was of similar magnitude.

Stimulation of the HDA also produced a biphasic increase in RSNA, separated by 

a quiescent period of about 0.5s, and was followed by a silencing of the nerve activity 

for about 3 to 3.5s post-stimulus (n=2). Furthermore, activation of the HDA resulted in 

an increase in the amplitude and rate (doubled) of the phrenic bursting activity during 

stimulation, with an increase in the amplitude for between 40 to 50s after stimulation 

(n=2) and no change in PNA with a cessation of bursts following the stimulus (n=l). 

Lesioning of lobule IX in one animal caused the increase in phrenic firing rate during 

stimulation to be reduced to approximately 1.5 times. The electrode positions for the 

two animals in which stimulation evoked a biphasic increase in RSNA with an 

increase in phrenic bursting were between the MT and Fx (P2) and in the PFx (PI). 

The stimulus site that evoked no change in PNA was found lateral to the MT (P3).

Effect o f  intravenous injection o f atropine methylnitrate on the HDA evoked 

bradycardia

Administration of atropine methylnitrate resulted in a mean drop in blood pressure 

of -7.2+3.ImmHg and an increase in heart rate of +20+1 Obpm (n=5). The mean HDA 

evoked hypertension (+21.5+l.SmmHg) was not significantly different fi*om the 

response evoked after atropine methylnitrate (+24.3±3mmHg; n=5, t=30). Similarly, 

no difference in the HDA evoked changes in either renal (n=2, t=12) or femoral (n=l) 

conductances were evident. On the other hand the mean evoked bradycardia was 

abolished (from -30±2bpm to 0±lbpm) thus suggesting that the bradycardia was 

entirely of vagal origin (n=5, t=30; p<0.001).
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4(c) EFFECT OF SINOAORTTC DENERVATTON ON THE MAGNITUDE 

AND DIRECTION OF HDA EVOKED CARDTOVASCIJT.AR RESPONSES

In the first rabbit, activation of the HDA resulted in a biphasic pressor response and a 

biphasic bradycardia. The first phase of each response occurred during stimulation 

with the second appearing after the end of the stimulus. Sinoaortic denervation caused 

a slight increase in resting blood pressure and a temporary decrease in heart rate. 

Surprisingly, restimulation of the HDA resulted in a cardiovascular response of similar 

magnitude, although the post-stimulus bradycardia was abolished. Ten minutes after 

the subsequent removal of only sublobules lXc,d and Xa, leaving lobule IXb 

untouched, resting blood pressure was unaltered and heart rate was reduced (-46bpm). 

Activation of the HDA then evoked a biphasic pressor response that was attenuated 

and a bradycardia of similar magnitude during stimulation. The electrode in this rabbit 

was positioned between the MT and Fx (P2).

In the second animal HDA stimulation produced a biphasic pressor response and a 

tachycardia during stimulation followed by a bradycardia at the offset of the stimulus. 

Sinoaortic denervation resulted in a slight increase in resting blood pressure and heart 

rate was temporarily decreased. Stimulation of the HDA then evoked a biphasic 

pressor response and tachycardia of similar magnitude, although the post-stimulus 

bradycardia was abolished. Removal of sublobules IXa and Vlllb, again leaving lobule 

IXb untouched, resulted in no change in blood pressure and a small drop in heart rate 

(-lObpm). After lesioning HDA stimulation resulted in a cardiovascular response of 

similar magnitude. The stimulation site for this animal was in the PFx (PI).

4. DISCUSSION

The results from this study are, in general, consistent with reports from other 

investigations, in as much as the pressor-bradycardic profile of the defence response is 

the most prominent in the rabbit (Azevedo et al., 1980; Azevedo, 1987; Evans, 1976).
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In this study, electrical stimulation of the hypothalamus between the APO and P3 

levels evoked a biphasic pressor response accompanied by a either a bradycardia, in 

twenty rabbits (80%), or a tachycardia, in three rabbits (12%). In addition, a 

vasodepressor response and bradycardia was elicited in two other animals (8%). 

Furthermore, the essential components of the defence response such as pupillary 

dilatation, an increase in central inspiratory drive, femoral vascular conductance and 

RSNA, with a decrease in renal conductance, accompanied the biphasic pressor 

response and bradycardia. Moreover, the evoked cardiovascular effects, incorporating 

a tachycardia or bradycardia, were elicited from the PHA and perifomical regions, in 

particular. However, in this investigation the most crucial characteristic of the defence 

reaction, the muscle vasodilatation (Coote et al., 1973; Abrahams et al., 1960), was 

smaller than that accepted as a 'positive site' (>50%) by Azevedo (1980; 1987). Since 

the anaesthetic used in this study was the same, the smaller response may be due to the 

stimulus characteristics and/or the fact that the animals in this study were paralysed. 

Azevedo used monopolar electrodes and stimulated the hypothalamus at higher 

frequencies, with twice the pulse duration and for up to five times longer. Furthermore, 

the evoked vasodilatation in his studies may be partly augmented by active movement 

of the muscles or in this study attenuated by the possibility of partial ganglionic 

blockade with décaméthonium.

Markgraf et al. (1991) reported that although other stimulation sites elicited certain 

cardiovascular components of the defence response, only stimulation of the posterior 

hypothalamus at sites dorsal and medial to the fornix evoked the full response which 

included a tachycardia. Similarly, the findings of Azevedo et al. (1980) suggested that 

although the bradycardic response was not localised to any nucleus, the tachycardia 

was most often evoked from the perifomical region and dorsal to the mammillary 

bodies, a region analogous to that in the cat (Abrahams et al., 1960). In this study, 

stimulation of the same region elicited the full defence response incorporating a 

bradycardia in the majority and a tachycardia in only two animals. The increase in the 

bursting activity of the phrenic nerve accompanying the bradycardia in this study is
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unusual since apnoea has been reported to accompany this component in previous 

studies (Azevedo et al., 1980; Azevedo, 1987). However, if the experiments were not 

carried out under neuromuscular blockade as in the present study, an evoked 

hyperpnoea may act to increase heart rate (Daly, 1985; Jordan & Spyer, 1986) by 

inhibition of cardiac vagal motomeurons (Spyer, 1994), thus revealing an identical 

pattern of cardiorespiratory response to Azevedo et al. (1980) and Markgraf et al. 

(1991).

The biphasic pressor response is not a novel observation since it has been 

previously shown to occur along with the bradycardia and tachycardia in the rabbit 

(Azevedo, 1987; Evans, 1976) and the tachycardia in the rat (Eferakeya & Bunag, 

1974) and cat (Morpurgo & Morillo, 1962). It has been suggested that the second 

pressor response may be due to the release of adrenal catecholamines in the cat and rat 

(Morpurgo & Morillo, 1962; Eferakeya & Bunag, 1974). On the other hand, it has also 

been reported that the second pressor effect is only abolished when adrenalectomy is 

unaccompanied by hypotension (Scherrer & Friedman, 1958). Some crucial factor 

involving incoming baroreceptor activity may therefore be important for the release of 

adrenomedullary catecholamines. In this study, two large bursts of activity were 

evident in the renal nerve just prior to each increase in pressure, suggesting that both 

pressor responses may be attributed, at least in part, to these increases in renal 

vasomotor tone. Moreover, these biphasic increases in RSNA were observed as 

biphasic decreases in renal vascular conductance, in other animals, indicating that the 

changes in RSNA actually result in biphasic constrictions of the renal resistance 

vessels. On the other hand, since RSNA is vastly increased during HDA stimulation, 

there is a possibility that part of the pressor response may be due to the release of renin 

(DiBona, 1994). However, evidence suggests that the renin-angiotensin system is not 

involved in mediating either phase of the pressor response, at least in the rat, since 

ligation of the renal pedicles does not significantly reduce the evoked response to a ten 

second train of stimulation (Eferakeya & Bunag, 1974).

Consistent with other findings, atropine methylnitrate failed to attenuate the evoked
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femoral vasodilatation, therefore, it is not of a sympathetic cholinergic nature 

(Azevedo, 1987; Shimada & Stitt, 1984). On the other hand, certain strains of rabbit 

possess the enzyme, atropinesterase (Sawin & Glick, 1943), which hydrolyses 

atropine, therefore it could be conceived that the muscarinic receptor blockade was 

evanescent in nature. However, the evoked bradycardia was attenuated consistently 

during the testing period and resting heart rate did not decrease, indicating that the 

blockade was complete. Azevedo (1987) suggested that the vasodilatation was 

probably mediated by substance P or ATP, since cholinergic, adrenergic and 

histaminergic antagonists failed to reduce the response. Consistent with this notion, 

Shimada & Stitt (1984) proposed the muscle vasodilatation to be mediated by 

purinergic nerves which release ATP and act on P2-purinoceptors. However, since 

adrenaline has been suggested to be involved in the second pressor response of the 

defence reaction (Eferakeya & Bunag, 1974) and is also known to elicit muscle 

vasodilatation, adrenaline may partly be involved in producing the increase in vascular 

conductance in the hindlimb. Contrary to this notion, it has demonstrated that the 

vasodilatation in the cat and rabbit is not due to secreted adrenaline (Mancia, Baccelli 

& Zanchetti, 1972; Shimada & Stitt, 1984), therefore it is unlikely to be involved in 

this study.

Since administration of atropine methylnitrate or vagus nerve sectioning had little 

effect in altering heart rate and yet atenolol given to one animal vastly decreased the 

heart rate, it appears that the sympathetic tone on the heart was a predominant feature 

in the preparations in this study. This is not surprising since urethane anaesthesia has 

already been reported to increase sympathetic drive, especially to the adrenal medulla 

(See chapter 2 discussion). In agreement with Evans (1976), vagotomy, or atropine, 

abolished or severely attenuated the HDA evoked bradycardia therefore the 

bradycardia is essentially of vagal origin.

It has been suggested that the HDA evoked bradycardia is not purely a baroreflex 

mediated response to the increase in blood pressure (Evans, 1976), since only modest 

falls in heart rate (-34bpm) are produced by intense baroreceptor reflex stimulation
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created by increasing intrasinusal pressure to 200mmHg in rabbits (Humphreys & 

Joels, 1976). Indeed Evans (1976) stated that sinoaortic denervation only partially 

attenuated the evoked bradycardia but then later demonstrated the need for 

baroreceptor afferent activity to evoke the bradycardia (Evans, 1986). In one of two 

rabbits from the present study, sinoaortic denervation did not affect the bradycardia 

during stimulation but abolished the post-stimulus bradycardia, suggesting that the 

reflex may only come into play after termination of the stimulus. In support of this 

statement, some other rabbits in this study also showed a rapid decrease in heart rate at 

the offset of the stimulus, possibly suggesting reflex activation to an already raised 

blood pressure. Furthermore, baroreceptor inputs are known to inhibit inspiratory 

activity (Richter & Seller, 1975), therefore, if the reflex was active during HDA 

stimulation a decrease in the phrenic bursting activity, and not an increase as shown 

here, would be evident. Indeed a baroreflex facilitated bradycardia would also result in 

a reflex mediated decrease in RSNA, unlike the findings in the present study where 

RSNA was vastly increased during stimulation and was only silenced upon 

termination of the stimulus. This provides suggestive evidence for a blunting of the 

baroreflex sensitivity during stimulation of the HDA that results in a bradycardia. In 

the second rabbit of the present study, sinoaortic denervation only abolished the post

stimulus bradycardia, leaving the tachycardia evoked during stimulation intact, 

suggesting the baroreceptor reflex only to be functioning at the offset the stimulus. 

Cerebellar lesioning in both of these sinoaortically denervated rabbits did not alter the 

evoked cardiovascular effects probably because only one to two sublobules of lobule 

IX, out of a possible four, had been lesioned and sublobule IXb, the sublobule with the 

largest responsive area to stimulation and lesioning (see discussion of chapter 2), was 

not included.

If the baroreflex is inhibited during stimulation and yet a mixed parasympathetic 

(vagal bradycardia) and sympathetic response (pressor) is evoked in majority of 

rabbits, then both limbs of autonomic control must be differentially activated. This 

could theoretically be carried out by virtue of the hypothalamic connections with the
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rostroventrolateral medulla (RVLM; Markgraf et al., 1991), the NTS (Kivipelto & 

Panula, 1991), dorsal motor nucleus of the vagus and nucleus ambiguus (Ter Horst, 

Luiten & Kuipers, 1984) and the PEN (Hamilton et al., 1981; Moga, Herbert, Hurley, 

Yasui, Gray & Saper, 1990; Moga, Saper & Gray, 1990; Roeling, Veening, Kruk, 

Peters, Vermeils & Nieuwenhuys, 1994), which has spinal, NTS and RVLM 

connections (Ciriello, 1983; Saper & Loewy, 1980; Fulwiler & Saper, 1984; Guyenet 

& Young, 1987; Holstege, 1987; Krukoff, Harris & Jhamandas, 1993; King, 1980; 

Lovick, 1986; McKellar & Loewy, 1982; Herbert, Moga & Saper, 1990), all important 

nuclei in cardiovascular regulation. In addition to the cardiac vagal motomeurons of 

the DVM and nucleus ambiguus, cells in the RVLM have also been shown to be 

involved in the mediation of vagal bradycardias (Lovick, 1987). Since neurons in the 

RVLM are also involved in mediating pressor responses (Lovick, 1993), this region 

could differentially produce the pressor and bradycardic response evoked by HDA 

stimulation in this study.

Removal of only lobule IX, and not lobules VI and VII, resulted in an attenuation 

of the HDA evoked pressor response and bradycardia, suggesting that the cerebellar 

effects on the HDA evoked cardiovascular response were not the result of physical 

manipulation and are lobule specific. Furthermore, the effects of lesions of lobule IX 

were still evident after measuring evoked changes as a % of resting values, therefore, 

the attenuated effects are also not merely the result of evoked responses imposed on a 

lowered resting heart rate. Interestingly, attenuated HDA evoked cardiovascular effects 

are not correlated with changes in baroreflex sensitivity after lesioning of lobule IX. 

Since it has been suggested that the baroreflex may be facilitated during the 

bradycardic component (Azevedo, 1987), an increase in the sensitivity of the reflex 

after lesioning would be expected to produce an augmented bradycardia. However, in 

three animals in which the reflex gain was increased following the lesion, the HDA 

evoked bradycardia was of a similar magnitude in two and attenuated in the other 

rabbit. Similarly, in one animal where the sensitivity of the reflex was decreased, the 

HDA evoked bradycardia was attenuated. Finally, in the last rabbit both the reflex

106



sensitivity and HDA evoked bradycardia were unaltered by lesioning.

It is of interest that majority of the rabbits expressing an attenuation of the evoked 

vasopressor and bradycardic, or tachycardie, responses after lesioning had their 

stimulation sites located in the PHA/PFx regions, areas analogous to the ones which 

were suggested to evoke the "true" cardiorespiratory components of the defense 

response, including a tachycardia, in previous studies (Azevedo et al., 1980; Markgraf 

et al., 1991). Since stimulation eliciting the bradycardic and tachycardie profiles in 

anaesthetised rabbits also evoked "flight" like responses from the same site when 

conscious (Azevedo, 1987), lobule IX may have a modulatory role in the mediation of 

the cardiovascular adjustments accompanying behaviours associated with escaping 

from a life-threatening situation. As with a possible role in the mediation of 

cardiovascular events in "playing dead" behaviour, lobule IX may involve itself in the 

cardiovascular adjustments accompanying "flight" behaviour by converging on the 

descending efferents from the hypothalamus at the level of the pontine PEN, which 

has already been shown to receive direct Purkinje fibre projections from lobule IX 

(Bradley, Ghelarducci, La Noce, Paton, Sebastiani, Spyer & Sykes, 1989; Paton, La 

Noce, Sykes, Sebastiani, Bagnoli, Ghelarducci & Bradley, 1991).
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FIGURE 4.1
Stimulation sites for the hypothalamic evoked pressor response and bradycardia with 
lesioning of lobule IX (n=12). PHA= posterior hypothalamic area; DHA= dorsal 
hypothalamic area; DMH= dorsomedial nucleus of the hypothalamus; VMH= 
ventromedial nucleus of the hypothalamus; PF= perifomix; Fx= fornix; LHA= lateral 
hypothalamic area; SMA= supramammillary area; MT= mammillary thalamic tract, MM= 
medial mammillary nucleus; STH= subthalamus; VL= ventrolateral nucleus of the 
thalamus. APO= bregma and PI, P2 and P3= the distance in mm caudal to bregma
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Figure 4.2

HDA evoked vasopressor and bftjycardic responses before ( )

and after lesioning o f lobule IX ( |7T ^ ) o f the posterior cerebellar 

vermis (n=12). *P<0.05 (Student's paired t-test; x%  s.e.m.).
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Stimulation of the HDA both before and after lesioning o f lobule IX o f the 
posterior cerebellar vermis. ABP=arterial blood pressure; HR=heart rate; 
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FIGURE 4 4
Hypothalamic stimulation sites for the control lesioned (lobules VI, VII and then IX) 
rabbits (n=5). PF= perifomix, Fx= fomix; DMH= dorsomedial nucleus of the 
hypothalmus, VMH= ventromedial nucleus of the hypothalamus; SMA= 
supramammillary area; MT= mammillary thalamic tract; STH= subthalamus. PI, P2 and 
P3= the distance in mm caudal to bregma.
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Figure 4.5
Cardiovascular effects evoked by electrical stimulation of the HDA before and after 
lesioning of lobules VI and VII and then IX of the posterior cerebellar vermis. ABP= 
arterial blood pressure; HR=heart rate; PNA=phrenic nerve activity; RSNA=renaI 
nerve activity.
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Figure 4.6
HDA evoked vasopressor and bradycardic responses before ( )
and after lesioning of lobules VI and VII ( %%/| ), and then lobule IX ( [ | | | | )

of the posterior cerebellar vermis (n=5). *P<0.05 (ANOVA; x /̂_ s.e.m.).
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CHAPTER 5

Simultaneous activation of lobule IXb and the forebrain
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5. TNTRODTJCTTON

The concept of facilitation between structures in the rostrocaudal axis of the brain 

which are involved with defensive behaviours is not novel. Simultaneous stimulation of 

the central or lateral nucleus of the amygdala facilitates hypothalamic evoked attack 

behaviour in the conscious cat (Egger & Flynn, 1963). Similarly, stimulation of ventral 

PAG facilitates, while the dorsal PAG suppresses, hypothalamic elicited flight 

behaviour (Brutus, Shaikh & Siegel, 1985). Since removal of lobule IX results in an 

attenuation of the HDA and ACe evoked cardiovascular responses (see discussion of 

chapters 2 and 3; Gallacher, Goring & Bradley, 1993), the first aim of this study was to 

elucidate whether the converse was true: could simultaneous activation of lobule IXb 

and either of these forebrain regions result in facilitated cardiovascular responses?

Although earlier studies using electrical stimulation and ablation techniques provide 

invaluable information regarding structures involved in mediating the defence reaction, 

the findings are limited with regards to the true locus for initiation of these events. 

Electrical stimulation not only activates neuronal perikarya but also stimulates fibres 

passing through the vicinity of the electrode tip. Recently, studies have been undertaken 

using microinjections of excitatory amino acids (EEAs), which only excite cell bodies 

(Goodchild, Dampney, & Bandler, 1982), and other neuroactive agents into the 

structures suggested to be involved in mediating the defence reaction, in attempts to 

identify whether these regions contain cell bodies capable of initiating the different 

behavioural and visceral components of defensive behaviour and to elucidate the 

neurotransmitters involved in such responses.

Buccafusco & Brezenoff (1979) injected cholinergic agonists into the posterior 

hypothalamus (PH) in freely moving rats and found a consistent sympathetically 

mediated pressor response with variable changes in heart rate accompanied by a "flight" 

or "escape reaction". Adrenal catecholamine and vasopressin release were not involved 

in the production of the pressor response. In addition, NPY and carbachol have also 

been microinjected into the PH in conscious rats (Martin, Kneupfer & Westfall, 1991). 

Although both evoked a vasopressor response, NPY evoked a tachycardia and
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carbachol elicited a tachycardic-bradycardic response and both failed to produce the 

hindquarters dilatation and behavioural effects found in the defence reaction. Other 

investigators have demonstrated the presence of a tonic GABAergic inhibition of the 

cardiovascular and locomotor components of the defence reaction at the level of the PH 

in the rat and cat (DiMicco & Gillis, 1979; Williford, DiMicco & Gillis, 1980; Schmidt 

& DiMicco, 1984; Dimicco, Abshire, Hankins, Sample & Wibble, 1986; Shekar & 

DiMicco, 1987). Consistent with a posterior hypothalamic role in behaviour, excitation 

of cell bodies in the PH following microinjection of L-glutamate in conscious rats 

results in searching, rearing and sniffing behaviours accompanied by hypertension and 

an increase in heart rate (Ohta, Nakamura, Watanabe & Ueki, 1985).

However, some degree of controversy exists since microinjection of L-glutamate 

into the PH has also been reported to evoke a vasodepressor response and bradycardia 

(Spencer, Sawyer & Loewy, 1990). Similarly, injection of L-glutamate into the lateral 

hypothalamic area (LHA) reduces blood pressure and heart rate in the anaesthetised rat 

(Allen & Cechetto, 1993; Spencer, Sawyer & Loewy, 1989). On the other hand, Allen 

& Cechetto (1993) were also able to elicit a pressor-tachycardic response from the 

perifomical region. Microinjections of DLH into either the medial tuberal region or 

dorsal to the optic chiasm in the hypothalamus have been shown to evoke almost all the 

autonomic components of the defence reaction with the exception that blood pressure 

fell (Hilton & Redfem, 1986). However, the authors concluded that only the 

periaqueductal gray PAG contains the cell bodies capable of producing both the 

behavioural and cardiorespiratory components of the defence response. Consistent with 

these observations, Bandler (1982) also failed to elicit the characteristic defence 

behaviour following microinjection of L-glutamate into the HDA of the conscious cat, 

whereas injection into the midbrain region readily did so.

A few studies have been performed in the rat using EEA's to identify amygdaloid 

regions involved in mediating certain components of the defence reaction. In the 

anaesthetised rat, the prominent response to electrical stimulation of either the central, 

medial or basolateral nucleus of the amygdala has been reported to be a drop in blood
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pressure with a variable change in heart rate (Gelsema, McKitrick & Calaresu, 1987). 

Subsequent microinjection of DLH into the same sites resulted in much fewer depressor 

responses. Within the same study, only electrical stimulation produced cardiovascular 

responses in conscious animals, which consisted of a pressor response and tachycardia, 

and exploratory behaviour was preceded by a period of restlessness. Similarly, Roder & 

Ciriello (1993) demonstrated vasodepressor and bradycardic responses upon 

microinjection of L-glutamate into the ACe of anaesthetised rats. Again some 

controversy exists in experimental results since al Maskati & Zbrozyna (1989) evoked a 

tachycardia, renal vasoconstriction and hindlimb vasodilatation by stimulating 

electrically within the central, basolateral and basomedial nuclei o f  the amygdala in 

"Saffan" anaesthetised rats. In their investigations, DLH induced the same profile of 

cardiovascular alterations but only from the basolateral nucleus. Furthermore, electrical 

stimulation within these nuclei in the unanaesthetised animal evoked defensive 

behaviours including arching of the back, boxing or running and jumping.

The second aim of this study was to determine whether cell bodies were responsible 

for initiating the evoked cardiovascular effects to electrical stimulation, since, to the 

best of my knowledge, no evidence exists that the ACe and HDA in the rabbit contain 

perikarya crucial to the integration or mediation of the cardiovascular components of 

specific defensive behaviours.

5. METHODS AND MATERTAT.S

5 fa  ̂General Method

Thirteen rabbits (NZW) weighing 1.85-2.4kg were anaesthetised with a 4mg/kg 

intravenous bolus injection of alphaxalone-alphadolone ("Saffan") through the 

marginal ear vein and supplemented when required with bolus injections of 0.6-

1.2mg/kg iv. The left femoral artery and vein were then cannulated for blood pressure 

monitoring and to provide a maintenance infusion of Saffan (3.75-15mg/kg/hr), 

respectively. Saffan was the anaesthetic of choice for these experiments since it has 

been shown not to disturb forebrain induced cardiovascular responses in the cat
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(Timms, 1981). Drugs were given via the marginal ear vein. The trachea was 

cannulated for subsequent artificial ventilation and the bladder was drained and 

cannulated (see method 2(a)). Animals' rectal temperature was maintained at 38±0.5®C 

by using a thermostatically controlled heating blanket. All rabbits were paralysed 

using 0.6mg/kg iv bolus injections of atracurium ("Tracrium"), after testing blink, 

pupil and pedal withdrawal reflexes, and ventilated artificially (see method 2(a)). 

Supplementary bolus injections of iracrium were given every 30-45minutes after 

testing the depth of anaesthesia. Tracrium was chosen since it has a large safety margin 

between the doses required for neuromuscular blockade and those likely to lead to 

cardiovascular side effects (Sutherland, Squire, Gibb & Marshall, 1983). End tidal 

CO2  was maintained between 4 and 4.5% by altering the minute volume and/or by iv 

bolus injections of molar sodium bicarbonate solution. In addition, blood gases were 

measured and pH was maintained in the range of 7.33-7.41, PCO2 between 28.4 and 

42. ImmHg and P0 2  was in excess of lOOmmHg in all animals. Craniotomies were 

performed over the posterior cerebellar vermis and left ACe or left HDA. Anaesthetic 

has been shown to abolish the cardiovascular effects to amygdaloid stimulation in the 

cat (Stock, Schlor, Heidt & Buss, 1978), therefore in cases where typical ACe 

responses could not be evoked, the left HDA was then stimulated. Regions from which 

typical ACe responses were elicited were located at the level of bregma, 5-5.5mm 

lateral to the midline and 10.2-11.9mm ventral to the surface of the brain. Stimulations 

of ACe, at around threshold for obtaining a cardiovascular response, consisted of 4s 

trains of 210-250pA at lOOHz with a pulse duration of 0.5ms. Activation of lobule 

IXb, at around threshold, also consisted of 4s trains but of 110-300pA at lOOHz with a 

pulse duration of 0.2ms. The cerebellar electrode was placed 0.3-0.5mm ventral to the 

surface of the cortex.

Regions of the brain where typical HDA responses were evoked were located 3.5- 

5mm caudal to bregma, 0.5-lmm lateral from the midline and 12.4-13.5mm ventral to 

the surface of the brain. Stimulation of the HDA and lobule IXb in this group, at 

around threshold, consisted of 6s trains of 120-180pA at 70Hz with a pulse duration of
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0.5ms and 6s trains of 80-400p.A at lOOHz with a pulse duration of 0.2ms, 

respectively.

In eight of the hypothalamic/amygdaloid experiments the electrode used consisted 

of a stainless steel hypodermic needle with an outside diameter of 300pM and internal 

diameter of 125pM. The electrode was varnished to 0.3mm from the tip, and a custom 

built plastic luer head, with calibrated capillary glass embedded into it and glued 

secure, was fixed into the steel luer fitting at the top of the electrode. A pressure line 

was attached to the capillary glass for microinjection of drugs and the outer barrel of 

the needle was used for electrical stimulation. In the other five experiments, stainless 

steel tubing (300pM ext. diam. and lOOpM int. diam.) was varnished to 0.3mm from 

the tip and the steel barrel was used for electrical stimulation. pplO tubing was used to 

connect the electrode to a Ipl Hamilton syringe and the lumen was employed for 

microinjection over 15s. The cerebellar electrode was made from a single pulled 

capillary glass filled with a 50:50 mixture of "Wood's" metal and indium (ext. diam 

0.1-0.2mm).

PNA (n=7), RSNA (n=5), femoral blood fiow (n=7) and renal blood fiow (n=l) 

were measured in some animals (for details see method 3(b) and 3(c)).

5 (b) Experimental protocol

At the beginning of each experiment the cardioinhibitory component of the 

baroreceptor reflex was tested by a bolus intravenous injection of phenylephrine (30 p 

g per animal; See method 3(d) for details).

Upon locating a region of the left hypothalamus or amygdala from where typical 

cardiovascular responses were evoked, the stimulus intensity was decreased to around 

threshold for obtaining a response. Lobule IXb was then stimulated followed 1 minute 

later by activation of either the HDA or ACe. After a subsequent minute had passed 

both structures were activated simultaneously and the procedure was repeated another 

four times. The largest changes in both blood pressure and heart rate to be induced by 

the end of the stimulus were used in the quantification of results.
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The stimulus intensity was then increased to produce a much larger cardiovascular 

response for the second part of the study. 100-200nl of filtered (0.22pm) acidified 

saline (pH 6.6) was then injected into the ACe or HDA as a vehicle control for 

microinjections of L-glutamate. Acidified saline was used as a control to determine if 

an increase in extracellular volume or decrease in pH would cause some form of non

specific mechanical or chemical activation of the neurons in the ACe or HDA. In 

addition, the effect of saline on the electrically evoked responses was observed. The 

electrode was then taken out of the brain, flushed through and filled with filtered L- 

glutamate (50-100mM, pH6.6-6.8), made up in saline (0.9%), and replaced to the same 

site. The magnitude of the evoked response to electrical stimulation was checked, to 

indicate replacement of the electrode to the same position. 75-200nl of L-glutamate 

was then microinjected to elucidate whether cell bodies in the region of the electrode 

tip were capable of evoking responses similar to those produced by electrical 

stimulation. The effect of the L-glutamate on the magnitude and profile of 

cardiovascular response evoked by electrical stimulation were then monitored for up to 

50 minutes after the injection. At the end of the experiment in two animals, 200nl of 

filtered acidified saline was microinjected into lobule IXb. After 20 minutes the same 

volume of filtered L-glutamate (lOOmM) was injected into lobule IXb and the 

cardiovascular effects observed.

For later identification of the stimulation sites, 100-200nl of a solution of filtered 

pontamine sky blue dye (PSB) was injected through the lumen of the electrode (n=3) 

or an electrolytic lesion was made by passing 0.2mA DC current through the outer 

barrel of the electrode for 20s (n=10). Although the diffusion coefficient of the dye 

will be different from that of L-glutamate, it provides an approximate indication of 

spread. In the experiments where dye was injected, the electrode was removed after 

injecting the dye and replaced to the same site. A small electrolytic lesion was made 

(0.1mA DC for 5s) to confirm that the electrode returned to the same site each time it 

was removed.
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5 r d  Analysis o f results

For histological processing to identify stimulation sites see methods 2(e) and 3(e).

The % change in femoral and renal vascular conductances were calculated as in 

method 3(e). Where heart intervals are mentioned, they were calculated as in method 

2(c). For statistical analysis, mean ACe or HD A and lobule IXb elicited responses 

were compared against the respective simultaneously induced response, as well as the 

arithmetically added responses of IXb alone plus either the HDA or ACe using the 

two-way ANOVA with Tukey-Kramer post tests. Differences are considered as 

significant where p<0.05. The data are expressed as mean ± s.e.m. (n=no. of animals 

and t=no of stimulations).

5. RESULTS

5. râ  STMTJT.TANEOTJS ACTTVATTON OF LOBULE TXh AND THE HDA

Results will be presented as absolute changes in blood pressure and heart rate, and then 

as absolute changes in heart interval for the group reported in section 5(a) (i). For 

stimulation sites see fig. 5.1.

5 (a) (i) HDA evoked vasopressor response and tachycardia combined with a lobule 

IXh elicited vasodepressor response and bradycardia (n=4).

Stimulation of the HDA at around threshold produced no significant change in blood 

pressure (+2±lmmHg) and a tachycardia of +9±lbpm (n=4, t=20). On the other hand, 

activation of lobule IXb resulted in a bradycardia (-8±3bpm) and a vasodepressor 

response (-6±2mmHg). However, simultaneous activation of both these structures 

resulted in a facilitation of the HDA evoked pressor (+8±2mmHg) and tachycardie 

(+24±2bpm) responses (see fig. 5.2). These values were found to be significantly 

different from the sum of both the individual cerebellar and HDA evoked blood 

pressure (-4+lmmHg) and heart rate (+l±3bpm) responses (p<0.001 for both; n=4, 

t=20; see fig. 5.3). The pre-stimulus resting blood pressure and heart rate for each type
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of stimulation were almost identical in all cases. The pre-stimulus blood pressure and 

heart rate for lobule IXb, HDA and simultaneous stimulation were 87.8+1.9mmHg, 

86.6±1.7mmHg and 86.7±1.7mmHg, respectively, and 218±lbpm, 217+lbpni and 217 

±lbpm, respectively (n=4, t=20).

The change in heart interval upon increasing heart rate does not directly correspond 

to the change in heart interval by decreasing heart rate by the same amount. Therefore, 

since IXb stimulation decreased heart rate whilst stimulation of the HDA increased 

heart rate it may not be considered appropriate to compare facilitated responses to the 

sum of individual responses using heart rate. Therefore, evoked effects were also 

represented as changes in heart interval. Stimulation of lobule IXb increased heart 

interval by +10.7±3.8ms whilst activation of the HDA decreased heart interval by -

11.4+1.5ms. When the sum of the individual responses (-0.2±3.8ms) was compared 

with the simultaneously activated response (-27.7±2.4ms) they were found to be 

significantly different (n=4, t=20; p<0.001).

Evoked changes in arterial conductance, renal and phrenic nerve activities

Activation of lobule IXb at around threshold produced no change in femoral 

conductance in four rabbits. Stimulation of the HDA produced no change in femoral 

conductance in two animals, with an increase in one and a decrease in another, by the 

end of the stimulation. Similar to activation of HDA alone, simultaneous activation of 

both structures produced an increase in conductance in one animal, a decrease in 

another animal and no change in the other two. In two animals an increase in femoral 

vascular conductance occurred after HDA stimulation that was greatly facilitated (2- 

4X) upon simultaneous activation of both structures. Stimulation of lobule IXb 

resulted in a mean change in femoral conductance of -1.6±1.7% (n=4, t=20). On the 

other hand activation of the HDA evoked a mean change in femoral conductance of - 

6.0±4.2% during stimulation and +4.0+1.7% after stimulation (n=4, t=20). 

Simultaneous activation of both structures produced a mean change in femoral 

conductance of -5.9±3.6% during stimulation and +12.1+3.0% after (n=4, t=20). None
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of the evoked changes during stimulation ^vere significantly different from each other 

nor was the simultaneously evoked response different from the sum of the individual 

evoked responses (-7.0±4.4%; n=4, t=20).

Activation of lobule IXb silenced the RSNA during stimulation and in some cases 

after stimulation (n=3). On the other hand, stimulation of the HDA resulted in two 

small bursts in the RSNA during stimulation with silence for 2s after termination of 

the stimulus in one rabbit. In two other animals HDA activation did not change RSNA 

during the stimulus but silenced the nerve activity for 2-5.5s after stimulation. 

However, simultaneous activation of both structures resulted in two large bursts of 

activity in two animals and one big burst in another, during stimulation, with silencing 

of the RSNA for 4.5-1 Is after stimulation (n=3). The evoked increases in RSNA were 

in phase with the pressor responses but leading.

Microinjection of glutamate into the HDA tn=4t

Injection of 100-200nl of acidified saline (pH6.6) caused no overt cardiovascular 

effects (n=4). The recovery of electrically evoked responses occurred at <lmin, 

<5min, 10-20minutes and <35minutes in the four animals.

Subsequent injection of lOOnl (50mM) L-glutamate in the first animal, whose 

stimulation site was dorsolateral to MT (P2), produced no cardiovascular effects and 

the post-stimulus bradycardia to electrical stimulation was augmented for up to 10 

minutes, which was repeatable upon subsequent injection.

In the second rabbit, injection of lOOnl (lOOmM) glutamate resulted in a triphasic 

vasopressor response and triphasic tachycardia, an increase in femoral conductance, a 

prolonged pupillary dilatation and the electrically evoked response was unaltered. 

Instead of glutamate being given slowly over 15s by the Hamilton syringe, it was 

injected rapidly in this animal (approx Is). The stimulation site for this animal was in 

the PFx (PI).

Injection of lOOnl of (lOOmM) glutamate into the HDA of the third animal caused a 

large pressor response and tachycardia followed by a large prolonged bradycardia, an
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increase in the amplitude of RSNA (double), a small increase in femoral conductance 

and pupillary dilatation (see fig. 5.4). The stimulation site for this animal was medial 

to the MT (P2) and the PSB (lOOnl) travelled 1.3mm rostocaudally and the spot was 

0.8mm in diameter. The PSB was given rapidly by pressure injection and a small 

electrolytic lesion was found in the centre of the spot.

In the last rabbit, injection of lOOnl (lOOmM) glutamate produced no overt 

cardiovascular effects and there was no recovery of the electrical evoked response for 

up to 40min after the injection. The electrode in this experiment was positioned on the 

border of the DMH (PI) and the PSB (lOOnl) travelled 0.6mm rostrocaudally and the 

largest diameter of the spot was 0.5mm. This spot was made by the electrode 

producing a slow release (over 15 s), not the pressure electrode, and a small electrolytic 

lesion was found within the PSB spot.

5 (a) (ii) HDA and lobule IXb evoked vasopressor and bradycardic responses (n=l).

Simultaneous stimulation of both structures resulted in a facilitated HDA elicited 

pressor response, with no facilitation of the evoked bradycardia. Microinjection of 

150nl of acidified saline into the HDA in this experiment produced no changes in 

blood pressure or heart rate but attenuated the electrically evoked responses for 5-7 

minutes. Subsequent injection of 200nl (50mM) L-glutamate evoked a large 

multiphasic pressor response and a bradycardia. The stimulation site for this animal 

was ventral to the MT (P2).

5 (a) (Hi) HDA and lobule IXb evoked vasopressor and tachycardie responses (n=l).

Simultaneous stimulation of the HDA and lobule IXb evoked a vasopressor 

response close to the sum of the individual responses, although surprisingly a large 

bradycardia was found. It is of interest that activation of the HDA at a greater stimulus 

intensity, in this animal, produced a bradycardia accompanying a biphasic pressor 

response. In addition, simultaneous activation of both structures caused a decrease in 

femoral conductance during the stimulus that was much smaller than the sum of the
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individual decreases in conductance and a large facilitation of the HDA evoked post 

stimulus femoral vasodilatation.

Stimulation of lobule IXb in this animal caused a silencing of the RSNA during 

stimulation and for 3-4.5s post stimulation. In contrast, activation of the HDA resulted 

in a general increase in RSNA during stimulation with a silencing of the nerve activity 

for up to 14s after the end of the stimulus. Simultaneous stimulation of both structures 

produced one large burst in the RSNA during stimulation followed immediately by an 

abolition of RSNA for 12-15s.

Activation of the HDA at a stimulus intensity greater than threshold gave a biphasic 

pressor response and bradycardia. In addition, a small decrease in femoral conductance 

was evident during HDA activation with an increase in conductance occurring after 

stimulation. In this rabbit, injection of 200nl of acidified saline into the HDA did not 

produce any cardiovascular effects and did not affect the responses to electrical 

stimulation. Subsequent injection of lOOnl and then 200nl (50mM) L-glutamate 

produced the same conclusion. The stimulation site for this animal was ventromedial 

to the MT (P2).

5 (a) (iv) HDA evoked vasopressor and bradycardia combined with a Lobule IXb 

elicited vasodepressor response and bradycardia (n=l).

Simultaneous activation of both structures resulted in a slightly smaller vasopressor 

response and bradycardia than the response produced by the HDA alone, a much 

greater decrease in femoral conductance than the sum of the individual changes in 

conductance and an increase in the bursting rate of the phrenic nerve that was similar 

to that produced by HDA stimulation alone.

Microinjection of lOOnl of acidified saline or L-glutamate (lOOmM) into the 

hypothalamus in this rabbit produced no overt cardiovascular effects, although saline 

attenuated the electrically evoked response for up to 5 minutes. In this animal the 

electrode was positioned ventral to the MT (PI).

Microinjection of 200nl (lOOmM) L-glutamate into lobule IXb at the end of this
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experiment produced a decrease in blood pressure and heart rate, no change in femoral 

conductance with an increase in the rate and amplitude of the PNA.

5 rb̂  PRELIMINARY EXPERIMENTS TJSTNG MTCROTN.TECTTON OF L - 

GLTJTAMATE INTO THE HDA tn=2^

In a separate preliminary experiment, electrical stimulation of a region in the 

hypothalamus between the MT and Fx produced a large pressor response and a 

tachycardic-bradycardic response during stimulation followed by a large post-stimulus 

bradycardia. Subsequent microinjection of 125nl of L-glutamate (50mM) into the 

same site resulted in a response of similar profile and magnitude. To study the effects 

of anaesthetic on the electrically evoked response a bolus injection of "Saffan" (2.4mg 

iv) was given to this animal. "Saffan" attenuated the pressor response, converted the 

tachycardia to a large bradycardia during stimulation and attenuated the post-stimulus 

bradycardia. Furthermore, L-glutamate microinjection (lOOnl, 50mM) reproduced the 

new profile of HDA evoked response.

In the second rabbit, electrical stimulation (lOOpA) of the HDA, between the Fx 

and MT (P2), evoked a large pressor response and a tachycardia during stimulation 

and a large bradycardia after stimulation. Chemical activation of the neurons in this 

region with 125nl of L-glutamate (50mM) produced a response of the same profile 

although slightly smaller in magnitude.

5 (c) SIMULTANEOUS ACTTVATTON OF LOBULE IXb AND THE ACe (n=4^

The stimulation sites for these four experiments are illustrated in fig. 5.5 (Urban & 

Richards, 1972).

5 (c) (i) ACe and lobule IXb evoked vasodepressor and bradycardic responses (n=3) 

Stimulation of ACe at around threshold resulted in a small vasodepressor response (- 

3.4±l.lmmHg) and a bradycardia (-6±lbpm). Similarly, activation of lobule IXb
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produced a vasodepressor response (-3.7±0.7nunHg) and bradycardia (-12±2bpm). 

However, when both of these structures were activated simultaneously a large 

vasodepressor response (-9.9±1.7mmHg) and bradycardia (-24±2bpm) were elicited 

(see fig. 5.6). When the simultaneously evoked vasodepressor and bradycardic 

responses were compared with the sum of the individual vasodepressor (-6.9± 

1.7mmHg) and bradycardic responses (-18±3bpm), they were found to be significantly 

augmented (n=3, t=15; p<0.05 for both; see fig. 5.7). The pre-stimulus resting blood 

pressure and heart rate for each stimulus type were in all cases virtually identical. The 

pre-stimulus blood pressure and heart rate for lobule IXb, ACe and simultaneous 

stimulation were 94.2+1.7mmHg, 93.5±1.8mmHg and 94.6+1.9mmHg, respectively, 

and 242±3bpm, 242±3bpm and 241±4bpm (n=3, t=15).

Evoked changes in arterial conductance, renal and phrenic nerve activities

Activation of lobule IXb at around threshold resulted in a very small increase in 

femoral conductance whereas stimulation of ACe evoked no change in conductance 

(n=2). Simultaneous activation of both structures produced a very small increase in 

femoral conductance in one animal and a slightly bigger increase in the other. In the 

latter of the two animals reported above, a large post-stimulation increase in 

conductance was evident upon simultaneous activation .

Stimulation of IXb and ACe also resulted in an increase in the amplitude of the 

phrenic bursts during the stimulation period (n=2). However, activation of both 

structures simultaneously caused an increase in the amplitude and rate (3 times) of 

phrenic bursting activity in one animal with an increase in only the amplitude in the 

other.

Stimulation of lobule IXb and ACe independently caused a decrease in RSNA for 

up to 5.5s during and after stimulation (n=2). On the other hand, simultaneous 

activation of both lobule IXb and ACe resulted in either a decrease in RSNA for up to 

10s or a complete cessation of activity for up to 8.5s occurring both during and after 

stimulation (n=2).
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Microinjections of L-glutamate into the ACe and lobule IXb

Microinjection of a 150nl of acidified saline (pH6.6) into ACe produced no overt 

cardiorespiratory effects and did not alter the electrically evoked responses in two 

animals and attenuated them for 5-9minutes after the injection in one animal.

Subsequent microinjection of 150nl of L-glutamate (lOOmM) resulted in a drop in 

blood pressure (-5mmHg to -30mmHg) and heart rate (-22bpm to -54bpm; n=3; see 

fig. 5.8). Moreover, glutamate elicited a decrease in RSNA for 23-28s (n=2), an 

increase in the amplitude, rate and duration of the phrenic nerve bursting activity for 

30s (n=l) and a small increase in both renal and femoral conductances (n=l). 

Electrically induced responses were monitored up to 50 minutes after the injection 

where a partial recovery of the evoked response was evident at this time. The 

stimulation sites for these three experiments were found in the dorsal ACe at the A16 

and A17.5 levels.

In addition, 200nl of L-glutamate was injected into the medial portion of lobule IXb 

and a vasodepressor response, a large bradycardia, no change in renal conductance, a 

large increase in femoral conductance and an increase in the phrenic nerve discharge 

were observed (n=l).

5 (c) (ii) Put/GP evoked vasodepressor response and bradycardia and lobule IXb 

elicited vasopressor response and tachycardia (n=l).

Simultaneous activation of both structures evoked a similar vasodepressor response 

and bradycardia to Put/Gp stimulation alone. In addition, there were no indications of 

facilitation effects on the Put/Gp evoked increase in conductance, silencing of the 

RSNA or increase in amplitude and duration of the phrenic nerve bursting activity.

Microinjection of a 150nl of acidified saline (pH 6.6) or L-glutamate into the 

Put/Gp border caused no overt cardiorespiratory effects. However, L-glutamate 

injection attenuated the electrically evoked responses for up to 13 minutes. The 

stimulation site for this experiment was on the borders between GP and the Put at the
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A l7.5 level and the PSB (150nl) travelled 1.5mm rostrocaudally and the spot was 

1.0mm in diameter at its largest. The PSB was given rapidly by pressure injection and 

a small electrolytic lesion was found within the spot.

5 (d\ PRELIMINARY EXPERIMENTS WITH MTCROTN.TECTTON OF L- 

GLUTAMATE INTO THE REGTON AROUND ACe fn=21

Microinjection of 75-lOOnl of L-glutamate (lOOmM) into a region at the borders 

between the ventral Put and ventral GP, just dorsal to ACe (A 16), did not alter blood 

pressure or heart rate and did not affect the PNA in one animal (t=4).

In the second rabbit, injection of lOOnl and then 200nl of L-glutamate (50mM) into 

a similar region as the animal described above, but at the A16 level, produced the same 

result.

The electrically evoked responses recovered after 5-10 minutes (n=2),

5. DISCUSSION

Interestingly, stimulation of the HDA in the Saffan anaesthetised rabbit, as opposed to 

urethane anaesthetised animal (see chapter 4), more often than not elicits a tachycardia 

to accompany the pressor response than a bradycardia. This pressor-tachycardic 

response is similar to that electrically evoked from the HDA in the cat (Spyer, 1989), 

dog (Bolme, Ngai, Uvnas & Wallenberg, 1967) and monkey (Forsyth, 1970). 

Therefore, the proposal that the induced bradycardia was indicative of a species- 

specific fear component of the rabbit's defence response (Evans, 1976) may be 

inaccurate. Furthermore, since the rabbit has been known to be aggressive towards 

other males of its species, although it is commonly fearful of predators (Lockley, 

1976), it could be possible that each rabbit has the ability to produce a full repertoire 

of affective behaviours from fear, flight and rage to "playing dead".

In addition, the differences in evoked response between urethane and Saffan 

anaesthetised animals may also be related to resting heart rate, since sympathetic drive 

is increased in urethane anaesthetised animals (see chapter two discussion) and this
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may be seen in evidence upon comparing the higher resting heart rates in chapter 4 to 

the values in this study. In these experiments, the resting heart rates lie closer to those 

reported in the conscious rabbit (Green, 1979). Therefore, the evoked cardiovascular 

effects could be suggested to be closer to that in the awake animal, should the evoked 

responses depend on resting heart rate. Since the heart response elicited in this study 

has been shown to change from a tachycardia to a bradycardia upon increasing the 

infusion rate of Saffan, the bradycardia is probably the result of some anaesthetic 

actions within the hypothalamus itself or at more caudal sites in the brainstem 

receiving hypothalamic efferents. Moreover, glutamate injections into this region of 

the hypothalamus reproduce the change in evoked response thus showing that the 

descending pathways mediating the evoked response from this site are susceptible to 

the effects anaesthesia. It has already been established that sodium pentobarbitone, 

given to cats, abolishes amygdaloid induced cardiovascular responses (Stock et al., 

1978), therefore, hypothalamic efferent pathways could feasibly be differentially 

affected by specific levels of anaesthesia in the rabbit.

Although a degree of controversy exists regarding the type of cardiovascular 

response elicited by electrical or chemical stimulation of ACe in the rat (Gelsema et 

al., 1987; Roder & Ciriello, 1993; Maskati & Zbrozyna, 1989), the only responses 

evoked by either electrical or chemical stimulation of the ACe in the urethane (chapter 

3) or Saffan (chapter 5) anaesthetised rabbit were vasodepressor and bradycardic 

responses. Since Saffan has been suggested not to interfere with forebrain evoked 

responses, in the way conventional anaesthetics do (Timms, 1981), the ACe may 

contain neurons involved in initiating or mediating the cardiovascular components of 

fear behaviours whilst neurons in the hypothalamus may be responsible for initiating 

or mediating the specific cardiovascular alterations accompanying more aggressive 

behaviours of the rabbit.

Stimulation of lobule IXb has been reported to evoke apnoea, a bradycardia and a 

vasodepressor response in the anaesthetised cat and rabbit, and an apneustic discharge, 

a vasopressor response and a tachycardia in the unanaesthetised decerebrate cat or
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rabbit (Bradley et al., 1990; 1987a; 1987b). Therefore, it would not be unreasonable to 

expect mixed evoked cardiorespiratory responses between the two states of preparation 

due to differing levels, small but crucial with respect to evoked effects, of anaesthesia 

created by a different anaesthetic and administration regime. To this end, activation of 

lobule IXb at around threshold in this study evoked both decreases and increases in 

blood pressure and heart rate, decreases in RSNA and a slight increase in the bursting 

rate of the phrenic nerve.

Simultaneous activation of lobule IXb and the HDA facilitated the HDA evoked 

blood pressure and/or heart response, regardless of the type of response elicited 

separately from either the HDA or lobule IXb. The only exception to this observation 

was the rabbit in which a vasopressor and bradycardic profile was evoked from the 

HDA and in which lobule IXb stimulation resulted in a vasodepressor response and 

bradycardia. In addition, the facilitated effects could also be seen as larger increases in 

RSNA during stimulation, with longer cessations in activity post-stimulus, and as 

larger post-stimulation femoral vasodilatations in certain animals.

It is interesting that a cerebellar evoked response in which a decrease in blood 

pressure and heart rate are evident should facilitate an HDA evoked vasopressor and 

tachycardie response, since this would require superimposition of a response involving 

sympathetic withdrawal on one involving sympathetic activation. However, Paton & 

Gilbey (1992) showed that anaesthetic given to decerebrate cats does not block the 

sympathoexcitatory response to lobule IXb activation but acts to augment the 

sympathoinhibitory processes associated with the stimulation. Since both 

sympathoexcitatory and sympathoinhibitory processes are still active under 

anaesthesia, facilitation may be derived from an overriding sympathoexcitation at the 

site of convergence between cerebellar and hypothalamic influences.

In support of a facilitatory interaction between lobule IXb and the HDA, three out 

of the six animals in which certain components of the evoked response were evidently 

potentiated, glutamate, but not saline, also elicited the same profile of cardiovascular 

response to that seen upon electrical stimulation of lobule IXb and the HDA. In total,
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glutamate injection resulted in cardiovascular responses from four sites within the 

hypothalamus including the PFx (PI level), sites medial and ventral to the MT (P2) 

and between the MT and Fx at the P2 level, ie. sites similar to those from which 

attenuated cardiovascular responses were evident following lesioning of lobule IX in 

the previous study (chapter 4). Incorporated into these glutamate elicited responses 

were typical visceral components of the defence reaction including vasopressor 

responses, both increases and decreases in heart rate, femoral vasodilatation, increases 

in RSNA and pupillary dilatations. These findings are the first to demonstrate more 

than one element of the visceral defence response following microinjection of an EE A 

into the HDA of the rabbit. Tan & Dampney (1983) failed to elicit overt cardiovascular 

effects upon microinjection of 250nl of glutamate (IM) into different regions of the 

hypothalamus, with the exception of evoking only a skeletal muscle vasodilatation in 

one anaesthetised rabbit after injection into the VMH. However, it cannot be ruled out 

that the larger injection volume and higher concentration of glutamate used in their 

study may have resulted in a rapid depolarising block of neurons before enough action 

potentials were generated to evoke a response, since it normally takes about 1-1.5 s into 

a 6s train of pulses before a response is produced by electrical stimulation. Indeed, it 

has previously been demonstrated that microinjection of 10-150nl of L-glutamate (IM) 

excites distant neurons (0.5-1.3mm) for 3-15minutes whilst neurons close to the tip of 

the electrode (0-0.5mm) are depressed for up to 30 minutes, due to depolarising block 

(Lipski, Bellingham, West & Pilowsky, 1988). In the present study, the discovery of 

cell body mediated responses in the hypothalamus are important in dispelling a notion 

that the hypothalamus merely acts as a conduit for activity generated in the ACe 

(Gellman, 1980). Furthermore, confidence can taken from the fact that the electrode 

returns to the same site after reloading of the lumen with drugs, since small electrolytic 

lesions were found within previously made PSB marks after removal and replacement 

of the electrode for lesioning. This indicates that the site of glutamate injection is not 

different from the one in which facilitated HDA responses were seen upon electrical 

stimulation.
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Following L-glutamate microinjection into lobule IXb, in two rabbits of this study, 

there was a decrease in blood pressure, associated with an increase in femoral 

conductance in one animal, a decrease in heart rate and an increase in the amplitude 

and rate of bursting activity of the phrenic nerve. The glutamate evoked cardiovascular 

effects are in agreement with Bradley et al. (1978b), although the respiratory effects 

are similar to that of the unanaesthetised decerebrate. This again may be due to the 

properties of the anaesthetic, or specific levels of anaesthesia, since all the published 

experiments on lobule IXb stimulation were performed in either chloralose or urethane 

anaesthetised animals. Interestingly, these cerebellar evoked cardiorespiratory 

responses are of the same profile to that reported upon electrical stimulation of the 

ACe in the chloralose anaesthetised rabbit (Cox et al., 1987). This evidence suggests 

that the cardiovascular responses evoked by electrical stimulation of lobule IXb were 

mediated via an efferent pathway of the posterior cortex and were not the result of 

antidromically exciting mossy and/or climbing fibre afferents. However, it must be 

stressed that microinjections of EAA's into lobule IXb may result in a complex 

interaction between the intrinsic cells within the cortical layers. For instance, 

glutamate may excite both excitatory (granule) and inhibitory (stellate, basket and 

golgi) cells in addition to Purkinje cells. Since the single output from the cerebellum is 

via Purkinje cells the overall effect of chemical activation will either lead to excitation 

of Purkinje cells directly, an indirect inhibition produced by activation of inhibitory 

intemeurons or a summation of both. Since L-glutamate microinjections into lobule IX 

reproduced the electrically evoked blood pressure and heart rate effects, it seems 

reasonable to suggest that L-glutamate microinjections were successfull in exciting 

Purkinje cells. Furthermore, since L-glutamate also produced a cardiovascular 

response of similar profile to electrical stimulation of the HDA, the data suggest that 

the facilitatory effects are structure specific.

Electrical activation of ACe, at around threshold for a response, evoked a small 

vasodepressor response, a bradycardia, no change in femoral conductance, an increase 

in the amplitude of the phrenic bursts and a decrease in RSNA. Similarly, stimulation

133



of lobule IXb, at around threshold, also evoked a small vasodepressor response, 

associated with a small increase in femoral conductance and a decrease in RSNA, a 

bradycardia and an increase in the amplitude of the phrenic bursts. Simultaneous 

activation of both structures elicited a facilitated vasodepressor and bradycardic 

response with potentiated responses also being evident as a longer lasting decrease in 

RSNA, a larger vasodilatation of the hindlimb after the end of the stimulus in one 

animal and an increase in both the amplitude and rate of phrenic bursting activity, in 

one rabbit. This increase in the bursting rate of the phrenic nerve and a vasodilatation 

of the hindlimb have previously been shown upon electrical stimulation of the ACe in 

the chloralose anaesthetised rabbit (Cox et al., 1987). Only microinjection of L- 

glutamate into the ACe, and not GP/Put, produced a cardiovascular response of similar 

profile to those electrically induced. These included a vasodepressor response 

associated with a decrease in RSNA and a slight increase in femoral conductance, a 

bradycardia and an increase in the rate, amplitude and duration of the phrenic nerve 

activity. Moreover, simultaneous electrical activation of lobule IXb with the GP/Put 

failed to show facilitated effects. Although glutamate evoked responses have already 

been shown in the rat (Roder & Ciriello, 1993), this is the first study to demonstrate 

that electrically evoked ACe responses may be due to activation of cell bodies within 

the central nucleus itself in rabbits. Since glutamate injection into lobule IXb in this 

study also evoked the same type of cardiovascular response as electrical stimulation, 

this suggests that the electrically evoked cardiorespiratory effects are a result of 

stimulation of cell bodies and the interactions between lobule IXb and ACe are 

structure specific.

Interestingly, glutamate injected over 15s by the electrode with the Hamilton 

syringe attached failed to evoke any cardiovascular responses from the hypothalamus, 

with the exception of one injection into the hypothalamus of one animal where 

glutamate was given rapidly (Is). Therefore, to evoke a response from this area, EEA's 

may have to be injected rapidly in order to simultaneously activate a large enough 

population of neurons to evoke an overt cardiovascular response. This may be
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indicative of a diffuse nature of cell bodies in the hypothalamic region capable of 

eliciting the cardiovascular component of the defence response. Furthermore, since 

there is a real possibility of causing a depolarising block of neurons following EEA 

injections which may lead to the categorisation of false negative results, caution 

should be taken over such interpretations.

In conclusion, lobule IXb activation potentiates the cardiovascular effects to 

electrical stimulation of the HDA and ACe. Moreover, the ability of L-glutamate to 

elicit the same profile of cardiovascular response to electrical stimulation of lobule 

IXb, the HDA and the ACe suggests that the facilitatory effects do not involve 

activation of axons of passage. Since lesioning of lobule IX attenuates (see chapter 4) 

whilst stimulation of lobule IXb facilitates the cardiovascular effects elicited from 

stimulation of the HDA and ACe, this region of the cerebellum may be involved in the 

modulation of the cardiovascular adjustments which occur in fear and "fight or flight" 

behaviours.
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Figure 5.1
Stimulation sites within the hypothalamus for the experiments where the HDA was activated 
simultaneously with lobule IXb of the posterior cerebellar vermis (n=7). PF= perifornix; FX= 
fornix; DMH= dorsomedial hypothalamic nucleus; VMH= ventromedial hypothalamic nucleus; 
DHA= dorsal hypothalamic area; PHA= posterior hypothalamic area; MT= mammillary 
thalamic tract; STH= subthalamus; SMA= supramammillary area; IIIV= third ventricle. PI 
and P2= the distance in mm caudal to bregma.
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Figure 5.2
Stimulation of lobule IXb, the HDA and simultaneous activation of both structures, at around the threshold for evoking 
a cardiovascular response. ABP= arterial blood pressure; HR= heart rate; RSNA= renal sympathetic nerve activity; 

MFDSS = mean femoral Doppler shift signal.
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Blood pressure and heart rate effects evoked by stimulation o f  the 

HDA ( I I I I I ), lobule IXb ( |/%/] ), simultaneous activation o f  both 

structures ( ) and the sum of the individual HDA and IXb evoked

responses ( ) (n=4). *P<0.05 (ANOVA; x^/_ s.e.m.).
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Microinjection of acidified saline (pH6.6) and then L-glutamate (lOOmM) into the HDA (P2), 
medial to the MT. ABP= arterial blood pressure; HR= heart rate; RSNA= renal sympathetic 
nerve activity; MFDSS= mean femoral Doppler shift signal.
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of the posterior cerebellar vermis (n=4). ACe= central nucleus of the amygdala; ALP= the posterior part o f the 
lateral nucleus of the amygdala; ALA= the anterior part of the lateral nucleus of the amygdala; AC= cortical 
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Electrical stimulation of lobule IXb, ACe and both structures simultaneously. ABP= arterial blood 
pressure; HR= heart rate; MFDSS= mean femoral Doppler shift signal; RSNA= renal sympathetic nerve 
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ACe ( ), lobule IXb ( p p p  ), simultaneous activation of both
stuctures ( g g  ) and the sum of the individual ACe and IXb evoked 
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(API6). ABP= arterial blood pressure; HR= heart rate; RSNA= renal sympathetic nerve 
activity; PNA= phrenic nerve activity.



CHAPTER 6.

Effects of cell body lesioning within theparabrachial nucleus on forebrain and 

cerebellar evoked cardiovascular responses.
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6. TNTRODTJCTTON

The parabrachial nucleus (PEN) has been reported to influence the control of circulation 

in a number of species. Electrical stimulation of the PEN evokes an increase in blood 

pressure in the rat (Ward, 1988; Lara, Parkes, Silva-Carvalho, Izzo, Dawid-Milner & 

Spyer, 1994), cat (Darlington & Ward, 1985; Mraovitch, Kumada & Reis, 1982) and 

rabbit (Hamilton, Ellenberger, Liskowsky & Schneiderman, 1981; Paton & Spyer, 

1990), although the evoked changes in heart rate showed species differences (Cat and 

rat, tachycardia; rabbit, bradycardia). Cell body activation following glutamate 

microinjection into the PEN also evokes pressor responses (Hade, Mifflin, Donta & 

Felder, 1988; Ward, 1988; Lara et al., 1994), that are often accompanied by increases in 

heart rate in the rat and the rabbit (Lara et al., 1994; Paton & Spyer, 1990). In support of 

a role for this region in cardiovascular function, the PEN has been shown to be a second 

order termination site for baroreceptor inputs (Cechetto & Calaresu, 1983; Hamilton et 

al., 1981) and stimulation of this nucleus has been shown to both inhibit and excite 

barosensitive neurons in the NTS (Felder & Mifflin, 1988; Hamilton et al., 1981).

In vagotomised animals, transections of the pons caudal to the parabrachial complex 

or electrocoagulation or destruction of the cell bodies in the medial part of the PEN 

(MPEN) result in an apneustic breathing pattern characterised by a lengthening of 

inspiratory time (Eertrand & Hugelin, 1971; Denavit-Saubie, Riche, Champagnat & 

Velluti, 1980; Feldman & Gautier, 1976; Gautier & Eertrand, 1975; Knox & King, 

1976; Lumsden, 1923; St John, Glasser & King, 1971). In contrast, electrical 

stimulation of the rostral pons has the opposite effect (Cohen, 1971; Eertrand & 

Hugelin, 1971) and, therefore, the pons has been accepted as a centre that facilitates 

postinspiratory and expiratory phases of central respiratory rhythm. Consistent with a 

pneumotaxic role for the rostral pons, an expiratory facilitatory response has been 

shown more recently upon microinjection of L-glutamate, which discriminates cell 

bodies from axons (Fries & Zieglgansberger, 1974), into the MPEN and Kolliker-Fuse 

nucleus of the rat (Lara et al., 1994). In addition, their study also identified an 

inspiratory facilatatory response within the lateral region of the PEN (LPEN). Similarly,
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an increase in the discharge rate of the phrenic nerve has been demonstrated after L- 

glutamate injection into the dorsal and dorsolateral regions of the PBN in both the 

decerebrate and anaesthetised decerebrate rabbit (Baton & Spyer, 1990).

Recently, direct projections from lobule IXb of the posterior cerebellar vermis to the 

medial and lateral PBN have been reported (Paton et al., 1991). Furthermore, 

electrolytic destruction of the superior cerebellar peduncles, including parts of the 

surrounding PBN, resulted in attenuated IXb evoked cardiovascular responses in the 

anaesthetised rabbit, whilst destruction of the inferior cerebellar peduncles reduced the 

effects elicited in the decerebrate animal (Paton et al., 1991). In later investigations, 

injection of excitotoxic doses of kainic acid, which only lesions the perikarya (Coyle, 

Molliver & Kuhar, 1978; Denavit-Saubie et al., 1980), or the gamma aminobutyric acid 

A-receptor (GABA^) antagonist bicuculline into the rostral region of the ipsilateral 

dorsolateral PBN (DLPBN) abolished or attenuated the IXb evoked vasodepressor- 

bradycardic response in the anaesthetised rabbit (Paton & Spyer, 1990). In comparison, 

kainic acid or bicuculline placed in the caudal region of the ipsilateral DLPBN 

suppressed the pressor-tachycardic response to IXb stimulation in the decerebrate rabbit. 

In addition, microinjection of either kainic acid or bicuculline into the ipsilateral NTS 

did not affect the cardiovascular response to IXb stimulation in the anaesthetised rabbit 

although the response elicited in the decerebrate animal was greatly attenuated. On the 

basis of these data, the authors proposed the existence of two functionally distinct 

pathways from lobule IX to the PBN. One pathway which is active in relaying 

cardiovascular related information from lobule IXb via the superior cerebellar peduncle 

to the rostral DLPBN in the anaesthetised decerebrate rabbit and the other via the 

inferior cerebellar peduncle to the caudal DLPBN in the unanaesthetised decerebrate 

preparation. Furthermore, the integrity of GABA^ receptors in the rostral DLPBN and 

caudal DLPBN/NTS are essential for the evoked IXb responses in the anaesthetised and 

unanaesthetised decerebrate preparations, respectively. It was later demonstrated that 

electrical stimulation of lobule IXb could inhibit barosensitive neurons in the NTS of 

decerebrate rabbits (Paton, Silva-Carvalho, Goldsmith & Spyer, 1990), whilst activation
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of the same sublobule in the anaesthetised cat produces marked effects on 

presympatbetic 'vasomotor' neurons of the rostroventral lateral medulla (RVLM: Silva- 

Carvalbo, Paton, Goldsmith & Spyer, 1991),

Since lobule IXb sends direct Purkinje cell projections to the PBN, which 

reciprocally innervates both the hypothalamus and ACe (see discussions of chapters 3 

and 4), and this nucleus mediates the cerebellar responses, the present study was 

undertaken to determine if the PBN is the site of convergence of forebrain and 

cerebellar influences by chemical lesioning of the cell bodies in this region. 

Furthermore, the effects caused by microinjections of GABAergic agonists and 

antagonists into this nucleus were investigated since alterations in the evoked responses 

may also be indicative of convergence of forebrain and cerebellar effects within the 

parabrachial region.

METHOD AND MATERIALS

6 tal tn  General Method for kainic acid and GABAergic experiments 

Twenty two NZW rabbits (1.5-2.45kg) were used in this study. Of these, ten animals 

were anaesthetised with an iv bolus injection of 4ml/kg of a mixture of urethane 

(25%w/v) and a-chloralose (1.5%w/v) and twelve with 7ml/kg urethane (20% w/v). 

For details on arterial, venous, tracheal and bladder cannulations and artificial 

ventilation see method 2(a). All animals were paralysed with Tracrium (0.6mg/kg iv 

every 30-45 minutes) and the depth of anaesthesia during paralysis was checked as in 

method 2(a). The animals' rectal temperatures were maintained at 38±1.0^C using a 

thermostatically controlled homeothermic blanket. For details on maintenance of blood 

gases see method 5(a). Craniotomies were performed over the left ACe or the left 

HD A, the posterior vermis and the left PBN.

The coordinates where typical ACe and HDA evoked responses were located are 

within the ranges reported in methods 3(a) and 4(a). Typical parabrachial evoked 

responses were observed at 2.1-3.0mm rostral to lambda, 2.5-3.Omm lateral and 10.7- 

13.5mm ventral to the surface of the brain, with bregma 1.5mm above lambda. The
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Wood's metal electrode used for cerebellar stimulation was placed 0.3-0.5mm ventral 

to the cortical surface of lobule IXb.

For details on ACe and HDA stimulation intensities see methods 3(a) and 4(a). 

Stimulation of the PBN consisted of 4s trains of 15-200pA at lOOHz with a pulse 

width of 0.5msec (n=22) while activation of lobule IXb involved 4s trains of 600-700p 

A at lOOHz with a pulse width of 0.3ms, for the silver ball electrode placed on the 

cerebellar surface (n=2), and a current intensity 100-400pA for Wood's metal electrode 

(n=20). Activation of lobule IXb and ACe, or HDA, were carried out by monopolar 

electrodes. The ACe and HDA electrodes were made from stainless steel tubing 

(external diameter 300pM and internal diameter lOOpM) varnished to within 0.3mm 

from the tip. For details on the cerebellar electrode see method 5 (a). A five-barrel 

glass microelectrode was used for chemical and electrical stimulation of the PBN. One 

barrel was filled with L-glutamate or GAB A, one with a solution of PSB, one with 

Wood's metal, one with kainic acid or bicuculline and the last barrel with saline. All of 

the drugs were made up in saline (0.9%) and filtered (0.22pm) before loading the 

electrodes. The tip size of the multibarrel electrode were measured at 25-70pm using a 

microscope with a calibrated graticule in the eyepiece.

At the end of the experiment 100-300nl of PSB was microinjected into the PBN as 

an estimate of the area affected by microinjection. Although the diffusion coefficient 

of the dye will be different from that of L-glutamate, GAB A, kainic acid and 

bicuculline it provides an approximate indication of spread. The forebrain and 

cerebellar stimulation sites were marked by an electrolytic lesion produced by passing 

0.2mA DC current through the electrode for 15s.

PNA (n=10), RSNA (n=9). Renal flow (n=10) and femoral flow (n=20) were 

measured in some of the animals (for details see method 3(a) and 3(b)).

6 fal fill General Method for EEA microinjection into the PBN in the unanaesthetised 

decerebrate rabbit

In three separate experiments, NZW rabbits (2.2-2.4kg) were anaesthetised with an
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iv bolus injection of Saffan (0.6-1.2mg/kg) through the marginal ear vein and 

supplemented as necessary. For details on cannulations, ventilation, temperature 

control, paralysis see methods 2(a), 5(a) and 3(a). Both common carotid arteries were 

isolated and looped with threads for later access. In addition, blood gases were 

monitored and pH was maintained in the range of 7.30-7.39, PCO2 between 29.8 and 

36.9mmHg and P0 2  iii excess of lOOmmHg by altering the minute volume or by 

administering slow iv injections of sodium bicarbonate solution (IM) when necessary. 

A large craniotomy was performed over the superior colliculi in all animals and 

posterior vermis in two. Both carotid arteries were then occluded by clips and the 

animal was decerebrated at the precollicular level using a suction probe and the 

undercutting technique. The clips were removed approximately one hour after the 

decerebration procedure was completed. To allow time for the anaesthetic to wear off 

the animals were left for 3-4hrs before the first microinjection of EEA.

The coordinates used were as above and the stimulation parameters for the PBN 

and lobule IXb were well within the limits described in 6(a) (i). A multibarrel 

electrode (as described in method 6(a) (i)) was used for chemical and electrical 

stimulation.

6 fbl Experimental protocol

To identify whether the cardioinhibitory component of the baroreceptor reflex was 

active in these preparations, the reflex response was tested by a bolus injection of 

phenylephrine at the beginning of each experiment (see method 3(d) for details).

6 fb) Kainic acid lesioning experiments (n=l2)

To identify the presence of cell bodies capable of eliciting cardiovascular effects 

within the PBN, lOOnl of L-glutamate (100-400mM, pH6.6; n=6) or 50-1 OOnl of DL- 

homocysteic acid (DLH, pH6.6; 10-30mM; n=5) were microinjected into the PBN 

after location of the electrode using electrical stimulation. A recovery period of twenty 

minutes, before commencing the experiment, was chosen to avoid the possibilities of
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EEA induced depolarising block of neurons in the PBN which could have interfered 

with the forebrain and cerebellar evoked responses (Lipski et al., 1988). The ACe or 

HDA and then lobule IXb were stimulated electrically six times each with a recovery 

period of 2 minutes between each stimulus. Subsequently, the cell bodies in the PBN 

were lesioned by microinjection of lOOnl of the kainic acid (60-100mM, pH6.2). A 

period of 10 minutes was allowed to elapse before assessing the effects of the 

neurotoxin on the magnitude of cardiovascular responses evoked from the forebrain 

and cerebellum, stimulated six times each as before lesioning. To elucidate whether 

the altered evoked cardiovascular responses are directly a result of the excitotoxic 

properties of kainate and not due to changes in extracellular pH or mechanical 

influences, the effect of microinjection of acidified saline (lOOnl, pH6.2) was observed 

on the evoked responses, prior to kainic acid injection, in four of the twelve animals.

6 tbl tii^ EEA microinjection into the PBN in decerebrate experiments tn=3)

Once an electrically evoked cardiovascular response of typical profile was obtained, 

lOOnl of DLH (10-30mM) was microinjected in order to confirm the presence of cell 

bodies capable of initiating the responses observed upon electrical stimulation.

6 tbl tiiil GABAergic experiments fn=10)

After locating the PBN by monitoring the profile and magnitude of cardiovascular 

response to electrical stimulation, either the HDA or ACe and then lobule IXb were 

electrically stimulated 6 times each, independently. lOOnl of acidified saline (pH4) 

was then microinjected into the PBN and the forebrain and cerebellar responses were 

checked, alternatively, every minute up to 20 minutes after the injection. lOOnl of 

GAB A (lGmM-2GQmM, pH5) was then injected into the PBN to mimic GAB A release 

from cerebellar efferents during the electrically evoked lobule IXb cardiovascular 

response. Finally, IGGnl of bicuculline methiodide (1.96-5mM, pH4) was 

microinjected into the PBN and both cerebellar and forebrain responses were tested as 

after both saline and GAB A microinjection. In one animal 25Gnl of L-glutamate
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(lOOmM) was microinjected into lobule IXb and its effect on the HDA elicited 

response was monitored.

6 tc) Analysis of results

At the end of the experiment the brain was removed and placed in 10% neutral 

buffered formalin. Sagittal sections through the cerebellar vermis and coronal sections 

through the hypothalamus, amygdala and pons were histologically processed as in 

method 2(c) for locating the stimulation sites.

Percentage changes in vascular conductance were calculated as in method 3(e).

For statistical analysis of the kainic acid lesioning experiments, mean forebrain and 

cerebellar evoked cardiovascular responses (±s.e.m.) were compared to the respective 

mean evoked responses after lesioning of the PBN using the Student's paired t-test. 

Differences were considered significant at p<0.05. (n=no. of animals and t=no. of 

stimulations).

Since the electrode position was found in a different place in each of the 

unanaesthetised decerebrate rabbits, the results for these experiments will be described 

for each animal separately.

Since no more than two out of the ten animals elicited the same profile of response 

to electrical stimulation of the HDA or lobule IXb, the effects of bicuculline will be 

described for each animal separately. Results will therefore be expressed as actual 

changes in mean evoked response (n=l, t=6). For the ACe group the mean evoked 

blood pressure and heart rate effects were compared before and after acidified saline 

and then bicuculline using the one-way ANOVA, since the no. of stimulations differed 

before and after saline and bicuculline were given. Differences were considered 

significant at p<0.05.
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RESULTS

6 (â  THE EFFECTS OF LESTONTNG OF THE PARABRACHIAL NIJCT.EIJS 

ON BOTH FOREBRATN AND CEREBET.LAR EVOKED RESPONSES rn=12^

Cardiovascular responses to electrical and chemical stimulation o f the PBN (n=12) 

Electrical stimulation of the PBN (40-200fiA) resulted in a biphasic pressor response, 

the first phase of which occurred during the stimulus, a bradycardia in four animals 

and a tachycardia during stimulation followed by a bradycardia after in three rabbits. 

In general, stimulation of the PBN also resulted in an increase in RSNA (two bursts 

preceding each peak of the pressor response) and a decrease in renal and femoral 

vascular conductances (n=3). In the remaining five animals, activation resulted in a 

single phase pressor response, associated with decreases in renal and femoral 

conductances, and accompanied by a bradycardia.

No overt cardiovascular effects were induced by microinjection of lOOnl L- 

glutamate (lOOmM) or lOOnl DLH (30mM) into the PBN in five and three animals, 

respectively. Microinjection of lOOnl of L-glutamate (lOOmM) into the PBN resulted 

in a decrease in blood pressure, associated with an increase in both renal and femoral 

conductances, and a decrease in heart rate in only one animal.

6. (a) (i) The effects o f lesioning the parabrachial nucleus (PBN) on ipsilateral ACe 

and Lobule IXb evoked responses (n=7)

Stimulation and lesioning sites

The stimulation and lesioning sites are shown in figs. 6.1 and 6.2. The largest diameter 

of the PSB spot was 0.6-0.8mm and it tracked a total distance of 0.7-1.5mm along the 

anteroposterior axis. The stimulus sites for the cerebellar electrodes were in the medial 

portion of lobule IXb just to the left of midline.

Effects o f  kainic acid lesioning o f the PBN on ACe and lobule IXb evoked responses 

(n=^)

Electrical stimulation of ACe before lesioning elicited a mean decrease in both
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blood pressure of -10.1±0,9mmHg and heart rate of -29±2bpm (n=5, t=30). In 

addition, activation of ACe resulted in an increase in femoral conductance (+7.8± 

1.1%; n=5, t=30) and a decrease in renal conductance (-6.8±3.5%; n=3, t=18). 

Similarly, stimulation of lobule IXb resulted in a vasodepressor response (-14.5± 

l.SmmHg), a bradycardia (-19±lbpm; n=5, t=30), an increase in femoral conductance 

(+13.1+1.7%; n=4, t=24) and no change in renal conductance (-0.8±3.7%; n=3, t=18). 

Moreover, both ACe and lobule IXb activation also produced a decrease in RSNA 

during the stimulation period (n=l).

In the other four rabbits no change in either blood pressure or heart rate was 

observed following chemical lesioning of the PBN. In one of these animals a much 

more prominent respiratory rhythm was evident on both blood pressure and heart rate 

following the injection of kainic acid. The lesioning site for this rabbit was in the 

ventromedial PBN in the caudal region of the complex. In the other animal, kainic acid 

injection caused an immediate small increase in blood pressure with no change in heart 

rate.

After lesioning, stimulation of ACe resulted in an attenuated vasodepressor 

response (-3.8±0.6mmHg) and bradycardia (-15±2bpm; n=5, t=30; p<0.001 for both), 

a reduced femoral vasodilatation (+2.1 ±0.5%; n=5, t=30; p<0.01) and abolition of the 

renal vasoconstriction (+1.25±0.5%; n=3, t=18; p<0.05). Likewise, parabrachial 

lesioning attenuated significantly the lobule IXb elicited vasodepressor response (-1.6+ 

0.7mmHg; p<0.001), which was associated with a smaller dilatation of the femoral 

vascular bed (+4.0±1.8%; n=4, t=24; p<0.01), and abolished the bradycardia (+0+ 

Ibpm; p<0.001; see fig 6.3).

The mean pre-stimulus control blood pressure before lesioning of the PBN (89.9+ 

1.4mmHg) was not significantly different after (87.9±1.3mmHg; n=5, t=60). In 

addition, the mean pre-stimulus control heart rate before lesioning of the PBN (303± 

3bpm) was not significantly different after (300±3bpm; n=5, t=60).

Microinjection of saline into the PBN did not alter the evoked cardiovascular 

responses, although subsequent injection of kainate vastly attenuated both ACe and
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cerebellar responses (see figs 6.4 and 6.5).

6. (a) (ii) The effects o f lesioning the parabrachial nucleus (PBN) on ipsilateral 

HDA and Lobule IXb evoked responses (n=7)

Stimulation and lesioning sites

The stimulation and lesioning sites are shown in figs. 6.6 and 6.7. The largest diameter 

of the PSB spot was 0.5-0.6mm and it tracked a total distance of 1.5-2.2mm along the 

anteroposterior axis of the brachium conjunctivum.

Effects of kainic acid lesioning of the PBN on HDA and lobule IXb evoked responses 

(n=7)

Activation of the HDA produced a biphasic rise in blood pressure (1st phase= 

+29.6±1.0mmHg) accompanied by a fall in heart rate (-53±7bpm; n=7, t=42 for both). 

In all animals the pressor response was biphasic with the second phase peaking 

between 1 and 2sec post-stimulus. Two large bursts were evident in the RSNA, just 

prior to each peak of the pressor response, with a cessation of activity occurring for 2- 

3.5sec after the offset of the stimulus (n=2, t=12). Stimulation of the HDA also 

produced a long-lasting pupillary dilatation in all of the rabbits and an increase in the 

amplitude and frequency, with decrease in duration, of the phrenic bursts (n=3). The 

maximal mean change in femoral vascular conductance during the stimulation was - 

5.0±1.7% and after was +12.6+6.8% (n=4, t=24). In two out of these four rabbits the 

increase in conductance peaking after the stimulus was large (+40.9+5.5%; n=2, t=12). 

In addition, HDA activation resulted in a decrease in renal vascular conductance (-24.8 

±3.5%; n=4, t=24). On the other hand, stimulation of lobule IXb resulted in a decrease 

in blood pressure (-8.4+1.9mmHg) and a bradycardia (-12±2bpm; n=7, t=42) with no 

change in either femoral or renal vascular conductances (n=4, t=24). Furthermore, a 

decrease in RSNA was observed during activation of lobule IXb in two rabbits.

Microinjection of lOOnl of kainic acid into the PBN did not evoke any immediate 

changes in the cardiorespiratory variables (n=7).
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Following chemical lesioning of the PBN, the HDA induced pressor response 

(+21.6±0.7mmHg) and bradycardia (-14±3bpm) were both attenuated significantly 

(n=7, t=42; p<0.001 for both). In addition, the large post-stimulus femoral dilatation 

was also reduced to +22.0+3.0% after kainic acid injection (n=2, t=12). However, the 

small femoral vascular constriction (-7.5+1.5%) and renal constriction (-16.912.6%) 

during stimulation were not altered significantly (n=4, t=24). Lesioning of the PBN 

vastly attenuated the lobule IXb evoked vasodepressor response (-1.9±0.5mmHg) and 

abolished the bradycardia (+l±0.5bpm; n=7, t=42; p<0.001 for both; see fig 6.8).

The mean pre-stimulus control blood pressure before lesioning (80.811.SmmHg) 

was found to be significantly different after (87.911.3mmHg; n=7, t=84; p<0.001). On 

the other hand, the mean pre-stimulus control heart rate before lesioning of the PBN 

(31013bpm) was not significantly different after (309l4bpm; n=7, t=84). The evoked 

cardiovascular effects were also considered as a % of the pre-stimulus resting blood 

pressures and heart rates to assess whether the raised resting blood pressure was 

responsible for altered evoked responses. The results and levels of significance were 

unchanged when evoked responses were represented in this manner.

Microinjection of lOOnl of acidified saline into the PBN did not alter the evoked 

cardiovascular responses in two animals, although subsequent injection of kainate 

vastly attenuated both forebrain and cerebellar responses (see figs 6.9 and 6.10).

6 rht MTCROTN.TECTTON OF EEAVs INTO THE PBN OF THE 

DECEREBRATE RABBIT (n=2t

Since EEA microinjection into the PBN in the anaesthetised rabbit failed to evoke a 

cardiorespiratory response in the vast majority of animals, the effects of microinjection 

in the decerebrate rabbit were monitored in order to elucidate whether the anaesthetic 

was suppressing the ability of these neurons to express a response to the excitatory 

actions of EEA's.

Stimulation/lesioning sites (n=3)

The stimulation sites were found in the lateral part and dorsal part of the intermediate
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PBN. All sites were found within a 1.6mm range rostral to the intermediate PBN. The 

largest diameter of the PSB mark was 0.6-1.1mm and it travelled 1.0-1.8mm in the 

anteroposterior axis.

Electrical and chemical stimulation o f the dorsal and lateral portions o f  the 

Parabrachial nucleus (n=2)

Electrical stimulation of the dorsal PBN (40pA) evoked a pressor response and 

tachycardia during the stimulus and a bradycardia after. No change in PNA was 

evident either during or after the end of the stimulation. Subsequent microinjection of 

lOOnl of DLH (30mM) evoked essentially the same profile of cardiorespiratory 

response. Stimulation of lobule IXb in this animal evoked a pressor response and a 

tachycardia during the stimulus and a bradycardia after.

Electrical stimulation of the lateral PBN (40pA) also evoked a pressor response, a 

tachycardia and an increase in the rate and amplitude of phrenic nerve activity. 

Microinjection of lOOnl of DLH (lOmM) produced only a small pressor response, no 

change in heart rate and a slight increase in the amplitude of the PNA. Subsequent 

injection of lOOnl of 30mM DLH evoked a biphasic pressor response, with the heart 

rate increasing and decreasing with each separate phase of the pressor response, and 

the amplitude of the PNA decreased. The animals were then given a small injection of 

urethane (1/4 of the anaesthetic dose) and subsequent microinjections of 50nl and then 

lOOnl of DLH (30mM) were unsuccessful in eliciting any overt cardiorespiratory 

response.

Stimulation o f lobule IXb in a separate unanaesthetised decerebrate rabbit (n=l)

In one of the decerebrate rabbits lobule IXb was stimulated and it resulted in the 

typical cardiorespiratory response for this preparation which consisted of a pressor 

response (+49.4±3.0mmHg), a tachycardia (+8.0±lbpm) and an increase in the 

amplitude of the PNA during the stimulus and a bradycardia at the offset of the 

stimulus (-78±4bpm; t=5).
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6 (c) THE EFFECTS OF BTCIJCTJLLTNE AND ACTDTFTED SAÏJNE 

INJECTIONS INTO THE PBN ON BOTH FOREBRATN AND CEREBETJ.AR 

RESPONSES rn=10^

PBN evoked cardiorespiratory effects for the group as a whole (n=10)

Electrical stimulation of the PBN (20-150fiA) evoked a single or biphasic pressor 

response, the first phase of which was largest and during the stimulation, accompanied 

by a tachycardic-bradycardic, a tachycardie or a bradycardic response. In addition, 

either a general increase or two large bursts of RSNA were evident, prior to each phase 

of the biphasic pressor response, with a cessation of activity for after stimulation (n=5) 

and an increase in the bursting rate of the phrenic nerve during stimulation (n=2). 

Furthermore, a decrease in both femoral and renal vascular conductances were 

observed in two animals.

6 (c \ (B The effects of GABAergic agents on the ipsilateral HDA and cerebellar 

evoked responses tn=7^

Stimulation sites

The stimulation sites were located in the caudal parts of the ventromedial and lateral 

PBN (P4.6; n=5), the dorsal part of the intermediate PBN (P4.0; n=l) and the 

ventromedial part of the rostral PBN (P3.1; n=l).The stimulus sites for the cerebellar 

electrodes were in the middle portions of lobule IXb just left of midline. The largest 

diameter of the PSB spot in the PBN was 0.7-1.0mm and it tracked a total distance of 

0.7-2.8mm along the anteroposterior axis of the brachium conjunctivum. depending on 

the volume injected (100-3OOnl).

HDA evoked cardiovascular effects in the group as a whole (n=7)

The pressor response was biphasic in all of the rabbits in this study. Stimulation of the 

HDA also resulted in a bradycardia in five rabbits and a tachycardia in two. Two large 

bursts in RSNA were evident during stimulation with a cessation of activity for 

between 2.5-4s after termination of the stimulus (n=4). Furthermore, HDA activation
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evoked an increase in both the rate and amplitude of the PNA (n=3), a variable change 

in femoral vascular conductance during stimulation (n=3) and a large decrease in renal 

vascular conductance (n=l). In two out of the three animals, a large increase in femoral 

vascular conductance was obvious after stimulation. In all of the rabbits, a long lasting 

pupillary dilatation was evident upon stimulation of the HDA,

Effects o f  saline. GABA and bicuculline on the cerebellar and HDA evoked responses 

Since the lobule IXb and HDA evoked cardiovascular responses were of mixed 

profiles, only groups of, at the most, two animals could be paired with similar 

responses.

The effects of microinjections of acidified saline (pH4), GABA and bicuculline into 

the PBN were mixed and variable. Injection of lOOnl of acidified saline did not evoke 

an overt cardiorespiratory effects in any of the seven seven rabbits, although it resulted 

in a slight augmentation of the HDA evoked bradycardia in one animal. Similarly, 

microinjection of lOOnl of GABA (10-200mM) did not evoke a cardiorespiratory 

response in any of the animals. In only one rabbit, in which the injection did not evoke 

a cardiorespiratory response, bicuculline (5mM) attenuated the HDA evoked pressor 

response and bradycardia and also the lobule IXb evoked bradycardia.

Microinjection of 200nl of L-glutamate (lOOmM) into lobule IXb at the end of one 

of the experiments evoked a pressor response, which was associated with large 

increase in RSNA, and was succeeded by a bradycardia. The response profile to 

electrical stimulation of lobule IXb in this animal was of a similar pattern. 

Interestingly, stimulation of the HDA immediately after the glutamate induced 

cerebellar response resulted in augmented HDA evoked cardiovascular changes.

6 riB The effects of GABAergic agents on the ipsilateral ACe and cerebellar 

evoked responses fn=3i

Stimulation sites

The stimulation sites were in the caudal dorsolateral PBN (n=2) and the ventromedial
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part of the intermediate PBN (n=l). Microinjection of lOOnl of PSB into the PBN 

produced a spot of 0.5-1.Omm, at its largest diameter, and the dye travelled 0.8-1.2mm 

in the anteroposterior axis through the PBN. In one animal 3OOnl of PSB was injected 

and the spot was 1.0mm in diameter and the dye travelled 1.9mm in the 

anteroposterior axis.

Effects o f  saline. GABA and bicuculline on the cerebellar and ACe evoked responses 

Both ACe and lobule IXb evoked vasodepressor and bradycardic responses in all three 

animals. Activation of the ACe evoked a rapid onset bradycardia (-36+Ibpm), a 

vasodepressor response (-12.9±0.8mmHg; n=3; t=16) and no obvious change in either 

RSNA (n=2) or PNA (n=2). Upon stimulation of lobule IXb, a drop in blood pressure 

(-11.7±2.0mmHg) and heart rate (-18±lbpm; n=3; t=16) resulted, with no change in 

either RSNA or PNA. Microinjection of lOOnl of acidified saline (pH4) into the PBN 

did not evoke any cardiorespiratory effects itself, however, it did attenuate the ACe 

evoked vasodepressor response (-9.6±0.6mmHg; n=3; t=16; P<0.01). Like saline, 

lOOnl of GABA (20mM and 200mM) did not produce any overt effects. On the other 

hand, although microinjection of lOOnl of bicuculline (5mM) did not induce any 

cardiorespiratory changes it resulted in a larger reduction of the ACe elicited 

vasodepressor response (-5.8±0.6mmHg), than saline, and also attenuated the lobule 

IXb evoked bradycardia (-9±2bpm; n=3; t=18; P<0.01 and p<0.001, respectively).

6. DISCUSSION

Consistent with other findings in the anaesthetised rabbit and unanaesthetised 

decerebrate rabbit (Hamilton et al., 1981; Paton & Spyer, 1990), electrical stimulation 

of the PBN in the present investigation resulted in an increase in blood pressure, a 

bradycardia in the majority of rabbits and a tachycardia in some, a decrease in renal 

and femoral vascular conductances, an increase in RSNA and the phrenic nerve 

activity was increased in both rate and amplitude. However, in contrast to the 

investigation by Paton & Spyer (1990) in which microinjection of L-glutamate
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(200mM) evoked a pressor response and tachycardia in the anaesthetised rabbit (Paton 

& Spyer, 1990), injection of L-glutamate (lOOmM) or DLH (30mM) failed to evoke an 

overt cardiorespiratory response from the lateral and ventrolateral parts of the 

intermediate PBN, the lateral portion of the rostral PBN and the lateral and 

ventromedial parts of the caudal PBN. In the present study only a single microinjection 

into the lateral part of the caudal PBN evoked a response which consisted of a decrease 

in blood pressure, associated with an increase in both renal and femoral conductances, 

and a bradycardia. One explanation for the lack of evoked responses could be the 

lower concentration of glutamate used in this study, since 200mM was sufficient to 

evoke a pressor response in both the anaesthetised cat (Miura & Takayama, 1991) and 

rabbit (Paton & Spyer, 1990) in earlier studies. Indeed when a lower dose of glutamate 

(lOOmM) was injected into the PBN in the former study, a decrease in both blood 

pressure and heart rate was the prominent response, the exact profile of the solitary 

response evoked by the same concentration in the present study.

No circulatory or respiratory responses were reported in the cat (Miura & 

Takayama, 1991) following glutamate injection into the dorsolateral PBN, a similar 

site from which pressor-tachycardic effects were elicited in the anaesthetised rabbit 

(Paton & Spyer, 1990), whereas injection into this region in the rat has been shown to 

evoke a decrease in both blood pressure and heart rate (Chamberlin & Saper, 1992). 

This may be indicative of gross species differences. However, the results obtained by 

EEA microinjections into the lateral PBN in the cat have also been mixed and variable. 

Injection of DLH (25nl, lOOmM) has been reported to evoke a pressor response 

accompanied by a bradycardia (Motekaitis, Solomon & Kaufman, 1994), whereas 

glutamate microinjection (40-120nl, lOOmM) elicited a pressor response with no 

change in heart rate and was similar to the response evoked by larger volumes (300- 

400nl) of injectate (Hade, Mifflin, Donta & Felder, 1988). In a third and separate 

investigation, microinjection of glutamate was shown to induce either a pressor- 

depressor response and bradycardia (90nl, 200mM) or a single depressor-bradycardic 

response (90nl, lOOmM), thus suggesting the differences reported are not merely due
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to the use of various species of animal (Miura & Takayama, 1991). In the light of these 

reports, the variable results observed by these investigators and the lack of evoked 

responses in this study may be due to the effects of different anaesthetics on 

parabrachial neurons or to the problems intrinsic to pressure injections (Nicholson, 

1985).

To test for possible anaesthetic actions at the level of the PBN, microinjections of 

EEA were also placed in the dorsolateral and lateral parts of the intermediate PBN in 

two unanaesthetised decerebrate rabbits. Injection of 30mM, but not lOmM, DLH into 

both these regions evoked a pressor response and tachycardia as previously reported 

(Paton et al., 1990), although the increase in inspiratory drive observed in the latter 

study was absent. In addition, electrical stimulation of lobule IXb in the first of these 

animals elicited the classical cardiovascular response for this preparation (Bradley, 

Ghelarducci, Paton and Spyer, 1987). Interestingly, administration of 1/4 of the 

anaesthetic dose of urethane resulted in an abolition of the DLH evoked PBN response 

thus suggesting a suppressant action of the anaesthetic on the ability of the 

parabrachial neurons, or neurons downstream, to generate sufficient action potentials 

following EEA injections.

Microinjection of kainic acid into the PBN did not evoke any immediate 

cardiorespiratory effects in all but one animal, although blood pressure and or heart 

rate were altered ten minutes after lesioning in the majority. The lack of initial evoked 

respiratory effects was at first surprising since unilateral injection of kainic acid has 

been observed to transiently increase the respiratory frequency between two to five 

minutes after injection, in spontaneously breathing cats, followed by a progressive 

slowing of the respiration rate until a complete cessation of breathing between five and 

twenty minutes after injection (Denavit-Saubie et al., 1980). However, the lesion site 

in their investigation was the ventromedial nucleus, of which only three lesion sites 

were found in the present study and kainate caused an exaggeration of the respiratory 

sinus arrhythmia in one of these rabbits, indicative of a respiratory disturbance. 

Unfortunately the phrenic nerve was not successfully recorded from in any of these
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three animals, which would have provided more detailed information regarding the 

lesioning effects on both inspiration and expiration. Furthermore, the volume of 

kainate injected in their study was 2-5 fold larger and would have lesioned a much 

larger area of the parabrachial complex. Indeed glutamate and kainate-sensitive 

inspiratory, expiratory and phase spanning neurons have been identified in the 

ventromedial PBN (Denavit-Saubie et al., 1980), of which the net effect of lesioning 

may depend on the tonic activity of each subset of neurons at the time of injection. The 

injection sites in the study by Paton & Spyer (1990) in the anaesthetised decerebrate 

rabbit were in the dorsolateral PBN, an area not investigated in the present study. 

Kainate injection into this site elicited a transient pressor response, tachycardia and 

increase in phrenic nerve activity in 50% of the decerebrate animals, before all the 

variables returned to control levels. However, the dose of kainate (10-50mM) used in 

the study of Paton & Spyer (1990) was much lower than in the present one (60- 

lOOmM), therefore, it may have been at a sufficient concentration to evoke a 

cardiovascular effect before subsequent lesioning. At higher concentrations, kainic 

acid may have caused an immediate depolarising block of the neurons rendering them 

ineffective (Lipski et al, 1988).

Chemical lesioning of the lateral PBN at the rostral, intermediate and caudal levels, 

the ventromedial PBN at the intermediate and caudal levels and the ventrolateral 

portion of the intermediate PBN results in an attenuation of the ACe, HDA and lobule 

IXb evoked blood pressure and heart rate effects. Paton & Spyer (1990) identified a 

rostral and caudal representation, within the PBN, for the evoked effects of lobule IXb 

stimulation in the anaesthetised and unanaesthetised decerebrate rabbit, respectively. 

In the present study no separately defined regions were evident since the cerebellar 

evoked responses were attenuated by lesions placed in the rostral, intermediate and 

caudal parts of the parabrachial complex in the anaesthetised rabbit. However, the fact 

that lOOnl injections of PSB created marks of 0.5-0.8mm in diameter and travelled 0.7- 

2.2mm in the anteroposterior axis make it difficult to localise the lesioning effects to 

defined rostrocaudal levels of the parabrachial complex. Since similar pressure

162



injections in the study by Paton & Spyer (1990) resulted in PSB spots of rather larger 

diameter (1.0-1.2mm), although the distances travelled rostrocaudally were not 

reported, this makes it difficult to create a direct comparison of results. These 

discrepancies in the spread of injectate may also be indicative of the two scenarios 

evident upon pressure injection. Either the drug is injected directly into the 

extracellular space, from where it then diffuses, or the ejection pressure forms a cavity 

filled with drug, from which it then diffuses (Nicholson, 1985). However, most of the 

injection sites in the present study were placed at the intermediate level of the PBN, 

from which kainate has been reported to significantly attenuate the lobule IXb evoked 

responses in both the anaesthetised and unanaesthetised decerebrate rabbit (Paton & 

Spyer, 1990). Irrespective of the specific injection site, the reduction in cerebellar 

evoked response from different positions within the complex, in the present as with the 

study of Paton & Spyer (1990), is consistent with the rostrocaudal termination sites for 

Purkinje efferents from lobule IXb (Paton et al., 1991). Moreover, injection of 

neuroanatomical tracer into the lateral and ventrolateral portions intermediate PBN, 

similar to the majority of lesioning sites in this study, has been shown to result in a 

maximal number of retrogradely labelled neurons throughout the rostrocaudal extent 

of ACe, in addition to the lateral hypothalamus, perifomical hypothalamus and 

dorsomedial nucleus of the hypothalamus (Moga & Gray, 1985).

The PBN has been suggested to relay visceral afferent information to the ACe since 

cardiovascular afferent activation alters the activity of many neurons in the PBN 

(Cechetto & Calaresu, 1983; Hamilton et al., 1981; Jhamandas & Harris, 1990) and 

ACe (Cechetto & Calaresu, 1984) and increases the activity in some PBN neurons that 

are antidromically activated from ACe (Cechetto & Calaresu, 1983). The potentials 

evoked in ACe by cardiovascular afferent stimulation have also been demonstrated to 

be attenuated upon neural transmission block in the PBN (Cechetto & Calaresu, 1985). 

Indeed a convergence of nociceptive, auditory and cardiovascular sensory inputs and 

ACe output has been demonstrated at the level of the PBN (Granata, 1993; Pascoe & 

Kapp, 1990; 1993). Since lesioning of the PBN approximately halved the ACe evoked
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response and almost abolished the lobule IXb evoked vasodepressor response and 

bradycardia, this suggests that the cerebellar and forebrain responses are relaying via 

or are integrated within this nucleus.

The principally vagal nature of the bradycardic response to ACe stimulation could 

be mediated indirectly by virtue of the parabrachial projection to the NTS and by the 

fact that stimulation of the PBN can result in excitation of neurons in the NTS (See 

discussion of chapters 3; Felder & Mifflin, 1988; Hamilton et al., 1981). Since 

chemical stimulation of the PBN results in a pressor response in most species (see 

introduction), ACe stimulation may cause an inhibition of these 'pressor' neurons, to 

result in a vasodepressor response. The inhibitory effect of ACe activation could be 

potentiated by a direct Purkinje cell inhibition, from lobule IXb, of these same neurons 

during the cerebellar facilitation of ACe responses reported in chapter 5. With 

reference to the heart effects elicited by chemical stimulation of PBN neurons, the 

results have been less consistent. EEA microinjections into the PBN have been 

reported to result in tachycardias in the rat and rabbit (Lara et al., 1994; Paton & 

Spyer, 1990; Paton, Silva-Carvalho, Thompson & Spyer, 1990) and bradycardias 

(Miura & Takayama, 1990; Motekaitis et al., 1994) or no change in heart rate in the cat 

(Hade et al., 1988). However, in theory ACe evoked bradycardias mediated through 

the PBN could be fulfilled through ACe excitation of parabrachial cells (Granata, 

1993) that are known to excite neurons in the NTS receiving excitatory inputs from 

baroreceptor afferents (Felder & Mifflin, 1988; Hamilton et al., 1981).

Neurons in the PBN have also been reported to receive ascending inputs from the 

NTS and the dorsolateral funiculus of the spinal cord, and descending inputs from the 

hypothalamus (Granata, 1993). It was speculated by the author that some of the PBN 

neurons receive and integrate different inputs conveying visceral and behavioural 

information. In the present study, chemical lesioning of the PBN almost abolished the 

lobule IXb evoked response, reduced the HDA evoked pressor effect and vastly 

attenuated the bradycardia. Therefore, the PBN relays, or possibly integrates, part of 

the HDA evoked sympathetically mediated pressor response and the
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parasympathetically mediated bradycardia (see chapter 4). Indeed the PBN has both 

the anatomical connections and physiological properties to fulfil such a differentially 

evoked autonomic response. The bradycardia could be supported via pathways and 

mechanisms outlined above for the ACe evoked bradycardia, since hypothalamic 

stimulation has been shown to excite neurons in the PBN (Granata, 1993). For the 

mediation of the pressor component of the "defence response", a different subset of 

cells ('pressor' neurons) in the PBN would be excited by the hypothalamus (Granata, 

1993) and mediated via PBN connections with the RVLM (Miura & Takayama, 1991). 

Alternatively, all the cardiovascular components of the HDA evoked "defence 

response" could be mediated via PBN efferents to the RVLM, where neurons are 

known to be involved in mediating pressor responses, skeletal muscle vasodilatation, 

vasoconstrictions in the gut and kidneys as well as vagal bradycardias (Lovick, 1987; 

1993). Theoretically, the HDA evoked pressor response could be facilitated, as 

reported in chapter 5, via cerebellar Purkinje efferents synapsing their inhibitory 

effects on a pool of intrinsic intemeurons impinging on the 'pressor' cells within the 

PBN.

The results from the use of GABAergic agents and acidified saline (pH4) were less 

conclusive. Microinjection of GABA (200mM) into the rostral PBN has previously 

been reported to elicit a cardiovascular response similar to that evoked by lobule IXb 

stimulation, in approximately 63% of rabbits (Paton & Spyer, 1990), however injection 

of an equivalent volume of a lower concentration of GABA (10-200mM), in the 

majority of animals, in the present study failed. In their study, microinjection of 

bicuculline (5nM-5mM) into the caudal and intermediate PBN attenuated the lobule 

IXb evoked responses, although an abolition of the responses was observed when the 

injectate was placed in the rostral PBN. In the present study bicuculline microinjection 

into the caudal and intermediate PBN also caused an attenuation of certain components 

of the lobule IXb, ACe and HDA evoked responses but only when the injected drug 

was at the highest concentration (5mM; n=4). This may suggest that the GABA^ 

receptor blockade is concentration dependent regarding its attenuation of both the
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cerebellar and HDA responses since microinjection at lower doses (2-4mM) did not 

affect the evoked cardiovascular effects. The lack of any change in recorded variables 

following GABA or bicuculline microinjection in many of the animals in the present 

study might also be explained by a low density, or diffuse nature, of cells surrounding 

the electrode tip or by the possibility of the electrode being placed amongst a 

heterogeneous population of cells mediating opposing influences on circulation. In 

addition, the lack of evoked responses could also be due to the majority of electrodes 

being placed in the caudal and intermediate portions of the PBN, instead of the rostral 

region. More experiments using the higher dose of bicuculline are required before any 

conclusions can be drawn.

In four of the experiments, injection of lOOnl of acidified saline attenuated one 

component of the ACe or HDA evoked responses, an effect that may be related to the 

very low pH of the injectate (pH4). Increasing the pH of GABAergic drugs closer to 

pH7 resulted in precipitation, and the precipitates could not be redissolved. Therefore 

the drugs were given at the pH they dissolved and were stable in. Although only 

bicuculline at the higher dose had greater attenuating effects than acidified saline on 

both forebrain and cerebellar responses, it cannot be ruled out that the low pH of this 

substance had a part to play in the attenuation effects on the cerebellar and forebrain 

evoked responses. Interestingly, microinjection of 200nl of L-glutamate into lobule 

IXb resulted in a cardiovascular response similar to that evoked electrically and also 

facilitated the HDA evoked response.

In conclusion, lesioning of the cell bodies in the lateral parabrachial nucleus 

results in an attenuation of both forebrain and lobule IXb evoked cardiovascular 

responses, thus suggesting a role for the PBN in relaying both these effects. It is 

speculated that the PBN is the site within which cerebellar and forebrain cardiovascular 

responses are integrated, although extracellular and/or intracellular recordings are 

required to substantiate this suggestion. In addition, further experimentation with use of 

selective GABAergic agents is also required to support the hypothesis on the 

mechanistic interactions at the site of convergence of forebrain and cerebellar
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descending pathways within the PBN.
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Figure 6.1
Stimulation sites within the central nucleus of the amygdala for the evoked 
bradycardia and vasodepressor responses with lesioning of the lateral parabrachial 
nucleus (n=5). ACe= central nucleus of the amygdala; ALP= posterior part o f the 
lateral amygdaloid nucleus; ALA= anterior part of the lateral amygdaloid nucleus,
ABL= basolateral nucleus o f the amygdala; ABM= basomedial nucleus of the amygdala, 
AB= basal nucleus of the amygdala; AME= medial nucleus of the amygdala; AC= cortical 
nucleus of the amygdala; G P- globus pallidus; PU= putamen. A16 and A 17.5= the 
distance in mm rostral to the auditory orifices.
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Figure 6.2
Chemical lesioning sites within the parabrachial nucleus for the ACe and 
lobule IXb stim ulation experiments (n=5). CB= cerebellum; BC= brachium 
conjunctivum , BP= brachium  pontis; KF= kolliker fuse nucleus; V4= fourth 
ventricle. P4.0 and P4.6= the distance in mm caudal to the auditory orifices.
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Figure 6.3

ACe ( ) and lobule IXb ( )evoked vasodepressor

and bradycardic responses before and after chemical lesioning 

o f the parabrachial nucleus (n=5). *P<0.05 (Student's t-test; 

xV s.e.m.).
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Figure 6.4
Electrical stimulation o f the ACe before and after microinjection o f acidified saline (pH6.2) and then kainic acid (60mM) into the PBN. 
ABP= arterial blood pressure; HR= heart rate; MFDSS= mean femoral Doppler shift signal.
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Figure 6.5

Micro injection of lOOnl
of acidified saline into

the LPBN
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o f kainic acid (60mM)

into the LPBN
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Electrical stimulation o f lobule IXb before and after microinjection o f acidified saline (pH6.2) and then kainic acid (60mM) into the PBN (same 
animal as figure 6.4 in the ACe experiments). ABP= arterial blood pressure; HR= heart rate; MFDSS= mean femoral Doppler shift signal.
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Figure 6.6
Stimulation sites for the hypothalamic evoked pressor response and bradycardia with lesioning 
o f the lateral parabrachial nucleus (n=7). PHA= posterior hypothalamic area; DHA= dorsal 
hypothalamic area; DMH= dorsomedial nucleus of the hypothalamus; VMH= ventromedial 
nucleus of the hypothalamus; PF= perifornix; Fx= fornix; LHA= lateral hypothalamic area; 
SMA= supramammillary area; MT= mammillary thalamic tract; MM= medial mammillary 
nucleus. APO= bregma and PI and P2= the distance in mm caudal to bregma.
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Figure 6.7
Chemical lesioning sites within the parabrachial nucleus for the hypothalamic and lobule 
IXb stimulation experiments (n=7). CB= cerebellum; BC= brachium conjunctivum; BP= 
brachium pontis; KF= kolliker fuse nucleus; V4= fourth ventricle. P3.1, P4.0 and P4.6=

P4-6

the distance in mm caudal to the auditory orifices.
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Figure 6.8

HDA ( ) and lobule IXb ( |/%/] ) evoked blood pressure and heart

rate effects before and after chemical lesioning o f the parabrachial 

nucleus (n=7). *P<0.05 (Student's paired t-test; x^/ s.e.m.).
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Figure 6,9
Electrical stimulation of the FED A before and after micro injection of acidified 
saline (pH6.2) and then kainic acid into the PBN. ABP= arterial blood pressure; 
HR= heart rate; PNA= phrenic nerve activity; RSNA= renal sympathetic nerve 
activity; MFDSS= mean femoral Doppler shift signal.
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Electrical stimulation of lobule IXb before and after microinjection 
of acidified saline (pH6.2) and then kainic acid (60mM) into the PBN 
(same animal as fig. 6.9 in the hypothalamic experiments). ABP= arterial 
blood pressure; HR= heart rate; PNA= phrenic nerve activity; RSNA= renal 
sympathetic nerve activity; MFDSS= mean femoral Doppler shift signal.
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CHAPTER 7

Interactions between lobule IXb and the periaqueductal gray
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7. TNTRODTJCTTON

The midbrain periaqueductal gray (PAG) is implicated in a variety of functions from 

defensive behaviour (Abrahams, Hilton & Zbrozyna, 1960; Hilton & Redfem, 1986; 

Handler & Carrive, 1988) and vocalisation (Jurgens, 1991) to autonomic functions 

(Carrive, Handler & Dampney, 1989a), sexual behaviour (Sakuma & Pfaff, 1979) and 

antinociception (Lovick, 1993). Electrical stimulation of this region evokes attack 

behaviour in the cat (Abrahams, Hilton & Zbrozyna, 1960) and "flight" in the rat 

(Yardley & Hilton, 1986). Indeed bilateral lesions of the PAG have been reported to 

tame cats and abolish the defensive behaviours associated with amygdala and HDA 

stimulation (Fernandez de Molina & Hunsperger, 1962). Since chemical activation of 

the PAG, in the anaesthetised or unanaesthetised cat or rat, can evoke both behavioural 

and cardiovascular patterns of the "defence reaction", although comparable injections 

into the hypothalamus and midbrain tegmentum failed, the PAG has been suggested as 

the main integration site for the visceral and behavioural components of defensive 

behaviour (Handler, 1982; Handler & Carrive, 1988; Carrive, Dampney & Handler, 

1987a, 1987b; Hilton & Redfem, 1986; McDougall, Dampney & Handler, 1985). On 

the other hand, preliminary data suggest that both the hypothalamus and amygdala are 

also involved in the initiation of cardiovascular events which may accompany different 

affective behaviours in the rabbit (see chapter 5).

The PAG is organised functionally in the form of dorsolateral and ventrolateral 

longitudinal columns (Carrive & Handler, 1991). Selective chemical stimulation of the 

neuronal perikarya has disclosed a column running in the dorsal region of the caudal 

subtentorial PAG which is responsible for mediating the somatic and cardiovascular 

components of the defence response (Carrive, Handler & Dampney, 1989). 

Stimulation of this region elicits an increase in blood pressure, a tachycardia, 

mesenteric vasoconstriction, a vasodilatation in the skeletal musculature of the 

hindlimbs and suppresses the baroreflex (Handler & Carrive, 1988; Handler, Carrive & 

Zhang, 1991; Carrive, Handler & Dampney, 1989a; Jones, Kirkman & Little, 1990; 

Nosaka, Murata, Inui & Murase, 1993). In contrast, stimulation of the ventrolateral
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part of the PAG produces immobility (Bandler, Carrive & Zhang, 1991), 

sympathoinhibition, hypotension and a bradycardia (Lovick, 1992) and facilitation of 

the arterial baroreflex (Inui, Murase & Nosaka, 1994). Furthermore, activation of 

neurons in the ventrolateral PAG inhibits the "cardiovascular defence response" 

evoked by dorsal PAG stimulation (Lovick, 1992). It was later suggested that the 

dorsolateral system initiates the cardiovascular components of aversive/defensive 

behaviour whilst the ventrolateral initiates the recuperative phase of behaviour 

following periods of physical and emotional stress, particularly those which involve 

sustained motor activity (Lovick, 1993a).

The PAG has many efferent connections to various nuclei which could be 

responsible for mediating the various functions that have been ascribed to this 

structure. The PAG projects to the nucleus ambiguus (Mantyh, 1983; Meller & 

Dennis, 1991), which innervates the striated muscle fibres of the pharynx and the vocal 

cord muscles of the larynx, and through such connections vocalisation could occur 

(Jurgens & Pratt, 1979). Inspiratory neurons have also been demonstated in and around 

this nucleus, forming the rostral part of the ventral respiratory group (Feldman, 1986). 

PAG connections to the midline raphe nuclei, especially raphe magnus and pallidus, 

have been suggested as possible relay nuclei for antinociceptive information, en route 

to the spinal cord for suppression of the incoming pain messages (Mantyh, 1983; 

Meller & Dennis, 1986; 1991). Finally, and most relevant to this study, the PAG has 

extensive reciprocal connections to the paragigantocellularis (Markgraf et al., 1991; 

Meller & Dennis, 1991) or subretrofacial nuclei of the RVLM (Carrive, Bandler & 

Dampney, 1988; 1989b), and to the NTS (Bandler & Tork, 1987; Meller & Dennis, 

1991), the ventrolateral part of which contains inspiratory neurons and is considered as 

the dorsal respiratory group (Feldman, 1986), supporting a claim that this region is 

involved in the cardiorespiratory components of the defence response.

It is well established that neurons in the RVLM play an essential role in the 

mediation of phasic changes in blood pressure and heart rate, and in the setting of the 

resting level of vasomotor tone (Brown & Guyenet, 1985; Caverson, Ciriello &
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Calaresu, 1983; Ciriello, Caverson & Polosa, 1986; Gebber & Barman, 1984; Ross, 

Ruggiero, Job, Park & Reis, 1984; Ross, Ruggiero, Park, Job, Sved, Femandez-Pardal 

& Reis, 1984; McAllen, Dampney & Goodcbild, 1987; McAllen & Dampney, 1990). 

Furthermore, neurons in tbe RVLM send extensive projections to tbe intermediolateral 

cell column in tbe spinal cord, tbe site of origin of sympathetic preganglionic fibres 

(Loewy & McKellar, 1981; Loewy, Wallacb & McKellar, 1981). Extracellular and 

intracellular recordings within tbe nucleus paragigantocellularis lateralis of tbe RVLM 

have shown that stimulation of tbe dorsal and dorsolateral parts of tbe PAG result in 

excitation of tbe neurons in this region (Lin, Gong & Li, 1992; Gao & Li, 1993). 

Indeed, bilateral lesions of tbe nucleus paragigantocellularis have been reported to 

abolish tbe cardiovascular responses resulting from stimulation of tbe PAG (Lovick, 

1985). Tbe nucleus paragigantocellularis has also been referred to as tbe Cl region, tbe 

subretrofacial nucleus (SRF) and tbe nucleus reticularis rostroventralis (Dampney, 

Goodcbild & McAllen, 1987; Reis, Ruggiero & Morrison, 1989; Ross et al., 1984; 

Sun, Hackett & Guyenet, 1988), but for tbe sake of continuity will now be referred to 

as tbe SRF.

Removal of lobule IX of tbe posterior cerebellar vermis results in an attenuation of 

tbe cardiovascular responses elicited from tbe ACe and HDA (see discussions of 

chapters 3 and 4) whilst cerebellar stimulation facilitates forebrain evoked responses 

(see discussion of chapter 5). Since tbe PAG, tbe most caudal of tbe major "defence" 

related structures, has been suggested as tbe most important region for tbe integration 

of both tbe somatic and visceral components of defensive behaviour in tbe rat and cat, 

tbe effects of stimulation, and lesioning, of tbe cerebellar vermis on PAG evoked 

responses were investigated in tbe rabbit. Tbe information gained would provide 

indications of tbe ability of lobule IX to modulate tbe cardiovascular adjustments that 

may occur with an increase in tbe activity of neurons in tbe PAG. Furthermore, it may 

show that lobule IX is capable of interacting with all levels of tbe rostrocaudal 

continuum of brain structures mediating different emotive behaviours.
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7. METHOD AND MATERIALS

7 Ta) General Method

In seven NZW rabbits weighing 1.9kg-2.25kg, anaesthesia was induced with a 4mg/kg 

intravenous bolus injection of Saffan and maintained by an infusion of 3.75- 

15mg/kg/hr of the same anaesthetic. For specific details see method 5. Differences are 

as follows

Blood gases were measured and the variables were found within the following 

ranges: pH 7.31-7.41; PqOz 22-35mmHg and P q 2 in excess of lOOmmHg in all 

animals.

Regions eliciting typical responses for the PAG were located 12-13mm caudal to 

bregma, 1.5mm lateral from the midline and 6.7-7.4mm ventral to the surface of the 

brain with the head angled so that bregma was 1.5mm higher than lambda.

For the first part of this study stimulation of the PAG, at around threshold for 

obtaining a cardiovascular response, consisted of 6s trains of 80-200pA at 70Hz with a 

pulse duration of 0.5ms. Lobule IXb was stimulated with 6s trains of 60-250pA at 

lOOHz with a pulse duration of 0.2ms. In the second part of this study, the PAG was 

activated at above threshold with 6s trains of 130-250pA at 70Hz with a stimulus 

width of 0.5ms. The electrode used for PAG stimulation was monopolar and of the 

second type described in method 5. This electrode was connected to a Ipl Hamilton 

syringe v^th pplO tubing to allow microinjections through the lumen.

PNA (n=4), RSNA (n=7) and femoral arterial blood flow (n=6) was measured in 

some animals (for details see method 3 (b) and 3 (c)).

7 fbf Experimental protocol

At the beginning of each experiment the baroreceptor reflex response on heart rate and 

RSNA to an increase in blood pressure caused by phenylephrine (30pg per animal) 

was observed and only animals with an intact baroreceptor reflex were used.

For details on the experimental protocol for the simultaneous stimulation part of the 

study see method 5 (b). For details on experimental protocol for the cerebellar
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lesioning part of the study see method 4 (b). 100-200nl of filtered (0.22pm) acidified 

saline (pH6.6) was microinjected into the PAG and the effects on electrical induced 

responses were observed. The electrode was then removed flushed through and filled 

with either filtered L-glutamate (lOOmM) or DLH (4GGmM) and replaced to the same 

depth. The magnitude of response to electrical stimulation was checked before 

microinjection of L-glutamate (lGG-2GGnl) or DLH (2GG-8GGnl). At the end of the first 

part of the experiment 2GGnl of (IGGmM) L-glutamate was injected into lobule IXb 

and the cardiovascular effects observed (n=2). On completion of the experiment IGG- 

2GGnl of a solution of FSB was microinjected into the PAG to mark the stimulation 

site. In two animals, the electrode was then removed from the brain and replaced to the 

same depth and a small electrolytic lesion (G.lmA for IGs) was made to identify 

whether the electrode returned to the same location each time it was filled with 

injectate.

7 fc) Analysis of results

Sagittal sections through the cerebellar vermis and coronal sections through the PAG 

were histologically processed as in method 2(c) for identifying the extent of location 

of the cerebellar lesion and also the electrode position within the PAG.

The % change in femoral conductance was calculated as in method 3(c). For details 

on the statistical analysis on the data from the simultaneous stimulation part of the 

study see method 5 (c) (ANOVA). For the lesioning part of the study, the Student's 

paired t-test was used to compare PAG evoked responses before and after removal of 

lobule IX. The data is expressed as mean ± s.e.m. and differences were considered 

significant at p<G.G5. (n=no. of animals and t=no. of stimulations).

7. RESTJT.TS

For both parts of the study the rabbits were grouped according to the type of response 

evoked by stimulation of the PAG at a current higher than threshold ie. a group 

eliciting a tachycardic-bradycardic response (n=4) and another inducing a tachycardie
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response alone (n=3) during the stimulation period.

7 (a). PAG EVOKED TACHYCARDTC-BRAPYCARDÏC RESPONSE

Stimulation sites and location and magnitude o f the cerebellar lesions

The stimulation sites are illustrated in fig. 7.1 (Fifkova & Marsala, 1967). Lobule 

IX was removed in all four animals and, in addition, lobules VI and VII were removed 

in the control lesioned animal. Microinjection of lOOnl of a solution of PSB produced 

a spot of 0.5-0.6mm in diameter which travelled 0.6-0.9mm in the anteroposterior axis 

(n=2). A small electrolytic lesion was found in the middle of the PSB spot in one of 

the animals. In the other two rabbits, microinjection of 200nl of a solution of PSB 

created a spot of 0.7-0.8mm in diameter and 1.3-1.5mm in the anteroposterior axis.

7 (a) (i) Simultaneous activation o f lobule IXb and the PAG

Activation of lobule IXb resulted in a vasodepressor response (-4.9±0.7mmHg) and 

a bradycardia (-9.3±1.3bpm; n=4, t=20). At threshold, stimulation of the PAG 

produced virtually no change in blood pressure (+1.6±1.0mmHg) and a small 

bradycardia (-2.5±1.0bpm; n=4, t=20). Simultaneous activation of both structures 

resulted in a small tachycardia (+5.0±1.5bpm) and a small pressor response (+6.0+ 

1.2mmHg; see fig. 7.2). When the simultaneously activated responses were compared 

with the sum of the individual blood pressure (-3.3±0.8mmHg) and heart responses 

(-11.8±1.2bpm), there was a significant difference (n=4, t=20; p<0.05; see fig. 7.3).

The pre-stimulus resting blood pressure and heart rate for each stimulation type 

were not significantly different from each other.

Evoked changes in femoral conductance, renal and phrenic nerve activities.

A biphasic increase in femoral conductance was evident both during and after 

stimulation of both lobule IXb (+10.6+2.4% during and +14.5+2.8% after) and the 

PAG (+5.7±2.0% and +25.6±3.2%; n=3, t=15). Likewise, simultaneous activation of 

both structures resulted in a dilatation of the femoral artery both during (+12.9+2.0%)
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and after stimulation (+31.5+2.5%; n=3, t=15). However, there was no difference 

between the simultaneously evoked vasodilatation during and after stimulation and the 

sum of the individual PAG and IXb evoked dilatations (+16.2+2.7% and +40.2±5.5%).

Furthermore, activation of lobule IXb resulted in a decrease in RSNA for 2-6s (n=4, 

t=20). On the other hand, activation of the PAG resulted in an increase in RSNA 

during stimulation followed by a cessation of activity for up to 8s after stimulation. 

Similarly, simultaneous activation of both structures produced an increase in RSNA 

during stimulation and silencing of the nerve for up to 10s after stimulation. In 

addition, lobule IXb stimulation produced a slight increase in the rate of PNA whilst 

PAG and simultaneous stimulations resulted in an slight increase in the duration of the 

bursts with an increase in rate after stimulation (n=l).

Microinjection o f  L-glutamate into lobule IXb (n=l)

Microinjection of 200nl of L-glutamate (lOOmM) into lobule IXb in one of the 

rabbits evoked a pressor response, a tachycardia followed by a bradycardia, a large 

decrease in femoral conductance and an increase in RSNA. This response was similar 

to that obtained by stimulating lobule IXb at a current intensity slightly higher than 

threshold.

7 (a) (ii) Effects o f posterior vermal lesions on the PAG evoked vasopressor and 

tachvcardic-hradycardic response (n=4^

Activation of the PAG evoked a biphasic pressor response (+26.1±1.6mmHg, +30.2 

±2.6mmHg), a tachycardia (+10±lbpm) followed by a bradycardia (-31±2bpm) during 

stimulation and a bradycardia (-47±3bpm) at the offset of the stimulus (n=4, t=24). 

The second phase of the pressor response peaked l-2s after the end of the stimulus in 

all animals. Ten minutes after lesioning of lobule IX resting blood pressure was 

unaltered although heart rate was decreased (-14bpm to -44bpm (n=4)). Stimulation of 

the PAG then evoked a biphasic increase in blood pressure (+23.0±1.0mmHg and 

+19.5±2.2mmHg), a tachycardic-bradycardic response (+12±2bpm and -6±5bpm; see
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fig. 7.4) during stimulation and a bradycardia at the offset of the stimulus (-32±6bpm; 

n=4, t=6). The post-stimulus pressor response, the bradycardia during stimulation and 

the post-stimulus bradycardia were all significantly attenuated (p<0.05; see fig. 7.4).

The pre-stimulus resting blood pressure (91.0±1.6mmHg) before removal of lobule 

IX was not different from that after (94.2±1.6mmHg) although resting heart rate was 

significantly decreased (238±4bpm before and 213±5bpm after; p<0.05). Since resting 

heart rate was altered by lesioning of lobule IX, the responses were also considered as 

% change from pre-stimulus resting blood pressures and heart rates. Removal of lobule 

IX resulted in an significant attenuation of the second pressor response and the 

bradycardia during stimulation (p<0.05) leaving the post-stimulation bradycardia, first 

pressor response and the tachycardia during stimulation unaffected.

In one of these four rabbits lobules VI and VII were lesioned, as a control, before 

lobule IX was removed. Removal of lobules VI and VII did not alter resting blood 

pressure or heart rate and did not affect the PAG evoked response. Lesioning of lobule 

IX resulted in an attenuation of the second pressor response, the bradycardia during 

stimulation and the bradycardia after stimulation leaving the first pressor response and 

tachycardia during stimulation unaffected (see fig. 7.5).

PAG evoked changes in femoral conductance and renal and phrenic nerve activities

No change in femoral conductance was evident during PAG stimulation, although 

femoral flow was raised, and a large increase (+42.9+2.8%) was noticed following the 

offset of stimulation (n=3, t=18). Furthermore, PAG activation caused a biphasic 

increase in RSNA during the stimulus, with a silencing of the nerve activity for 6-32s 

after stimulation (n=4), and an increase in the firing rate of the phrenic nerve both 

during and after stimulation (n=l). Ten minutes after removal of lobule IX, femoral 

conductance was increased in two animals and was unchanged in another rabbit (+8.0+ 

5.8%; n=3) while RSNA was increased in one animal and slightly decreased in two 

other rabbits. Subsequently, the increase in femoral conductance following PAG 

stimulation was attenuated (+26.0+4.5%) after lesioning of lobule IX (p<0.001). In
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addition, the magnitude of the evoked increase in RSNA was smaller and the duration 

of the post-stimulus cessation of activity was shorter (3.5-21 s). No obvious alterations 

were evident in the evoked phrenic nerve activity.

Microinjection ofEEA's into the PAG (n=4)

Microinjection of lOOnl of acidified saline and then lOOnl of L-glutamate (lOOmM) 

into the dorsolateral PAG (API 1) or between the borders between the commissure of 

the superior colliculi (CCS) and the dorsolateral PAG (AP10) did not evoke any 

cardiorespiratory effects and did not affect the subsequent electrically evoked 

responses (n=2).

In the other two animals injection of 200nl of saline into the dorsolateral PAG 

(APIO) region did not evoke any overt cardiovascular response and attenuated the 

electrically evoked responses for 8.5min and 8min, respectively. Subsequent 

microinjection of 200nl DLH (400mM), in the first of these, evoked a pressor 

response, a tachycardia, a small increase in femoral conductance, an increase in RSNA 

(4 fold; see fig. 7.6) and the electrically induced responses were vastly augmented. A 

similar result was obtained with the same dose and volume of DLH 37 minutes later. 

Microinjection of 200nl of DLH (400mM) into the dorsolateral PAG borders (APIO) 

in the other animal resulted in a large increase in blood pressure, heart rate, RSNA (2 

fold) and femoral conductance. Once blood pressure had returned to normal, 

subsequent electrical stimulation produced a greatly augmented cardiovascular 

response.

7 (a) (iii) Summary of section 7 (a)

Simultaneous stimulation of lobule IXb and the PAG evoked a pressor response and 

tachycardia that were significantly different from the sum of both individual lobule 

IXb and PAG responses. Lesioning of lobule IX attenuated the PAG evoked secondary 

pressor response, the post-stimulus femoral vasodilatation, the bradycardia during 

stimulation and at the offset of the stimulus and also reduced the increase in RSNA
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observed during stimulation. Microinjection of DLH, but not L-glutamate, into the 

dorsolateral PAG (APIO) evoked a cardiovascular response of similar profile to that 

evoked electrically and resulted in an augmentation of the latter response. Injection of 

L-glutamate into lobule IXb evoked changes in blood pressure and heart rate of the 

same profile to that elicited by a suprathreshold electrically induced response.

7 (b l PAG EVOKED TACHYCARDICRESPONSE (n=3)

Stimulation sites and location and magnitude o f the cerebellar lesions

The stimulation sites are illustrated in fig. 7.1. Lobule IX was removed in all three 

animals. In addition, lobules VI and VII were lesioned in one of these animals as a 

control. Microinjection of 200nl of a solution of PSB produced a spot of 0.5-0.75mm 

in diameter and 1.1-1.4mm in the anteroposterior axis (n=3). A small electrolytic 

lesion was found in the middle of the PSB spot in one of the animals.

7 (b) (i) Simultaneous activation o f lobule IXb and the PAG (n=3)

Activation of lobule IXb at around threshold resulted in a small vasodepressor 

response (-3.5±1.9mmHg) and a bradycardia (-10.1±2.6bpm) whereas stimulation of 

the PAG evoked a small tachycardia (+7.1±2.2bpm) with no change in blood pressure 

(+1.9±1.2mmHg; n=3, t=15). When both structures were stimulated simultaneously a 

pressor response (+7.4±1.4mmHg) and tachycardia (+12.8±1.7bpm) developed during 

the stimulus (see fig. 7.7). When the sum of the individual blood pressure (-1.7± 

2.6mmHg) and heart rate responses (-3.0±2.9bpm) were compared with the 

simultaneously evoked responses they were found to be significantly different (n=3, 

t=15; p<0.05; see fig. 7.8).

The pre-stimulus resting blood pressure and heart rates for each stimulation type 

were not significantly different from each other.

Evoked changes in femoral conductance, renal and phrenic nerve activities

Stimulation of lobule IXb alone evoked an increase in femoral vascular
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conductance during the stimulus (+7.4±3.5%; n=2, t=10). Similarly, activation of the 

PAG evoked an increase in femoral conductance both during stimulation (+14.8± 

5.5%) and after (+22±8.5%; n=2, t=10). When both structures were simultaneously 

activated a larger increase in femoral conductance was evident both during (+31.5± 

9.6%) and after stimulation (+61+12.4%; n=2, t=10). Furthermore, activation of lobule 

IXb evoked a decrease in RSNA during and up to 3s after stimulation (n=3) and either 

no change in PNA (n=2) or an increase in both the amplitude and rate of the PNA 

(n=l). On the other hand, PAG stimulation evoked either no change in RSNA (n=l) or 

an increase throughout the stimulus with a decrease in activity for up to 2.5s after 

(n=2), and either no change in PNA (n=2) or an increase in amplitude both during and 

post-stimulation (n=l). When both structures were activated simultaneously, an 

increase in RSNA, sometimes two bursts, during stimulation and a cessation for up to 

3 s after was evident (n=3). In addition, an increase in the amplitude (n=3) and 

sometimes rate (n=2) of the PNA was observed upon stimulation.

Microinjection of L-glutamate into lobule IXb (n=l)

Microinjection of 200nl of L-glutamate (lOOmM) into lobule IXb in one of the 

rabbits evoked a large pressor response, a tachycardia, a decrease in femoral 

conductance, an increase in RSNA and an immediate increase in the amplitude of PNA 

(see fig. 7.9). This response was of similar profile to that obtained by stimulating 

lobule IXb at a slightly higher current intensity than threshold.

7 (b) (ii) Effects o f posterior vermal lesions on the PAG evoked vasopressor and 

tachycardie response

Activation of the PAG produced a biphasic pressor response (+28.5+1 .OmmHg, 

+30.0±0.7mmHg), a tachycardia during stimulation (+42±4bpm) and a bradycardia at 

the offset of stimulation (-23+4bpm; n=3, t=18). The second phase of the pressor 

response peaked l-2s after termination of the stimulus in all animals. In addition, an 

increase in femoral conductance was evident both during (+11.7±4.8%) and after
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stimulation (+25.4+3.9%; n=2, t=12). Ten minutes after lesioning of lobule IX, resting 

blood pressure was increased in one rabbit of the three rabbits (+16mmHg) and heart 

rate was decreased in all three animals (-20bpm to -46bpm). Activation of the PAG 

produced an attenuated biphasic pressor response (+5.0+1.OmmHg, +6.3±1.6mmHg), a 

smaller tachycardia during (+9±3bpm) and no heart response after (-l±5bpm) the 

stimulus (n=3, t=18; p<0.05; see fig. 7.10).

Since the mean pre-stimulus resting blood pressure increased (81±1.3mmHg before 

to 90.1±2.4mmHg after) and the resting heart rate decreased (237±8bpm before to 221 

±7bpm after), the results were also considered as a % of the pre-stimulus resting 

values. When the responses were represented in this manner, the results and levels of 

significance remained unchanged.

Lesioning of lobules VI and VII in one of these rabbits, as a control, did not result 

in any changes in resting blood pressure or heart rate. Stimulation of the PAG then 

evoked a slightly reduced 1st phase of the biphasic pressor response, a slightly reduced 

tachycardia during stimulation and a slight augmentation of the post-stimulus 

bradycardia. Subsequent removal of lobule IX caused the PAG evoked biphasic 

pressor response to be drastically reduced, the tachycardia was changed to a 

bradycardia during stimulation and the bradycardia at the offset of the stimulus was 

abolished (see fig 7.11).

PAG evoked changes in femoral conductance and renal and phrenic nerve activities

Activation of the PAG before lesioning resulted in two large bursts in RSNA 

during stimulation, with a decrease in activity for 3-8s after stimulation (n=3), with an 

increase in the rate (n=2) and amplitude (n=3) of the PNA both during and after the 

end of the stimulus. Upon lesioning, femoral conductance was vastly increased in one 

rabbit, RSNA was temporarily increased in two animals and increased in one and a 

temporary increase in the amplitude (n=3) and rate of the PNA (n=l) was also evident. 

Ten minutes after removal of lobule IX the femoral vasodilatation during stimulation 

was reversed to a constriction and the post-stimulus increase in conductance was
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abolished. The evoked increase in RSNA, two phases, was also less evident and the 

post-stimulus decrease in activity was less prominent (1-1.5s; n=3). The PAG evoked 

effects on PNA remained largely untouched after removal of lobule IX.

Microinjection ofEEA's into the PAG (n=3)

Microinjection of 200nl of saline into the borders between the CCS and the dorsal 

PAG (AP9 and A P ll) and the superior colliculus (CS, A P ll) caused no overt 

cardiovascular changes although it attenuated the electrically evoked response for 

between 5 and 7min in two animals (n=3). Subsequent injection of 200nl DLH 

(400mM) into the CCS/dorsal PAG borders (AP9 and API 1) also did not produce any 

cardiovascular effects but augmented the PAG electrically induced response in one 

animal (API 1) and attenuated the responses in the other (AP9). In the last rabbit, 200nl 

L-glutamate (lOOmM) or 5OOnl DLH (400mM) into the superior colliculus (CS; API 1) 

did not elicit any cardiovascular changes and did not affect the electrically induced 

cardiovascular response.

7 (b) (iii) Summary o f section 7 (b)

Simultaneous stimulation of lobule IXb and the PAG results in pressor and tachycardie 

responses that are significantly different from the sum of both individual PAG and 

lobule IXb responses alone. The facilitation effects of simultaneous stimulation are 

also evident as augmented post-stimulation femoral vasodilatations, larger increases in 

RSNA and as increases in both rate and amplitude of the bursts in PNA. Lesions of 

lobules VI and VII slightly reduced the PAG evoked response although subsequent 

removal of lobule IX vastly attenuated the PAG elicited response. Injection of DLH 

into the region bordering the CCS and caudal dorsal PAG does not evoke a 

cardiovascular response although the electrically induced responses from this area are 

augmented. Microinjections into more rostral bordering areas or regions outwith the 

PAG have no effect. Injection of L-glutamate into lobule IXb elicited a cardiovascular 

response of the same profile to that evoked by electrical stimulation.
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7. DISCUSSION

Consistent with reports in the spontaneously breathing rabbit (Markgraf et al., 1991), 

stimulation of the dorsal PAG in three out of the seven animals in the present study 

resulted in increases in blood pressure, heart rate, femoral conductance and respiratory 

rate. In the former study, tachycardias incorporated into the overall response were 

obtained only from dorsal regions and bradycardias evoked from more ventral 

positions within the PAG. However, the presence of mixed tachycardic-bradycardic 

responses, as in some of the rabbits in this study, were not noted in their investigation. 

Since the stimulation sites in the present study were located in similar dorsal regions, 

the mixed heart response may be the result of the animals being paralysed, thus 

preventing the increase in inspiratory time from inhibiting the cardiac vagal 

motomeurons which may have lead to a sustained increase in heart rate (see chapter 4 

discussion). With this in mind, the cardiorespiratory alterations observed upon 

electrical stimulation of the PAG and HDA can almost be considered similar in the rat 

(Yardley & Hilton, 1986), cat (Abrahams, Hilton & Zybrozyna, 1960; Eliasson, 

Folkow, Lindgren & Uvnas, 1951; Spyer, 1989), dog (Bolme, Ngai, Uvnas & 

Wallenberg, 1967) and rabbit (Azevedo, 1981; 1987; Azevedo, Hilton & Timms, 

1980; Markgraf et al., 1991; chapter 4 discussion).

In the present study, there is an additional striking similarity between the response 

elicited from the PAG and the HDA (see chapter 4), in that PAG stimulation also 

results in a biphasic pressor response of similar duration to that evoked by HDA 

activation (see chapter 4). If observed, this profile of evoked pressor response was not 

reported in previous studies in the rabbit (Azevedo et al., 1980; Markgraf et al., 1991; 

Tan & Dampney, 1983). Like HDA stimulation, two large bursts in RSNA were 

evident during stimulation, with the bursts occurring just prior to each phase of the 

pressor response. The increase in the RSNA and bursting rate of the phrenic nerve 

during the stimulus would also suggest that the baroreceptor reflex is not active (see 

discussion of chapter 4) and is not responsible for the bradycardic part of the biphasic 

heart response observed in some of the rabbits during the stimulus.
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The results show that simultaneous stimulation of lobule IXb facilitates whilst 

removal of lobule IX, in the same animals, attenuates the cardiovascular adjustments 

evoked by electrical stimulation of the midbrain PAG. Furthermore, microinjections of 

DLH, but not L-glutamate, into the dorsolateral region of the intermediate PAG 

evoked cardiovascular responses of similar profile to those elicited by suprathreshold 

electrical stimulations. This suggests that the electrically induced effects are the result 

of direct activation of cell bodies within this region of the PAG. The presence of a 

small electrolytic lesion within the PSB marks suggests that the electrode returns to the 

same site upon removal for drug loading and replacement. In addition, L-glutamate 

microinjections into the middle portion of lobule IXb evoked cardiovascular responses 

of similar profile to electrically elicited responses, indicating that the effects of 

suprathreshold electrical stimulations are also most probably due to direct activation of 

cell bodies in this region. These findings demonstrate the ability of lobule IX to 

modulate the responses evoked from the PAG and the presence of cell body mediated 

responses from the two regions identify the structural specificity of these interactions.

These findings are consistent with the report by Tan & Dampney (1983) where 

250nl microinjections of glutamate (IM) into the same region of the PAG elicited a 

pressor response and a large increase in iliac conductance. Interestingly, L-glutamate 

microinjections (lOOnl, lOOmM) in the present study failed to evoke a response on 

their own or potentiate the electrically induced response. However, in the light of the 

investigation by Tan & Dampney (1983) the lack of an evoked response is presumably 

due to the smaller injectate volume and much lower concentration used in the present 

study. Potentiation of electrical responses and the evoked effects caused by 

microinjection of DLH were restricted to the intermediate and caudal aspects of the 

dorsal PAG, since injections into the dorsal borders of the PAG in rostral regions or 

injections outwith the PAG failed to have any effect. This may suggest a rostro-caudal 

separation within the PAG for neurons truly involved in the "cardiovascular defence 

response", although further experimentation would be required to substantiate this 

suggestion. Such a rostrocaudal divide has been described in the cat where a
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"pretentorial" region of the PAG mediating hypertensive reactions and 

vasoconstriction in hindlimb skeletal muscle has been described, in addition to a 

"subtentorial" region mediating hypertensive reactions accompanied by vasodilatation 

in the hindlimb (Carrive, Bandler & Dampney, 1989a; Carrive, Dampney & Bandler, 

1987b). The pretentorial region was shown to project to the more caudal part of the 

subretrofacial nucleus (SRFN) in the RVLM whereas the subtentorial iliac vasodilator 

region projected to the more rostral part of the nucleus (Carrive, Bandler & Dampney, 

1989b). The significance drawn from these experiments was that the caudal SRFN is 

known to control the sympathetic vasoconstrictor outflow to the hindlimb skeletal 

muscles, whereas the rostral SRFN preferentially controls the sympathetic 

vasoconstrictor outflow to the kidney and adrenal medulla, thus providing anatomical 

connections supporting the evoked cardiovascular changes (Carrive et al., 1989b; 

Lovick, 1987; McAllen & Dampney, 1990). With respect to the rabbit, microinjections 

of wheat germ agglutinin-horseradish peroxidase into the SRFN revealed both 

retrograde and anterograde labelling within the dorsal and dorsolateral regions of the 

PAG, at a level equivalent to that stimulated in this study (APIO). However, no rostro

caudal differences were described in their study using electrical stimulations 

(Markgraf et al., 1991).

It is of interest that the drop in heart rate upon lesioning of lobule IX in the urethane 

anaesthetised rabbit is maintained under Saffan anaesthesia, where resting heart rate is 

much lower and there is less chance of an increased sympathetic drive, especially to 

the adrenal medulla (Armstrong et al., 1982; Maggi & Meli, 1986; Reinert, 1964; see 

results of chapters 2, 3, 4 and 6). This would suggest that the withdrawal of 

sympathetically tone to the heart (see chapter 2 discussion) is not directly linked to the 

artificial heightening of sympathetic drive in the urethane anaesthetised animal. 

Moreover, it may imply that lobule IX provides a tonic disinhibition, since cerebellar 

cortical output is inhibitory (Eccles et al., 1967), of the cells involved in the generation 

of sympathetic drive to the heart in the anaesthetised animal, since decreases in heart 

rate in the unanaesthetised decerebrate were transient (La Noce et al., 1991). The latter
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part of the previous statement would suggest that the processes involved in the 

recovery/stabilisation of heart rate upon lesioning are depressed in the presence of 

anaesthetic. Since cerebellar stimulation facilitates forebrain evoked responses, it is 

unlikely that the decrease in sympathetic tone on the heart, evident upon lesioning, has 

a major role in the attenuation of subsequent evoked responses. Indeed, responses 

expressed as a percentage of the pre-stimulation resting levels were also shown to be 

attenuated by removal of lobule IX. Further experimentation using the same protocol 

in unanaesthetised decerebrate rabbit would give clear indications regarding the 

precise role, if any, that this drop in heart rate plays in the attenuation of evoked 

responses following lesioning.

It is well known that activation of cell bodies in the dorsolateral and lateral regions 

of the PAG evokes behavioural responses closely resembling defensive behaviour 

(Bandler & Depaulis, 1991). These behavioural responses are accompanied by 

autonomic changes which typically include an increase in arterial blood pressure and 

heart rate, with a diversion of raised cardiac output to skeletal muscle, at the expense 

of the circulation to the skin and viscera (Abrahams et al., 1960; Carrive, Dampney & 

Bandler, 1987). In the present study, chemical and/or electrical stimulation of the 

dorsolateral PAG evoked qualitatively the same cardiovascular response. In addition, 

the increase in respiration rate observed in this study could, in theory, supply the 

demand for oxygen of active muscles during a "fight or flight" response. Since 

lesioning attenuates whilst stimulation facilitates, it is suggested that lobule IX 

modulates the cardiovascular events that occur in the defensive behaviour of the rabbit. 

The site of convergence for the cerebellar and PAG influences is not known. Since 

both lobule IX and the PAG send efferent projections to the PBN (Paton et al., 1991; 

Mantyh, 1983), this nucleus remains one possible integration site. However, the 

RVLM could feasibly be another region where convergence may take place since the 

PAG (Carrive et al., 1988; 1989b; Haselton & Guyenet, 1990; Markgraf et al., 1993; 

Meller & Dennis, 1986; 1991) and PBN (Miura & Takayama, 1991; Van Bockstaele, 

Pieribone & Aston-Jones, 1989; Haselton & Guyenet, 1990) have reciprocal
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connections to this region.
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Stimulation of the PAG (tachycardic-bradycardic group), lobule IXb and 
simultaneous activation of both structures. ABP= arterial blood pressure, 
HR= heart rate; PNA= phrenic nerve activity; RSNA= renal sympathetic 
nerve activity.
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after lesions o f lobules VI and VII and then IX o f the posterior cerebellar 
vermis, ABP= arterial blood pressure, HR= heart rate, PNA= phrenic nerve 
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FTR= heart rate; RSNA= renal sympathetic nerve activity; MFDSS= mean femoral 
Doppler shift signal.
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Stimulation o f the PAG (tachycardie group), lobule IXb and simultaneous activation 
of both structures. ABP= arterial blood pressure; HR= heart rate; PNA= phrenic 
nerve activity; RSNA= renal sympathetic nerve activity; MFDSS= mean femoral 
Doppler shift signal.
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FIGURE 7.8

Cardiovascular responses (tachycardie group) evoked by stimulation 

o f lobule IXb ( ), the PAG ( ), simultaneous activation o f

both lobule IXb and the PAG ( ) and the sum o f both individual

blood pressure and heart rate responses ( | | | | | ) (n=3).

*P<0.05 (ANOVA; xV s.e.m.).
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CHAPTER 8

Hypothalamic and baroreceptor afferent inputs to lobule IX
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8. TNTRODIJCTTON

Lobule IX of the posterior cerebellar vermis has been shown to receive afferents from 

the inferior olive, perihypoglossal complex, lateral cuneate nucleus, substantia gliosa 

parachochlearis, tractus spinalis trigemini oralis, the vestibular complex and the 

dorsolateral and paramedian pontine nuclei. Furthermore, field potentials of prevalent 

mossy origin were recorded from sublobules IXb and IXc in addition to a modulation 

of the Purkinje cell discharge in sublobules IXb and IXc following natural vestibular 

stimulation (Bradley, Ghelarducci, La Noce, Paton, Spyer & Withington Wray, 1990). 

On the basis of the afferent inputs received by this part of the cerebellar vermis and the 

behavioural and cardiovascular reactions evoked by stimulation of this regiofl(Bradley, 

Ghelarducci, La Noce & Spyer, 1990), it was suggested that lobule IX had a possible 

role to play in the coordination of the visceral and somatic components of alerting in 

the rabbit. In support of such a involvement of the cerebellum in the expression of the 

visceral components of affective behaviour, lesioning of lobule IX has been shown to 

attenuate whilst stimulation of lobule IXb facilitates the cardiovascular adjustments 

upon activation of the hypothalamic defence area and the central nucleus of the 

amygdala (see chapters 3, 4 and 5; Gallacher, Goring & Bradley, 1993, Gallacher & 

Bradley, 1994).

Quite recently, a study using field potential recordings failed to identify any 

stimulus related changes in the spontaneous activity of neurons in lobule IX following 

stimulation of the aortic nerve (Bradley, Ghelarducci, La Noce, Paton, Spyer & 

Withington-Wray, 1990). Although vagal and aortic projections to lobule X of the 

posterior cerebellar vermis have been previously described (Nisimaru, Aramaki & 

Watanabe, 1984), in addition to direct hypothalamic projections to the cerebellar 

vermis, including lobule IX (Dietrichs & Haines, 1989), the ability of lobule IX to 

receive cardiovascular afferent and hypothalamic information has not been reported. In 

the present investigation, recordings were made from the cortical layers of lobule IX 

during stimulation of either the aortic nerve or the hypothalamic defence area, in an 

attempt to elucidate the ability of lobule IX to receive and integrate both
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cardiovascular and hypothalamic information.

METHOD AND MATERTAT.S

8 (al General Method

Experiments were performed on three NZW rabbits (2-2.25Kg). Animals were 

anaesthetised with 7ml/kg urethane iv (20%). For details on arterial, venous, tracheal 

and bladder cannulations and artificial ventilation see methods 2(a) and 3(a). All 

animals were paralysed as in method section 5(a) and depth of anaesthesia during 

paralysis was monitored as in method 3(a). For details on maintenance of blood gases 

see method 5(a). The left aortic nerve was anatomically and physiologically identified 

by the distinctive pulse related discharge recorded differentially via a bipolar silver 

wire electrode. A fine teflon coated, except from the tip, bipolar silver wire stimulating 

electrode was then wrapped around the nerve and held in place using silicone dental 

impression compound ("Provil"). Craniotomies were performed over the left HDA and 

the posterior cerebellar vermis. The stereotaxic coordinates for the HDA were within 

the limits reported in method 4(a). A tungsten recording electrode of tip size <lpm  (2- 

5MQ impedance; Frederick Haer) was placed at various levels from the surface to an 

intracortical depth of 700pm for extracellular recordings at different locations within 

the "cardiovascular region" of lobule IX.

8 fbl Experimental protocol

The aortic nerve, which only carries baroreceptor afferents in the rabbit (Chalmers, 

Komer & White, 1967), was stimulated with a single or paired pulse every second at 

an intensity which evoked a vasodepressor and bradycardic response during long train 

stimulation (20-5OHz, 0.5ms, lOV, 6s). The HDA was stimulated at an intensity which 

evoked a large biphasic pressor response, a tachycardia or bradycardia and a long 

lasting pupillary dilatation (150-200pA, 70Hz, 0.5ms, 6s). The effect of single or 

paired pulse stimulations of either the ipsilateral aortic nerve or HDA on cells with on

going activity within the cardiovascular region of lobule IX were then tested.
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8 (c) Data analysis

Data were analysed on-line using a discriminator (Digitimer Spike Processor, 

D130), a computer (Dell) and CED Spike2 software for construction of post-stimulus 

time histograms (PSTH). Neuronal activity selected for analysis had an amplitude 

large enough to enable reliable discrimination from background. Signals were 

amplified and displayed on an oscilloscope (Tektronix 5113). The PSTH's were run 

with a delay of 5ms to block out the stimulus artefact.

8. RESIJT.TS

The stimulation sites were restricted to the PFx (n=2; PI and P3) and between the 

Fx and supramammillary area (n=l; SMA) at the P2 level of the hypothalamus.

A stimulus related increase in the frequency of neuronal discharge, was evident in 

one animal, following single and paired pulse stimulations of the HDA (2ms apart) 

with the electrode positioned 0.5-0.7mm below the ipsilateral surface of the cortex in 

both the medial and lateral portions of the "cardiovascular region" of lobule IXb and 

the caudal medial portion of lobule IXa. The onset of the response was 19-19.5ms after 

single or paired stimulation of the ipsilateral HDA, the response had a duration of 4.5- 

6ms and the time to peak was approximately 23.5ms (See fig. 8.1a). The stimulus site 

within the hypothalamus of this animal was in the PFx (P3).

In another rabbit, an increase discharge rate of neurons in the lateral portion of the 

"cardiovascular region" of lobule IXb was evident following paired pulse stimulation 

ipsilateral aortic nerve. The onset of the response was =18ms, the response had a 

duration of = 6ms and the time to peak was approximately 22ms (See fig. 8.1b).

At twenty-six other recording sites no stimulus related changes in cerebellar neuronal 

activity were evident to single or paired pulse stimulations of the HDA and aortic 

nerve. The recording sites lay 0.5-2.0mm ventral to the surface of the cerebellum. 

These sites included the lateral and medial portions of the ipsilateral "cardiovascular 

region" of lobule IXa (n=6), the lateral/paravermal IXb (n=6), the lateral and medial 

portions of the "cardiovascular region" of lobule IXb (n=8), the contralateral
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"cardiovascular region" of lobule IXb (n=l) and the "cardiovascular" part of lobule 

IXc (n=5).

8. DISCUSSION

The idea of a hypothalamic modulation of cerebellar activity is not novel, since Supple 

(1993) previously demonstrated unimodal excitation, biphasic excitation-inhibition 

and complex triphasic modulations of anterior vermal Purkinje cell discharge, 

following single pulse stimulations of the dorsomedial, lateral and ventromedial 

hypothalamus (VMH) in conscious rabbits. The results from the present study provide 

preliminary evidence to suggest a functional relationship between the hypothalamus 

and the posterior cerebellar vermis since single and double pulse stimulations of the 

perifomical hypothalamus has the ability to modulate the activity of neurons in 

sublobules IXa and IXb. Although the same recording sites were not shown to receive 

aortic inputs as well, the fact that neurons in a similar region of lobule IXb were 

excited by aortic nerve stimulation in a separate rabbit suggests that it may be possible 

for neurons in lobule IXb to receive both hypothalamic and baroreceptor afferent 

information.

The latency to onset of the response may suggest an oligosynaptic pathway is 

involved in the relay of the hypothalamic inputs, since both short (7.5±2.7ms) and 

long latency evoked responses (22.0±4.7ms) have been previously recorded in lobules 

III, IV and VI of the anterior vermis following hypothalamic stimulation (Supple, 

1993). The existence of various latencies in the evoked responses in their study would 

suggest the presence of both direct and indirect hypothalamo-cerebellar pathways 

(Dietrichs & Haines, 1989). Although in the present study it was not possible to 

distinguish between recordings of axons from perikarya, the fact that the majority of 

direct cerebello-hypothalamic projections decussate to the contralateral side (Dietrichs 

& Haines, 1989), would suggest that the evoked reponses in this study are the result of 

orthodromically activated responses. In an earlier investigation, the lack of evoked 

changes in field recordings from lobule IX following aortic nerve stimulaton (Bradley,
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Ghelarducci, La Noce, Paton, Spyer & Withington-Wray, 1990), compared to the 

present one, may be due to the more specific and localised nature of the extracellular 

recording techniques. In the present study, the preliminary evidence of baroreceptor 

related inputs to lobule IXb is important, since prior to this investigation there was no 

evidence for any such input to lobule IX. Experiments superimposing lobule IXb 

stimulations on both raised and lowered blood pressure may substantiate this theory. 

Accordingly, the output from lobule IX may depend on resting blood pressure.

In relation to the afferent and physiological inputs described in the introduction, it 

may be feasible for neurons in lobule IX to integrate vestibular, somatic and 

cardiovascular related inputs with information originating from the hypothalamic 

defence area.
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Fig 8.1a. Post-stimulus time histogram (PSTH) constructed from an extracellular 
recording within the medial portion of the cardiovascular region o f lobule IXb o f 
the posterior cerebellar vermis upon paired pulse stimulation of the HDA, PFx (P3).
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b. PSTH constructed from an extracellular recording within the lateral portion of 
the cardiovascular region o f lobule IXb following paired pulse stimulation of the 
insilateral aortic nerve.
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Chapter 9 

GENERAL DISCUSSION
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9(a^ Summary of the findings of the present investigation

Similar to findings in the unanaesthetised decerebrate rabbit (La Noce et al., 1991), 

removal of lobule IX in the anaesthetised intact animal results in an increase in the 

sensitivity of the cardioinhibitory component of the baroreceptor reflex (see chapter 2). 

Preliminary evidence indicates that this influence is maintained under -adrenoceptor 

blockade and can be reproduced by cell body lesioning of sublobule IXb alone. 

Therefore, it can tentatively be suggested that the sympathetic division of the 

autonomic nervous system is not required for the cerebellar influences in baroreflex 

control, although the drop in heart rate evident upon lesioning is sympathetically 

mediated (see chapter 2), and sublobule IXb appears to be the substantial contributor 

of lobule IX in cardiovascular control. Identifying such an influence on the baroreflex 

following lesioning of lobule IX was of prime importance since any resetting of the 

reflex or alterations in the gain may have affected the magnitude of the evoked 

cardiovascular responses in subsequent lesioning studies.

The baroreceptor reflex has been suggested to be active, although its sensitivity is 

reduced, during stimulation of the ACe in the conscious or lightly anaesthetised cat 

(Schlor et al., 1984). On the other hand, activation of the HDA or PAG inhibits the 

baroreceptor reflex in the anaesthetised rat, rabbit and cat (see discussion of chapter 3 

and introductions of chapters 4 & 7). An increase in the sensitivity of the baroreflex 

might have been expected to attenuate the HDA, PAG and ACe evoked responses. 

However, removal of lobule IX, but not lobules IV and VII, resulted in a vast 

attenuation of the ACe elicited vagally mediated bradycardia and vasodepressor 

response (see chapter 3; Gallacher, Goring & Bradley, 1993), that was independent of 

the magnitude of the change in sensitivity of the baroreflex. Similarly, lesioning of 

lobule IX, but not lobules VI and VII, produced a major reduction in both the HDA 

and PAG evoked blood pressure and heart rate components (see chapter 4; Gallacher, 

Goring & Bradley, 1993). Like the ACe, the effects of uvula lesioning on the HDA 

evoked response were not related to the direction of change in baroreflex gain ie. the 

response was attenuated in animals where the reflex gain was decreased and increased.
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Therefore, lobule IX is shown to provide an excitatory modulation of "defence 

structure" evoked cardiovascular changes.

Subsequent experiments confirmed the modulatory action of the posterior vermis 

when simultaneous stimulation of lobule IXb with either the PAG, HDA or ACe 

resulted in facilitated fore- and midbrain evoked cardiovascular responses, and in some 

instances respiratory effects (see chapter 5 & 7; Gallacher & Bradley, 1994). Indeed as 

far as the PAG is concerned, regions from which facilitated cardiovascular responses 

were found upon cerebellar stimulation also exhibited an attenuation of evoked 

responses following cerebellar lesioning in the same animals. Upon EEA 

microinjection, activation of cell bodies in lobule IX, the HDA, the PAG and ACe 

established the structure related nature of these interactions (see chapters 5 & 7). To 

my knowledge, this is the first evidence for the presence of cells in the hypothalamic 

and amygdaloid regions of the rabbit's brain that are capable of evoking many of the 

cardiovascular components of the "fight or flight" and fear responses known to be 

associated with the HDA and ACe, respectively.

Following chemical lesioning of the perikarya in the dorsolateral pons, both the 

forebrain and cerebellar influences have been demonstrated to either relay or integrate 

within the lateral part of the parahrachial nucleus (see chapter 6; Gallacher, Bradley & 

Spyer, 1994).

In addition to the somatic and vestibular inputs described in an earlier report (see 

introduction of chapter 8), the present study provides preliminary evidence to suggest 

that lobule IX has the ability to receive information from aortic baroreceptors and the 

hypothalamic defence area (see chapter 8 discussion).

A putative role for the uvula in cardiovascular function will be suggested on the 

basis of afferent and efferent projections of lobule IX and on the basis of published and 

the present physiological studies.
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Relay or integration of cerebellar influences with the pathways involved in 

mediating the cardiovascular components accompanying affective behaviour

Efferent projections from lobule IX terminate in the ventromedial caudal fastigial 

nucleus, throughout the rostrocaudal extent of the dorsal superior vestibular nucleus, 

the caudal half of the inferior vestibular nucleus and throughout the rostrocaudal extent 

of the lateral and medial parahrachial nucleus (Paton et al., 1991). It has previously 

been demonstrated that the pathways conveying the cardiovascular responses from this 

lobule in anaesthetised and unanaesthetised decerebrate rabbit do not synapse within 

the caudal fastigial nucleus (Paton, 1987). Although the most massive cortico- 

brainstem pathway leaves the cerebellum via the inferior peduncle to the vestibular 

complex (Paton et al, 1990; Klinkachom et al., 1984b; Voogd, 1964), preliminary 

evidence following bicuculline microinjection into the superior vestibular nucleus 

indicates no role for this nucleus in mediating the responses evoked from lobule IX in 

unanaesthetised decerebrate rabbit (Paton & Spyer, 1990). On the contrary, the 

integrity of the superior cerebellar peduncle and rostral PBN in the anaesthetised rabbit 

and the inferior peduncle and caudal PBN/NTS in the unanaesthetised rabbit are 

paramount for the expression of evoked cardiovascular effects via direct Purkinje cell 

projections from lobule IX in these preparations (see chapter 6 introduction). It is well 

established that the PBN has reciprocal connections with the hypothalamus and the 

central nucleus of the amygdala, regions involved in affective behaviour (see 

introductions & discussions of chapters 3 & 4). In the present study, this nucleus has 

been shown to be essential for relaying or integrating both the cerebellar and forebrain 

influences, since chemical lesioning of the neurons in this region vastly attenuated the 

evoked cardiovascular responses (see chapter 6).

In addition to the reciprocal innervations with the hypothalamus, the ACe, the 

RVLM and the NTS (see discussions of chapters 3, 4 & 7), the PBN has reciprocal 

connections with the insular cortex, another region capable of altering circulation 

(Shipley & Sanders, 1982). Sham rage can be induced following ablation of the insular 

cortex in cats (Cannon & Britton, 1925) and electrical and chemical stimulation causes
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pressor and tachycardie responses in rats (Ruggiero, Mraovitch, Granata, Anwar & 

Reis, 1987). Parahrachial neurons receive carotid and aortic baroreceptor afferent 

inputs, in addition to aversive inputs from widespread noxious stimuli, and in turn 

some of these neurons are antidromically activated from ACe (Bernard & Besson, 

1990; Cechetto & Calaresu, 1983). Neurons within the parahrachial complex have 

been identified with activities related to different components of respiration and 

chemical stimulation of the lateral part evokes a facilitation of inspiration, whilst 

activation of the medial and kolliker fuse suhnuclei evoke facilitation of expiration 

(see chapter 6 introduction & discussion). Furthermore, EEA microinjection into the 

lateral PBN elicits a pressor response that is sometimes accompanied by a tachycardia 

(see chapter 7 introduction). Supplementary to a direct projection to the phrenic motor 

nucleus (Ellenberger, Vera, Haselton, Haselton & Sneiderman, 1990), the parahrachial 

complex has the appropriate reciprocal anatomical connections with the medulla to 

effect the appropriate changes in both cardiovascular and respiratory activity (Fulwiler 

& Saper, 1984; Saper & Loewy, 1980;. Krukoff, Harris & Jhamandas, 1993).

Intracellular recordings made from neurons in the lateral PBN have provided 

evidence for the convergence of ascending sensory with descending forebrain inputs 

(Granata, 1993), thus demonstrating the integrating capabilities of this nucleus. Indeed 

it has been suggested by Granata (1993) and Bernard & Besson (1990) that 

parahrachial neurons do not only act as relay neurons, they may integrate behavioural 

information with cardiorespiratory and nociceptive inputs. Given the abundance of 

physiological data concerning this nucleus and the anatomical connections it 

possesses, the parahrachial nucleus could be involved in the integration of the 

cerebellar with descending information related to emotional behaviour and taking into 

account minute to minute blood pressure, respiratory and somatosensory alterations.

With respect to cerebellar evoked changes in the anaesthetised rabbit, the 

vasodepressor and bradycardic responses could be mediated via direct Purkinje cell 

inhibition of sympathoexcitatory 'pressor' and 'tachycardie' cells within the rostral 

portion of the lateral PBN (See fig. 9.1). On the other hand, lobule IXb evoked pressor
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and tachycardie responses in the imanaesthetised decerebrate rabbit may be effected by 

Purkinje cell inhibition of intrinsic inhibitory intemeurons in the caudal part of the 

lateral PBN impinging on 'pressor' and 'tachycardie' neurons in this region. Indeed 

mixed evoked responses ie. pressor-bradycardia or depressor-tachycardia, observed 

quite frequently in the Saffan anaesthetised rabbit, would be mediated by the 

appropriate mechanism to effect the respective blood pressure and heart rate effect.

Cerebellar facilitation of the HDA evoked pressor-tachycardic response, where 

lobule IXb stimulation evoked a vasodepressor-bradycardic response, could be 

obtained by Purkinje cell inhibition of intrinsic inhibitory intemeurons of the PBN that 

impinge on local 'pressor' and 'tachycardie' cells that are excited by hypothalamic 

stimulation (See chapter 6 discussion). On the other hand, lobule IXb facilitation of the 

ACe evoked response could be effected by direct Purkinje cell inhibition of 

parahrachial 'pressor' and 'tachycardie' cells that are also inhibited by ACe activation 

(See chapter 6 discussion). Both of these facilitatory effects could in theory be the 

result of summation of cerebellar and forebrain inputs on parahrachial cells to effect 

the appropriate response. Indeed, summation has previously been observed by 

intracellular recordings made from RVLM neurons upon simultaneous stimulation of 

the PAG and HDA, two stmctures involved with defensive behaviour (Gao & Li,

1993).

A similar mechanism for the integration of lobule IX with PAG influences may also 

be possible within the PBN, since the PAG and lobule IXb both send projections to 

this nucleus (see discussion of chapter 7). However, chemical lesioning of the neurons 

in this area would have to be undertaken to determine if, at the least, both stmctures 

relay their cardiovascular information through this region of the dorsolateral pons. 

Subsequent intracellular studies could confirm the possibility of convergence of inputs 

from the cerebellum and midbrain.

Stimulation of lobule IXb in the anaesthetised cat has been shown to cause 

excitation, excitation-inhibition and inhibition of both bulbospinal and non- 

bulbospinal neurons of the SRF nucleus of the RVLM that were inhibited by
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baroreceptor activation (Silva-Carvalho, Paton, Goldsmith & Spyer, 1991). It was 

suggested that the non-bulbospinal neurons may provide the neural substrate for 

further integration of reflex inputs with those arising from central structures, such as 

the uvula, before a final output is determined and relayed to the bulbospinal neurons. 

Since, the NTS is not essential for relaying the responses evoked by the uvula in this 

preparation, they are most probably mediated via neurons in the RVLM. In the 

unanaesthetised decerebrate rabbit, where a functional caudolateral PEN and NTS is 

required for mediating the cerebellar evoked pressor-tachycardia, stimulation of lobule 

IXb results in an inhibition of barosensitive cells in the dorsal portion of the NTS 

(Paton et al, 1990). A mechanism such as this would ultimately result in a disinhibition 

of premotor sympathoexcitatory neurons in the RVLM, which are normally under a 

tonic inhibition from arterial baroreceptors (Guyenet, 1990).

9fc  ̂Proposed role for the cerebellar vermis in cardiovascular control

A wealth of information exists concerning the cortical nature of the evoked 

cardiovascular responses in both the anaesthetised or unanaesthetised rabbit or cat 

(Chapters 5 & 7 results; Bradley, Pascoe, Paton & Spyer, 1987; Bradley, Ghelarducci, 

La Noce, Paton Spyer & Withington-Wray, 1990; Paton, 1987). Electrical or chemical 

stimulation of lobule IXb in the unanaesthetised decerebrate cat or rabbit elicits a 

cardiovascular response that is very similar to that evoked by electrical stimulation in 

the conscious rabbit, which includes an increase in both blood pressure and heart rate. 

In addition to these cardiovascular alterations, pupillary dilatation, EEG 

desynchronisation, a stiffening of the neck muscles, 'pricking' of the ears and running 

movements were observed upon stimulation of the lobule IXb in the conscious rabbit 

(Bradley, Ghelarducci, La Noce & Spyer, 1990), a response similar to that observed in 

alerting behaviour.

In support of a role for lobule IX in the mediation of certain components of 

different defensive behaviours are the polymodal inputs received by lobule IX and the 

neuroanatomical connections it possesses. Lobule IX receives a projection from both
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macular and ampullar vestibular receptors and these signals are relayed in part through 

neurons in the vestibular nuclei (Kotchabhakdi & Walberg, 1978), which were 

substantially retrogradely labelled from lobule IX in the rabbit (Bradley et al., 1990a). 

Indeed primary vestibular afferents are known to reach the uvula cortex (Brodai & 

Hoivik, 1964; Carpenter, Stein & Peter, 1972; Korte & Mugnaini, 1979) and Purkinje 

cell discharge has been shown to be altered following a natural vestibular stimulation 

on an electrically driven turn table (Bradley et al., 1990a), which is consistent with the 

mossy fibre field potentials evoked in the uvula upon vestibular stimulation in the cat 

(Precht, Volkind & Blanks, 1977). Vestibular afferents are thought to interact with 

other afferents to create the fine tuning of movement and posture (Kotchabhakdi & 

Walberg, 1978).

Lobule IX also receives a projection from the inferior olive (10: Barrett et al., 1985; 

Bradley et al., 1990a), which is the only nucleus to provide climbing fibres to the 

whole cerebellar cortex, and climbing fibre responses have been specifically evoked in 

the uvula upon electrical stimulation of the retina and optic chiasma (Simpson, Precht, 

& Llinas, 1974). This may indicate that visual information is received by lobule IX via 

a relay in the 10. In addition, afferent projections from the substantia gliosa 

paracochlearis and trapezoid bodies (Barrett et al., 1985; Bradley et al., 1990a; Paton, 

1987), which are known to relay auditory inputs to higher brain centres in man 

(Ranson, 1941), to lobule IX may indicate that lobule IX also has the ability to receive 

auditory information. Such inputs may allow the uvula to process information 

concerning the sight and sounds created by a predator.

Retrograde labelling of the paramedian and dorsal pontine nuclei from the uvula in 

the rabbit (Bradley et al., 1990a) is similar to the findings in both the cat (Brodai & 

Hoddevik, 1978) and rat (Eisenman & Nobak, 1986). Furthermore, these areas 

probably overlap with the pontine regions regions known to relay descending visual 

information to lobule IX (Robinson, Cohen, May, Sestokes & Glickstein, 1984). The 

perihypoglossal complex, another region that projects to lobule IX in the rabbit 

(Barrett et al., 1985; Bradley et al., 1990) and cat (Kotchabhakdi, Hoddevik &
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Walberg, 1978), has been reported to be involved in the coordination of the eye, neck 

and head, a function that would be important for locating the predator in the orienting 

or alerting stage of the defence reaction.

The responses elicited in the uvula cortex following stimulation of the afferents in 

the radial, sciatic and trigeminal nerves are supported by the afferent projections to 

lobule IX from the various brainstem nuclei (Barrett et ah, 1985; Bradley et al., 

1990a). Lobule IX has been shown to receive afferents from the spinal trigeminal 

nuclei in the rabbit (Barrett et al., 1985; Bradley et al., 1990), as well as the rat, where 

the vibrissae were shown to be largely represented in the two anterior sublobules 

(Joseph, Shambes, Gibson & Welker, 1978). The same regions were shown to respond 

to stimulation of the trigeminal nerve in the rabbit (Bradley et al., 1990a). The lateral 

cuneate nucleus, from which lobule IX also receives a projection (Barrett et al., 1985; 

Bradley et al., 1990a), is known to relay forelimb muscle afferent information 

exclusively (Cooke, Larson, Oscarsson & Sjolund, 1971). Indeed the fact that field 

potentials have been recorded from lobule IX upon radial nerve stimulation in the 

rabbit may suggest that the responses were, at least in part, produced by activation of 

proprioceptive afferents within the nerve bundle (Bradley et al., 1990a). The responses 

evoked by stimulation of the sciatic nerve in the hindlimb may partly rely on the small 

input from the dorsal spinocerebellar tract to lobule IX. However, projections from the 

paramedian and lateral reticular nuclei to the uvula (Bradley et al., 1990a) may also 

carry both radial and sciatic information since both of these nuclei are known to 

receive sensory afferents from various levels of the spinal cord (Rosen & Scheid, 

1973; Ito, 1984).

Finally and most importantly, lobule IX has been reported to have reciprocal 

connections with the hypothalamus in the squirrel monkey (Dietrichs, 1984; Haines & 

Dietrichs, 1984; Haines et al., 1986) and stimulation of the hypothalamus increases the 

discharge rate of neurons within sublobules IXa and IXb of the rabbit (See chapter 8 

results). There is a general topographic relationship for the hypothalamo-cerebellar 

projections in that the caudal hypothalamus projects to the posterior lobe and the
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anterior hypothalamus projects to the anterior lobe of the cerebellum (Dietrichs & 

Zheng, 1984; Dietrichs & Haines, 1984; Haines & Dietrichs, 1984). Interestingly, a 

small proportion of the hypothalamo-cerebellar fibres are branches of hypothalamo- 

spinal axons and some hypothalamic neurons by means of axon collaterals project to 

both the amygdala and cerebellum (Dietrichs & Zheng, 1984; Dietrichs & Haines,

1986). These connections provide the basic network within which the cerebellum and 

forebrain may communicate with each other in order to coordinate somatic with 

visceral responses.

Although experiments using an alerting tone failed to provide any evidence for an 

involvement of lobule IX in the evoked cardiovascular response, there are plausible 

explanations as to why the study failed to provide any evidence for a role of the uvula 

in the "cardiovascular alerting response" (Bradley, Goring, La Noce & Spyer, 1991). 

Firstly, the evoked response to an alerting tone incorporated a bradycardia with only 

small increases in blood pressure, unlike the evoked response to electrical and/or 

chemical stimulation in the unanaesthetised decerebrate and electrical stimulation in 

the conscious rabbit which included a large pressor response which was accompanied 

by a tachycardia (Bradley, 1990a; 1990b; Bradley, Ghelarducci, Paton & Spyer, 1987). 

The differences in evoked cardiovascular response may suggest that the lobule IXb 

does not have a role in alerting, or at least in the heart component of alerting. 

Secondly, the recovery period of one week following lobule IX lesioning, due to 

Home Office requirements, may have been sufficient enough for central reorganisation 

of the pathways involved in alerting to cope with the loss of a cerebellar input. A 

similar explanation has previously been provided for the recovery of forebrain induced 

behavioural effects following coagulation of the central gray in the cat (Fernandez de 

Molina & Hunsperger, 1962). It could be possible that other lobules of the vermis, or 

other structures unknown as yet, accommodate for or take over the functions of lobule 

IX in chronically lesioned animals. For example, it has been suggested that lobules VI 

and/or VII of the posterior vermis have a specific role to play in the acquisition of 

conditioned bradycardias (Sebastiani et al., 1992). Either of these lobules may possibly
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adopt the functions of lobules IX following lesioning. Another explanation may arise 

from the fact that the hypothalamus has recently been shown to be connected to the 

anterior vermis via multilayered fibres which terminate throughout the cortical layers 

of the cerebellar vermis (Dietrichs & Haines, 1989). Indeed stimulation of the 

hypothalamus in the rabbit has been shown to modulate cell activity, in a variety of 

ways, within lobules III, IV and V (Supple, 1993). Finally, an alerting stimulus that 

combines nociceptive, visual, vestibular and auditory inputs may provide a more 

powerful and natural response since all of these may be experienced upon hearing, 

locating, sighting and remembering or imagining pain from a previous encounter with 

a predator. A study observing the acute and chronic effects of lesioning on such a 

multimodal stimulus may implicate or exclude lobule IX from being involved in this 

type of response.

Sebastiani et al. (1992) later showed that lobule IX does not have a role in the 

acquisition of conditioned bradycardias. Indeed after a first conditioning session, 

removal of the whole posterior vermis did not alter a second conditioning session, with 

the profile, magnitude and habituation of the bradycardia being very similar to the 

session before lesioning. Therefore, the posterior vermis does not appear to be the site 

of the neuronal plasticity responsible for the learning and memorisation of the 

conditioned response, although lobules VI and VII may be involved in the initial 

acquisition of the conditioned bradycardia. Similar findings were reported for the long

term habituation of the startle response in rats, whose retention was not affected by the 

subsequent removal of the cerebellar vermis (Lopiano, de Sperati, Bergui & 

Montarolo, 1989).

It is clear that the cerebellar vermis is implicated in the mediation of certain 

behaviours (See chapter 1, Introduction chapter 4; Bemston & Torello, 1982; Supple et 

al., 1987; 1988). Stimulation of the midline vermis evokes or potentiates different fear 

related-somatomotor responses (Albert et al., 1985) whereas lesions of lobules III, IV 

and V of the anterior and lobules VI, VII and VIII of the posterior vermis blocks the 

hyperdefensiveness induced by lesions of the VMH, attenuates mouse killing and
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reduces unconditioned freezing in rats (Supple, Cranney & Leaton, 1988). In addition, 

lesions of the anterior vermis are known to severely impair the acquisition and 

retention of the Pavlovian fear conditioned bradycardia, without altering 

unconditioned heart responses in rabbits and rats (Supple & Kapp, 1993; Supple & 

Leaton, 1990a; 1990b). The magnitude of evoked activity in both the Purkinje cells of 

the anterior vermis and cells of the ipsilateral PEN to the conditioned fear stimulus 

were correlated with the magnitude of the concomitant bradycardia (Supple & 

Sebastiani, 1993; Supple, Sebastiani & Kapp, 1993). There is substantial 

neuroanatomical and electrophysiological evidence to support possible behavioural 

interactions between the cerebellum and forebrain since projections are known to exist 

between the hypothalamus and anterior vermis, hypothalamus and PEN and PEN and 

anterior vermis (lobules III, IV and IV; see chapter 4 discussion; Dietrichs & Haines, 

1989; Supple & Kapp, 1994). In addition, stimulation of the hypothalamus or PEN can 

alter the activity of neurons in lobules III, IV and V (Supple, 1993; Supple & Kapp,

1994).

On the other hand, the cardiovascular responses evoked directly by stimulation of 

the anterior vermis are mixed and variable and as yet there is limited evidence (Paton,

1987) that the effects observed are due to activation of cerebellar neurons (chapter 1). 

In the study of Paton, only electrical stimulation of lobules I, II and III in the

anaesthetised and decerebrate cat or rabbit produced cardiovascular effects and the

same lobules in the rabbit evoked responses following EEA microinjections. Unlike 

the anterior vermis, there is substantial evidence confirming the cerebellar origin of 

lobule IX induced cardiovascular effects (Eradley et al., 1990b; Paton, 1987).

Furthermore, the present investigation demonstrates the ability of lesions of this

lobule, but not lobules VI and VII, to attenuate and simultaneous stimulation of lobule 

IXb to facilitate defence structure evoked cardiovascular responses, including the 

vasodilatation in the hindlimb and the increase in bursting rate of the phrenic nerve in 

some instances. Moreover, all of the structures investigated ie ACe, HD A, PAG and 

lobule IX contained neurons capable of initiating the cardiovascular events, including
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an increase in conductance in the femoral vascular bed upon HDA and PAG 

stimulation.

The cardiovascular response evoked by electrical and chemical stimulation of 

lobule IX in the unanaesthetised decerebrate rabbit has many analogies with the 

"cardiovascular defence response" evoked by HDA and PAG stimulations. Similar to 

HDA activation (Coote, Hilton & Zbrozyna, 1973; Coote, Hilton & Perez-Gonzalez, 

1979; Hilton, 1963; Jordan, Mifflin & Spyer, 1988) the baroreceptor reflex is blocked 

both peripherally and centrally during lobule IXb stimulation (Paton, 1987; Paton, 

Silva-Carvalho, Goldsmith & Spyer, 1990). The cardiorespiratory response elicited by 

stimulation of lobule IXb in the unanaesthetised decerebrate preparation also has great 

similarities to HDA stimulation in as much as it induces a pressor response, a 

tachycardia, renal vasoconstriction and an increase in respiratory rate. In addition, 

stimulation of lobule IXb in the conscious rabbit evokes visceral and somatic effects 

suggestive of defensive behaviour. On the other hand, there is no evidence for the 

presence of an active vasodilatation in hindlimb skeletal muscle, which is considered 

the essential factor, during stimulation of the uvula, although facilitation of this 

component is evident in some instances upon simultaneous stimulation of the HDA or 

PAG and lobule IXb.

Although the evoked cardiovascular responses from lobule IX do not depend on the 

hypothalamic connections, the hypothalamo-cerebellar pathway may be important for 

communicating information appropriate for behavioural reactions to a given situation, 

in the conscious animal. It is proposed that lobule IX of the posterior cerebellar vermis 

is a modulatory sight for the cardiovascular component of "playing dead" and "fight or 

flight" defence responses. Since lobule IX has the potential to receive proprioceptive, 

vestibular, auditory, visual, and baroreceptor inputs, it may be capable of processing 

constant incoming messages, from these varied sources, with descending emotive 

inputs from the forebrain to coordinate the appropriate cardiovascular alterations to 

meet the physical requirements of fleeing from or confronting an aggressor.
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9(d^ Future investigations

To avoid the problems of anaesthetic actions on evoked cardiovascular responses, the 

effects of HDA stimulation in a high decerebrated rabbit, leaving the hypothalamus 

intact, should be investigated. This may provide both somatic and cardiovascular 

indices with which the consequences of lesioning and simultaneous stimulation of 

lobule IX and the HDA or PAG could be measured against. Using such a preparation 

would allow the substantiation of the preliminary observations in chapter 5 that 

anaesthetic has the ability to alter not only cerebellar responses but also the HDA 

elicited cardiovascular effects. In addition, EEA microinjections into the defence 

structures may give the closest indications of cardiorespiratory and somatic alterations 

to that seen in the conscious rabbit.

Following the physiological study, an electrophysiological approach using 

extracellular and/or intracellular recording techniques could be taken in order to 

elucidate the underlying mechanism of the integration of cerebellar with forebrain and 

midbrain influences at the level of the PBN. In these experiments extracellular or 

intracellular recording of cells in the PBN, that respond to ipsilateral aortic nerve 

stimulation, could be investigated during forebrain or midbrain and/or lobule IXb 

stimulation. The extracellular recordings would give an indication of the proportion of 

receptive cells in this region and the intracellular recordings would elucidate the 

possibility of single cells to receive aortic, forebrain, midbrain and cerebellar inputs 

and also the effects of simultaneous stimulation of two or more of these inputs.

Since projections from lobule IX have only been studied to the level of the pons 

and medulla (Paton et al., 1991) and the hypothalamus has been demonstrated to be 

directly connected to lobule IX in the squirrel monkey (Dietrichs, 1984; Haines & 

Dietrichs, 1984; Haines, Dietrichs, Culberson & Sowa, 1986), similar direct 

projections, either way, between lobule IX and the ACe, PAG or HDA could be 

investigated using iontophoretic microinjection of the anterograde (Phaseolus 

vulgaris) and retrograde (Horseradish peroxidase) tracers into the visually identified 

lobule IX. Such connections would identify the possibility of the cerebellum and
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hypothalamus and/or ACe to communicate directly with each other with regards to 

defensive behaviour associated information.

Once the appropriate neuroanatomical connections and physiological interactions 

have been elucidated in acute experimental preparations, they could be put to the test 

in the conscious instrumented rabbit. The acute and chronic effects of physical or 

chemical lesioning of lobule IX on the cardiovascular and behavioural responses 

resulting from naturally evoked "fight or flight" and fear behaviours or chemical 

and/or electrical stimulation of the ACe, HDA or PAG could be monitored. Although 

removal of lobule IX did not alter the cardiovascular response to an alerting tone, it 

may also be necessary to test the lesioning effects on alerting responses to visual, 

vestibular and nociceptive stimuli in combination with the auditory stimulus. This may 

provide a stimulus closer to that obtained in nature where the animal sees, hears 

orients and anticipates pain in the presence of a predator.

In addition to the posterior vermis, an in depth investigation into the role of the 

anterior vermis in cardiovascular control should be undertaken. Although it is well 

known that lesions of the anterior vermis impair conditioned behaviours, there are few 

studies, using microinjections of EEA's, which show the capability of neurons in this 

part of the cerebellum evoking a cardiovascular response. The reeisons why two 

distinct regions of the cerebellum may be involved in defensive behaviour are not 

known.
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Figure 9.1

Diagrammatic representation of the connections that mediate the sympathetic 
component of the cardiovascular responses evoked from lobule DCb of the 
posterior vermal cortex. Cardiovascular effects evoked in the anaesthetised 
animal (-) involve an inhibitory action (-) within the rostral LPBN and the 
integrity of the superior cerebellar peduncle (BC), while responses elicited in 
the unanaesthetised preparation (-) involve inhibitory connections within the 
caudal LPBN and NTS and the integrity of the inferior cerebellar peduncle 
(RB). Reciprocal direct projections have been demonstrated between the PBN 
and ACe, HDA, RVLM and NTS. Specific direct projections have been 
demonstrated from both the ACe and HDA to the intermediate portion of the 
LPBN in the rat (Moga & Gray, 1985). + = excitatory; - = inhibitory; P = 
'pressor' neurons; T= 'tachycardie' neurons. ACe = central nucleus of the 
amygdala; HDA = hypothalamic defence area; RVLM = rostral ventrolateral 
medulla; LPBN = lateral parabrachial nucleus; NTS = nucleus tractus solitarii; 
IML = intermediolateral cell column; BC = brachium conjunctivum; RB = 
restiform body.
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EFFECTS OF CEREBELLAR LESIONS ON CARDIOVASCULAR RESPONSES EVOKED FRO M  THE 
AMYGDALA AND HYPOTHALAMUS
GALLACHER, D.J., GORING, M.A. and BRADLEY, D.J.
Department o f Physiology, Royal Free Hospital School of Medicine, London NW3 2PF, UK
Stimulation o f  lobule IX o f  the posterior cerebellar vermis in decerebrate animals results in marked changes in cardiovascular activity, 
w hile lesions o f  the same region alter the sensitivity o f the baroreceptor reflex. The responses to stimulation in conscious animals have 
suggested a role in som e form o f  arousal, and current experiments are investigating the effects o f  lesions o f  the posterior vermis on 
cardiovascular responses to stim ulation o f  the hypothalamic defence area, and o f the am ygdaloid central nucleus (A C e) in rabbits 
anaesthetized with chloralose-urethane. The bradycardia seen on stimulation of ACe is found to be consistently attenuated follow ing lesion 
o f lobule DC, while the magnitudes o f  the bradycardia and hypertension seen on hypothalamic stimulation are also reduced in som e o f  the 
animals tested. The results suggest an involvem ent o f the posterior cerebellum in the cardiovascular com ponents o f  em otional arousal or 
defensive behaviour. Supported by the British Heart Foundation.

Gallacher, D.J., Goring, M.A. & Bradley, D.J. (1993) Effects of cerebellar lesions on cardiovascular responses 
e v o k e d  ffoni the amygdala and hypothalamus..AjtWJ Congress o f I.U.P.S. (Glasgow) 141.13/P.
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Facilitation of forebrain-induced cardiovascular  
effects by  stim ulation  o f the posterior cerebellar  
verm is in the anaesthetized rabbit

David J. Gallacher and David J. Bradley

Departmenl of Physiology, Royal Free Hospital Medical 
School, London NW3 2FF

Activation of lobule IXb of the posterior cerebellar 
vermis in conscious rabbits elicits cardiovascular and 
somatic effects suggestive of arousal (Bradley el al. 1990), 
while its removal, in anaesthetized animals, attenuates 
cardiovascular responses evoked from the amygdaloid 
central nucleus (ACe) and hypothalamic defence area (HDA) 
(Gallacher el al. 1993). Here we describe the effects of 
simultaneous stimulation of ACe, or HDA, and lobule IXb.

Rabbits were anaesthetized (4 mg kg“‘ i.v. 
alphaxalone/alphadolone followed by a maintenance 
infusion of 3 75-15 mg kg“* h“‘ i.v.), paralysed (0 6 mg kg“‘ 
atracurium i.v.) after testing blink, pupil and pedal 
withdrawal reflexes, and artificially ventilated. Three 
rabbits were used in the study of cerebellar interactions 
with ACe. All stimulations were carried out at just above 
threshold for producing a cardiovascular response. Electrical 
stimulation of the lobule IXb (110-300 /ta, 100 Hz, 0 2 ms, 
4 s train) evoked a small bradycardia of 4 +  2 beats min~* 
(mean +  s .e .m .) with no real change in mean arterial 
pressure (—1 + 1  mmHg). Similarly, stimulation of ACe 
(210-250 /ta, 100 Hz, 0 5 ms, 4 s train) alone gave a 
bradycardia, 7 +  2 beats min~‘, with a small vasodepressor 
response, 6 +  1 mmHg. In comparison, simultaneous 
activation of both structures gave a bradycardia of 
15 +  3 beats min~‘ and vasodepressor response of 
11+ 2 mmHg. Although the bradycardia was not 
significantly greater than the addition of individual ACe- 
and IXb-induced bradycardias (12 +  2 beats min~‘), the 
vasodepressor response with combined stimulation was 
significantly greater than the added individual vasodepressor 
responses, 7 + 2 mmHg (P < 0 0001, Student’s paired I test).

In four rabbits, electrical stimulation of the HDA, at 
around threshold (120-180 fia., 70 Hz, 0 5 ms, 6 s), produced 
no real change in blood pressure ( + 2 + 1  mmHg), and a 
tachycardia of 9 +  1 beats min~‘.

Stimulation of lobule IXb (86-400 /ta) produced a 
bradycardia of 8 +  3 beats min~‘ with a vasodepressor 
response of 6 +  2 mmHg. Surprisingly, simultaneous 
stimulation of the HDA and lobule IXb resulted in a 
facilitation of the HDA-induced pressor response 
(8 +  2 mmHg) and tachycardia (24 +  2 beats min“‘). Both 
these values were found to be significantly different from 
the sum of the individual blood pressure (—4 +  1 mmHg) 
and heart rate (1 +  3 beats min~‘) responses, P <  0 001 and 
P <  O'OOOl respectively.

In conclusion, stimulation of lobule IXb facilitates the 
cardiovascular responses elicited from the HDA and ACe, 
supporting the suggestion of a cerebellar involvement in 
aggressive or defensive behaviour.
W e a re  g ra te fu l  to  th e  B r i tish  H e a r t  F o u n d a t io n  fo r t h e i r  

s u p p o r t .
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INTERACTION BETWEEN CEREBELLAR AND FOREBRAIN INDUCED 
CARDIOVASCULAR EFFECTS AT THE LEVEL OF THE PONTINE 
PARABRACHIAL NUCLEUS. D.J.GALLACHER. D.J.BRADLEY and 
K.M.SPYER* DepL of Physiology, Royal Free Hospital School of Medicioe, London. 
NW3 2PF, UKi

In previous experiments, stimulation of lobule DC of cerebellar vermis in conscious 
instrumented New Zealand White (NZW) rabbits gave responses suggestive of some 
form of arousal. Subsequent cerebellar lesioning studies also showed attenuation of 
cardiovascular responses elicited by stimulation of the central nucleus of the amygdala 
(ACe) and hypothalamic, "deforce area" (HDA). Stimulation o f the HDA and A(Ze 
produces responses that are synonymous with those which occur in "fight or flight" or 
"playing dead" behaviours, with associated autonomic changes. Sirice lobule DC of the 
cerebellar vermis has been shown to project to the parabrachial nucleus (PBN), r ^ c h  
reciprocally innervates the hypodialamus and ACe, the min of fiiis study was to test 
the possibility that the PBN is a site for convergence of the cerebellar and ACe/HDA 
influences.

Experiments were carried out: in urethane or urethane/chlor^ose anaesthetized, 
paralysed' and artificWy/ventilated rabbits (NZW). Blood pressure and heart rate 
effects were assessed and compared to responses obtamed after lesioning of the PBN 
widi Icainic acid (60-1 OOm^ lOOnl). Lesioning oif the PBN attenuated the majority of 
hypothalamic and lobule 1% as well as some of the ACe, induced responses.

The results suggest tW, cardiovascular efkcts ehcited, firom .die cerebellar 
vermis, ACe arid HDA may, k  integrated at the level of the PBN.r
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