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ABSTRACT

Adenosine has been implicated in having a neuromodulatory role in 
cardiovascular control at the level of the oblongata. Pharmacological techniques 
have been employed to study the possible involvement of adenosine in the 
caudal nucleus tractus solitarii (cNTS) in mediating the cardiovascular response 
evoked during hypothalamic defence area (HDA) stimulation.

The location of binding sites in the rat and cat medulla and forebrain was 
investigated autoradiographically using pH] l,3-diproyl-8-cyclopentylxanthine. 
Relatively high levels of binding was observed in the rostral ventrolateral 
medulla and cNTS whilst the hypothalamus was relatively devoid of adenosine 
Aj binding sites. Non-specific binding was extremely low, indicating that binding 
was to adenosine Aj receptors.

Stimulation of the HDA elicits a pattern of cardiovascular response which 
include an a biphasic increase in blood pressure an accompanying tachycardia. 
In the anaesthetised and artificially ventilated rat, intravenous and 
intracerebroventricular injections of a selective adenosine Â  antagonist 
attenuated the biphasic pressor response evoked during HDA stimulation. In 
contrast, a polar antagonist, which does not cross the blood brain barrier, had no 
effect on the evoked response. These results indicated that adenosine Â  
receptors, located within the CNS, are activated during the defence response.

Microinjections of adenosine were made into discrete regions of the cNTS to 
determine whether this nucleus was involved in mediating the cardiovascular 
response evoked during HDA stimulation. Microinjections of 50 nl adenosine 
into the cNTS evoked 2 patterns of haemodynamic responses and augmented the 
biphasic pressor response elicited on HDA stimulation. By contrast, 
microinjections of adenosine antagonists into this area attenuated the pressor 
response.

In order to ascertain if the adenosine released during HDA stimulation was 
derived from ATP metabolism an 5’ectonucleotidase inhibitor, a,Bmethylene 
adenosine diphosphate (a,BmeADP) was microinjected into the cNTS. 
a,BmeADP attenuated predominantly the primary rise in blood pressure evoked 
during HDA stimulation.

It is concluded that adenosine Â  receptors, located within the cNTS, may be 
involved mediating the cardiovascular changes associated with the hypothalamic 
defence response. In addition, one of the sources of adenosine involved in the 
defence response is ATP.
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GENERAL INTRODUCTION
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The autonomic nervous system maintains homeostasis by orchestrating rapid 

integrated patterns of visceral response to signals perceived from within the internal 

and external environment. A diverse range of environmental and behavioural 

factors act as powerful stimuli to provoke changes in the cardiovascular and 

respiratory systems. However, the mechanisms by which such stimuli act within the 

central nervous system (CNS) to elicit both short- and long-term changes in 

cardiovascular control are unclear. The regulation of the cardiovascular system, 

mediated by a variety of peripheral and central receptors, plays a crucial role in 

this regulatory mechanism. The sensitivity of these reflexes, however, can be 

modified to subserve behavioural responses such as the defence reaction.

The defence reaction has been studied extensively and a substantial amount of 

information on the sites and mechanisms mediating this response has accumulated. 

This introduction reviews the literature with regard to the defence reaction and 

effects of adenosine on cardiovascular activity, particularly at the level of the 

nucleus tractus solitarii (NTS).

1.1. THE DEFENCE RESPONSE

It has been recognised that the hypothalamus exerts considerable control over 

autonomic functions. In 1925, Cannon & Britton first noted the importance of this 

area in the integration and performance of what was termed the "emergency" 

reaction. In the high decerebrate cat, with the hypothalamus spared, it was
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demonstrated that mild cutaneous stimulation evokes a well organized pattern of 

cardiovascular and behavioural responses (Cannon & Britton, 1925). In order to 

map regions of the cat hypothalamus which could evoke co-ordinated patterns of 

behavioural responses, Hess & Brügger (1943) employed the technique of 

systematic electrical stimulation. This response, which was at that time termed the 

"defence response", was described to be a graded reaction whose behavioural 

expression was manifested initially as alerting, but could culminate into aggressive 

or defensive behaviour in the conscious animal if the intensity of the stimulus is 

particularly strong (Hess & Brügger, 1943). This reaction has since been noted in 

most mammalian species (Bolme, Ngai, Uvnas & Wallanberg, 1967; Smith, Astley, 

DeVito, Stein & Walsh, 1980; Shimada & Stitt, 1984) including the rat (Yardley 

& Hilton, 1986).

Cardiovascular changes associated with the defence response

The defense response elicited by electrical stimulation in discrete regions of the rat 

hypothalamus, has been shown to evoke an increase in blood pressure, heart rate 

and cardiac contractility, a rise in cardiac output, a vasodilatation in skeletal muscle 

and a concomitant vasoconstriction in the skin and intestine (Yardley & Hilton, 

1986). These changes have been proposed to be a preparatory adjustment of the 

animal for muscular exertion which might be required in an emergency (Abrahams, 

Hilton & Zbrozyna, 1960, 1964). In addition, pupillary dilatation,

, piloerection and rapid shallow breathing are also classical 

features of this response (Yardley & Hilton, 1986).
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The increase in blood pressure and vasoconstriction in the splanchnic, renal and 

cutaneous vascular beds are mediated by an increase in sympathetic vasomotor tone 

(Abrahams et al. 1960) whilst the cardiac components of the response (increase in 

cardiac output and contractility) are evoked by both an increase in sympathetic and 

a decrease in parasympathetic nerve activity to the heart (Rosen, 1961; see 

Marshall, 1994 for review). The mechanism responsible for mediating the 

vasodilatation has attracted the most attention and has been shown to be species 

dependent (Eliasson, Folkow, Lindgren & Uvnas, 1951; Hilton & Marshall, 1982; 

Yardley & Hilton, 1987). In the cat, the vasodilatation is mediated by a 

combination of the activation of sympathetic vasodilator nerves (Eliasson et al. 

1951), release of catecholamines from the adrenal medulla and the lowering of 

sympathetic tone, specifically to the muscular bed (Hilton & Marshall, 1982). In 

the rat, it has been postulated that the vasodilatation, often elicited as a biphasic 

response, is mediated by two different mechanisms. It was initially suggested that 

the primary rise in flow was a consequence of a withdrawal of sympathetic tone 

from the vascular bed (see Marshall, 1987 for review; Yardley & Hilton, 1987). 

However, in a more recent study it was proposed that the early component of the 

vasodilatation was indeed a result of shunting the blood from a highly 

vasoconstricted vascular beds to relatively less constricted hindlimb vasculature 

(Watkins, Sherwood, Goldstein & Maxiner, 1993). In contrast, the late component 

of the blood flow response was thought to be a consequence of the activation of 

B2 adrenoreceptors by adrenaline secreted from the adrenal medulla (see Marshall, 

1987 for review). On the other hand, the vasodilatation in the rabbit has been
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reported to be elicited by the release of adenosine triphosphate (ATP) from 

purinergic nerves which subsequently acts at the ?2 receptor (Shimada & Stitt, 

1984).

Sites mediating the defence response

Numerous sites have been implicated in mediating the alerting stages of the defence 

response. Two techniques, systematic electrical and chemical stimulation, have been 

employed to dissect the regions involved in mediating the defence response.

Electrical stimulation

As noted above, the hypothalamus was the primary site to be investigated for its 

involvement in the integration of the defence response. Using the technique of 

electrical stimulation, the defence response was consistently evoked from areas of 

the perifomical region of the hypothalamus, just dorsal to the ventromedial 

hypothalamus, and from regions that extend from the anterior to the posterior 

hypothalamus (Fig. 1; Nakao, 1958; Wasman & Flynn, 1962). These responses are 

abolished by electrolytic lesions in the perifomical hypothalamus (Smith et al. 

1980).

The pattern of cardiovascular response elicited during electrical stimulation within 

the hypothalamus have been shown to depend upon the site of activation. For 

example, electrical stimulation of hypothalamic regions extending from the anterior 

to posterior hypothalamus, elicits a marked pressor response and tachycardia
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mediated by a vasoconstriction of the mesenteric, renal and cutaneous vascular 

beds, and an increase in ventricular contraction resulting from a increase in 

sympathetic nerve activity to the resistance vessels of the heart (Abrahams et al. 

1960; Yardley & Hilton, 1986; see Jordan 1990 for review). In contrast, stimulation 

of more rostral sites of the cat hypothalamus elicits a depressor response, 

bradycardia and a vasodilatation in many vascular beds (Hilton & Spyer, 1971; 

Spyer, 1972). These changes have been attributed to a decrease in sympathetic 

activity to the vessels and an increase in parasympathetic drive to the heart (Hilton 

& Spyer, 1971). A more recent report has illustrated that identical responses can 

also be elicited following electrical and chemical stimulation of similar regions of 

the rat hypothalamus (Inui, Nomura, Murase & Nosaka, 1995).

Additional studies have demonstrated that a similar pattern of responses can also 

be evoked more caudally in the amygdala (Fig. 1; Hilton & Zbroznya, 1963). 

However, in contrast to the hypothalamus, stimulation of the this region only elicits 

the entire pattern of the defence response in conscious animals or those lightly 

anaesthetised with Althesin (Timms, 1981). These effects have been attributed to 

the fact that traditional anaesthetics depress synaptic transmission through pathways 

mediating the defence response.

In spite of this, the extent to which the amygdala is actually involved in mediating 

the defence response has been recently been questioned since electrical stimulation 

of this region has been shown to result in the excitation of multiple regions in the
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CNS which are reciprocally connected with the it, eg the cerebral cortex, forebrain, 

hypothalamus and brainstem (see Jordan, 1990 for review). Thus, it has been 

proposed that the behavioural and autonomic responses observed during 

amygdaloid stimulation may be a consequence of stimulating these extra- 

amygdaloid sites. This is further supported by the after-discharges which are 

frequently observed in surrounding tissue following electrical stimulation of the 

amygdala (see Jordan, 1990 for review).

In addition, whilst stimulation of the amygdala elicits responses that are similar to 

those evoked from the hypothalamus, they differ in several important aspects. In 

contrast to the rapid onset of response to electrical stimulation in the hypothalamus, 

the responses evoked from the amygdala gradually builds up during the stimulus 

and persists after cessation of stimulation (Maclean & Delago, 1953; Hilton & 

Zbrozyna, 1963). Moreover, unlike reactions evoked from the hypothalamus, 

stimulation of the amygdala never results in directed attack (Hilton & Zbrozyna, 

1963). However, the contribution of the amygdala in the regulation of behaviour 

is supported by the observations that the abolition of the amygdala results in a 

reduction in the escape behaviour (Ursin, 1965).

Even more caudally, a similar pattern of response can also be evoked in the 

midbrain at the level of the dorsolateral part of periaquiductal grey (PAG; Fig. 1; 

Handler, 1982; Carrive, Dampney & Handler, 1987; Lovick, 1992). As such, it has 

been proposed that the PAG is the key area for mediating the defence response
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since chemical and electrical stimulation of this region elicits both the autonomic 

and behavioural responses which are similar to those observed during the naturally 

evoked defence response (Bandler & Carrive, 1988). Moreover, lesioning of this 

area abolishes the defence response evoked from more rostral sites whilst having 

no effect on the responses evoked caudal to the PAG (see Jordan, 1990 for review). 

However, since this region is involved in pain, there is some controversy over 

whether the defence response elicited from the PAG is indeed a true defence 

reaction or a reflection of nociception (see Jordan, 1990 for review).

Stimulation of restricted sites of the pons are also capable of eliciting patterns of 

behavioural and autonomic responses. These regions include the dorsolateral PAG, 

medial to the parabrachial nucleus and the lateral lemniscus and ventrolateral 

tegmentum (Coote, Hilton, & Zbrozyna, 1973). However, differences are apparent 

between responses evoked by stimulation at this dorsolateral PAG and the 

hypothalamus. First, the brainstem evoked response is less well integrated, and 

secondly, the muscular vasodilatation is mediated by a decrease in sympathetic 

vasoconstrictor activity (Coote et al. 1973).

Such discrepancies are not true for the hypothalamus, and as such the now termed 

hypothalamic defence area (HDA) is a popular region from which to elicit a true 

defence response with electrical stimulation.
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Chemical Stimulation

Whilst electrical stimulation has allowed the localization of the defence areas and 

a general guide to central autonomic pathways, there are limitations of this 

technique due to the fact that electrical stimulation activates both cell bodies and 

fibres of passage (Goodchild, Dampney & Bandler, 1982). Thus, it is impossible 

to deduce conclusively from these studies whether these response are a 

consequence of activation of cells bodies at a particular loci or fibres travelling to, 

or through it.

Attempts have now be made to address this problem by the application of 

excitatory amino acids into regions previously shown to elicit the defence response 

upon electrical stimulation (Bandler, Depaulis & Vergnes, 1985; Hilton & Redfem, 

1986; Carrive et al. 1987). For many years microinjections of excitatory amino 

acids into the perifomical region of the hypothalamus of the cat and rat has failed 

to evoke cardiovascular and behavioural changes characteristic of the defence 

response (Bandler, 1982; Hilton & Redfem, 1986). More recently however, Soltis 

& DiMicco (1991a,b) repeated these studies and demonstrated that injections of 

NMDA and kainic acid into the dorsomedial hypothalamus can indeed elicit 

responses similar to those observed during the defence reaction. The negative 

results obtained in the earlier studies may be attributed to, too high a doses of 

excitatory amino acids administered which can cause depolarizing block (Bandler, 

1982; Hilton & Yardley, 1986).
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Additional studies have demonstrated that microinjections of excitatory amino acids 

into the PAG consistently evokes both behavioural and cardiovascular changes that 

are characteristic of the defence response (Bandler, 1982; Carrive et al. 1987; 

Bandler & Carrive, 1988).

1.2. AUTONOMIC REFLEXES MEDIATING CARDIOVASCULAR 

CONTROL

In vivo studies in the cat have demonstrated that the cardiovascular changes evoked
I are partially mediated by 

during HD A stimulation an attenuation of the baroreceptor

reflex (Hilton, 1963; Mifflin, Spyer & Withington-Wray, 1988) and a potentiation

of the chemoreceptor reflex (Hilton & Joels, 1965; Silva-Carvalho, Dawid-Milner,

Goldsmith & Spyer, 1993).

Baroreceptor reflex

The baroreceptor reflex is a principal neural mechanism by which cardiovascular 

control is regulated by the central nervous system (CNS). The arterial 

baroreceptors, located in the aortic arch and carotid sinus, continuously monitor 

blood pressure and provide a short-term adjustment in arterial blood pressure. For 

example, a rise in arterial pressure results in an increase in drive to the vagal 

cardioinhibitory neurones and a decrease in discharge of sympathetic pre- and 

postganglionic neurones both to the peripheral blood vessels and to the heart. The 

net effect of these responses is a bradycardia, decreased cardiac contractility and
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decrease in peripheral vascular resistance, thus bringing the arterial blood pressure 

down to normal (see Spyer, 1981 for review).

Baroreceptor afferents are conveyed to the CNS via the glossopharyngeal and 

vagus nerve. The first order baroreceptor afferents have been shown to project 

mainly to the dorsomedial medulla in the vicinity of the NTS (see Section 1.3.; see 

Spyer, 1981 for review; see Jordan & Spyer, 1986 for review). It has been 

proposed that second or possibly third order neurones in the NTS then project to 

two sites in the medulla, the cardiac vagal preganglionic neurones in the 

periambigual area and the caudal ventrolateral medulla (Guyenet, Filtz & 

Donaldson, 1987).

The reflex evoked fall in heart rate is mediated by the glutamatergic activation of 

vagal motomeurones in the nucleus ambiguus (Guyenet et al. 1987). On the other 

hand, the vascular component is a consequence of the activation of afferent NTS 

projections to the sympathoinhibitory neurons of the caudal ventrolateral medulla 

(Gordon, 1987). Activation of this region leads to a x-aminobutyric acid (GABA) - 

mediated inhibition of the tonically active medullospinal sympathoexcitatory 

neurons located in the rostral ventrolateral medulla (RVLM; Brown & Guyenet, 

1984; Barman & Gebber, 1985; Sun & Guyenet, 1985).

Modulation o f the baroreceptor reflex during the defence reaction

The pattern of cardiovascular response which is characteristic of the alerting stages
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of the defence response include an increase in blood pressure and a rise in heart 

rate. Given that during an increase in arterial blood pressure baroreceptor activation 

would evoke a bradycardia, this combination of responses elicited during HDA 

stimulation, implies that the sensitivity of the baroreceptor reflex were changed. 

This observation led Hilton (1963) to investigate the effects of HDA stimulation 

upon the sensitivity of this reflex. In fact, simultaneous stimulation of the HDA 

with baroreceptor activation enabled to Hilton (1963) to demonstrate that the 

baroreceptor reflex was indeed completely suppressed during the defence response.

Mechanisms important in modulation o f baroreflex

The locus of baroreceptor inhibition evoked during the defence response was 

determined initially in the mid 1970’s and shown to be situated at the level of the 

NTS (McAllen, 1976). Mifflin et al. (1988) have more precisely confirmed these 

observations in the cat illustrating that stimulation of the HDA exerts profound 

effects on neurones located within, and in the immediate vicinity of the NTS. In 

contrast to the complete suppressio of the baroreflex during stimulation of the 

HDA, stimulation of the hypothalamus at sites outside of the "defence area" has 

been shown to only inhibit the vagal, but not vascular component, of the 

baroreceptor reflex (Gebber & Snyder, 1970; Jordan, Mifflin & Spyer, 1988). At 

these particular sites only 27% of NTS neurones receiving baroreceptor inputs were 

inhibited during HDA stimulation (Jordan et al. 1988). This contrasts with 

inevitable inhibition of baroreceptor sensitive neurones in the NTS when 

stimulating within the boundaries of the HDA (Jordan et al. 1988).
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During stimulation of the HDA, Mifflin et al. (1988) observed a Cl'-mediated 

inhibitory postsynaptic potential and an increase in membrane conductance. These 

effects were later demonstrated to be a initiated by the activation of postsynaptic 

GABA^ receptors (Jordan et al. 1988). The NTS contains a relatively high 

concentration of GABA (Dietrich, Lowry, Loewy, 1982; Siemers, Rea, Felten & 

Aprison, 1982), however, immunocytochemical studies have revealed that GABA- 

containing neurons are restricted to specific regions of the NTS, particularly at 

levels rostral to the obex (Izzo, Sykes & Spyer, 1992). In addition, the NTS 

contains a high density of GABA binding sites (Gale, Hamilton, Brown, Norman, 

Souza and Gillis, 1980), and a high affinity uptake mechanism (Siemers et al. 

1982). Despite this evidence, descending inputs to this region from the 

hypothalamus, mid-brain and pons, do not possess GABA containing fibres (Izzo 

et al. 1992). Thus, it appears that intrinsic GABA-containing neurones in the NTS 

are responsible for mediating the baroreceptor inhibition evoked during the 

hypothalamic defence response.

Preliminary studies in the cat have identified neurons in the NTS that are excited 

by HDA stimulation but not affected by reflex input (Mifflin et al. 1988; Silva- 

Carvalho et al. 1993; Silva-Carvalho, Dawid-Milner & Spyer, 1995). It has been 

proposed that these neurones may represent the inhibitory neurones that mediate 

the defence response evoked inhibition of baroreceptor input into the NTS.
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Chemoreceptor reflex

The peripheral chemoreceptors are located in the carotid and aortic bodies and in 

clumps along the abdominal vagus. However, the aortic and abdominal 

chemoreceptors are not present in all species (Easton & Howe, 1983).

The carotid bodies are highly vascular organs located at the bifurcation of the 

common carotid arteries. In contrast, the aortic bodies, when present, are localized 

adjacent to the wall of the arch of the aortic and its major branches. Afferent 

information from the carotid and aortic bodies is conveyed predominantly to the 

NTS via the glossopharyngeal and vagus nerves (see Marshall, 1994 for review).

Carotid and aortic chemoreceptors are stimulated by a reduction on arterial O2, an 

increase in arterial CO2 tension and falls in pH. As a consequence the discharge 

frequency of their afferent inputs to the NTS increase to stimulate respiration (see 

Spyer, 1982 for review). However, the aortic chemoreceptors are less sensitive to 

changes in O2 tension and are therefore stimulated far less than the corresponding 

carotid chemoreceptors (see Marshall, 1994 for review).

Experimental evidence has shown that there are species differences in the 

cardiovascular response evoked by carotid body chemoreceptor stimulation in 

spontaneously breathing animals. This variation is thought to be partly mediated 

by the magnitude of the hyperventilation (Marshall, 1987).
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Marshall (1987) was the first to illustrate the cardiovascular response to 

chemoreceptor stimulation in the rat. In spontaneously breathing, deeply 

anaesthetised (with either pentobarbitone or Saffan) rats, selective stimulation of 

the carotid chemoreceptors elicited a hyperventilation, tachycardia, renal mesenteric 

and hindlimb vasodilatation and rise in arterial blood pressure. However, in 

vagotomized animals the tachycardia was reduced. In addition, when ventilation 

was kept constant during chemoreceptor stimulation the heart rate response was 

reversed to a bradycardia. This led Marshall (1987) to suggest that influences 

additional to pulmonary stretch receptor reflexes, but secondary to hyperventilation, 

mediate the increase in heart rate evoked by chemoreceptor stimulation. These 

observations are in accord with those previously described by Daly & Scott (1962, 

1963) in the dog.

Activation o f defence areas during chemoreceptor stimulation

Concomitant with the changes in cardiovascular activity evoked during the defence 

response is an increase in respiration. These changes led Bizzi, Libretti, Malliani 

& Zanchetti (1961) to examine if there was an interaction between the defence 

response and the peripheral chemoreceptor reflex.

In cats, decerebrated at a high level so as to spare the hypothalamus, selective 

stimulation of the peripheral chemoreceptors with either Lobeline or systemic 

hypoxia, evoked an increase in arterial blood pressure, hyperventilation, retraction 

of the nictitating membrane, phasic struggling and clawing movements, lashing of

32



the tail and facial expression of rage, namely a sham rage response, identical to 

that of a noxious stimuli or stimulation of the defence areas (Bizzi et al. 1961). 

Hilton & Joels (1965) later confirmed these observations in high-decerebrate cats. 

In addition, to the rise in arterial blood pressure and heart rate they registered an 

increase in skeletal muscle blood flow, indicative of a hindlimb vasodilatation 

(Hilton & Joels, 1965). These results suggested that the alerting stages of the 

defence response can be elicited upon carotid chemoreceptor stimulation (Bizzi et 

al. 1961; Hilton & Joels, 1965).

The ability of carotid chemoreceptor stimulation to evoke the defence response is 

greatly suppressed in animals anaesthetised with tradition anaesthetics like 

chloralose and pentobarbitone. This is thought to be due to the blockade of synaptic 

transmission through the brain stem defence areas by anaesthetics (Hilton & 

Zbroznya, 1963).

This was confirmed Timms (1976) in cats anaesthetised with the steroid 

Althesin/Saffan. In these animals, stimulation of the amygdala elicited all the 

autonomic components of the alerting stages of the defence response. Thus, it was 

concluded, that unlike conventional anaesthetics, Althesin does not block synaptic 

transmission through brain stem defence areas (Timms, 1976). Hilton & Marshall

(1982) then showed that when peripheral chemoreceptors were stimulated in 

Althesin anaesthetised cats, the full visceral components of the alerting stages of 

the defence responses were elicited. However, whether or not defence areas were

33



activated during peripheral chemoreceptor stimulation was dependent upon the 

strength of the stimulus and on the level of activity in the brain stem defence areas 

(Hilton & Marshall, 1982).

A similar pattern of response has since been reported in rats anaesthetised with 

saffan (see Marshall, 1987 for review). Thus, under light anaesthesia, stimulation 

of the chemoreceptors produced the full pattern of the alerting response (see 

Marshall, 1987 for review). However, as the depth of anaesthesia was increased, 

bradycardia and vasodilatation prevailed (see Marshall, 1987 for review).

Modification o f the chemoreceptor reflex during defence area stimulation

The effect of the defence response on the chemoreceptor reflex has received much 

less attention than that of corresponding the baroreceptor reflex. In contrast to the 

effects on baroreceptor sensitivity, stimulation of the defence response facilitates 

the. chemoreceptor reflex (Hilton & Joels, 1965; Silva-Carvalho et al. 1993). The 

first indications of this interaction were initiated by Hilton & Joels (1965). Studies 

on high decerebrate cats with the hypothalamus spared illustrated that simultaneous 

stimulation of the HDA with peripheral chemoreceptors could greatly enhance the 

reflex hyperpnoea (Hilton & Joels, 1965). These observations were later confirmed 

by Silva-Carvalho et al. (1993) in anaesthetised cats. In addition, Silva-Carvalho 

et al. (1993) identified the locus of this interaction and demonstrated that a 

proportion of neurones in the NTS were excited by chemoreceptor activation also 

received an indirect convergent excitatory input from the HDA. A more recent
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report has indicated that HDA stimulation can also elicit a direct influence on some 

"chemosensitive" neurons in the NTS (Silva-Carvalho, Dawid-Milner, & Spyer, 

1995). These data may therefore provide the basis for the modulatory mechanism 

through which the defence response facilitates the chemoreceptor reflex.

The studies described above have implicated the NTS as a major site of integration 

of both the baroreceptor and the chemoreceptor reflexes during hypothalamic 

defence response.

1.3. THE NUCLEUS TRACTUS SOLITARH

As noted above, the majority of the baroreceptor and chemoreceptor afferents 

conveyed to the CNS via the glossopharyngeal and vagus nerve terminate in the 

vicinity of the NTS. This region therefore forms the primary medullary centre for 

multisynaptic cardiovascular reflexes and is richly connected with virtually all CNS 

areasinvolved in cardiovascular control.

Subnuclear organization of the nucleus tractus solitarii

The NTS is located in the dorsomedial part of the medulla. It is made up of a 

heterogenous collection of neurons that extend rostrocaudally as a bilateral column, 

from the level of the caudal pole of the facial motor nucleus, at the pontomedullary 

junction, to obex. At this level the columns merge to form a midline structure that 

continues caudally to approximately the caudal level of the pyramidal decussation

35



(Torvik, 1956; Kalia & Sullivan, 1982).

The NTS can be divided in to a number of different cytoarchitectonie subnuclei. 

Torvik, (1956) divided the NTS into 2 subdivisions which were based on their 

relative positions to the solitary tract: the medial and lateral subdivisions. More 

recently using Nissl stained material and transganglionic transport of horseradish 

peroxidase, the NTS has been further subdivided. In the cat the commissural, 

intermediate, medial, interstitial, parvocellular, dorsolateral and ventrolateral nuclei 

have been described (Loewy & Burton, 1978). In other species, such as the rat and 

hamster, ventral and dorsal subdivisions, have additionally have been proposed 

(Kalia & Sullivan, 1982; Whitehead, 1990).

The caudal most extent of the NTS is composed of the commissural NTS 

subdivision. Dorsoventrally this region occupies the area between the central canal 

and area postrema. Dorsomedial to the solitary tract is the medial NTS subnucleus. 

It is the most prominent and largest of the subnuclei of the NTS (Kalia & Sullivan, 

1982). Lateral to this area, interposed between the medial NTS and the solitary 

tract is a compact cluster of large cells forming the intermediate subnucleus 

(Herbert, Moga & Saper, 1990). Within this subnuclei Ross, Ruggiero & Reis 

(1985) have described an additional small group of neurons which they termed the 

central subnucleus. Immediately ventral and ventrolateral to the solitary tract lie the 

ventral and ventrolateral subnucleus respectively, (Kalia & Sullivan, 1982). Lateral 

and dorsolateral to the border of solitary tract are the interstitial and dorsolateral
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subnuclei of the NTS (Kalia, Fuxe, Hokfelt, Johansson, Lang, Ganten, Cuello & 

Terenius, 1984), however, only the latter region is prominent throughout the 

rotrocaudal extent of the NTS complex (Kalia & Sullivan, 1982). Finally, the 

parvocellular division of the NTS is located medial to the medial NTS, at the same 

level as the central subnucleus (Herbert et al. 1990).

Afferent projections o f the baroreceptor and chemoreceptor fibres

Until the last decade relatively little was known of the organization of baroreceptor 

and chemoreceptor afferent inputs into the CNS. The termination of these afferent 

fibres has been the focus of many investigations and the application of 

electrophysiological, anatomical and molecular biological techniques has enabled 

a detailed picture of the central projections of the sinus and aortic nerves to be 

mapped.

The afferent fibres originating in the baroreceptor and chemoreceptor afferents are 

not homogenous; they range from unmyelinated to medium sized myelinated fibres 

(Fidone & Sato, 1969). Further, the aortic and sinus nerves do not exclusively 

convey baroreceptor or chemoreceptor afferent information. Since in most species 

these nerves carry mixed afferent fibres with similar diameters, it has been difficult 

to locate specific regions within the CNS that receive an input specifically from 

one type of receptor. In the rat and rabbit however, the aortic nerve carries 

exclusively baroreceptor afferent fibres (Wallach & Loewy, 1980; Sapru, Gonzalez 

& Krieger, 1981), thus allowing the mapping of the termination sites of the aortic
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baroreceptor afferent fibres.

For almost a century it has been recognised that the NTS is the primary recipient 

of aortic and carotid sinus baroreceptor afferent fibres in the cat. With the use of 

more recent procedures such as autoradiographic and horseradish peroxidase 

techniques and antidromic mapping studies the topographical organization of these 

afferent fibres within the NTS have been mapped in more detail (Loewy & Burton, 

1978; Ricardo & Koh, 1978: Donoghue, Garcia, Jordan & Spyer, 1982; Donoghue, 

Felder, Jordan & Spyer, 1984; Spyer, Donoghue, Felder & Jordan, 1984). The 

majority of the earlier investigations examining the projections of the two buffer 

nerves were carried out in the cat (Grill & Reis, 1968; Ciriello & Calaresu, 1981; 

Donoghue et al. 1982; Donoghue et al. 1984). More recently however, attention has 

been paid to the afferent projections of these nerves in the rat. The central 

projections of these buffer nerves were identified by the application of an 

anterograde transganglionic tracer to either the aortic nerve, carotid sinus nerve, 

carotid sinus or the carotid body (Ciriello 1983; Seiders & Stuesse , 1984; Finley 

& Katz 1992; Ciriello, Hochstenbach, Roder, 1994)

The first study to examine the termination of baroreceptor afferents conveyed to 

the CNS exclusively via the aortic nerve in the rat was performed by Ciriello

(1983). Using transganglionic transport of horseradish peroxidase, Ciriello (1983) 

observed dense terminal binding in the ipsilateral, interstitial and lateral regions of 

the NTS. A similar pattern of distribution was observed following the application
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of an anterograde tracer to the aortic nerve. However, two major differences were 

evident; labelling in the interstitial NTS was rather sparse whilst that in the 

commissural NTS was extremely dense (Ciriello et al. 1994).

An attempt to identify the projections of baroreceptor and chemoreceptor afferents 

conveyed in the carotid sinus nerve of the rat was initially performed by Seiders 

& Stuesse (1984). A more detailed examination was later carried out by Ciriello 

et al. (1994) with cholera-toxin conjugated horseradish peroxidase. Labelling was 

observed in the medial NTS and more caudally in the lateral, ventrolateral and 

interstitial subnuclei. This was particularly prominent at levels caudal to the area 

postrema. In addition, a few fibres projected to the area postrema, nucleus 

intercalactus, the dorsal vagal motor nucleus, hypoglossal nucleus and the 

retroambiguus (Ciriello et al. 1994). Fibres projecting from the carotid sinus nerve 

display a similar regional distribution within the various subnuclei of the NTS 

complex as those originating from the carotid sinus nerve (Ciriello et al. 1994). 

Afferent fibres originating from the carotid body have also been labelled and 

shown to project almost exclusively to various subnuclei in the NTS complex 

(Finley & Katz 1992; Ciriello et al. 1994). Again, labelling was observed in the 

commissural, intermediate, interstitial and lateral subnuclei (Finley & Katz 1992; 

Ciriello et al. 1994).

These results are supported by the patterns of distribution of the protooncogene, c- 

fbs, which is expressed rapidly, transiently and polysynaptically within neurones
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in response to synaptic activation and voltage-gated calcium entry into the cell. 

Stimulation of the baroreceptor and chemoreceptor reflexes has been shown to 

evoke the production of c-fos in regions of the NTS similar to those identified 

during antidromic and tracing studies (Erickson & Millhom, 1991: Rutherfurd, 

Widdop, Sannajust, Louis & Gundlach, 1992; Chan & Sawchenko, 1994).

Ascending pathways from the nucleus tractus solitarii

Neuroanotomical studies have allowed anatomists to place together a detailed 

picture of the complex cytoarchitecture of the NTS and identify the plethora of 

connections projecting to this major visceral sensory relay nucleus. Efferent fibres 

from the NTS originating in the caudal and intermediate subdivisions have been 

shown to take an ascending course within the NTS. At different rostro-caudal 

levels, these fibres give off ventrolaterally coursing collateral branches which 

project to a number of nuclei in the lower brainstem. The most prominent of these 

projections is to the ventrolateral medulla (VLM; Ricardo & Koh, 1978; Ross et 

al. 1985; Hancock, 1988; Ter Horst, De Boer, Luiten & Van Willigen, 1989). A 

particularly dense innervation of NTS fibres is observed in three main regions of 

the VLM, all of which are important in cardiovascular control, the nucleus 

ambiguus complex, a region of the caudal VLM and the rostral VLM (RVLM). In 

the rat, the projections to the RVLM surrounds the cell bodies of neurons that 

project to the thoracic spinal cord (Ross et al. 1985).

In addition to the identification of NTS projections to the VLM, synaptic contacts

4 0



between NTS and RVLM neurons have been identified in the rat (Hancock, 1988). 

lontophoretic administration of the anterograde tracer into the intermediate portion 

of the NTS resulted in labelling of neurons in the RVLM. Moreover, using double 

labelling immunohistochemical staining it was demonstrated that these cell bodies 

contained the adrenaline-synthesizing enzyme, phenylethanolamine N- 

methyltransferase (Hancock, 1988). Thus, considering that the majority of 

phenylethanolamine N-methyltransferase positive neurons within the RVLM 

innervate the spinal cord (Jeske & McKenna, 1992), Hancock (1988) concluded 

that fibres originating in the NTS make synaptic contacts with bulbospinal cells in 

the RVLM.

Fibres from the RVLM, originating in the NTS, continue ascending through the 

brainstem into the pons where they have been shown to innervate the parabrachial 

complex (Ter Horst et al. 1989; Herbert et al. 1990). Even more rostrally, NTS 

fibres innervate the PAG, adjacent tegmentum, the central nucleus of the 

amygdala and thalamus (Ricardo & Koh, 1978; Ciriello & Calaresu, 1980; Ter 

Horst et al. 1989). The main target of NTS-forebrain efferent fibre projection is the 

periventricular nuclei of the hypothalamus (Ricardo & Koh, 1978; Ter Horst, et al,

1989). However, other regions of the hypothalamus, including the dorsomedial and 

paraventricular hypothalamic nuclei, anterior hypothalamic area (AHA) and zona 

incerta also receive a dense to moderate innervation (Ricardo & Koh, 1978; Cirello 

& Calaresu, 1980; Ter Horst et al. 1989). There is a wealth of anatomical evidence 

available showing that there are indeed reciprocal connections between the
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hypothalamus, central nucleus of the amygdala and the NTS (Ricardo & Koh, 

1978; Ross et al. 1981; Van der Kooy, Koda, McGinity, Gerfen & Bloom, 1984; 

Holstege, 1987).

Most of the ascending solitary projections are ipsilateral (Ricardo & Koh, 1978), 

however, less dense contralateral NTS projections are present which display 

identical patterns of projections to that observed on the ipsilaterally (Ricardo & 

Koh, 1978; Ter Horst et al. 1989).

NTS-Hypothalamic projections

As noted above, specific subnuclei of the NTS complex innervate the hypothalamus 

(Ricardo & Koh, 1978; Ciriello & Calaresu, 1980; Ter Horst et al. 1989). 

However, the extent of NTS innervation is not uniform, the lateral hypothalamic 

area (LHA), dorsomedial and the paraventricular subdivisions of the hypothalamus 

receive the most dense innervation, whilst the AHA, zona incerta, perifomical, 

periventricular supraoptic, and the median eminence receive only are moderate 

intensity of labelling (Ricardo & Koh, 1978; Ciriello & Calaresu, 1980; Ter Horst 

et al. 1989). In contrast, the ventromedial hypothalamus is relatively devoid of 

NTS projections (Millhouse, 1973). Such connectivity between the NTS and 

the hypothalamus strengthen the possibility that the NTS may be important in the 

modulation of the hypothalamic defence response.

There exists in the NTS a vast pool of neurotransmitters and neuromodulators.
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many of which are important in NTS mediated mechanisms of cardiovascular 

control. Very recently, evidence has began to appear that one of these 

neuromodulators might be adenosine.

! CENTRAL
1.4. A ROLE OF ADENOSINE IN/CARDIOVASCULAR CONTROL

Central administration of adenosine and analogues near brain structures involved 

in cardiovascular and respiratory control elicit important circulatory effects 

(Hedner, Hedner, Wessberg & Jonason, 1982; Barraco, Campbell, Schoener, 

Shehin & Parizon, 1987; Barraco, Janusz, Schoener & Simpson, 1990). This has 

led to the belief that adenosine may have an important neuromodulatory role in 

cardiovascular control.

Formation of Adenosine

There are three potentially different sources of adenosine formation in the 

physiological system. The dominant source of adenosine is the nucleoside 

adenosine monophosphate (AMP; Fig. 2; Schrader, Schütz & Bardenheuer,

1981) which is derived from the breakdown of ATP.

In the periphery and CNS, adenosine synthesis may be directly linked to 

neurotransmission. ATP, released as a co-transmitter or jfrom purinergic nerves 

(see Bumstock, 1986 for review) is rapidly degraded in the extracellular 

medium to adenosine by a series of ecto-enzymes (Fig. 2; Pearson, Carleton &
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Gordon, 1980; Lloyd, Lindstrôm & Fredholm, 1993; Ziganshin, Hoyle & 

Bumstock, 1994). However the ability to secrete nucleotides under physiological 

conditions appears to be restricted to a few cell types such as neurones and 

platelets (see Bumstock, 1986 for review). Altematively, adenosine production 

may also be a result of an imbalance between energy supply and demand ratio 

as seen during conditions such as hypoxia and ischaemia (Winn, Rubio &

Beme, 1981). Under these circumstances, ATP is catabolised to AMP, and as a 

consequence AMP is rapidly degraded to adenosine by 5’nucleotidase (Fig. 2.). 

Adenosine formed by this route must then exit the cell to reach extracellular 

receptor sites. Finally, adenosine may be formed from the hydrolysis of S- 

adenosylhomocysteine. This reaction is catalysed by S-adenosylhomocysteine 

hydrolase and yields adenosine plus homocysteine (Fig. 2; Schrader et al. 1981). 

The involvement of S-adenosylhomocysteine hydrolase in adenosine formation 

has not been tested in the brain and the significance of the metabolic pathway as 

a source of adenosine formation is unclear.

Inactivation o f Adenosine

The enzymes involved in the degradative process of adenosine are located 

intracellularly, therefore, adenosine must be taken up by neurones or 

neighbouring cells before it can be inactivated. It has been suggested that 

adenosine crosses cell membranes via high affinity facilitated diffusional 

nucleoside transporters which have the ability to transfer nucleosides 

bidirectionally down concentration gradients (Paterson, Lau, Dahlig & Cass,
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1980; Plagemann & Wohlhueter, 1984; Deckert, Bisserbe, Klein & Marangos, 

1988; Lee & Jarvis, 1988). Autoradiographic studies utilizing a tritiated 

nucleoside transport inhibitor, nitrobenzylthioinosine (NBI), has lead to the 

discovery of both of NBI-sensitive and NBI-insensitive sites in a number of 

different cell lines (Plagemann & Wohlheuter, 1984; Deckert et al. 1988; Lee & 

Jarvis, 1988). However, it has been proposed that a single transporter can exist 

in either a NBI-sensitive or insensitive form depending on its orientation toward 

the plasma membrane (Plagemann & Wohlheuter, 1984). Whilst it is apparent 

that other transporters exist in the CNS, probably the most dominant uptake 

mechanism in the cNTS are the NBI-sensitive uptake sites since the cNTS 

region contains the highest density of NBI-sensitive sites compared with any 

other region of the rat CNS (Bisserbe, Patel & Marangos, 1985).

Once taken up, adenosine may be phosphorylated by adenosine kinase or 

deaminated by adenosine deaminase (Fisher & Newsholme, 1984). The rates of 

phosphorylation are maximal at pmolar concentrations of adenosine and 

decrease with elevations in adenosine concentration (Fisher & Newsholme,

1984; see Nagy, Geiger & Staines, 1990 for review). Thus, under normal 

physiological conditions when adenosine levels are relatively low, adenosine is 

phosphorylated by adenosine kinase to AMP. AMP is then incorporated into the 

ATP pool or deaminated to inosine. During periods of hypoxia or ischaemia, 

when adenosine levels are known to be elevated, adenosine deaminase becomes 

active and adenosine kinase is inactivated by substrate inhibition (see Nagy et
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al. 1990 for review). Inosine formed by deamination of adenosine can either be 

degraded to hypothanxanthine by nucleoside phosphorylase or exit the intact 

cell.

In addition to these intracellular enzymes, a membrane bound adenosine 

deaminase has been described (Bielat & Tritsch, 1986) regulating, the 

concentration of adenosine at adenosine receptor binding sites (Andy & 

Komfeld, 1982; Trotta, 1982). It has been proposed that this enzyme is 

anchored to the cytoplasmic membrane by an adenosine deaminase binding 

protein (see Nagy et al. 1990 for review). However, due to the absence of this 

binding protein in rodents, an extracellular source of adenosine deaminase has 

not been identified in rats (see Nagy et al. 1990 for review)

Cellular effects o f adenosine

The mechanism of how adenosine produces it effects were first suggested by 

Sattin & Rall^who demonstrated that adenosine was a potent stimulator of 3’,5’- 

cyclic adenosine monophosphate (cAMP) in brain slices. However, in addition 

to the stimulatory effects of adenosine on cAMP production, it is now clear that 

adenosine can also inhibit adenylate cyclase and therefore decrease the cAMP 

accumulation (Dobson, Rubio & Berne, 1971; Londos & Wolff, 1977). These 

effects of adenylate cyclase may be regulated by two different adenosine 

receptor subtypes which are positively or negatively coupled to the enzyme via 

G-proteins.
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Adenosine receptors were characterised on the basis of their effect on cAMP 

formation (Van Calker, Müller & Hamprecht 1979; Londos, Cooper & Wolff, 

1980). Londos et al. (1980) termed these receptors Rj and R ,̂ whilst Van Calker 

et al. (1979) designated A, and Ag nomenclature to signify the inhibitory and 

stimulatory effects of adenosine on cAMP, the terminology still in use today.

Pharmacologically there are some differences between the responses of 

adenosine analogues on cAMP production following the stimulation of the 

adenosine A2 receptor. Moreover, there are differences in the actions of various 

agonists and antagonists at these receptors (Reddington & Lee, 1991). Thus, 

based upon the stimulatory actions of adenosine in striatal membranes and 

cerebral cortical slices, the A2 receptor was subdivided into A2̂  and A2y (Daly, 

Butts-Lamb & Padgett, 1983). The A2̂  receptor is generally considered to have 

a high affinity toward the nucleoside adenosine with discrete distribution within 

the CNS (Daly et al. 1983). In contrast, the A2b receptor has a much lower 

affinity toward adenosine (20 to 60 fold), but is ubiquitously distributed within 

the CNS (Daly et al. 1983).

Whilst cAMP is the primary second messenger involved in mediating many of 

the physiological effects of adenosine at A, and A2 receptors (Phillis & Wu, 

1981; see Dunwiddie, 1985 for review; see Snyder, 1985 for review), it has 

since been recognised that adenosine can act via cAMP-independent 

mechanisms, notably those involving phosphotidylinositol turnover (see Berridge
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& Irvine, 1989 for review) or calcium (see Berridge, 1990 for review). This is 

in accord with more recent findings that a third adenosine receptor A3 may 

exist, which is not coupled to adenylate cyclase (Ribeiro & Sebastio, 1986) and 

is present in the heart and nerve endings.

Physiological Actions of Adenosine

Evidence from a variety of sources indicates that adenosine is a potent 

neuromodulator in the CNS (see Dunwiddie, 1985 for review). 

Electrophysiological studies have demonstrated that adenosine can depress 

markedly spontaneous neuronal firing and synaptic transmission in virtually all 

brain regions (see Dunwiddie for review). However, perhaps one of the best 

characterized physiological actions of adenosine is its ability to inhibit 

neurotransmitter release. In the CNS adenosine has been shown to inhibit the 

release of a variety of neurotransmitters including dopamine (Michaelis, 

Michaelis & Myers, 1979), glutamate (Fastbom and Fredholm 1985; Prestwich, 

Forda & Dolphin, 1987), serotonin (Feuerstein, Hertting & Jackish, 1985) and 

acetylcholine (Brown, James, Reddington, Richardson, 1990; Kirkpatrick & 

Richardson, 1993). In addition, there is evidence that very high concentrations 

of adenosine in the CNS may suppress partially the release of noradrenaline 

(Jakisch, Fehr, Hertting, 1985) and GABA (Hollins and Stone, 1980). Whilst the 

exact mechanisms responsible for the inhibition of neurotransmitter release is 

unclear, the ability of adenosine to inhibit neurotransmitter release is thought to 

be mediated by the presynaptic A, receptors (Stone, 1981). In contrast, it has
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been proposed that presynaptic A2 receptors may enhance neurotransmitter 

release in the CNS (Kirkpatrick & Richardson, 1993; Mayfield, Suzuki & 

Zahniser, 1993; Castillo-Meléndez, Krstew, Lawrence & Jarrott, 1994).

Cardiovascular and respiratory effects of adenosine

Following microinjections into the lateral (Hedner et al. 1982) or 4^ ventricle 

(Barraco et al. 1987) or directly into the NTS (Barraco et al. 1990) adenosine 

and adenosine analogues have been shown to mediate potent cardiorespiratory 

effects. Thus, central injections of adenosine and analogues via any of these 

routes generally produces a dose dependent reduction in arterial blood pressure 

(Tseng, Biaggioni, Appalsamy & Robertson, 1988; Barraco, Janusz, Polasek, 

Parizon & Roberts, 1988; Barraco and Janusz, 1989; Mosqueda-Garcia, Tseng, 

Appalsamy, Beck & Robertson, 1991). This is accompanied by decreases in 

heart rate (Hedner et al. 1982; Barraco, Phillis, Campbell, Marcantonio & Salah, 

1986; Barraco et al. 1987; Tseng et al 1988; Barraco and Janusz 1989) and 

ventilation (Hedner et al. 1982; Wessberg, Hedner, Hedner, Persson & Jonasson, 

1985; Barraco and Janusz 1989; Barraco et al. 1990).

Respiratory effects

Central injections (see above) of adenosine can elicit a fall in ventilation via an 

action at either the A, and A2 adenosine receptors, however, it has been 

proposed that the most potent effects are in fact mediated following the 

activation of the A2y receptor subtype (Barraco, El-Ridi, Ergene & Phillis,
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1991). The exact mechanism through which adenosine elicits these effects is 

unclear. However, it is feasible that adenosine may play a neuromodulatory role 

in the dorsal respiratory groups of the NTS, particularly in the cNTS, at the 

level of the caudal tip of the area postrema, which is known to have a co

existence of respiratory related neuronal elements (Barraco et al. 1991). It has 

been postulated that the intracellular cAMP levels of intrinsic pools of 

respiratory neurons in the NTS may influence respiratory frequency and 

breathing patterns by affecting the excitability of the intemeuronal network 

and/or other pools of inspiratory neurons under phasic inhibition (Barraco et al.

1990). This is further supported by fact that the adenosine A, receptors mediate, 

at least in part, the respiratory depression elicited during hypoxia (Richter, 

Bellingham & Schmidt, 1992).

Cardiovascular effects

It has long been recognised that intracerebroventricular administration of 

adenosine or analogues into the lateral (Hedner et al. 1982; Barraco et al. 1986) 

or fourth ventricle, (Barraco et al. 1987) elicits a marked hypotension and 

bradycardia. It was suggested initially that these effects were mediated by 

structures adjacent to, or within the ventricular cavities, or by an action in the 

area postrema, which has been proposed to play a role in central cardiovascular 

control (Ferguson, 1991). Identical responses have since been elicited following 

injections into discrete regions of the cNTS (Barraco et al. 1988; Tseng et al, 

1988; Mosqueda-Garcia et al. 1991) the area postrema (Tseng et al. 1987) and
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the RVLM (Thomas & Spyer, 1996).

Activation of either the A, or ^ 2  ̂ receptors in the cNTS evokes consistently a 

bradycardia, a response that is abolished by pretreatment Avith an A2a, but not 

A,, antagonist (Barraco, et al. 1991). These data suggest that the heart rate (HR) 

response is indeed mediated by an A2a-like receptor. Alternatively, selective 

activation of either the A, or A2̂ receptors in the cNTS, elicits opposite blood 

pressure responses (Barraco & Phillis, 1991; Barraco et al. 1991). Specifically, 

stimulation of adenosine A, receptors evokes a dose-dependent increase in blood 

pressure and pulse pressure whilst selective activation of the adenosine A2̂  

receptor evokes a fall in blood pressure and pulse pressure (Barraco & Phillis, 

1991; Barraco et al. 1991). It has been proposed that these receptors are located 

on nerve terminals projecting to, or on the pre-synaptic nerve terminals, in the 

NTS (Barraco et al. 1991), however, the mechanisms mediating these response 

are yet be elucidated.

More recently Thomas & Spyer (1996) have demonstrated that microinjections 

of adenosine into the RVLM can evoke potent haemodynamic responses. The 

type of response elicited by adenosine is thought to be dependent upon the site 

of administration. Injections of adenosine into rostral areas of the RVLM have 

been shown to elicit modest pressor responses, whilst injections at more caudal 

sites consistently evokes a depressor response (Thomas & Spyer, 1996). In 

contrast to the observations made in the NTS, adenosine had little effect on
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heart rate. In accord with Barraco et al. (1991), it is feasible that adenosine is 

modulating two different adenosine receptors in the RVLM, ie Aj and A2, in 

order to evoke the opposite blood pressure responses, however, there is currently 

no experimental evidence to support this hypothesis.

Given that adenosine produces the above effects on the cardiovascular system 

following injections into the cNTS, the possibility exists that adenosine may 

play a role in modifying the baroreceptor reflex. This is strengthened by the fact 

that the first synapse of baroreceptor afferents is in the NTS complex (see 

Spyer, 1981, for review). Recent studies have addressed this issue but the results 

obtained are controversial. In the rat, Mosqueda-Garcia et al. (1991) proposed 

that adenosine facilitates the baroreceptor reflex by an action at adenosine 

receptors in the cNTS whilst Dawid-Milner, Silva-Carvalho, Goldsmith &

Spyer, (1994) suggested that the baroreceptor reflex in the cat was in fact 

attenuated by adenosine A, receptors within the CNS. Thus, the difference in 

these two studies may be attributed to the activation of different adenosine 

receptor subtypes within the CNS. In addition, Dawid-Milner et al. (1994) 

reported that the chemoreceptor reflex was augmented by the A, antagonist. 

Dawid-Milner et al. (1994) reported that the chemoreceptor reflex was 

augmented by the A, antagonist.

Whilst these observations in the cat were made following the systemic 

administration of the drug, it has been proposed that the modulation of these
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reflexes occurs at sites within the CNS since a purely peripherally acting 

adenosine antagonist was ineffective at modifying these reflexes (Dawid-Milner 

et al. 1994).

As described above, adenosine has been established as a major neuromodulator 

in the CNS (see Dunwiddie, 1985 for review) and in particular, has been shown 

to modulate both the baroreceptor and chemoreceptor reflex. Indeed, the 

elevation in arterial blood pressure elicited during HDA stimulation, which is 

partially mediated by changes in the sensitivity of these reflexes, is attenuated 

by the intravenous administration of an adenosine antagonist (Dawid-Milner et 

al. 1994). Thus, the effect of adenosine on these reflexes resemble the changes 

in baroreceptor and chemoreceptor sensitivity observed during the defence 

response (Section 1.3.). It was therefore hypothesised that adenosine Aj 

receptors may play a role in mediating the cardiovascular changes evoked 

during HDA stimulation.

1.5. AIMS

As noted above, a wide range of environmental and emotional factors can alter 

the cardiovascular and respiratory systems in a powerful way. These changes are 

often mediated by the local release of a variety of neurotransmitters and 

neuromodulators. There is a growing body of evidence to suggest that adenosine 

may be one of many neuromodulators involved in this process. This study was
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therefore designed to determine if adenosine was important in mediating the 

cardiovascular changes elicited during the hypothalamic defence response in the 

rat. These data might provide insight into the possibility that adenosine can 

modulate reflexes important in cardiovascular control under conditions of stress.

The initial experiments were performed to examine if adenosine A, receptors 

were involved in the expression of the cardiovascular responses elicited during 

HDA stimulation in the rat, and to determine if any effects were due to an 

action at adenosine receptors located within the peripheral or central nervous 

system.

Given that the possibility existed that adenosine might be acting centrally in 

regions known to be important in cardiovascular control, it was necessary to 

examine the exact location of these receptors in the medulla and forebrain. 

Whilst the distribution of adenosine A, receptors in the CNS has received much 

attention over recent years, the majority of the studies utilised radiolabelled A, 

agonists which frequently fail to identify low affinity receptor binding sites. 

Therefore, a selective radiolabelled adenosine A, antagonist, which would 

identify such sites, was employed in combination with in vitro autoradiography.

Having established that regions of the medulla involved in cardiovascular 

control contain A, binding sites, microinjections of adenosine and specific 

adenosine antagonists were then made into regions of the medulla which are
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known to be important in regulating cardiovascular activity and mediating the 

cardiovascular responses elicited during HDA stimulation. As such, particular 

attention was paid to the possible involvement of the cNTS. In addition, the 

source of adenosine formation in the NTS, involved in mediating the 

cardiovascular changes associated with the defence response, was investigated.

55



FIGURE 1.

Sagittal section of the rat brain illustrating the location, and the pathways 

mediating, the defence response. PVN - paraventricular nucleus; HDA - 

hypothalamic defence area; AMG - amygdala; PAG - periaquiductal grey; PB - 

parabrachial nucleus; KF - Kolliker Fuse nucleus; VLM - ventrolateral medulla; 

NTS -nucleus tractus solitarii; DVN - dorsal vagal motor nucleus.
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FIGURE 2

Pathways of adenosine formation and metabolism. Aden, adenosine; AK, 

adenosine kinase; AD, adenosine deaminase; ATP, adenosine triphosphate;

ADP, adenosine diphosphate; AMP, adenosine monophosphate; ecto-5’-nucleo, 

ecto-5’-nucleotidsase; N, nucleoside transporter; SAH, S-adenosylhomocysteine- 

hydrolase; SAM, S-adenosylmethionine
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CHAPTER 2 

GENERAL MATERIALS AND METHODS
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2.1 GENERAL MATERIAL and METHODS

All experiments were carried out on male Sprague Dawley rats (300 -300g). 

Anaesthesia was induced initially by an intraperitoneal injection of sodium 

pentobarbitone (Rhone-Merioux, 60 mg kg'*). Anaesthesia was then maintained 

throughout the experiment by intravenous bolus doses of a-chloralose (BDH 

Chemicals, 10-20 mg kg'*). At all times during surgery the depth of anaesthesia 

was assessed by the absence of a withdrawal of the paw and changes blood 

pressure and HR recordings to a paw pinch.

Once anaesthetised the animal was transferred onto the operating table. The 

right femoral artery was cannulated with polythene tubing (Portex; ID=0.58mm, 

OD=0.96mm) filled with heparinised saline (15 unit heparin/ml saline). The 

cannula was advanced until the tip was in the descending aorta. Arterial blood 

pressure was measured from this cannula via a pressure transducer (Neurolog, 

Digitimer; frequency response, ) connected to a pressure amplifier

(Neurolog, Digitimer, NL108). The right femoral vein was cannulated with a 

saline filled vinyl cannula (Portex; ID=0.63mm, OD=0.80mm) for the 

administration of drugs and supplementary anaesthetic. Steel needles were 

placed in the left forepaw and right hindpaw, and the electrocardiogram (EGG) 

signal recorded via a Neurolog pre-amplifier and filter (Digitimer). HR was 

derived off-line from the R-R interval of the recorded BCG. Rectal temperature 

was monitored with a thermistor and maintained at 37±1°C by a servo-
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For the purpose of this thesis sites in the hypothalamus were considered to 

represent the HDA on the basis of a pressor response, a tachycradia and an 

increase in femoral blood flow (when recorded) being evoked on electrical 

stimulation in the hypothalamus.



controlled heating blanket (Harvard). The trachea was exposed below the larynx 

and cannulated using a steel cannula. The animal’s head was fixed in a 

stereotaxic head frame. A mid-line incision was made through the skin of the 

skull and the surface of the skull exposed. Immediately rostral to bregma a 

0.5mm diameter burr hole was drilled over the right hemisphere slightly lateral 

to midline. A concentric bipolar electrode (SNE 100, Rhodes Medical 

Electrodes) was orientated into the right hypothalamus (2mm rostral from 

bregma, 1mm lateral from midline and 7-10mm ventral from the surface of the 

brain, as determined using the stereotaxic atlas of Paxinos and Watson 

(1986)). The hypothalamus was stimulated electrically through the electrode 

with a isolated stimulator (Digitimer) controlled by a pulse generator 

(Digitimer) at 1msec pulses, 50 - 200pA at lOOHz for 5sec. The HDA was 

confirmed on the basis of the characteristic cardiovascular response observed in 

the rat evoked on electrical stimulation as described by Yardley and Hilton 

(1986). At the end of each experiment stimulation sites within the HDA were 

marked by means of an electrolytic lesion. This was accomplished by passing a 

500 ijlA  DC current through the stimulating electrode for 10-20s.

An incision was made in the skin around the right scapula. The cutaneous 

muscle overlying the scapula was cauterised so that the scapula could be 

retracted partially. The acromiotrapezius and spinotrapezius muscle on the right 

side were cauterised and a crocodile clip attached to the scapula to fully retract 

the scapula. The phrenic nerve can be found running parallel to the vertebral
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column as it travels caudal to the thoracic cavity. The nerves of the brachial 

plexus were cut and retracted to reveal the phrenic nerve. The nerve was 

isolated and cleared of connective tissue, cut peripherally, the central end 

wrapped around a silver bipolar recording electrode and covered with paraffin 

oil.

The animals were allowed to breathe spontaneously until approximately 20 min 

prior to data collection, at which point they were paralysed with gallamine 

triethiodide (4 mg kg'’ i.v, supplemented with 3 mg kg ’ h ’) and ventilated 

artificially (Harvard Rodent ventilator, model Number 683) with 02-enriched 

air. From this point onwards a stable level of blood pressure, HR and phrenic 

nerve activity (where recorded) were used to confirm adequacy of anaesthesia. 

The tracheal pressure was measured via a pressure transducer (Neurolog, 

Digitimer). End tidal CO2 was monitored continuously using a fast response 

CO2 analyser (Analytical Development Company Ltd), and maintained in the 

range of 4-5% by adjusting respiratory frequency.

Arterial blood pressure, tracheal pressure, E.C.G and CO2 were sampled at a 

rate of 600 Hz and displayed on a computer screen using a computer simulated 

chart recorder, CHART (CED), via a \AÇi\Plus (CED) interface.

Arterial blood gases were examined at the beginning of each experiment. 

Ventilation was then adjusted such that the arterial blood gases were within 

physiological limits (Pa02 lOOmmHg; PaC02; pH 7.4).
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2.2. HISTOLOGY

After each experiment the hypothalamus was examined histologically to identify 

the exact site of stimulation. The skull was carefully removed with ronguers, the 

brain taken out and fixed in 10% formal saline containing 30% sucrose (which 

acts as cryoprotectant). The brain was cut at the level of the hypothalamus, 

mounted on filter paper and frozen with the aid of dry ice. Serial SOjum coronal 

sections were cut on a freezing microtome, mounted onto subbed microscope 

slides (dipped into a solution of 1.25g gelatin and 124mg chrome alum in 250 

ml distilled water) and left to dry.

The sections were dipped in neutral red for 1 min, rinsed in distilled water and 

then taken through a series of alcohols (70% through to absolute alcohol) for 

dehydration. The slides were cleared in three solutions of histoclear for 45 min 

in total and coverslipped. The sections were examined under a light binocular 

microscope for the identification of stimulation sites within the hypothalamus.
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CHAPTER 3

THE EFFECTS OF INTRAVENOUS ADMINSTRATION OF 

ADENOSINE ANTAGONISTS ON THE 

CARDIOVASCULAR RESPONSE EVOKED UPON 

HYPOTHALAMIC DEFENCE AREA STIMULATION

6 5



3.1. INTRODUCTION

As mentioned in the general introduction, the cardiovascular changes associated 

with the alerting stage of the defence response are partly mediated by the 

attenuation of the baroreceptor reflex (Hilton, 1963; Coote, Hilton & Perez- 

Gonzalez, 1979) and facilitation of the chemoreceptor reflex, (Hilton & Joels, 

1965; Silva-Carvalho et al. 1993). Evidence has accumulated to suggest that 

these responses are mediated by synaptic interactions at the level of the NTS 

(McAllen 1976; Mifflin et al. 1988; Silva-Carvalho et al. 1993). Indeed, 

suppression of the baroreceptor reflex is specifically mediated by activation of 

GABA^ receptors located within the NTS (Jordan et al. 1988). Moreover, it 

appears that intrinsic NTS GABA-containing neurones mediate these effects (see 

Spyer, 1994 for review).

Preliminary studies in the cat have illustrated that the intravenous administration 

of adenosine A, antagonists, which acts both peripherally and within the CNS, 

can augment the baroreceptor reflex and attenuate the chemoreceptor reflex 

whilst purely peripherally acting adenosine antagonist are ineffective (Dawid- 

Milner et al. 1994). Thus, it seems reasonable to suggest that adenosine released 

at sites within the CNS would elicit influences on these reflexes resembling the 

changes in the reflex efficacy observed during HDA stimulation (see Silva- 

Carvalho et al. 1993). Further, this might imply that adenosine released in the 

CNS may play a role in the cardiovascular components of the defence response.
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Indeed, Dawid-Milner et al. (1994) have demonstrated an involvement of 

adenosine Aj receptors in the pressor response evoked during stimulation of the 

HDA in the cat.

To test this hypothesis this present study examines the effect of intravenous 

administration of two very different adenosine receptor antagonists, 8- 

Cyclopentyl,-l,3,-dipropylxanthine (DPCPX) and 8-(p- 

sulphophenyl)theophylline (8-SPT), on the cardiovascular changes associated 

with the defence response in rats. DPCPX is a potent adenosine receptor 

antagonist with approximately 700 fold selectivity for the adenosine Aj receptor 

over the A2 receptor (Lohse, Klotz, Lindenbom-Fotinos, Reddington & 

Schwabe, 1987). It is a highly lipophilic drug and as a consequence its action is 

not only confined to the peripheral nervous system, but has access to the CNS, 

through its ability to cross the blood brain barrier (Thompson, Haas &

Gahwiler, 1992). Unlike DPCPX, 8-SPT is a polar drug and as a result its 

action is confined to the peripheral nervous system and tissues (Daly, 1982). 

Therefore, a comparison of the influence of these antagonists on the HDA 

stimulation would determine whether adenosine is involved in this response in 

the rat and further, if any effect is mediated by peripheral or central adenosine 

A, receptors.
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3.2. METHODS

Experiments were conducted on 32 male Sprague Dawley rats (300 -350g). In 

each animal arterial blood pressure, tracheal pressure, end tidal CO2 and ECG 

were recorded as described in Chapter 2. For these experiments the animals 

head was fixed in a stereotaxic head frame with the skull in a level position.

In order to further characterise the hypothalamic defence response, hindlimb 

blood flow was measured in 3 animals. The left femoral artery was exposed and 

the paw ligated so that blood flow to hindlimb skeletal muscle was recorded 

predominantly. Blood flow was measured by placing an electromagnetic flow 

probe (1.5mm circumference) around the left femoral artery. The probe was 

connected to a square wave electromagnetic flowmeter (Carolina Medical 

Electronics Inc, Model 501)). A zero signal was obtained at regular intervals 

throughout the experiment by brief occlusion of the artery distal to the flow 

probe with a pair of small curved forceps. The flow probe was later calibrated 

in vitro using constant flow perfusion. Femoral blood flow (FBF) was displayed 

in CHART on a computer screen via a 1401/7/w.s (CED).

Drugs

The following drugs were used: DPCPX and 8-SPT (Research Biochemicals 

International) and Ethanol (BDH Chemicals).
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3.3. PROTOCOL

Cumulative intravenous dose response curves to DPCPX and Ethanol

Control responses to HDA stimulation were characterised (see Chapter 2) prior 

to the administration of the first dose of DPCPX. In 7 animals each dose of 

DPCPX was administered slowly over a period of 5 min into the femoral vein 

and the cannula flushed with an equivalent volume of saline. Doses of DPCPX 

administered were 0.3, 0.7 and 2 mg kg‘* dissolved in final volumes of 0.03, 

0.06 and 0.2 ml. Due to the insolubility of DPCPX in saline/aqueous base, 

DPCPX was dissolved in absolute ethanol. The effect of DPCPX on the defence 

response was tested 5 min after the completion of administration of each dose 

of the drug. Doses of DPCPX were administered at 12 min intervals, which was 

sufficient to allow pressure to return to pre-stimulus resting values.

Since DPCPX was dissolvediin absolute ethanol, which in itself could evoke 

changes in cardiovascular parameters, (Zhang, Abdel-Rahman & Wooles, 1989; 

Sun & Reis, 1992) appropriate control measurements to ethanol application 

were performed. The volume of ethanol administered (0.03, 0.06 and 0.2 ml) 

was identical to that required to dissolve the various doses of DPCPX. In this 

group of animals (n=7), cumulative doses of ethanol were administered 

intravenously and its effect on the blood pressure and heart rate responses 

evoked on HDA stimulation examined using an identical protocol to that 

described for DPCPX.
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Intravenous bolus injection of DPCPX, ethanol and 8-SPT

In a third group of animals (n=12), the effect of a single intravenous bolus dose 

of DPCPX (3 mg kg'% dissolved in 0.25 ml ethanol) and ethanol (0.25 ml) on 

the defence response was assessed. Control responses to HDA stimulation were 

performed prior to drug administration. Ethanol was injected slowly into the 

femoral vein over a period of 5 min and the cannula flushed with an equivalent 

volume of saline. A 5 min period was allowed following drug administration 

before a subsequent stimulation of the HDA was performed. The effect of 

DPCPX on the defence response was then examined in the same animals using 

an identical protocol. In 3 of these animals femoral blood flow was measured as 

described above.

In the fourth group of animals (n=6), the effect of 8-SPT was assessed for its 

effects on the HDA stimulation using an equivalent protocol to described above. 

Thus, a single intravenous bolus dose of 8-SPT (20 mg kg'% dissolved in 0.4M 

NaOH and distilled water, final volume 0.20 ml), was injected slowly into the 

femoral vein 5 min prior to a subsequent stimulation of the HDA.

Histology

At the end of each experiment the stimulation sites within the hypothalamus 

were lesioned electrolytically and examined histologically (see Section 2.2). 

Statistical analysis was only undertaken after histological data had been 

obtained.
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3.4. ANALYSIS OF DATA

Experimental variables (eg arterial blood pressure, ECG and COj) were 

monitored on a computer screen using a computer simulated chart recorder, 

CHART (Spike2; CED). Information was conveyed to the computer via a 

lA^XPlus interface (CED).

Data were analysed off-line using a SPIKE2 data analysis software program 

(CED). HR was calculated from the R-R interval of the recorded ECG using the 

LEVELS4 and BASICS program in SPIKE2 data analysis (CED).

Stimulation of the HDA for 5sec resulted in a biphasic pressor response. The 

initial increase in arterial blood pressure observed during HDA stimulation was 

usually followed by a more prolonged elevation in pressure following the 

cessation of stimulation. Therefore changes in mean arterial pressure (MAP) 

were divided into a primary and a secondary phase. The primary phase was 

considered to be the peak change in MAP observed during the 5 sec stimulation 

period of the HDA. The secondary phase of the response was calculated as the 

peak rise in MAP which occurred 5-15 sec after stimulation had ceased.

Stimulation of the HDA also resulted in a tachycardia and an increase in 

femoral blood flow. The changes in HR were taken at the same time point as 

the blood pressure measurements (see above). Femoral blood flow (FBF) was
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measured as the peak change in flow observed during the defence response and 

femoral vascular conductance (FVC) calculated by dividing FBF by MAP at this 

time point.

Statistical analysis

All data presented as mean ± standard error of the mean (SEM). The variables 

analysed statistically include MAP, HR, FBF and FVC. Baseline values for all 

variables were taken immediately before the stimulation of the HDA. The effect 

of cumulative doses of ethanol on baseline values and on the evoked changes in 

MAP and HR were analysed using repeated measures of analysis of variance 

(ANOVA), with post-hoc Dunnett correction test for multiple comparisons. The 

effects of cumulative doses of DPCPX on baseline variables and the changes in 

MAP were compared to the effects of the appropriate vehicle control at matched 

time intervals by Student’s unpaired t-test. Baseline values and the evoked 

changes observed in MAP and HR were compared before and after a single 

dose of drug by means of a Student’s paired t-test. In all cases differences were 

considered different when p<0.05.

3.5. RESULTS

The intravenous administration of cumulative doses of ethanol and DPCPX had 

no effect on resting MAP except at the maximum doses; ethanol (2 ml) and 

DPCPX (2 mg kg"’), reduced significantly resting MAP from 100.3 ± 8.9
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mmHg to 93.0 ± 10.5 mmHg and 88.8 ± 4.6 mmHg to 78.5 ± 5.8 nunHg, 

respectively (Table 1). In addition, the maximum dose of ethanol significantly
bpM

increased resting HR by 27.0 ± 17.^ In contrast, cumulative doses of DPCPX 

had no effect on resting heart rate (Table 1).

Stimulation of the HDA elicited a biphasic increase in MAP (Figs. 3, 8 & 11). 

The blood pressure response invariably consisted of a sharp rise in blood 

pressure, which appeared with within one or two seconds of stimulation of the 

HDA and usually reached a maximum within the 5 sec stimulation period (Figs. 

3, 8 & 11). This was followed by a more prolonged elevation in pressure which 

lasted up to approximately 30 sec (Figs. 3, 8 & 11). The peak of the secondary 

response was often greater than the peak of the primary response. The pressor 

response was accompanied by a tachycardia and when monitored, an increase in 

FBF (Fig. 11). On a few occasions however, cessation of stimulation of the 

HDA resulted in a bradycardia.

Intravenous cumulative doses of ethanol and DPCPX

Cumulative intravenous doses of DPCPX (actual doses 0.3 - 2.0 mg kg'^) 

induced a dose dependent decrease in the magnitude of both the primary and 

secondary increases in mean MAP (Figs. 3, 4 & 5). A level of significance was 

reached during both phases of the pressor response at doses of 0.7 mg kg ' and 

2.0 mg kg ' of DPCPX (Figs. 3, 4 &  5). Conversely, DPCPX had little effect on 

the magnitude of the evoked tachycardia observed during either phase of the
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response (Figs. 3, 6 & 7). In contrast to the effects of DPCPX, ethanol had no 

effect on the magnitude of changes in any variable evoked upon HDA 

stimulation (Figs. 3, 4, 5, 6 & 7).

Intravenous bolus administration of DPCPX, Ethanol or 8-SPT

The bolus administration of ethanol (2.5 ml, i.v.), DPCPX (3 mg kg’*, i.v.) and 

8-SPT (20 mg kg’*, i.v) had no effect on the resting cardiovascular variables 

measured in these rats (Table 1).

The bolus administration of ethanol, unlike the DPCPX, failed to alter the 

magnitude of any component of the cardiovascular response to defence area 

stimulation (Figs. 8, 9 & 10). Similarly, a bolus dose of 8-SPT (n=6) had no 

effect on the magnitude of the MAP or HR changes elicited upon HDA 

stimulation (Figs. 8, 9 & 10). However, in 12 rats the administration of DPCPX 

reduced significantly both the primary and secondary increases in MAP by 

—26.2 ± -4.7 mmHg and -24.6 ± -7.4 mmHg respectively (Figs. 8 & 9). In 

contrast, DPCPX had no effect on the amplitude of the accompanying 

tachycardia (Figs. 8 & 10). However, in 3 animals a bolus dose of DPCPX 

failed to alter the magnitude of either the pressor responses (49.7 ± 6.4 vs 52.7 

±5.6  mmHg) or tachycardia (50.3 ± 5.0 vs 50.0 ± 2.0 bpm) elicited on the 

defence area stimulation.

In the 3 animals in which femoral blood flow was measured, stimulation of the
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-ProkA
HDA elicited a marked increase in FBF ^ .1  ± 0.04 to 2.3 ± 0.2 ml min ), and

FVC ^018 ± 0.0052 b  0.022 ± 0.0054 ml m in' mmHg'; Fig. 11). The

subsequent intravenous administration of DPCPX had no significant effect on
bo &.q±0 3

the magnitude of either the increase in FBF (4.52 + O.Ol&ml m m ') or FVC 
pX>rvAO-OlSi  O'Oiv.3 t o

(0.0267 ± 0.0197 ml m in' mmHg'; Fig. 11).

Histological analysis

Location of stimulation in the hypothalamus sites were identified according to 

the co-ordinates of Paxinos & Watson (1986).

Histological analysis of the coronal sections of the hypothalamus, revealed that

all but 3 of the stimulation sites were in the vicinity of the ventromedial

hypothalamic nucleus (VMH) and the anterior hypothalamic area (AHA), -2.30

to -1.80 mm caudal from the interaural line (Fig. 12), overlapping the HDA as

defined by Yardley and Hilton, (1986). The remaining 3 sites were found to be

ventral to the HDA -2.30 to -2.12 mm caudal from the interaural line (Fig. 12). 
la

It was^these 3 animals in which DPCPX failed to augment the defence response 

despite these regions evoking changes in blood pressure and heart rate similar to 

those observed during HDA stimulation (ie, a rise in MAP and HR). These 

results were not included in the statistical evaluation of the action of adenosine 

antagonists on the response induced by the stimulation of the HDA.
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3.6. DISCUSSION

In the present study two distinctly different adenosine receptor antagonists were 

used to determine a role, if any, for adenosine A, receptors in the pressor 

response evoked on HDA stimulation in the rat.

Stimulation of the HDA elicited a biphasic pressor response accompanied by a 

tachycardia and increase in FBF (see General Discussion). The intravenous 

administration of DPCPX attenuated significantly the magnitude of both 

components of the evoked pressor response with little effect on the amplitude of 

the evoked tachycardia and FBF. Conversely, the application of ethanol, and 8- 

SPT, an A,/A2 antagonist with a restricted peripheral site of action (Daly 1982), 

was ineffective in modifying the cardiovascular components of the hypothalamic 

defence response. Although 8-SPT is a broad spectrum adenosine antagonist, its 

Kj values indicate that it has a higher affinity for the A, than A2 receptor (Kj 

2630nM and 15,300nM respectively; RBI Handbook 1993), thus it is attractive 

to speculate that 8-SPT antagonised a higher proportion of adenosine Aj 

receptors than A2. The absence of any effect of 8-SPT on the pressor response 

and the ability of DPCPX to significantly attenuate the response, suggests that 

adenosine A, receptors are involved in the pressor response evoked during HDA 

stimulation but that they are located in the CNS.

In 3 animals DPCPX was found to be ineffective in modulating the response
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evoked upon stimulation of the HDA. Stimulation of these sites elicited a 

similar pattern of response to that evoked on stimulating in the HDA, however, 

histological analysis revealed them to be located more ventrally than the limits 

of the HDA. Indeed, Yardley & Hilton (1986) also observed stimulation sites in 

the hypothalamus which on electrical stimulation elicited cardiovascular and 

respiratory responses similar to those seen during the "true" defence response, 

but deviated away from the classic response in one or more of the many 

variables they recorded. Since DPCPX was ineffective at these sites, this 

implies, but does not prove, that the significant effects of DPCPX observed in 

this study are linked specifically to the pathways descending from the HDA.

These present experiments required careful control since the DPCPX was 

dissolved ethanol, which on its own could evoke changes in cardiovascular 

parameters (Zhang, Abdel-Rahman & Wooles, 1988; Zhang et al. 1989; Sun and 

Reis, 1992). However, in these experiments ethanol, in equivalent doses to those 

used as a vehicle, had little effect on resting levels of either MAP or HR (see 

General Discussion). The results of the present study suggest that adenosine A, 

receptors located in the CNS are important in modulating the pressor response 

evoked on HDA stimulation. The aim of the next series of experiments was to 

further investigate the role of central adenosine A, receptors in the defence 

response by studying the effects of centrally administered DPCPX on the 

hypothalamic defence response.
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Table 1

Baseline levels of mean arterial pressure (MAP) and heart rate (HR) before and 

after the intravenous administration of I) cumulative doses and II) bolus doses 

of ethanol and DPCPX. Asterisks indicate a significant difference between 

resting MAP before and after ethanol; ** p<0.01 

D Cumulative doses:

MAP (mmHg) HR (bpm)

Control] (n=7) 100.33 ± 8.98 321.00 ± 17.02

Ethanol (0.03 ml) 101.33 ± 10.20 326.00 ± 16.73

Ethanol (0.06 ml) 99.00 ±11.82 328.33 ± 16.21

Ethanol (0.20 ml) 93.00 ± 10.48 ** 348.00 ± 17.73

Control (n=7) 95.17 ± 7.68 320.50 ± 8.47

DPCPX (0.3 mg kg ') 92.00 ± 8.52 318.00 ± 7.56

DPCPX (0.7 mg kg ') 89.67 ± 9.38 317.00 ± 8.00

DPCPX (2.0 mg kg ') 88.00 ± 9.15 321.00 ± 11.46

ID Bolus doses:

Control (n=12) 96.44 ± 6.12 362.67 ± 12.99

Ethanol (2.5ml) 91.78 ± 8.56 366.89 ± 12.14

Control 92.56 ± 6.93 356.00 ± 19.15

DPCPX (3.0 mg kg ') 90.33 ± 10.54 372.33 ± 14.39

Control (n=6) 91.83 ± 5.67 309.30 ± 8.40

8-SPT (20.0 mg kg ') 95.50 ± 6.68 311.33 ± 10.10
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FIGURE 3

Original traces illustrating the heart rate (bpm) and blood pressure (mmHg) 

responses evoked by stimulation of the HDA for 5 sec (as indicated by solid 

line) before and after cumulative intravenous doses of ethanol (0.03-0.25 ml) 

and DPCPX (0.3-3 mg kg').
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FIGURE 4

Mean primary increase in MAP evoked upon HDA stimulation before and after cumulative intravenous 
doses of ethanol and DPCPX. Each column indicates mean sem. Asterisks indicate significant 
difference in the increase in MAP between DPCPX and its appropriate vehicle control; * p<0.05 &
** p<0.01; Con - Control
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FIGURE 5
Mean secondary increase in MAP evoked upon HDA stimulation before and after cumulative 
intravenous doses of ethanol and DPCPX. Each column indicates the mean sem. Asterisks 
indicate significant difference in the increase in MAP between DPCPX and it appropriate 
vehicle control; * p<0.05 & ** p<0.01; Con- Control
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FIGURE 6
Mean primary increase in HR evoked upon HDA stimulation before and after 
cumulative intravenous doses of ethanol and DPCPX.
Each comlumn indicates mean sem. Con - Control
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FIGURE 7
Mean changes in the secondary increases in HR evoked upon HDA stimulation before and after 
cumulative doses if ethanol and DPCPX.
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FIGURE 7
Mean primary and secondary increase in MAP evoked upon HDA stimulation before and after 
an intravenous bolus dose of ethanol, DPCPX and 8-SPT. Each column indicates mean 
sem. Asterisks indicate significant difference in the increase in MAP between DPCPX and 
its appropriate vehicle control ; * p<0.05 & ** p<0.01
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FIGURE 8

Original traces illustrating the heart rate (bpm) and blood pressure (mmHg) 

response evoked by stimulation of the HDA for 5 sec (as indicated by solid 

line) before and after an intravenous bolus dose of 8-SPT (20 mg kg'^) and 

DPCPX (3 mg kg').
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FIGURE 9
Mean primary and secondary increase in MAP evoked upon HDA stimulation before and after
an intravenous bolus dose of ethanol, DPCPX and 8-SPT. Each column indicates mean  ̂
sem. Asterisks indicate significant difference in the increase in MAP between DPCPX and its 
appropriate vehicle control ; * p<0.05 & ** p<0.01
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FIGURE 10
Mean primary and secondary increase in HR evoked upon HDA stimulation before and after 
an intravenous bolus dose of ethanol, DPCPX and 8-SPT. Each column indicates 
mean sem.

Control DPCPX (3 mg kg'^)
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FIGURE 11

Original traces illustrating the heart rate (bpm), hindlimb blood flow (ml m in') 

and blood pressure (mmHg) response evoked by stimulation of the HDA for 5 

sec (as indicated by solid line) before and after an intravenous bolus dose of 

DPCPX (3 mg kg ').
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FIGURE 12

The distribution of histologically determined sites from which cardiovascular 

responses to HDA stimulation were elicited. The sections were taken from a 

level 7.20 to 6.70 mm rostral from interaural line. CA3 - Ammons horn; AHA - 

anterior hypothalamic area; F - fornix; VMH - ventromedial hypothalamus. 

Stimulation sites where responses were attenuated by:

•  cumulative doses of DPCPX (0.3 - 3 mg kg ')

■ cumulative doses of ethanol (0.03 - 0.25 ml) 

o bolus dose of DPCPX (3 mg kg ')

□ bolus dose of 8-SPT (20 mg kg ') 

a evoked response unaffected by DPCPX
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CHAPTER 4

THE EFFECTS OF INTRACEREBOVENTRICULAR 

INJECTIONS OF DPCPX ON THE CARDIOVASCULAR 

RESPONSES TO HYPOTHALAMIC DEFENCE 

AREA STIMULATION
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4.1. INTRODUCTION

The results of the previous chapter suggested a role for adenosine receptors, 

located within the central nervous system, in the cardiovascular changes evoked 

upon HDA stimulation in the rat.

The basic mechanisms responsible for the generation and maintenance of 

cardiovascular homeostasis are located within the medulla. Specific regions of 

the medulla concerned with cardiovascular regulation (eg cNTS and RVLM; see 

Spyer, 1981 for review; see Dampney, 1994 for review) have been shown to 

contain a relatively high density of adenosine A, binding sites (Bissonnette & 

Reddington, 1991) and furthermore, microinjections of adenosine and analogues 

into these regions have been shown to elicit potent cardiovascular responses 

(Barraco et al. 1988; Mosqueda-Garcia et al. 1991; Thomas & Spyer, 1996). 

These regions therefore represent potential sites of action for DPCPX in 

mediating the cardiovascular changes elicited during HDA stimulation. This 

series of experiments was designed to locate more clearly the sites of action of 

adenosine Â  receptors in the CNS that area activated during the defence area 

stimulation.

Dorsal to the medulla is the fourth ventricle. This region overlies the medulla 

throughout its rostrocaudal extent. Therefore injections of DPCPX the fourth 

ventricle would result on the activation of adenosine receptors in the medulla
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in the vicinity of the injection site. Thus, the aim of these experiments was to 

investigate the effect of injections of DPCPX, directly into the posterior portion 

of the fourth ventricle upon HDA stimulation.

4.2. METHODS

Experiments were performed on 12 male Sprague Dawley rats (300-350g). In 

each animal cardiovascular variables were measured as described in Chapter 2. 

In 7 of these animals hindlimb blood flow was measured as described in 

Chapters 3.

The stereotaxic head frame was set at a 45° angle from the horizontal plane to 

apply tension on the atlanto-occipital membrane. A midline incision from the 

shoulder to the base of the skull was made, and the levator auris, platysma and 

interscutularis muscles, overlying the atlanto-occipital membrane, were 

cauterised and removed. Any remaining connective tissue attached to the 

membrane was removed using the back of a spatula. Under a binocular 

dissecting microscope a 20/xl Hamilton syringe, held in a X-Y manipulator 

(Prior, England), was advanced toward the membrane such that the tip of the 

needle penetrated the membrane by approximately l-2mm for the subsequent 

administration of drugs.

The dose of DPCPX utilized in this study was determined from the previous
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series of experiments (Chapter 3). In order to confirm a central site of action of 

DPCPX following the administration into the fourth ventricle, the maximum 

dose of DPCPX, (0.3 mg kg'^) administered was equivalent to that shown to 

have no effect on the magnitude of the defence response when administered 

intravenously (Section 3.4.).

4.3. PROTOCOL

Cumulative doses of ethanol and DPCPX

A control response to HDA stimulation was recorded prior to drug 

administration. Cumulative doses of ethanol and DPCPX (0.01, 0.02, 0.07 and 

0.2 mg kg’’), dissolved in 8, 16, 12 and lôjLtl of ethanol respectively, were 

injected into the posterior portion of the fourth ventricle via the hole in the 

atlanto-occipital membrane using a 20/xl Hamilton syringe. The volume of 

ethanol injected was equal to volume necessary to dissolve the various doses of 

DPCPX. Cumulative doses of ethanol were slowly injected into the posterior 

portion of the fourth ventricle at a rate of 4/xl per 10 sec. A period of 5 min 

was allowed after drug administration before HDA was again stimulated. Blood 

pressure was allowed to return to pre-stimulus resting levels before a subsequent 

injection of drug was made. A period of 7 min was found to be sufficient. 

Cumulative dose response curves to DPCPX were constructed in the same 

animal using the same protocol.
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Bolus dose of ethanol and DPCPX

In a second group of animals (n=6), a control response to HDA stimulation was 

recorded prior to drug administration. Using a 25fA Hamilton syringe, a single 

bolus dose of ethanol (25/xl) or DPCPX (0.3 mg kg'^) was injected slowly into 

the fourth ventricle at a rate of 4ptl per 10 sec. 5 min was allowed after drug 

administration before subsequent stimulation of the HDA.

At the end of each experiment pontamine sky blue (FSB, 2% pontamine in 

0.5M sodium acetate dissolved in 2ml distilled water) was injected into the 

same point of the fourth ventricle in order to determine the extent of drug 

diffusion. In those animals in which a dose response curves to ethanol and 

DPCPX were constructed a maximum volume of drug administered was 16 fil 

Thus, 16/xl of PSB was injected into the fourth ventricle. In the remaining 

animals the maximum volume of drug injected was 25 /xl. Thus, 25/xl of PSB 

was injected into the fourth ventricle.

Histology

Stimulation sites within the hypothalamus were lesioned electrolytically and the 

brain was removed and lightly fixed as described previously in Section 2.2. for 

the hypothalamus. The tissue was sectioned serially, counterstained and 

examined in as described Section 2.2.
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4.4. ANALYSIS OF DATA 

Statistical analysis

All data are presented as mean ± SEM. The variables analysed statistically 

include MAP, HR, FBF and FVC. Baseline values for all variables were taken 

immediately before the stimulation of the HDA.

The changes in all variables evoked by HDA stimulation were statistically 

analysed as described in Section 3.4. The effect of cumulative doses of ethanol 

on baseline variables and on the evoked changes in MAP and HR were analysed 

using repeated measures of analysis of variance (ANOVA), with post-hoc 

Dunnett correction test for multiple comparisons. The effects of cumulative 

doses of DPCPX on baseline variables and the changes in MAP were compared 

to the effects of the appropriate vehicle control at matched time intervals by 

Student’s paired t-test. Baseline variables and the evoked changes observed in 

MAP and HR were compared before and after a single bolus dose of drug by 

means of a Student’s paired t-test. In all cases differences were considered 

different when p<0.05.

4.5. RESULTS

Effect of cumulative doses of ethanol and DPCPX on the defence response

Cumulative doses of ethanol or DPCPX, into the posterior portion of the fourth
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ventricle, had no effect on resting MAP, HR, FBF and FVC (Tables 2, 3 & 4).

The pattern of response evoked by stimulation of the HDA was identical to that 

seen in the previous set of experiments (Section 3.5.). Thus, there was a 

biphasic pressor response accompanied by a tachycardia and increase in FBF 

(Figs. 13 & 18). FVC was calculated off-line by dividing FBF by MAP. 

However, despite there being a significant increase in FBF evoked during the 

defence response (Table 3) there was a significant decrease in FVC in these 

particular animals (Table 4).

The administration of cumulative doses of DPCPX into the posterior portion of 

the fourth ventricle had no effect on the magnitude of the evoked tachycardia or 

increase in FBF (Figs. 13, 16 & 17; Table 3).

In addition, DPCPX induced a dose dependent decrease in the magnitude of the 

both the primary and secondary evoked increases in MAP following its 

administration into the posterior portion of the fourth ventricle (Figs. 13, 14 & 

15). DPCPX attenuated significantly the primary increase in MAP at cumulative 

doses of 0.07 and 0.2 mg kg'  ̂ (Figs. 13 & 14). 0.07 mg kg’* of DPCPX 

decreased the primary phase by -18.0 ± -5.2 whilst 0.2 mg kg’*

decreased it by -23.2 ± -6.5 nntni-\g (Figs. 13 & 14). The secondary phase of 

the response was reduced significantly at doses of 0.02, 0.07 and 0.2 mg kg’*
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DPCPX, by -11.9 ± -4,2, -20.7 ± -5.0 and -25.4 ± -4.6 respectively

(Figs. 13 & 15).

In contrast to DPCPX, ethanol, the vehicle, had no effect on the magnitude of 

any component of the defence response (Figs. 13, 14, 15, 16 & 17).

Effect of a bolus dose of ethanol and DPCPX on the defence response

The administration of a bolus dose of ethanol or DPCPX into the posterior 

portion of the fourth ventricle had no effect on resting MAP or HR (Table 2). 

However, DPCPX attenuated significantly the magnitude of both the primary 

and secondary increases in MAP observed during HDA stimulation (Figs. 18 & 

19). DPCPX reduced the primary phase by -25.0 ± -7.4 mmkig and the 

secondary phase by -14.8 ± -4.2 mmkig ., p<0.05 (Fig. 19). In contrast, DPCPX 

had no effect on the tachycardia (Figs. 18 & 20. Again, the vehicle ethanol, had 

an invariable effect on the evoked responses (Figs. 18, 19, & 20).

Histological analysis

Histological analysis of the serial sections of hypothalamus revealed that all 

stimulation sites were located in identical regions of the hypothalamus as that 

described previously in Section 3.5. (Fig. 21). Examination of the sections of 

brainstem illustrated that the PSB was confined to the fourth ventricle 

particularly at the level of the caudal portion medulla.
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4.6. DISCUSSION

The results from this series of experiments confirm the previous observations 

(Section 3.6) that adenosine Aj receptors, located in the CNS, are activated 

during the defence response evoked by electrical stimulation of restricted in the 

hypothalamus. These results suggest that the adenosine A, receptors involved in 

mediating the defence response are indeed located within the medulla, in the 

vicinity of the posterior portion of the fourth ventricle.

Stimulation of the HDA evokes a pattern of response which includes an increase 

in blood pressure and HR. Injections of DPCPX into the posterior portion of the 

fourth ventricle, caused a dose dependent decrease in the magnitude of the 

evoked pressor response. The threshold dose of DPCPX required to produce a 

significant attenuation of the cardiovascular component of the defence response 

following injection into the fourth ventricle was found to be ineffective when 

administered peripherally and 30 fold lower than that required to produce an 

equivalent effect following systemic administration (Section 3.5.). These 

observations, coupled with the fact that the onset of action was quite rapid, 

suggest a restricted site of action close to the point of administration. It is likely 

that DPCPX acted at loci on the surface of, or adjacent to, the fourth ventricle 

in the immediate vicinity of the injection site. Close to the point of 

administration are regions of the brainstem, such as the area postrema and the 

NTS (that extends from the level of obex to the posterior tip of the area
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postrema), which lack the blood brain barrier. As a consequence, drug 

penetration is likely to be high in these regions, thus they represent potential 

sites of action of DPCPX. Indeed, microinjections of adenosine into the area 

postrema have been shown to evoke potent cardiovascular responses (Barraco et 

al. 1988; Tseng et al. 1988). However, due to the highly lipophilic nature of 

DPCPX, we cannot rule out a site of action at other brainstem sites away from 

the point of administration. It is unlikely that DPCPX affected spinal neurons 

involved in sympathetic control since the diffusion of PSB, administered into 

the fourth ventricle at the end of each experiment, was localized primarily on 

the lateral walls and floor of the caudal portion of the fourth ventricle.

The experiments were controlled since DPCPX was dissolved in absolute 

ethanol, which in itself could cause changes in cardiovascular variables (Zhang 

et al. 1988; Sun & Reis, 1992). In this series of experiments, ethanol, when 

injected into the fourth ventricle, had no effect on resting levels of either MAP, 

HR or on the cardiovascular changes elicited during the defence response. In 

addition, DPCPX had no effect on baseline levels of MAP or HR indicating that 

adenosine is unlikely to have any tonic effects on cardiovascular activity 

through actions at adenosine Â  receptors in the vicinity of the point of 

administration.

One possible site of action of DPCPX is the NTS since this is relatively close to 

the fourth ventricle (500/xm) and microinjection of adenosine into this region
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has been shown to elicit marked cardiovascular responses (Barraco et al. 1988; 

Mosqueda-Garcia et al. 1991; Tao & Abdal-Rahman 1993). It has long been 

recognised that the NTS is a major recipient of first order baroreceptor and 

chemoreceptor afferent inputs (see Spyer, 1994 for review) and preliminary 

studies in the cat have shown that both reflexes may be modulated by the 

central action of DPCPX in that this A, antagonist appears to cause the 

facilitation of the baroreceptor reflex and the attenuation of the chemoreceptor- 

evoked pressor response (Dawid-Milner et al. 1994). Taken together these data 

implicate clearly a neuromodulatory role for adenosine in cardiorespiratory 

control exerted within the NTS.

One other site of action is the area postrema which has been proposed to play a 

role in central cardiovascular control (Ferguson & Marcus, 1988; see Ferguson, 

1990 for review) and has afferent and efferent connections to medullary and 

pontine autonomic centres, including the NTS, VLM and lateral parabrachial 

nucleus. In addition, the area postrema has afferent connections with the 

paraventricular and dorsomedial nuclei of the hypothalamus. Moreover, 

microinjections of adenosine into this region evokes cardiovascular 

responses,which include a fall in MAP and HR (Tseng et al. 1988).

Another prominent possibility as a site of action of DPCPX is the RVLM since 

the ventral surface of the medulla, in the vicinity of the VLM, was stained with 

PSB following the administration of the dye into the fourth ventricle, and
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moreover, the reticulospinal neurones in this area have been shown to receive 

direct projections from the HDA and to be excited during defence area 

stimulation (McAllen 1986a,b). It has been proposed that neurones in the 

RVLM are crucial for the maintenance of resting vasomotor tone (see Dampney, 

1994 for review). Thus, considering that DPCPX had a more profound effect 

upon the pressor response than the accompanying tachycardia elicited during 

HDA stimulation, the possibility exists that DPCPX is acting at sites within the 

RVLM. Indeed, recent work from our laboratory has indicated that adenosine 

receptors in these RVLM are important in the expression of the cardiovascular 

changes associated with the hypothalamic defence response (Thomas & Spyer, 

1996).

From the present series of experiments it is clear that adenosine Aj receptors in 

the CNS are important mediating in the pressor response evoked upon HDA 

stimulation. However, what is not clear is the exact site of location of the 

adenosine A, receptors in the CNS. The following series of experiments were 

designed in an attempt to identify the distribution of adenosine A, binding sites 

in the rat and cat medulla using the technique of in vitro autoradiography.

1 0 4



Table 2

Baseline levels of mean arterial blood pressure (MAP) and heart rate (HR) 

before and after central injections of I) cumulative doses and II) a bolus dose of 

ethanol and DPCPX into the posterior portion of the fourth ventricle. Asterisks 

indicate significance between DPCPX and its appropriate vehicle control at 

matched time intervals; * p<0.05 

D Cumulative doses:

MAP (mmHg) HR (bpm)

Control b ) 92.29 ± 4.33 330.57 ± 11.93

Ethanol (8 pi) 110.71 ± 3.52 339.43 ± 19.02

Ethanol (16pl) 98.71 ± 3.91 344.14 ± 18.76

Ethanol (12pl) 89.14 ±4.96 339.43 ± 19.68

Ethanol (16pl) 90.00 ± 5.33 350.43 ± 28.50

Control (n=. b) 92.29 ± 6.57 367.43 ± 16.31

DPCPX (0.01 mg kg ') 86.71 ± 6.49 363.29 ± 20.14

DPCPX (0.02 mg kg ') 93.00 ± 7.31 367.71 ± 18.83

DPCPX (0.07 mg kg ') 85.86 ± 7.30 357.43 ±23.31

DPCPX (0.20 mg kg ') 77.29 ± 3.87* 366.57 ± 22.74

ID Bolus dose:

Control (n  = 94.17 ± 7.14 305.00 ± 12.20

Ethanol (20pl) 88.50 ± 8.16 310.00 ±21.84

Control 91.83 ± 6.70 309.00 ± 16.60

DPCPX (0.3 mg kg ') 84.33 ± 5.30 323.67 ± 12.20
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Table 3

Baseline and evoked levels of femoral blood flow (FBF) before and after the 

stimulation of the HDA and the intracerebroventricular administration of 

cumulative doses of ethanol and DPCPX. Asterisks indicate a significant 

difference between resting and evoked levels of FBF; ** p<0.01, *** p<0.001

FBF (ml min'^)

Resting Evoked

Control 1.33 ± 0.04 1.72 ± 0.06 ***

Ethanol (8 pi) 1.31 ± 0.06 1.76 ± 0.06 ***

Ethanol (16pl) 1.31 ± 0.05 1.67 ± 0.04 ***

Ethanol (12pl) 1.28 ± 0.07 1.66 ± 0.08 ***

Ethanol (16pl) 1.30 ±0.06 1.74 ± 0.08 **

Control 1.32 ± 0.04 1.63 ± 0.07 ***

DPCPX (0.01 mg kg ') 1.31 ± 0.05 1.65 ± 0.07 ***

DPCPX (0.02 mg kg ') 1.30 ± 0.04 1.61 ± 0.07 **

DPCPX (0.07 mg kg ') 1.28 ± 0.04 1.56 ± 0.06 ***

DPCPX (0.2 mg kg ') 1.29 ± 0.30 1.56 ± 0.05 ***
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Table 4

Baseline and evoked levels of femoral vascular conductance (FVC) before and 

after the stimulation of the HDA and the intracerebroventricular administration 

of cumulative doses of ethanol and DPCPX. Asterisks indicate a significant 

difference between resting and evoked levels of FBF; * p<0.05, ** p<0.01, ***

p<0.001

FVC (ml min  ̂ mmHg ' x 100)

Resting Evoked

Control Cn-t>) 1.42 ± 0.04 1.14 ± 0.05 **

Ethanol (8 pi) 1.32 ± 0.05 1.13 ± 0.04 **

Ethanol (16pl) 1.30 ± 0.06 1.11 ± 0.04 **

Ethanol (12pl) 1.47 ± 0.09 1.09 ± 0.09 **

Ethanol (16pl) 1.50 ± 0.12 1.11 ± 0.07 **

Control Co = b) 1.52 ±0.07 1.15 ± 0.08 ***

DPCPX (0.01 mg kg ') 1.51 ± 0.06 1.15 ± 0.08 ***

DPCPX (0.02 mg kg') 1.52 ± 0.08 1.14 ± 0.08 *

DPCPX (0.07 mg kg') 1.56 ± 0.10 1.23 ± 0.10 ***

DPCPX (0.2 mg kg') 1.64 ± 0.15 1.33 ± 0.01 **
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FIGURE 13

Original traces illustrating the heart rate (bpm), hindlimb blood flow 

(ml min ’) and arterial blood pressure (mmHg) response evoked by stimulation 

of the HDA for 5 sec (as indicated by solid line) before and after the 

intracerebroventricular injections into the posterior portion of the fourth 

ventricle of 2 cumulative doses of ethanol (16pl) and DPCPX (0.02 and 0.2 mg 

kg'’ each dissolved in 16|il ethanol).
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FIGURE 14
Mean primary increase in MAP evoked upon HDA stimulation before and after cumulative 
intracerebroventricular doses of ethanol and DPCPX. Each column indicates mean sem. 
Asterisks indicate a significant difference in the increase in MAP between DPCPX and ethanol; 
* p<0.05; Con - Control
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FIGURE 15
Mean secondary increase in MAP evoked upon HDA stimulation before and after cumulative 
intracerebroventricular doses of ethanol and DPCPX. Each column indicates mean sem. 
Asterisks indicate a significant difference in the increase in MAP between ethanol and DPCPX; 
* p<0.05 & ** p<0.01; Con - Control



Primary increase in HR (bpm) Primary increase in HR (bpm)

to

Con 8 16 12 16 Con 0.01 0.02 0.07 0.2
Ethanol (pi) DPCPX (mg kg'^)

FIGURE 16
Mean primary increase in HR evoked upon HDA stimulation before and after cumulative
intracerebroventricular doses of ethanol and DPCPX. Each column indicates mean sem.
Con -Control
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FIGURE 17
Mean secondary increase in HR evoked upon HDA stimulation before and after cumulative
intracerebroventricular doses of ethanol and DPCPX. Each column indicates mean sem.
Con - Control



FIGURE 18

Original traces illustrating the heart rate (bpm) and blood pressure (mmHg) 

response evoked by stimulation of the HDA for 5 sec (as indicated by solid 

line) before and after intracerebroventricular injections of a bolus dose of 

ethanol (25 pi) and DPCPX (0.3 mg kg‘̂ ) into the posterior portion of the 

fourth ventricle.
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FIGURE 19
Mean primary and secondary increase in MAP evoked upon HDA stimulation before and after
intracerebroventricular bolus doses of ethanol and DPCPX. Each column indicates mean sem. 
Asterisks indicate a significant difference in the increase in MAP between DPCPX and its 
vehicle, ethanol; * p<0.05
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FIGURE 20
Mean primary and secondary increase in HR evoked upon HDA stimulation 
before and after intracerebroventricular bolus doses of ethanol and DPCPX.
Each column indicates mean sem.
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FIGURE 21

The distribution of histologically determined sites from which cardiovascular 

responses to HDA stimulation were elicited and attenuated by 

intracerebroventricular injections of DPCPX into the posterior portion of the 

fourth ventricle. The sections were taken from a level 6.70 mm rostral from 

interaural line. CA3 - Ammons horn; AHA - anterior hypothalamic area;

F - fornix; VMH - ventromedial hypothalamus.
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CHAPTER 5

IN VITRO AUTORADIOGRAPHY OF ADENOSINE A, 

RECEPTOR BINDING SITES IN RAT AND CAT MEDULLA

AND FOREBRAIN
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5.1. INTRODUCTION

From the previous sets of experiments (Chapters 3 & 4), it is clear that 

adenosine receptors, located within the CNS, are involved in mediating the 

pressor response evoked on HDA stimulation. However, what remains to be 

elucidated is the exact location of these receptors within the CNS.

Radioactive ligand binding studies have been used for many years to study the 

distribution of different receptors within the peripheral and CNS. Initial studies 

began in 1970 (Lefkowitz, Roth & Pastan) where the binding of radioligands 

was examined in tissue homogenates. Young & Kuhar (1979) went on to 

develop a technique of labelling receptors, with radioligands, in tissue sections 

mounted onto microscope slides. In this way it was possible to visualise the 

distribution of high and low levels of receptor binding sites in sections of tissue. 

This technique has been extensively used to study the regional distribution of a 

number of different receptors in the brain and peripheral nervous system 

(Wharton & Polak, 1993).

The first efforts to characterise adenosine receptors began in 1979 when 

Schwabe, Rifle, Puchstein & Trost, utilised the radioactive ligand,

[^H] adenosine, to identify specific adenosine binding sites in rat brain 

membranes. However, difficulties emerged due to the active metabolism of pH] 

adenosine. Future attempts in the identification of adenosine binding sites
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focused on the use of radiolabelled analogues resistant to adenosine 

metabolizing enzymes. Several tritiated and iodinated adenosine A, receptor 

agonists have since been successfully developed and proven to be useful tools 

for the identification of adenosine A, binding sites. In addition, three adenosine 

receptor A, antagonists are available as radiolabelled ligands. The binding 

properties of [^H] DPCPX makes it the most superior of the radiolabelled 

adenosine A, antagonists. The high affinity and selectivity, rapid receptor 

binding kinetics and low nonspecific binding of this ligand makes it a very 

sensitive tool in the study of adenosine A, receptors by in vitro autoradiography 

(Lohse et al. 1987; Weber, Jones, Lohse & Palacios, 1990).

This series of experiments were undertaken to localize adenosine A, receptor 

binding sites in rat and cat medulla and forebrain using the technique of in vitro 

autoradiography. [^H] DPCPX was the ligand of choice for these studies for two 

reasons, 1) points mentioned above 2) the previous functional studies utilized 

this antagonist to establish a role for adenosine A  ̂ receptors in the defence 

response.

5.2. METHODS

Four male adult Sprague Dawley rats (300-35Og) and 1 cat (2.5 kg) were used 

in this study. Both species were deeply anaesthetised by an intraperitoneal 

injection of sodium pentobarbitone (60 mg kg'’). At a level of deep anaesthesia
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the chest cavity was opened and the left ventricle of the heart punctured with a

hypodermic needle. The needle was attached via polythene tubing to an infusion
car\<u

pump for delivery of the buffers and fixative. The was sectioned to allow 

outflow of blood and perfusion solution. The animals were perfused initially 

with 30% sucrose (which acts as cryoprotectant) in 1000 ml of ice-cold 100 

mM phosphate buffer (pH 7.4) until the outflow was clear. Tissue was 

subsequently fixed with 1000ml of 0.1% formaldehyde in lOOmM phosphate 

buffer. Light fixation is suitable for autoradiography since it makes tissue easier 

to handle yet has minimal effect on receptor binding (Young & Kuhar, 1979).

The skull was removed using rongeurs and the brain and brainstem removed. 

The brain was cut at the level of the hypothalamus and the brainstem at the 

level of the pons. The tissue was frozen rapidly on dry ice and stored at -70°C 

until required.

The block of tissue was mounted in Ames OCT compound and frozen onto the 

chuck of a Brights cryostat (Cambridge rocking microtome, model FS/CS) for 

coronal sectioning. 20jnm serial sections were cut and thaw mounted onto 

washed subbed microscope slides (slides soaked overnight in a solution of 5% 

Decon, rinsed for 3 hours in deionised water). After cutting sections the slides 

were stored at -70°C until required.
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Drugs

The following drugs and solutions were used: Sucrose, Tris HCL and 

Formaldehyde (BDH Chemicals), [^H] DPCPX (New England Nuclear), 

Adenosine deaminase (Sigma Chemicals), R-N^phenylisopropyladenosine 

(Research Biochemicals International), High and low pH] microscales and 

hyperfilm [^H] (Amersham), D19 (Kodak) and Hypam (Iford).

5.3. INCUBATION OF SECTIONS

Slides were removed from the freezer and allowed to reach room temperature. 

The slide mounted sections of brainstem and hypothalamus were pre-incubated 

in 50 ml of 170 mM Tris-HCL (pH 7.4) at 25°C for 15 mins to reduce tissue 

levels of endogenous adenosine (see Fig. 22). The slides were transferred into a 

fresh incubation medium containing 50 ml of 170 mM Tris-HCL, 0.8 nM pH] 

DPCPX (specific activity 109 Ci/mmol) and 0.2 U/ml adenosine deaminase for 

90 min. Non-specific binding was assessed by incubating adjacent slides in 

O.SnM [^H] DPCPX in the presence of the adenosine A, agonist, R-PIA 

(30/xM), a specific adenosine Aj agonist). All slides were washed twice for 2 

minutes in ice-cold buffer to remove unbound ligand and reduce non-specific 

binding. Slides were then dipped in ice cold water to remove buffer salt from 

the sections and rapidly dried under a stream of cold air to minimize diffusion 

of ligand. Slides were placed tissue upwards into Ilford x-ray cassettes (24 x 

30cm) together with pH] microscales (high and low range; see Fig. 22).
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Sections were apposed to hyperfilm pH] in a dark room under safety light 

conditions. Cassettes were then wrapped in a black plastic bag and stored at 4°C 

for 14 days.

At the end of this incubation period the cassettes were allowed to equilibrate to 

room temperature and then opened under red safety light. The Hyperfilms were 

removed and developed in diluted D 19 (1:2 with tap water) for 5 minutes, 

briefly rinsed in tap water, fixed for 5 min in Hypam (diluted 1:4 with tap 

water) and rinsed for 20 min in running tap water. The hyperfilms were dried 

and examined on a light box. Representative autoradiographs were chosen and 

photographed using a Nikon Macro.

Representative slides were removed from cassettes and stained with neutral red 

for histological analysis (see Chapter 2 for detailed methods).

5.4. ANALYSIS OF DATA

In order to demonstrate specific binding of pH] DPCPX to sites within the 

brainstem and forebrain, computer-assisted densitometric analysis was 

undertaken. The autoradiographs were quantitated using a Vidas image analysis 

system (Kontron, Watford). Binding curves were generated from the high and 

low activity [^H] microscales that were co-exposed with tissue sections that had 

been incubated in pH] DPCPX. The microscales were calibrated in terms of
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nCi/mg protein (high range 98.9 - 2.9 nCi/mg protein and low range 30.5 - 1.4 

nCi/mg protein) and on processing produced images where the density was 

proportional to activity of isotope. The degree of binding was expressed in 

terms of dpm/mm^. The activity of each microscale was converted to dpm/mm^ 

by isolating individual microscale layers and counting the amount of 

radioactivity in a beta counter. The degree of binding was calculated from the 

calibration curve (dpm/mm^ vs optical density), where the highest optical 

density corresponds to the greatest degree of binding. Using this technique, it 

was possible to quantify the degree of specific binding by subtracting non

specific binding from the total binding.

Generation of colour images

In order to further demonstrate specific binding of [^H] DPCPX computer- 

assisted pseudocolour images were generated. This method measures the optical 

density of the autoradiograph and assigns predetermined colour scales to image 

density. Thus, regions with high binding are colour coded white (in the system 

used in this study), while areas with low binding are colour coded blue. Again, 

images illustrating specific binding were generated by subtraction of the non

specific binding from specific binding (Figs. 25, 26, 28 & 29).

1 2 6



5.5. RESULTS

[^H] DPCPX binding sites were identified by incubation of rat and cat medulla 

and forebrain in O.SnM [^H] DPCPX. The binding observed in these sections 

gave an indication of the total binding of this ligand to sites within the medulla 

and forebrain. Cat autoradiographs produced higher resolution images than rat. 

This observation can be attributed to the larger size of tissue sections.

Non-specific binding of the ligand was established by incubation of adjacent 

slides in pH] DPCPX in the presence of an excess of unlabelled adenosine A] 

agonist, R-PIA. The high concentration of R-PIA prevented [^H] DPCPX 

binding to adenosine A, binding sites so that residual [^H] DPCPX binding was 

to non-specific sites.

Distribution of pH] DPCPX binding sites in the medulla

In both rat and cat medulla a heterogenous distribution of [^H] DPCPX binding 

sites was observed. Examples of binding are shown in figures 23-26. Whilst 

there was generalised binding of [^H] DPCPX throughout the rat and cat 

medulla, as indicated by the density of dark grains in the autoradiographs (Figs. 

23 & 24), there was a much greater degree of binding to regions such as the 

cerebellum, VLM, hypoglossal nucleus and commissural nucleus tractus solitarii 

(cNTS; Figs. 23-26). In addition, there were regions where binding was low eg. 

trigeminal tract and rostral NTS (-4.3 to -2.80 mm caudal from the
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interaural line, Paxinos & Watson, 1986; Figs. 23-26). These observations are 

particularly striking in the cat sections where higher resolution autoradiographs 

were generated (Figs. 24 & 26). This pattern of binding was supported by the 

quantitative analysis and the pseudocolour images which illustrated that the 

highest density of binding, in both rat and cat brainstem, was to the VLM 

throughout its rostro-caudal extent, followed by the hypoglossal nucleus (Tables 

5 & 6). Intermediate levels of binding were seen in the region of the cNTS 

(-14.60 mm to -13.80 mm caudal from the interaural line; Paxinos & Watson, 

1986; Tables 5 & 6).

The degree of non-specific binding was extremely low (< 8% total binding; 

Tables 5 & 6) and in many cases it revealed autoradiographic intensities which 

could not be distinguished from film background (Figs. 23-26). This is 

particularly noticeable in Figs. 23 & 24 where the non-specific binding appears 

as a blank space or as a vague blue outline in the colour coded images (Figs.

25 & 26).

Distribution of [̂ H] DPCPX binding sites in the forebrain

Binding of [^H] DPCPX in the rat forebrain was confined mainly to the 

hippocampus and thalamus (Figs. 27, 28, & 29; Table 7). In the rat, binding to 

the thalamus was found to be uniform (Figs. 27 & 28). This was in contrast to 

the cat thalamus where high levels of binding was observed with some 

variations among the subdivisions with the ventral, ventral posterolateral and
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ventromedial thalamus nuclei exhibiting a high density of receptor binding sites 

(Figs. 27 & 29; Table 8). The absence of this pattern of binding in the rat may 

be attributed to the lower resolution of the rat autoradiographs compared with 

that of the cat. A striking feature of the rat and cat autoradiographs was the 

intense binding of [^H] DPCPX to the white matter fibre tract, the fornix (Figs. 

27-29; Tables 7 & 8). In contrast to the very high receptor density in the 

hippocampus and thalamus, the hypothalamus and habenular nucleus appeared 

virtually devoid of adenosine A, receptors in both cat and rat (Figs. 26-29; 

Tables 7 & 8). Low levels of non-specific binding were again observed in these 

autoradiographs.

Although only 1 cat and 4 rats were used in this study, the pattern of [^H] 

DPCPX binding appeared to be identical in both species (Figs. 27 & 29). In 

addition, densitometric analysis revealed that the density of binding in the rat 

brainstem and forebrain was also almost identical to that measured in the cat 

(Table 5 & 6) with the exception of the cat hypothalamus which exhibited a 

higher density of binding than the rat.

5.6. DISCUSSION

The autoradiographs generated utilizing [^H] DPCPX as a radioligand, revealed 

a widespread distribution of adenosine A, receptor binding sites throughout the 

rat and cat medulla and forebrain. Whilst many studies have been conducted
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examining the distribution of adenosine Aj receptor binding sites in the CNS, 

the majority of attempts have utilized selective adenosine A, agonists. However, 

whilst these ligands generated autoradiographs illustrating an almost identical 

distribution of A, receptors in the CNS, they were unable to label regions such 

as the fornix (Fastbom, Pazos, Probst & Palacios 1987). This difference may be 

attributed to the fact that antagonists label in addition to the high affinity sites, 

low-affmity sites, which are not always revealed by agonist ligands.

Densitometric analysis was undertaken to elucidate the levels of specific binding 

of [^H] DPCPX to sites in the medulla and forebrain. This involved subtraction, 

by computer, of non-specific binding from the total binding. Using this 

technique it was possible to quantify the amount of radioligand binding to 

various regions of tissue using calibrated radioactive standards co-exposed with 

the tissue sections. This has proved to be a useful tool, enabling a direct 

comparison of radioligand binding to different areas of tissue to be obtained. 

From the quantitative analysis it is clear that there is a higher density of A, 

binding in forebrain structures than regions of the medulla where binding was 

generally 2-3 fold lower.

In the medulla there was a ubiquitous distribution of adenosine A, receptor 

binding sites in both species. Although binding at this level was not as 

pronounced as that observed in the forebrain, there were areas of relatively high 

binding, such as the VLM and the cNTS, regions known to be involved in
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central cardiovascular control (see Spyer, 1981 for review; Bystrzycka & Nail, 

1985; see Dampney, 1994 for review). A high density of A, binding sites was 

observed throughout the rostral-caudal extent of the VLM. This was in contrast 

to the NTS where the highest density of receptor binding was confined to the 

caudal portion (-14.60 to -13.80 mm caudal from the interaural line; Paxinos & 

Watson. 1986). This suggests that any neuromodulatory effects of adenosine at 

A, receptors in the NTS is mainly restricted to the caudal portion of this 

complex.

The pattern of binding of pH] DPCPX in both the forebrain and medulla in this 

study are in accord with previous observations (Lohse et al. 1987: Weber et al. 

1990; Bissonnette & Reddington, 1991). However, what all these studies have 

failed to demonstrate is the location of these receptors with respect to the 

synapse, ie are they located pre- or postsynaptically. This is important since in 

the hippocampus, electrophysiological responses to adenosine have been shown 

to be mediated by both pre- and postsynaptic adenosine A, receptors (Hasou, 

Shoji, Gallagher & Akasu, 1992; Thompson et al. 1992). Thus it seems 

reasonable to suggest that the A, receptors identified in the medulla and 

forebrain may display a similar distribution.

Throughout this study the degree non-specific binding was extremely low and in 

many instances produced autoradiographs that could not be distinguished from 

background level. This is a well documented characteristic of pH] DPCPX and
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one of the many aspects of the ligand that makes it such a useful tool for in 

vitro autoradiography. Lohse et al. (1987) have demonstrated that when half of 

the adenosine A, receptors are saturated with [^H] DPCPX, the non-specific 

binding is only slightly above background level. Such low levels of non-specific 

binding observed with [^H] DPCPX facilitate optimal autoradiographic analysis, 

ensuring that essentially all of the visualized autoradiographs can be associated 

with specific A, receptor binding sites. In addition, this high signal to noise 

ratio makes pH] DPCPX ideal for studies of tissues with low receptor density 

such as the medulla.

Although these studies provide evidence that adenosine A, receptor binding sites 

are present in the medulla and forebrain, recent reports have suggested that 

DPCPX may also bind to the adenosine A3 receptor (Oliveira, Sebastiao & 

Ribeiro, 1991). However, there is a large difference in the affinity of DPCPX 

for the A] and A3 adenosine receptors. DPCPX has been shown to inhibit the 

binding of pH] R-PIA in rat membranes in a biphasic manner, with a 27-fold 

higher affinity for the adenosine A, site than the adenosine A3 site (Oliveira et 

al. 1991). Therefore, DPCPX has a much higher affinity for the A, binding site 

than the A3 subtype (Kj value of <0.5nM for the A, site compared with a value 

of 13.5 nM for the A3 site; Lohse et al. 1987; Oliveira et al. 1991). Thus, 

considering that the concentration of [^H] DPCPX used to characterise A, 

receptors in this study (0.8 nM) is below the affinity constant of DPCPX for the 

second binding site (13.5 nM) the pattern of binding of pH] DPCPX displayed
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in this study is an indication of the distribution of adenosine Aj receptors in the 

medulla and forebrain of the rat and cat. These findings are in accord with 

Bissonette & Reddington (1991) and Weber et al. 1990 who demonstrated an 

almost identical pattern of distribution of adenosine A, receptors in the sheep 

medulla and rat forebrain respectively.

In conclusion, the results of the present study demonstrate the autoradiographic 

localization of relatively high levels of [^H] DPCPX binding sites in the CNTS 

and VLM, and extremely low levels of binding in the hypothalamus. It is 

feasible that adenosine is modulating the evoked pressor response observed on 

HDA stimulation by an interaction with adenosine Aj receptors at the level of 

the CNTS and/or the VLM since both these regions are important in central 

cardiovascular control. To this end the next series of experiments were 

designed, and the effect of microinjection of adenosine into discrete regions of 

the CNTS on the defence response investigated.
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Table 5

[^H] DPCPX binding in the rat medulla as determined by densitometric analysis: Values expressed in terms of dpm xlOOO per mm^ derived

from co-exposed microscales.

Total binding Non-specific

binding

Total minus 

non-specific

No. of 

counts

Cerebellum 32.92 ± 4.71 5.33 ± 1.17 27.59 ±4.15 n=74

Caudal NTS 17.26 ± 4.24 6.82 ± 1.08 13.01 ± 3.89 n=45

Rostral NTS 12.91 ± 3.10 6.38 ± 6.60 8.23 ±2.85 n=36

Hypoglossal nucleus 18.46 ±4.19 4.60 ± 1.08 13.82 ± 3.75 n=79

VLM 20.14 ±4.01 5.05 ± 2.06 15.09 ± 3.72 n=72

Trigeminal tract 9.35 ±3.54 4.40 ± 1.55 4.94 ±2.61 n=78



Table 6

[^H] DPCPX binding in cat medulla as determined by densitometric analysis: Values expressed in terms of dpm xlOOO per mm^ derived

from co-exposed microscales.

Total binding Non-specific

binding

Total minus 

non-specific

No. of 

counts

U)
Ln

Cerebellum 27.16 ±4.02 2.29 ± 0.95 24.93 ± 4.09 n=33

Caudal NTS 9.01 ± 1.56 1.89 ± 0.31 7.13 ± 0.30 n=12

Rostral NTS 6.84 ± 1.41 1.69 ± 0.51 5.16 ± 1.52 n=22

Hypoglossal nucleus 14.74 ± 4.22 1.88 ± 0.64 12.79 ± 4.03 n=33

VLM 15.73 ± 3.17 1.79 ± 0.47 13.94 ± 3.17 n=33

Cunaete nucleus 9.35 ± 3.54 1.88 ± 0.49 9.86 ±2.11 n=17



Table 7

[^H] DPCPX binding in rat forebrain as determined by densitometric analysis: Values expressed in terms of dpm XlOOO per mm^ derived

from co-exposed microscales.

Total binding Non-specific

binding

Total minus 

non-specific

No. of 

counts

Wm

Hippocampus 53.95 ± 17.44 5.68 ± 1.92 48.26 ± 17.43 n=65

Thalamus 39.22 ± 16.60 5.73 ± 1.58 33.49 ± 16.06 n=67

Habenular nucleus 11.63 ± 3.88 5.53 ± 1.10 6.10 ± 3.71 n=47

Fornix 18.41 ± 8.37 4.35 ± 1.56 14.06 ± 7.87 n=57

Hypothalamus 8.76 ± 2.78 4.42 ± 1.39 4.29 ± 2.34 n=37



Table 8

[̂ H] DPCPX binding in cat forebrain as determined by densitometric analysis: Values expressed in terms of dpm XlOOO per mm^ derived

from co-exposed microscales. VPL - ventral posterolateral; Thai - thalamus.

Total binding Non-specific

binding

Total minus 

non-specific

No. of 

counts

H
LO

VPL Thai. 44.19 ± 8.60 3,36 ± 1.56 40.76 ± 8.76 n=24

Ventromedial Thai. 40.45 ± 6.50 3.53 ± 1.79 36.92 ± 1.79 n=24

Ventral Thai. 36.67 ± 6.72 3.43 ± 1.50 33.37 ± 7.05 n=24

Habenular nucleus 11.74 ± 1.38 3.33 ± 1,61 8.40 ± 2.35 n=21

Fomix 21.26 ± 5.04 2.94 ± 1.19 17.40 ± 6.11 n=23

Hypothalamus 15.85 ± 2.77 3.19 ± 1.27 12.66 ± 3.06 n=19



FIGURE 22

Diagram of the experimental protocol for the autoradiographical experiments.
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FIGURE 23

Black and white autoradiographs showing the regional distribution of pH] 

DPCPX binding sites in caudal (-14.60 mm caudal from interaural line) and 

rostral (-13.24 mm caudal from interaural line) sagittal sections of rat medulla. 

Images illustrate the total (TOT) and non-specific (NSB) binding sites of [^H] 

DPCPX within the brainstem nuclei. Solid line indicates 1 mm. AP - area 

postrema; HYP - hypoglossal nucleus; NTS - nucleus tractus solitarii; SP5 - 

spinal trigeminal nucleus; RV/CV - rostral/caudal ventrolateral medulla.
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FIGURE 24

Black and white autoradiographs showing the regional distribution of pH] 

DPCPX binding sites in caudal (3.60 mm rostral from the pyramidal 

decussation) and rostral (5.60 mm rostral from the pyramidal decussation) 

sagittal sections of cat medulla. Images illustrate the total (TOT) and non

specific (NSB) binding sites of pH] DPCPX within the brainstem nuclei. Solid 

line indicates 2 mm. VLM - ventrolateral medulla; NTS - nucleus tractus 

solitarii.
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FIGURE 25

Pseudo coloured images generated by an image analyzer showing the regional 

distribution of pH] DPCPX binding sites in the caudal (-14.60 mm caudal from 

interaural line) and rostral (-13.24 mm caudal from interaural line) sagittal 

sections of rat medulla. Images illustrate the specific (SPEC; total (TOT) minus 

non-specific (NSB)), TOT and NSB binding pH] DPCPX to sites within the 

brainstem nuclei. Densities derived from [^H] microscales co-exposed with 

incubated slide mounted sections. White shows the structures with the highest 

density (H) and the blue the lowest (C).
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FIGURE 26

Pseudo coloured images generated by an image analyzer showing the regional 

distribution of pH] DPCPX binding sites in the caudal (3.60 mm rostral from 

the pyramidal decussation) and rostral (5.60 mm rostral from the pyramidal 

decussation) sagittal sections of cat medulla. Images illustrate the specific 

(SPEC; total (TOT) minus non-specific (NSB)), TOT and NSB binding pH] 

DPCPX to sites within the brainstem nuclei. Densities derived from [^H] 

microscales co-exposed with incubated slide mounted sections. White shows the 

structures with the highest density (H) and the blue the lowest (C).
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FIGURE 27

Black and white autoradiographs showing the regional distribution of [^H] 

DPCPX binding sites in sagittal sections of cat and rat forebrain. Images 

illustrate the total (TOT) and non-specific (NSB) binding sites of [^H] DPCPX 

within the brainstem nuclei. F - fornix; Hypo - hypothalamus;

Hippo -hippocampus; Thai - thalamus.
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FIGURE 28

Pseudo coloured images generated by an image analyzer showing the regional 

distribution of pH] DPCPX binding sites in the caudal (5.40 mm rostral from 

the interaural line) and rostral (6.70 mm rostral from the interaural line) sagittal 

sections of rat forebrain. Images illustrate the specific (SPEC; total (TOT) 

minus non-specific (NSB)), TOT and NSB binding [^H] DPCPX to sites within 

the brainstem nuclei. Densities derived from [^H] microscales co-exposed with 

incubated slide mounted sections. White shows the structures with the highest 

density (H) and the blue the lowest (C).
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FIGURE 29

Pseudo coloured images generated by an image analyzer showing the regional 

distribution of [^H] DPCPX binding sites in the caudal and rostral sagittal 

sections of cat forebrain. Images illustrate the specific (SPEC; total (TOT) 

minus non-specific (NSB)), TOT and NSB binding pH] DPCPX to sites within 

the brainstem nuclei. Densities derived from [^H] microscales co-exposed with 

incubated slide mounted sections. White shows the structures with the highest 

density (H) and the blue the lowest (C).
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CHAPTER 6

THE EFFECTS OF MICROINJECTIONS OF ADENOSINE 

INTO THE CNTS ON THE CARDIOVASCULAR 

RESPONSE TO HYPOTHALAMIC DEFENCE AREA

STIMULATION
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6.1. INTRODUCTION

The experiments described thus far have provided evidence in favour of a role 

for central adenosine Aj receptors, located within the medulla, in the 

cardiovascular response elicited upon HDA stimulation (Chapters 3 & 4).

Indeed, there are a number of regions in the medulla that contained relatively 

high concentrations of adenosine A, binding sites and therefore represent 

potential sites of action for DPCPX, eg. CNTS and VLM (Chapter 5).

The aortic depressor and carotid sinus nerves are involved in the relay of 

baroreceptor and chemoreceptor afferent information to central sites that control 

circulation (Spyer, 1975; Lipski, McAllen & Spyer, 1977; see Spyer, 1981 for 

review). The NTS has been demonstrated to be the primary recipient of both 

baroreceptor and chemoreceptor afferents (Lipski et al. 1977; Spyer, 1981 for 

review; see Jordan & Spyer, 1986 for review). Indeed, with the use of modem 

techniques such as electrophysiology and immunocytochemistry, the lateral and 

medial NTS complex, throughout its rostrocaudal extent have been demonstrated 

to receive a dense innervation from baroreceptor afferents (see Spyer 1981 for 

review; Ciriello, 1983). In addition, the commissural NTS has been shown to 

richly innervated by baroreceptor afferents (Ciriello et al. 1994).

There is a wealth of evidence to suggest that the sensitivity of the baroreceptor 

reflex can be modulated under a variety of conditions. During the defence
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response the baroreceptor reflex has been shown to be suppressed (Hilton, 1963; 

Coote et al. 1979), a reaction that is mediated by a GABAergic 

hyperpolarization at the level of the NTS (Jordan et al. 1988). In contrast, 

microinjections of adenosine into the caudal portion of the NTS augments the 

baroreceptor reflex (Mosqueda-Garcia, Tseng, Appalsamy & Robertson, 1989). 

Thus, considering that the hypothalamic defence response inhibits the 

baroreceptor reflex at the level of the NTS and adenosine augments this reflex 

by an action within this complex, it is attractive to speculate that adenosine Aj 

receptors located within the cNTS may be involved in modulating the pressor 

response evoked upon HDA stimulation.

This hypothesis was investigated in the present study by examining the effect of 

microinjection of adenosine into the cNTS on cardiovascular activity in this area 

and on the hypothalamic defence response.

Given that rat brainstem contains, besides the hypothalamus, the highest levels 

of adenosine deaminase activity (Yamamoto, Geiger, Daddona & Nagy, 1987) 

and the cNTS, contains the highest density of adenosine uptake sites of any 

region of the rat brain (Bisserbe, Patel & Marangos, 1985) it is plausible that 

adenosine is rapidly taken up by the high affinity uptake sites and metabolized 

by adenosine deaminase (see Snyder, 1985 for review; see Meghji & Newby, 

1990 for review) prior to its interaction with extracellular adenosine receptors. 

To examine this, intra-NTS injections of adenosine were repeated in the
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presence of the uptake inhibitor dipyridamole.

6.2. METHODS

Experiments were performed on 35 male Sprague Dawley rats (300-350g). In 

each animal cardiovascular variables were measured as described in Chapter 2 

and hindlimb blood flow was recorded in 15 animals as described in Chapter 3. 

The position of the HDA was determined and stimulated as described in Chapter 

2 .

The head was fixed and the atlanto-occipital membrane exposed as described in 

Chapter 4. The membrane was dissected from the base of the skull and 

removed, thus exposing the medulla at the level of bregma.

Preparation of Seven-Barrel Electrodes for Pressure Injection

Electrodes were made from 7 pieces of filamented glass capillary tubing (Clark 

Electromedical Instruments, ID= 0.86mm, 0D=1.5mm, Length 100mm) fitted 

and glued into 2 brass collars. The electrodes were pulled in a vertical puller 

(Narishige Scientific Instruments Labs, Japan). During the first stage of pulling, 

the glass was heated and allowed to drop approximately 2mm. The glass was 

twisted 290°, allowed to cool and then pulled again. The tip of both top and 

bottom electrodes were viewed under a binocular microscope (fitted with a 

graticule) and broken back with watchmaker forceps to a tip diameter of 60-
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lOfim (hence each barrel was approximately lOpim). The barrels of the non

tapered end were gently heated and splayed for the administration of drugs into 

individual barrels. The centre barrel was filled with molten metal for electrical 

stimulation. The metal used was an equal mixture by weight of Woods metal 

(BDH Chemicals Ltd.) and Indium pellets (Aldrich Chemicals Co. Inc.) which 

were heated to their combined melting points (70°C) and then drawn into 

polythene tubing (ID=0.63mm, 0D=1.4mm). On cooling, the tubing was 

removed and 1cm length of metal cut and placed into the central barrel of the 

electrode. Using a piece of tinned annealed copper wire the metal was pushed as 

close to the tip of the central barrel as possible. The metal was gently melted on 

a heated hot plate and pushed through the tip of the central barrel. The wire was 

fused into the metal and the electrode checked for electrical conductivity.

Preparation and microinjection of drugs

Drugs used were DL-Homocysteic acid (DLH, 100 mM, for chemical 

stimulation; Sigma), adenosine (10 nM; Sigma), dipyridamole (100 nM; 

Research Biochemicals International), artificial cerebrospinal fluid (ACSF, for 

vehicle) and FSB (for histology).

All drugs were dissolved in ACSF, composed of 120 mM NaCl, 1.25 mM 

MgSo^, 2.5 nM CaCl2, 25 mM NaHCO^, llm M  D-glucose (all drugs from BDH 

Chemicals) and 3 mM KCl (Sigma) dissolved in 21 of glass distilled water. The 

osmolarity of the solution was adjusted to 325 mOsmoles, using 4M NaCL, and
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pH of the solution adjusted to 7.4 using 0.1 M hydrochloric acid. Dipyridamole 

was initially dissolved in 2ml of absolute ethanol (BDH Chemicals) and further 

diluted in ACSF to give a final concentration of 100 nM.

The drugs were filtered and each barrel of the microelectrode was half filled

with solution so that the meniscus could be viewed under the microscope. Once

the electrode was placed into the holder (Prior, England), plastic tubing was

fitted tightly over the end of each barrel and attached to the outlet of a

pneumatic pump module (PPM2) of a Neurophore system. Pressure was

generated by attaching the input of the module to a nitrogen cylinder. The

pressure used to expel drugs, (between 15-25 psi) and the ejection time (0.5

seconds) was regulated using the manual regulator on the module so that the

volume of drug ejected was precisely controlled. The drugs were injected in 1-8

cycles with 1 second between each cycle.

Drugs were injected over a period of 15 sec.

It was possible to calculate the volumes of drugs injected by measuring the 

movement of the fluid meniscus through a microscope fitted with a graticule 

(viewed at x30 magnification). The graticule was calibrated to a known volume 

in the electrode using the formula Tir̂ h, where r=intemal radius of the glass 

capillary and h=height of fluid equivalent to one division of the graticule at x30 

magnification. Therefore each division of the graticule, viewed at x30 

magnification, was equal to 50 nl so that every time the fluid moved one 

division on the graticule it was equivalent to 50 nl of drug being injected. Drugs
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In order to ascertain if cell bodies were present in the vicinity of the electrode 

tip an excitatory amino acid analogue DLH was injected into the cNTS.



were injected in final volumes of 50 nl.

6.3. PROTOCOL

Sterotaxic co-ordinates were employed to locate the cNTS (Paxinos & Watson, 

1986). The microelectrode was advanced toward the surface of the medulla into 

the region of the cNTS; co-ordinates, Q.3-0.4 mm lateral from midline, 0.3-0.5 

mm anterior-posterior from the caudal tip of the area postrema and 0.3-0.8 mm 

ventral from the surface of the brainstem. The cNTS was stimulated electrically 

using an isolated stimulator connected to a Digitimer DlOO (20-50jLtA, 0.1 ms 

pulse width at 100 Hz; Digitimer). The position of the multibarrelled electrode 

was adjusted within the cNTS until a change in MAP was evoked upon 

stimulation. At these sites, microinjections of DLH (100 mM in 50nl) were 

made. If no response was observed with DLH, the electrode was moved to 

another point within the cNTS and tests repeated again. A period of 30 min was 

allowed between injections of DLH. Identical volumes of ACSF (50 nl) were 

injected into the same sites of the cNTS as a vehicle control.

Microinjections of adenosine

Microinjections of adenosine (50 nl, 10 nM; n=28) were then made into the 

cNTS at sites responsive to electrical and DLH stimulation. At these sites the 

effects of adenosine on the hypothalamic defence response was also tested. The 

HDA was stimulated as described in Chapter 2 before and 30 sec after
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microinjections of adenosine.

Microinjection of dipyridamole and adenosine

In a different group of animals (n=7), a similar experimental procedure was 

used to study the effects of adenosine (50 nl, 10 nM) on the cardiovascular 

activity when injected after microinjections of the uptake inhibitor dipyridamole 

(50 nl, 100 nM).

Thus, microinjections of adenosine (10 nM, 50 nl; n=7) were made into the 

cNTS. After a period of 15 minutes, microinjections of the adenosine uptake 

inhibitor, dipyridamole (100 nM, 50 nl), were made into identical sites. A 

period of 5 min was then allowed following the administration of dipyridamole 

before subsequent injections of adenosine were made into these sites.

Histology

Electrolytic lesions were made within the HDA by passing 500/i.A dc current 

through the electrode (see Chapter 2). A volume of PSB (50 nL) was injected 

into the cNTS at the end of each the experiment to mark the injection sites in 

the cNTS. The brain was removed, fixed, sectioned serially, counterstained and 

examined as described in Section 2.2. Statistical analysis was only undertaken 

upon completion of histological analysis.
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6.4. ANALYSIS OF DATA

The hypothalamic defence response was analysed as described in Sections 3.4.

& 4.4. Responses to electrical and DLH stimulation, and the effects of 

adenosine, in the presence and absence of dipyridamole, were measured as the 

peak blood pressure response. Measurements of HR and FBF were taken at a 

similar time point as the blood pressure measurements. F VC was calculated as 

described in Section 3.4.

Statistical analysis

All data are presented as mean ± SEM. Baseline values for all variables were 

taken immediately prior to a stimulation. Peak values of all variables during 

electrical or chemical stimulation were compared to baseline values by Student’s 

paired t-test. Baseline values of all variables were compared before and after 

microinjections of adenosine by Student’s paired t-test. Due to variability in 

results of the effects of adenosine in the presence and absence of dipyridamole, 

these responses could not be analysed statistically (see Results, Section 6.5.).

The changes in all variables evoked by hypothalamic stimulation were analysed 

statistically as described in Section 3.4. The HDA-evoked changes before and 

after adenosine were compared using Student’s paired t-test. In all cases, p<0.05 

was considered to represent a significant difference.
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6.5. RESULTS

Electrical stimulation of sites within the cNTS (n=35) produced increases in 

MAP (30.0 ± 2.9 mmHg) and HR (11.2 ± 2.1 bpm; Fig. 30). Electrical 

stimulation tended to evoke an increase in FBF, however, the mean values 

(n=35) revealed no overall change in flow (Fig. 30; Table 9) but a consequent 

fall in F VC, indicative of a hindlimb vasoconstriction (Table 10).

Microinjections of DLH at the same sites (n=35) within the cNTS evoked 

decreases in MAP (9.1 ±1.2  mmHg) with little change in HR (Fig. 30; Table 

9). DLH tended to decrease FBF (Fig. 30) and increase FVC, however, the 

mean data (n=35) indicated no significant change in either parameter (Table 9). 

Microinjections of the vehicle, ACSF, had no observable effect on any of the 

variables measured (Fig. 30; Tables 9 & 10), thus confirming that any changes 

in cardiovascular activity observed following the administration of adenosine 

into the cNTS is mediated solely by the action adenosine and not the vehicle 

ACSF.

Microinjection of adenosine

The effect of a single dose of adenosine (10 nM) on cardiovascular activity was 

examined following microinjections into the cNTS. Two patterns of 

cardiovascular response were elicited. At 8 sites microinjections of adenosine 

produced an increase in MAP (mean increase, +7.4 ± +1.5 mmHg), which was
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sustained for approximately 1-2 minutes (Fig 31; Table 9). The rate of onset 

and the magnitude of the response was variable and ranged from 15-40 seconds 

and 5-16 mmHg respectively. In contrast, adenosine had no significant effect of 

on HR, FBF or FVC (Fig. 31; Table 10).

At a further 10 sites, microinjections of adenosine evoked a decrease in MAP 

(mean decrease, -9.2 ± -1.9 mmHg; Fig 31; Table 9) which was sustained for 

approximately 1-2 min. The rate of onset and magnitude of response was 

variable and ranged between 15-40 seconds and 5-24 mmHg respectively. 

Adenosine occasionally evoked a fall in HR and FBF, however the pooled data 

(n=10) for each variable indicated no mean change (Tables 9 & 10), Similarly, 

at these 10 sites, adenosine had no effect on FVC (Table 10).

At an additional 9 sites, microinjections of a single dose of adenosine (10 nM) 

into the cNTS had no effect on any variable measured (Tables 9 & 10).

Effects of adenosine on the hypothalamic defence response

Electrical stimulation of the HDA evoked a pattern of response identical to that 

observed in the previous set of experiments (Chapters 3 & 4). Thus, there was a 

biphasic pressor response accompanied by a tachycardia, an increase in FBF and 

a small decrease in FVC (Fig. 32; Table 11).

Microinjections of adenosine into regions of the cNTS which produced an
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increase in MAP (see above), augmented the pressor response evoked upon 

HDA stimulation (Fig. 32 & 33). Specifically, at 8 sites adenosine augmented 

both the primary and secondary increases in MAP observed during the defence 

reaction by 9.2 ± 1.2 and 6.3 ± 2.0 mmHg respectively (Figs. 32 & 33). 

Moreover, microinjections of adenosine at the 10 sites in the cNTS which 

evoked depressor responses (see above), also augmented the primary and 

secondary increases in MAP evoked upon HDA stimulation by 7.4 ± 1 .6  and 

6.9 ± 1.1 mmHg respectively (Fig. 34). In contrast, adenosine had no effect on 

the magnitude of the accompanying tachycardia, FBF or FVC to HDA 

stimulation (Figs. 33 & 34; Table 11) at any these sites.

Microinjection of adenosine and dipyridamole

In a 2"̂  group of animals (n=7) microinjections of adenosine evoked a pattern of 

cardiovascular responses that were similar to that described above. Specifically, 

at 3 sites microinjections of adenosine evoked a fall in MAP (-6.3 ± -1.4 

mmHg; Fig. 35). Conversely, at a further 2 sites microinjections of adenosine 

evoked an increase in MAP (+5.5 ± +1.1 mmHg; Fig. 36). Adenosine 

occasionally evoked changes in HR and FBF however, the pooled data indicated 

no mean changes. Adenosine had no effect on FVC at any of these 5 sites. In 

addition, at a further 2 sites, microinjections of adenosine had no effect on any 

variables measured.

Microinjections of dipyridamole had no effect on resting levels of any
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cardiovascular parameters recorded. Repeat microinjections of adenosine into 

sites pretreated with the adenosine uptake inhibitor, dipyridamole (100 nM), 

elicited two general patterns of response (Figs. 35 & 36). Specifically, at sites 

where a depressor response was previously observed following microinjections 

of adenosine, a subsequent dose of adenosine in the presence of dipyridamole 

either reversed or augmented the blood pressure response (from -7.0 ± -3.1 to 

+8.0 ± -2.0 mmHg; Fig. 35).

In contrast, at sites where microinjections of adenosine alone evoked a pressor 

response, subsequent microinjections of adenosine into dipyridamole treated 

sites augmented this pressor response (from 5.5 ± 1.5 to 10.0 ± 3.0; Fig. 36). 

Interestingly, at the 2 sites where microinjections of adenosine failed to elicit a 

response, microinjections of adenosine in the presence of dipyridamole had no 

effect.

Histological analysis

Histological analysis revealed that all sites from which depressor or depressor 

responses to adenosine were elicited lay inside of the boundaries of the cNTS (- 

13.80 to -14.60 mm caudal from the interaural line), there was no anatomical 

difference between the sites eliciting a pressor or depressor response (Fig. 37). 

Of the 6 sites from which adenosine failed to elicit a response 3 lay in the 

cNTS (-13.80 to -14.30 m caudal from the interaural line) whilst the remainder 

were found to lie in the dorsal motor nucleus (n=2; -13.8 to -14.08 mm caudal
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from the interaural line) and the hypoglossal nucleus m(n=l; -14.8 mm caudal 

from the interaural line; Fig. 37). All the sites at which microinjections of 

dipyridamole were made were located within the cNTS (Fig. 37)

Analysis of the location of stimulation sites within the hypothalamus indicated 

that they fell into the regions of the hypothalamus previously described in 

Section 3.4 & 4.4; Fig. 38).

6.6. DISCUSSION

These data indicate that adenosine receptors located in the cNTS are effective in 

mediating two distinct haemodynamic responses and more importantly, 

augmenting the cardiovascular response evoked upon HDA stimulation.

Electrical and chemical stimulation of identical regions of the NTS evoked 

converse blood pressure responses (ie. an increase and decrease in blood 

pressure respectively). It is well documented that microinjections of excitatory 

amino acids such as glutamate, into the cNTS evokes a depressor response 

(Nelson, Cohen, Feldman & McCrimmon, 1988; Hall, Greer & Stewart, 1993). 

The ability DLH to evoke a similar response in this study is indicative of 

stimulation of cell bodies in this region of the cNTS (Fries & Zieglgansberger, 

1974). The fact that electrical stimulation evoked a blood pressure response 

opposite to that of DLH suggests that this former response was mediated by the
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global excitation of fibres of passage in this region in addition to the activation 

of cell bodies in the vicinity of the point of microinjection (Fries & 

Zieglgansberger, 1974).

Microinjections of adenosine into the cNTS evoked 2 distinct patterns of 

haemodynamic response namely a depressor and pressor response, from sites 

within the NTS that could not be differentiated anatomically. The pressor 

response elicited by adenosine in this study are in contrast to previous reports 

that have consistently reported that microinjections of adenosine into the cNTS 

elicits solely a depressor response accompanied by a bradycardia (Barraco et al. 

1988; Tseng et al. 1988; see General Discussion). The exact mechanism through 

which adenosine mediates these two haemodynamic responses cannot be 

determined with certainty from the present results although there are several 

possibilities (see General Discussion).

At several sites in the NTS complex adenosine failed to evoke a response. This 

can be partially explained by the observations that three injection sites were 

found to be outside of the boundaries of the cNTS with 2 in the dorsal vagal 

motor nucleus and 1 in the hypoglossal nucleus. The absence of a response in 

the dorsal vagal motor nucleus is in accord with Barraco et al. 1991). However, 

whilst more rostral sites of the NTS have been shown to be less sensitive to the 

administration of adenosine (Barraco et al. 1991), there are no reports in the 

literature to suggest that injections of adenosine into the cNTS fails to elicit a
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response. However, the inability of adenosine to evoke a response in the cNTS 

is not all that surprising considering that the cNTS contains the highest 

concentration of adenosine uptake sites of any region of the rat brain (Bisserbe 

et al. 1985) and the rat brainstem contains extremely high levels of adenosine 

deaminase (Yamamoto et al. 1987). Hence, it is entirely feasible that adenosine 

is taken up and metabolised prior to its interaction with extracellular adenosine 

receptors.

The extracellular concentration of adenosine is regulated by the rapid transport 

of adenosine into neuronal and glial cells via a bidirectional facilitated 

nucleoside transporter (Plagemann & Wohlhueter, 1980; Deckert, Bisserbe,

Klein & Marangos, 1988). The adenosine transporter has been characterised 

extensively and nitrobenzylthionosine (NBI) sensitive and insensitive uptake 

sites have been described (Paterson et al. 1980; Plagemann & Wohlhueter,

1984). However, both subtypes are susceptible to blockade by the uptake 

inhibitor dipyridamole (Lee & Jarvis, 1988). Indeed, in this series of 

experiments responses to microinjections of adenosine were augmented or 

reversed when injected into sites of the cNTS pretreated with dipyridamole. One 

might expect that the blockade of the adenosine uptake sites with this drug 

would result in an increase in the extracellular concentration of adenosine and 

this increase may augment the pressor, or reverse the depressor response evoked 

by microinjections of adenosine alone. However, whist the exact mechanism 

underlying the expression of these responses cannot be determined from these
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experiments (see General Discussion), the possible involvement of ATP in the 

mediating these response can be ruled out for the following reasons. ATP can 

be released as a co-transmitter or from purinergic nerves under a number of 

physiological conditions (see Bumstck, 1986 for review). Consequently, ATP 

can be catabolised rapidly to adenosine by a series of ecto-enzymes (Pearson et 

al. 1980). Hence extracellular concentrations of ATP are in equilibrium with the 

extracellular concentrations of adenosine, therefore a rise in extracellular 

adenosine concentration would be expected to evoke a fall in ATP 

concentration. Theoretically, this fall in ATP could, at least in part, mediate the 

haemodynamic changes observed with adenosine. However, this seems unlikely 

considering that microinjections of the ATP antagonist suramin into the cNTS 

has no effect on resting cardiovascular activity in this area (Ergene, Dunbar, 

O’Leary & Barraco, 1994). Thus, this data suggests that ATP is not involved in 

the maintenance of tonic cardiovascular activity by actions in this area of the 

brainstem.

The failure of adenosine to evoke a response at 2 dipyridamole treated sites 

within the cNTS requires further explanation. As mentioned above, there are 2 

categories of adenosine uptake sites, the NBI-sensitive and -insensitive. Whilst 

both transport components are sensitive to inhibition by dipyridamole (Lee & 

Jarvis, 1988), this drug does exhibit a high degree of species variation. In the 

rat dipyridalmole has a higher affinity toward the NBI-insensitive sites than the 

NBI-sensitive (Marangos & Deckert, 1987a; Morgan & Marangos, 1987b).
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Thus, in retrospect, it may have been more practical to use a different adenosine 

uptake inhibitor which can block bodi the NBI-sensitive and insensitive sites.



Thus, considering that the cNTS contains an extremely high concentration of 

NBI-sensitive sites (Bisserebe et al. 1985), which are inaccessible to 

dipyridamole, it is feasible that adenosine is being taken up and metabolised 

prior to its interaction with the adenosine receptors.

The ability of dipyridamole to augment or reverse the effects of adenosine at 

various sites whilst having no effect at other regions may be explained by the 

observations of Plagemann & Wohlhueter (1984) who proposed that a single 

transporter molecule can exist in a NBI-sensitive or -insensitive form depending 

on its orientation toward the plasma membrane. The sensitive form may be 

made up of a substrate binding site plus a hydrophobic region which interacts 

with the lipophilic nitrobenzyl group of the NBI, the latter site being 

inaccessible to the NBI-insensitive transporters (Plagemann & Wohlhueter, 

1984).

Microinjections of adenosine into discrete regions of the cNTS augmented the 

hypothalamically evoked pressor response whilst leaving the tachycardia 

unaffected. The observations that adenosine evoked a significant, albeit small, 

increase in the magnitude of the pressor response is in accordance with its role 

as a neuromodulator within the CNS (see Dunwiddie, 1985 for review; see 

Snyder, 1985 for review). The fact that microinjections of adenosine augmented 

both the primary and secondary components of the cardiovascular response 

observed upon HDA stimulation suggests that these pressor responses are in
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mediated partially by an action of adenosine at adenosine receptor located 

within the cNTS. However, at this stage it is unclear as to which adenosine 

receptor subtype might be involved in mediating this response, although the data 

thus far has suggested a modulatory role for the adenosine Aj receptor.

In conclusion, microinjections of adenosine into discrete regions of the cNTS 

are capable of evoking potent and converse haemodynamic responses which can 

be enhanced or reversed by the inhibition of dipyridamole sensitive uptake sites. 

In addition, exogenous administration of adenosine into this region, augments 

both the primary and secondary pressor responses evoked upon HDA 

stimulation, suggesting that adenosine receptors, located within the cNTS are 

important in the cardiovascular changes observed during the hypothalamic 

defence response.
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Table 9

Baseline and evoked levels of mean arterial pressure (MAP) and heart rate (HR) before and after electrical stimulation and microinjections 

of the DLH, the vehicle ACSF and adenosine (10 nM) into the cNTS of anaesthetised rats. Asterisks indicate a significant difference 

between resting and evoked levels in MAP. ** p<0.01, p<0.001

<1
W

MAP HR
(mmHg) (bpm)

Before After Before After

Elecrical Stimulation (n=35) 88.2 ± 2.6 118.0 ± 4.2*** 346.2 ± 7.8 357.3 ± 10.8***

DLH (n=35) 88.8 ± 4.3 79.7 ± 3.6*** 353.5 ± 5.0 353.2 ± 5.0

ACSF (n=35) 94.1 ±2.4 94.7 ±2.4 345.7 ± 4.1 345.1 ± 4.1

Adenosine (>1<MAP; n=10) 88.8 ± 5.6 79.5 ±5.6** 345.2 ± 15.8 340.0 ± 15.0

Adenosine (ÎM AP; n=8) 105.4 ± 7.5 112.8 ± 8.5** 348.9 ± 14.8 349.8 ± 14.5

Adenosine (no response; n=9) 92.3 ± 5.2 92.3 ± 5.2 351.8 ± 9.7 351.8 ± 9.7



Table 10

Baseline and evoked levels of femoral blood flow (FBF) and femoral vascular conductance (FVC) before and after electrical stimulation 

and microinjections of the DLH, the vehicle ACSF and adenosine (10 nM) into the cNTS of anaesthetised rats. Asterisks indicate a 

significant difference between resting and evoked levels in FVC; ** p<0.01

< 1

FBF
(ml min'^) 

Before After

FVC
(ml min-1 mmHg'^ xlOO) 

Before After

Elecrical Stimulation (n=15) 1.1 ± 0.05 1.2 ± 0.05 1.2 ± 0.1 0.8 ± 0.10**

DLH (n=15) 1.2 ±0.04 1.2 ± 0.04 1.2 ± 0.1 2.1 ± 0.80

ACSF (n=15) 1.1 ± 0.70 1.1 ± 0.70 1.2 ± 0.3 1.2 ± 0.30

Adenosine (>I<MAP; n=5) 1.0 ± 0.20 1.0 ± 0.50 1.1 ± 0.4 1.2 ± 0.60

Adenosine (ÎMAP; n=4) 1.2 ±0.06 1.2 ± 0.06 1.1 ± 0.2 1.1 ± 0.08

Adenosine (no response; n=6) 1.1 ± 0.07 1.2 ± 0.70 1.2 ± 0.7 1.2 ± 0.70



Table 11

Baseline and evoked levels of femoral blood flow (FBF) and femoral vascular conductance (FVC) before and after stimulation of the HDA 

in the presence and absence of microinjections adenosine (10 nM) into the cNTS at sites previously determined to give I) pressor and II) 

depressor responses. Asterisks indicate a significant difference between resting and evoked levels in FBF and FVC; * p<0.05

H<]
in

FBF 
(ml min'^)

Before After
HDA stimulation

I) Adenosine pressor sites (n=5)

Control 1.0 ± 0.03

Adenosine 1.1 ± 0.03

1.3 ± 0.05*

1.2 ± 0.10*

FVC
(ml min-1 mmHg'^ xlOO) 

Before After
HDA stimulation

1.3 ± 0.1

1.2 ± 0.03

1.0 ± 0.02*

0.9 ± 0.80*

II) Adenosine depressor sites (n=4)

Control 1.0 ± 0.01 1.3 ± 0.10* 1.0 ±0.4 0.9 ± 0.07

Adenosine 1.0 ± 0.01 1.3 ± 0.08* 1.3 ± 0.6 1.0 ± 0.02*



FIGURE 30

Original traces illustrating the effects of electrical stimulation (A), 

microinjection of DLH (B) and ACSF (C) into regions of the cNTS on heart 

rate (bpm), femoral blood flow (ml min'^) and blood pressure (mmHg). Solid 

line indicates 5 sec.
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FIGURE 31

Original traces illustrating a pressor (A) and depressor (B) response elicited by 

microinjections of adenosine into regions of the cNTS.
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FIGURE 32

Original traces illustrating a response to 5 sec stimulation of HDA, as shown by 

solid line, on heart rate (bpm) and blood pressure (mmHg) before and after 

microinjection of adenosine (10 nM) in the cNTS.
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FIGURE 33
Mean primary (I) and secondary (II) increase in MAP and HR evoked upon HDA 
stimulation before and after microinjections of adenosine into the cNTS at sites 
previously determined to give pressor responses to adenosine (10 nM)

Each column indicates mean sem. Asterisks indicate significant difference in 
MAP between control and adenosine. * p<0.05; ** p<0.01
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FIGURE 34
Mean primary (I) and secondary (II) increases in MAP and HR evoked upon HDA 
stimulation before and after microinjections of adenosine into the cNTS at sites 
previously determined to give depressor responses to adenosine (10 nM).

Each column indicates mean sem. Asterisks indicate significant difference in 
MAP between control and adenosine. * p<0.05; ** p<0.01

I  I Control

II

Adenosine



FIGURE 35

Original traces illustrating the effects of microinjections of adenosine (10 nM) 

into regions of the cNTS on heart rate (bpm) and blood pressure (mmHg). 

Responses before and after microinjections of dipyridamole (100 nM) into the 

same site of the cNTS.
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FIGURE 36

Original traces illustrating the effects of microinjections of adenosine (10 nM) 

into regions of the cNTS on heart rate (bpm) and blood pressure (mmHg). 

Responses before and after microinjections of dipyridamole (100 nM) into the 

same site of the cNTS.
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FIGURE 37

Distribution of histologically determined sites at which microinjections of 

adenosine were made into the cNTS. Sections were taken from a level -13.60 

mm caudal from the interaural line; closed triangles indicate regions at which 

adenosine elicited a depressor response; open triangles indicate regions at which 

adenosine elicited a pressor response; closed circles indicate regions at which 

adenosine evoked responses were augmented by dipyridamole; open circles 

indicate sites at which no responses to adenosine and dipyridamole; closed 

squares indicate sites at which no responses to adenosine were elicited.

NTS - nucleus tractus solitarii; CVLM/RVLM - caudal/rostral ventrolateral 

medulla; SP5 - spinal trigeminal nucleus; 10 - dorsal vagal motor nucleus;

12 - hypoglossal nucleus.
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FIGURE 38

The distribution of histologically determined sites from which cardiovascular 

responses to HDA stimulation were elicited and augmented by microinjections 

of adenosine into the cNTS (closed squares). The sections were taken from a 

level 6.70 mm rostral from interaural line. CA3 - Ammons horn; AHA - 

anterior hypothalamic area; F - fornix; VMH -ventromedial hypothalamus.
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CHAPTER 7

THE EFFECTS OF MICROINJECTIONS OF ADENOSINE 

ANTAGONISTS INTO THE cNTS ON THE 

CARDIOVASCULAR RESPONSE TO HYPOTHALAMIC 

DEFENCE AREA STIMULATION
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7.1. INTRODUCTION

Adenosine has been implicated in having a neuromodulatory role in 

cardiovascular control at the level of the cNTS (Chapter 6; Barraco et al. 1988; 

Tseng et al. 1988). Moreover, it has been demonstrated that the pressor response 

elicited during defence area stimulation is mediated partly by the activation of 

adenosine receptors within this region (Chapter 6). Thus, considering that the 

cNTS contains a relatively high density of adenosine A, receptor binding sites 

(Chapter 5), the possibility exists that the A, receptors located within this 

complex may play a role in the cardiovascular changes associated with the 

defence response. The present experiments were therefore designed to examine 

the possible involvement of adenosine A, receptors located in the cNTS in the 

defence response. Having previously demonstrated that IV bolus doses of the 

purely peripherally acting non-selective adenosine antagonist 8-SPT had no 

effect on the defence response due to its inability to cross the blood brain 

barrier, experiments were designed to examine the effects of this drug on the 

defence response following its administration into discrete regions of the cNTS. 

In addition, to clearly elucidate a possible role for the adenosine A, receptor, 

the effects microinjections of a selective adenosine Aj antagonist into the cNTS, 

was also assessed.
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7.2. METHODS

Experiments were performed on 19 male Sprague Dawley rats (300-350g). In 

each animal cardiovascular variables were measured as described in Chapter 2 

and in 14 animals hindlimb blood flow was recorded as described in Chapters 3. 

The position of the HD A was located as described in Chapter 2.

The head was fixed at a 45° angle and the atlanto-occipital membrane exposed 

as described in Chapter 4. The membrane was removed and the medulla 

exposed at the level of bregma.

Preparation and microinjection o f drugs:

DLH (100 mM; for chemical stimulation; Sigma), 8-SPT, (120 nM; Research 

Biochemicals International), cyclopentyltheophylline, (CPT, 0.8 fiM; Research 

Biochemicals International), ACSF (for subsequent vehicle control) and PSB 

(for histology).

All drugs were dissolved in ACSF (pH 7.4, osmolarity 325 mO; see Chapter

6.2.). CPT was initially dissolved in 2ml 0.05 M sodium hydroxide and then 

further diluted in ACSF.

Multibarrelled microeletrodes were manufactured and filled as described in 

Chapter 6.2. A volume of 50nl was pressure ejected from the electrodes using
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the method fully described in Section 6.2.

7.3. PROTOCOL

An identical protocol to that described previously (see section 6.3.) was used for 

the identification and electrical and chemical stimulation of the cNTS. Briefly, 

the cNTS was localized using the stereotaxic co-ordinates of Paxinos & Watson 

(1986). The microelectrode was advanced toward the surface of the medulla 

into the region of the cNTS; co-ordinates, 0.3-0.4 mm lateral from midline, 0.3- 

0.5 mm anterior-posterior from the caudal tip of the area postrema and 0.3-0.8 

mm ventral from the surface of the brainstem. The cNTS was stimulated 

electrically using an isolated stimulator connected to a Digitimer DlOO (20- 

50/xA, 0.1 ms pulse width at 100 Hz; Digitimer). The position of the 

multibarrelled electrode was adjusted within the cNTS until a change in MAP 

was evoked upon stimulation. At these sites, microinjections of DLH (100 mM 

in 50nl) were made. If no response was observed with DLH, the electrode was 

moved to another point within the cNTS and tests repeated. A period of 30 min 

was allowed between repeated injections of DLH. Identical volumes of ACSF 

(50 nl) were injected into the same sites of the cNTS as subsequent vehicle 

control responses.

Microinjections of 8-SPT or CPT

A response to HD A stimulation was characterised prior to microinjections of the
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Statistical analysis was only undertaken when histological examination revealed 

that the microelectrode tip was insidee of the bounadries of the cNTS.



adenosine antagonists into the cNTS. Microinjections of either 8-SPT (120 nM; 

n=6) or CPT (0.8 fiM; n=13) were made into the cNTS in a final volumes of 50 

nl. A period of 5 min was then allowed before a subsequent HDA stimulation 

was made.

Histology

Electrolytic lesions and injections of PSB were made within the HDA and cNTS 

respectively as previously described (see Chapter 2 and Section 6.3. 

respectively). The brain was removed, sectioned serially, counterstained and 

examined as described in Section 2.2.

7.4. ANALYSIS OF DATA

Stimulation of the HDA resulted in a biphasic increase in MAP accompanied by 

a tachycardia and increase in FBF. These parameters were analysed as described 

in Section 3.3. MAP, HR and FBF responses to electrical and chemical 

stimulation were measured as described in Section 6.4. F VC was calculated as 

described in Section 3.4.

Statistical analysis

All data are presented as mean ± SEM. Baseline values for all variables were 

taken immediately prior to a stimulus. Peak values of all variables during 

electrical or chemical stimulation were compared to baseline values by Student’s
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paired t-test. Baseline values of all variables were compared before and after 

microinjections of 8-SPT and CPT by Student’s paired t-test. The changes in all 

variables evoked by hypothalamic stimulation were statistically analysed as 

described in Section 3.4. The HDA-evoked changes were compared before and 

after microinjections of 8-SPT and CPT (see Section 3.4.) using Student’s 

paired t-test. In all cases, p<0.05 was considered to represent a significant 

difference.

7.5. RESULTS

Electrical (n=14) and chemical stimulation (n=14) in the cNTS evoked a pattern 

of response similar to that observed in Section 6.5 (Fig. 30). Briefly, electrical 

stimulation evoked increases in MAP (33.6 ±3.1 mmHg) and HR (11.8 ± 1.6 

bpm). FBF tended to increase during electrical stimulation, however, the mean 

values (n=14) revealed no overall change in FBF and a consequent fall in F VC 

(Fig. 30; Tables 12 & 13). Microinjections of DLH into the cNTS elicited a fall 

in MAP 4-

((-9T ± -4.3 mmHg) with negligible changes in HR or FBF (Fig. 31). As a 

consequence of the fall in MAP and constant blood flow, F VC increased 

(Tables 12 & 13). Microinjections of ACSF into these sites had no observable 

effect on any variable measured (Fig 30; Tables 12 & 13).

Stimulation of the HDA evoked a pattern of cardiovascular responses identical
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to that observed in previous experiments (Sections 3.5, 4.5 & 6.5). Briefly, 

stimulation of the HDA elicited a biphasic increase in MAP, a tachycardia, 

increase in FBF and decrease in F VC (Figs. 39; Table 14).

Microinjection of 8-SPT

Baseline levels of all cardiovascular variables recorded were unaffected by 

microinjections of 8-SPT (120 nM, 50 nl; n=6) into the cNTS (Table 12). In 4 

animals however, these injections tended to decrease the magnitude of the 

* primary and secondary phases of the pressor response and tachycardia evoked 

during defence area stimulation (Figs. 39 & 40).
Similarly, the increase in FBF evoked during HDA stimulation was reduced

(Fig. 40; Table 14). In a further 2 animals microinjections of 8-SPT into the

medulla had no effect on any components of the defence response. Histological

analysis revealed that these 2 micorinjections sites were located outside of the

cNTS in the hypoglossal nucleus.
Microinjection of CPT into the cNTS

Microinjections of CPT into the cNTS (n=13) had no effect upon the resting 

cardiovascular variables recorded (Tables 12 & 13). However, CPT significantly 

attenuated the biphasic increases in the MAP observed during the HDA 

stimulation (Figs. 41 & 42). Specifically, at 9 of the sites tested CPT reduced 

the primary phase by -7.2 ± -1.8 mmHg (p<0.01; Figs. 41 & 42). On the other 

hand, CPT reduced the secondary phase at all 13 sites by -7.7 ± -2.4 mmHg 

(p<0.01; Fig. 42). In addition, CPT had a tendency to decrease the magnitude of 

the primary phase of the tachycardia whilst leaving the secondary phase
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unaffected (Figs. 41 & 42; Table 14).

CPT also attenuated the increase in FBF evoked during HDA stimulation. 

Histological analysis

Examination of the 4 injection sites at which 8-SPT attenuated the biphasic 

increases in MAP elicited during the defence response, illustrated that they were 

located within the cNTS (-13.80 to -14.30 mm caudal from the interaural line; 

Fig 43). The two sites from which 8-SPT failed to alter the defence response, 

were located in the hypoglossal nucleus (-14.08 to -14.30 mm caudal from the 

interaural line). In contrast, all sites at which microinjections of CPT made were 

located within the boundaries of the cNTS (-13.80 to -14.60 mm caudal from 

the interaural line; Fig 43).

Analysis of the location of stimulation sites within the hypothalamus revealed 

that they fell into identical regions of the hypothalamus as described previously 

(Fig. 44).

7.6. DISCUSSION

The results of these present experiments indicate that adenosine A, receptors, 

located within the cNTS, are involved in modulating the pressor response 

evoked during the hypothalamic defence response.
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Microinjections of either 8-SPT or CPT into the cNTS had no effect on resting 

blood pressure or HR. Hence, these results suggest that adenosine Aj receptors 

located in the cNTS, are not involved in the maintenance of tonic cardiovascular 

activity in this area. However, the data described thus far (see Chapters 3 & 4) 

has suggested a role for adenosine A, receptors, located in the medulla, in the 

cardiovascular responses to HDA stimulation, and more importantly, that 

microinjections of adenosine into the cNTS augments the pressor response 

evoked during the defence response (see Chapter 6). These data suggest strongly 

that the adenosine that is involved in mediating the pressor response elicited 

during defence area stimulation is indeed released per se or produced, eg, from 

ATP metabolism (Pearson et al. 1980), in the cNTS as a direct consequence of 

HDA stimulation.

Microinjections of 8-SPT into the cNTS tended to decrease the magnitude of the 

biphasic pressor response, evoked on defence area stimulation. However a level 

of significance was not reached during either phase of the response. This 

observation may be due to the few number of observations made in the presence 

of 8-SPT (n=4, ie number of sites shown histologically to be within the 

boundaries of the cNTS). Despite the fact that 8-SPT is a broad spectrum 

adenosine antagonist it has a 6 fold greater selectivity toward the A, receptor 

than the A2 receptor, as reflected by it Kj values (A; 2,630 nM, A2 15,300 nM). 

Thus, at the dose of 8-SPT used in this study, (120 nM), it is likely that 8-SPT 

antagonised predominantly at the A, receptor. However, an action of 8-SPT at
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the adenosine A2 receptor in the cNTS cannot be completely ruled out.

Further support for the involvement of adenosine Aj receptors, located ^vithin 

the cNTS, in mediating the cardiovascular changes observed during the defence 

response comes from the data obtained following microinjections of the 

selective adenosine Aj antagonist into the cNTS. CPT, an adenosine Aj 

antagonist, attenuated significantly the primary and secondary phases of the 

pressor response elicited during the defence reaction. Whilst the two phases of 

the pressor response are indeed mediated by different mechanisms, (see General 

Discussion), CPT attenuated the primary and secondary phases of the pressor 

response to a similar extent, suggesting that adenosine Aj receptors located in 

the cNTS are important in mediating both phases of the pressor response.

The selectivity of 8-SPT and CPT were not challenged with adenosine A, 

analogues. However, the changes in the pressor response observed following the 

administration of either 8-SPT or CPT, into the cNTS, are similar to those to 

those effects of DPCPX on the blood pressure response to defence area 

stimulation (administered intravenously & into the fourth ventricle), and thus in 

accord with the blockade of adenosine Aj receptors. In addition, considering the 

dose of antagonists used in this study (8-SPT, 120 nM & CPT, 0.8 /xM) and the 

Kj values of 8-SPT and CPT at the A, receptor (2,630 nM and 10.9 nM, 

respectively) it seems entirely likely that the both drugs acted by occupying 

predominantly the adenosine A, receptor.
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In conclusion, the results of the present study indicate that the pressor response 

observed during HDA stimulation is mediated, at least in part, by adenosine Aj 

receptors located within the cNTS.
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Table 12

Baseline and evoked levels of mean arterial pressure (MAP) and heart rate (HR) before and after electrical stimulation and microinjections

of the DLH, the vehicle ACSF, 8-SPT (120 nM) and CPT (0.8 pM) into the cNTS of anaesthetised rats. Asterisks indicate a significant

difference between resting and evoked levels in MAP. *** p<0.001

lO
ow

Electrical Stimulation (n=19) 

DLH (n=19)

ACSF (n=19)

8-SPT (n=6)

CPT (n=13)

MAP
(mmHg)

Before After

90.5 ± 3.5

88.8 ± 4.3

86.8 ± 5.2

89.8 ± 7.1

82.8 ± 4.0

124.2 ± 4.8***

79.7 ± 7.9***

86.8 ± 5.2 

90.0 ± 4.8 

83.6 ± 4.6

HR
(bpm)

Before After

340.2 ± 5.8

338.0 ± 6.5

339.0 ± 5.4 

376.8 ± 29.4 

341.7 ± 6.2

352.4 ± 4.7

334.0 ± 4.8

339.0 ± 5.4 

393.3 ± 10.9 

348.9 ± 6.8



Table 13

Baseline and evoked levels of femoral blood flow (FBF) and femoral vascular conductance (FVC) before and after electrical stimulation

and microinjections of the DLH, the vehicle ACSF, 8-SPT (120 nM) and CPT (0.8 )iM) into the cNTS of anaesthetised rats. Asterisks

indicate a significant difference between resting and evoked levels in FVC; ** p<0.01

FBF FVC

to
o

(ml
Before

min’̂ )
After

(ml min- 
Before

1 mmHg'^ xlOO) 
After

Electrical Stimulation (n=14) 1.0 ± 0.05 1.1 ± 0.03 1.1 ± 0.09 0.9 ± 0.21**

DLH (n=14) 1.2 ±0.04 1.2 ± 0.04 1.1 ± 0.06 1.4 ±0.31

ACSF (n=14) 1.2 ± 0.03 1.2 ± 0.03 1.3 ± 0.21 1.3 ± 0.21

8-SPT (n=4) 1.1 ± 0.10 1.0 ± 0.07 1.2 ± 0.09 1.1 ± 0.06

CPT (n=10) 1.2 ± 0.06 1.1 ± 0.01 1.4 ± 0.10 1.4 ± 0.08



Table 14

Baseline and evoked levels of femoral blood flow (FBF) and femoral vascular conductance (FVC) before and after stimulation of the HDA

in the presence and absence of microinjections I) 8-SPT (120 nM) and II) CPT (0.8 pM) into the cNTS. Asterisks indicate a significant

difference between resting and evoked levels in FBF and FVC; * p<0.05, ** p<0.01, *** p<0.001

O
Ln

I) 8-SPT (n=4)

Control

8-SPT

FBF 
(ml min*’)

Before After
HDA stimulation

1.0 ± 0.01 

1.1 ± 0.04

1.3 ± 0.02**

1.3 ± 0.05*

FVC
(ml min-1 mmHg*’ xlOO) 

Before After
HDA stimulation

1.1 ± 0.04

1.2 ± 0.09

0.8 ± 0.05** 

0.9 ± 0.04*

II) CPT (n=10)

Control

CPT

1.2 ± 0.03 

1.0 ± 0.01

1.3 ± 0.03*** 

1.2 ±  0.02***

1.4 ±0.10

1.4 ± 0.08

1.0 ± 0.05**

1.0 ± 0.07**



FIGURE 39

Original traces illustrating the effect of HDA stimulation on heart rate (bpm), 

femoral blood flow (ml min ') and blood pressure (mmHg) before and after 

microinjections of 8-SPT (120 nM) into regions of the cNTS,
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FIGURE 40
Mean increases in the primary (I) and secondary (II) responses in MAP and HR evoked upon 
HDA stimulation before and after microinjections of 8-SPT (120 nM) into the cNTS.
Each column indicates mean sem.

im Control 8-SPT



FIGURE 41

Original traces illustrating the effect of HDA stimulation on heart rate (bpm) 

and blood pressure (mmHg) before and after microinjections of CPT (0.8 pM) 

into regions of the cNTS.
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FIGURE 42
Mean increases in the primary (I) and secondary (II) responses in MAP and HR evoked upon 
HDA stimulation before and after microinjections of CPT (0.8 pM) into the cNTS.
Each column indicates mean sem. Asterisks indicate significant difference in the increase 
in MAP between control and CPT. * p<0.05; ** p<0.01 
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FIGURE 43

Distribution of histologically determined sites at which microinjections of 8-SPT 

and CPT were made into the cNTS. Sections were taken from a level -13.60 

mm caudal from the interaural line; closed triangles indicate regions at which 

microinjections of 8-SPT attenuated the HDA evoked pressor response; open 

triangles indicate regions at which microinjections of 8-SPT were ineffective; 

closed squares indicate regions at which microinjections of CPT attenuated the 

HDA evoked response. NTS - nucleus tractus solitarii;

CVLM/RVLM - caudal/rostral ventrolateral medulla; SP5 - spinal trigeminal 

nucleus; 10 - dorsal vagal motor nucleus; 12 - hypoglossal nucleus.
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FIGURE 44

The distribution of histologically determined sites from which cardiovascular 

responses to HDA stimulation were elicited and augmented by microinjections 

of 8-SPT (closed squares) and CPT (closed triangles) into the cNTS. The 

sections were taken from a level 6,70 mm rostral from interaural line, CA3 - 

Ammons horn; AHA - anterior hypothalamic area; F - fornix; VMH - 

ventromedial hypothalamus.
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CHAPTER 8 

THE EFFECTS OF MICROINJECTIONS OF 

a,BMETHYLENE ADENOSINE 5’ DIPHOSPHATE INTO 

THE cNTS ON THE CARDIOVASCULAR RESPONSE TO

HYPOTHALAMIC 

DEFENCE AREA STIMULATION
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8.1. INTRODUCTION

The experiments described thus far have suggested a modulatory role for 

adenosine, at the level of the cNTS, in the cardiovascular changes associated 

with the hypothalamic defence response (Chapters 6 & 7). However, an 

important question which arises from these data is, where is adenosine coming 

from. Specifically, is adenosine being released per se or is it a breakdown 

product of ATP, which can be released from purinergic nerves or as a co

transmitter (see Bumstock, 1986 for review).

In order for a substance to classify as a neurotransmitter it must fafill a number 

of different criteria, including the storage and secretion of that substance from 

synaptic vesicles. There are no indications that adenosine is stored in synaptic 

vesicles and secreted from nerves, thus, it is the general consensus that 

adenosine is not a neurotransmitter (see Dunwiddie, 1985 for review; see 

Snyder, 1985 for review). However, there is evidence to suggest that adenosine 

formation may be directly linked to neurotransmission via ATP which may be 

released either alone &om purinergic nerves (Bumstock, 1972) or as a co

transmitter together with other neurotransmitters (see Bumstock, 1986 fro 

review). When released, ATP is rapidly degraded to adenosine extracellularly by 

an series of ecto-enzymes including ecto-5’-nucleotidase (Pearson et al. 1980). 

Altematively, there are a number of pathological conditions, during which 

adenosine is released per se, such as hypoxia and ischaemia (Van Wylen, Park,
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Rubio & Berne, 1986). In addition, there is strong evidence to suggest that 

depolarization with K^, veratridine and electrical stimulation of brain slice and 

synaptosomes evokes the release of adenosine per se from intracellular pools of 

adenosine, which exits the cells on the bidirectional nucleoside transporter 

(Macdonald & White, 1985; Hoehn & White, 1990; Lloyd et al. 1993).

Thus, considering that evidence is lacking for the release of adenosine from 

neurones per se, and given the fact that there is a correlation between the 

density of adenosine A; receptors and ecto-5’-nucleotidase activity in the rat 

brain (see Snyder 1985 for review), it is possible that during HDA stimulation 

adenosine is derived from ATP catabolism. The present study was therefore 

designed to investigate the effects of intervention in the enzymatic breakdown 

of ATP, specifically by inhibiting the ecto-5 ’-nucleotidase activity. To this end, 

microinjections of a,B-methyleneadenosine 5’-diphosphate (a,B-meADP), an 

ecto-5’-nucleotidase inhibitor, were made into cNTS and its effect on the HDA 

evoked response examined.

8.2. METHODS

Experiments were performed on 13 Sprague Dawley rats (300-35Og). In each 

animal cardiovascular variables were measured as described in Chapter 2 and 

hindlimb blood flow as described in Chapters 3. The hypothalamus was located 

and the HDA stimulated as described in Chapter 2.
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The head was fixed and the atlanto-occipital membrane exposed as described in 

Chapter 4. The membrane was dissected from the base of the skull and 

removed, thus exposing the medulla at the level of obex.

Preparation and microinjection o f drugs:

DLH (100 mM; for chemical stimulation, Sigma) and a,B-methyleneadenosine 

diphosphate (500jLtM, Sigma); ACSF (for subsequent vehicle control) and PSB 

(for histology). All drugs were dissolved in ACSF (pH 7.4, osmolarity 325 mO; 

see Chapter 6.2.).

Multibarrelled microeletrodes were manufactured and filled as described in 

Chapter 6.2. A volume of 50nl was pressure ejected from the electrodes using 

the method fully described in Section 6.2.

8.3. PROTOCOL

An identical protocol to that described previously (see section 6.3.) was used for 

the identification and electrical and chemical stimulation of the cNTS. Briefly, 

the cNTS was localized using the stereotaxic co-ordinates of Paxinos & Watson 

(1986). A microelectrode lowered into the medulla at the level of the cNTS and 

used for the administration of drugs. The cNTS was electrically stimulated 

through the central barrel of the electrode (20-50jLtA, 0.1 ms pulse width at 100 

Hz). The position of the electrode was adjusted within the cNTS until a change
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in MAP was evoked during electrical stimulation. At these sites subsequent 

pressure injections of DLH were made (100 mM, 50 nl DLH). Identical 

volumes of ACSF (50 nl) were then administered at sites as vehicle controls.

Microinjection of a,B-meADP

A control response to HDA stimulation was characterised firstly and then 

microinjections of a,B-meADP (500 /xM in 50 nl) made into the cNTS. A 10 

minute period was allowed after microinjection of a,B-meADP before HDA 

stimulation was repeated.

Histology

Electrolytic lesions and injections of PSB were made within the HDA and cNTS 

respectively, as previously described (see Chapter 2 and Section 6.3.). The brain 

was removed, fixed, sectioned serially, counterstained and examined as 

described in Section 2.2. Statistical analysis was only undertaken on completion 

of histological examination.

8.4. ANALYSIS OF DATA

Stimulation of the HDA resulted in a biphasic increase in MAP accompanied by 

a tachycardia and increase in FBF. These variables were analysed as described 

in Section 3.4. and 4.4. Responses to electrical and chemical stimulation were 

measured as the peak blood pressure response. Measurements of HR and FBF
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were taken at the same time point. F VC was calculated as described in Section

3.4.

Statistical analysis

All data are presented as mean ± SEM. The variables analysed statistically 

include MAP, HR, FBF and F VC. Baseline values for all variables were taken 

immediately prior to a stimulus. Peak values of all variables during electrical or 

chemical stimulation were compared to baseline values by Student’s paired t- 

test. Baseline values of all variables were compared before and after 

microinjections of a,BmeADP by Student’s paired t-test. The changes in all 

variables evoked by hypothalamic stimulation were statistically analysed as 

described in Section 3.4. The effects of a,13meADP on the HDA-evoked 

changes were compared before and after microinjections of a,i3meADP as that 

described in Section 3.4. using Student’s paired t-test. In all cases, p<0.05 was 

considered to represent a significant difference.

8.5. RESULTS

In all regions of the cNTS (n=13), electrical and chemical stimulation evoked a 

pattern of response identical to that observed in Sections 6.5. & 7.5. Thus, 

electrical stimulation evoked an increase in MAP (30.5 ± 2.8 mmHg) and a 

slight increase in HR (8.6 ± 2.3 bpm; Fig. 30; Table 15). FBF tended to 

increase during electrical stimulation, however, the mean values revealed no
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change in flow but a consequent fall in conductance (Fig. 30; Table 16). DLH 

invariably produced a fall in MAP (-9.8 ± -0.9 mmHg) with no change in HR 

or FBF (Fig. 30; Tables 15 & 16). However, DLH evoked a slight increase in 

F VC (Table 16). Microinjections of the vehicle ACSF, had no observable effect 

on any of the variables measured (Fig. 30; Tables 15 & 16).

Stimulation of the HDA evoked a pattern of response identical to that observed 

in previous experiments (Sections 3.5, 4.5, 6.5 & 7.5.). Briefly, stimulation of 

the HDA elicited a biphasic increase in MAP, a tachycardia, increase in FBF 

and a slight fall in F VC (Fig. 45; Table 17).

Microinjections of a,B-meADP (500 /xM) into the cNTS (n=13) had no effect 

on baseline levels of MAP, HR or FBF (Tables 15 & 16). At 11 sites, 

microinjections of a,B-meADP tended to attenuated both the primary and 

secondary phases of the pressor response observed during HDA stimulation 

(Fig. 45). However, a,BmeADP had a more profound effect upon the primary 

phase of the response, attenuating consistently the magnitude of this initial rise 

in arterial pressure (Fig. 46). As a consequence a level of significance was only 

obtained during the primary phase of the pressor response (Figs. 45 & 46). At a 

further 2 sites, microinjections of a,B-meADP into the cNTS had no effect on 

the primary or secondary increase in MAP evoked during the defence response. 

a,B-meADP had no effect on the tachycardia, increase in FBF or decrease in 

F VC at any of the 13 sites tested (Figs. 44 & 45; Table 17) .
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Histological analysis

Histological analysis revealed that the 11 sites at which a,h-meADP attenuated 

the biphasic pressor response evoked during the defence area stimulation were 

located within the cNTS, at a level of -13.80 to -14.60 mm caudal from the 

interaural line (Fig. 47). The 2 sites where a,B-meADP failed to augment the 

defence response were located within the dorsal vagal motor nucleus, -14.30 to - 

14.60 mm caudal from the interaural line (Fig. 47).

Stimulation sites within the hypothalamus were located within regions of the 

hypothalamus as described previously (Section 3.5.; Fig. 48).

8.6. DISCUSSION

The direct implication from the present study is that a breakdown product of 

ATP catabolism, within the cNTS, is important in mediating predominantly the 

primary phase of the pressor response elicited during the HDA stimulation.

ATP may be released as a co-transmitter (see Bumstock, 1986 for review) or by 

itself from postulated purinergic neurones (Bumstock, 1972). When released, 

ATP can act directly at specific purinergic receptors and/or is rapidly 

hydrolysed by a series of ecto-enzymes to adenosine. The final step in this 

catabolic cascade is catalysed by the enzyme ecto-5’-nucleotidase, which 

converts AMP to adenosine (Pearson et al. 1980). a,BmeADP is a selective
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inhibitor of this enzyme, and as a consequence, is able to interfere with the 

catabolism of ATP to adenosine (Burger & Lowenstein, 1975).

Microinjections of a ,6-meADP into the cNTS had no effect on resting levels of 

the variables measured whilst it attenuated the biphasic pressor response to 

HDA stimulation. The effects of the ecto-5’-nucleotidase inhibitor on the 

hypothalamically evoked defence response described here strongly mimic those 

of the adenosine receptor antagonists microinjected into the cNTS, (particularly 

with respect to the primary phase; Chapter 7). Hence, it is likely that the 

breakdown product of ATP metabolism involved in this response is indeed 

adenosine. However, a striking observation of this study is that whilst 

a,BmeADP had a tendency to attenuate the magnitude of both phases of the 

pressor response, a level of significance was only obtained during the primary 

phase. Thus, considering that ecto-5 ’-nucleotidase is a membrane bound ecto- 

enzyme, these data indicate that adenosine formed extracellularly from ATP 

catabolism, within the cNTS, is responsible for modulating predominantly the 

initial pressor component of the cardiovascular response to HDA stimulation. 

This, however, does not eliminate the possibility that adenosine formed 

intracellularly from ATP and released as adenosine per se also modulates this 

phase of the evoked response. However, these data do not exclude the 

involvement of ATP catabolism in adenosine formation and subsequent 

modulation of the secondary phase of the pressor response. Altematively, these 

data suggest that at least part of the secondary phase of the pressor response is
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mediated by adenosine formed extracellularly from ATP metabolism. It is 

possible routes of adenosine formation include the release of adenosine per se. 

This is supported by reports in the literature suggesting that under certain 

circumstances adenosine may be released per se (Hoehn & White, 1990; see 

White & MacDonald, 1990 for review).

The specific mechanisms of action of a,B-meADP on the evoked defence 

response are difficult to explain. However, as mentioned previously (Chapter 6), 

there exists a vast pool of neurotransmitters and neuromodulators in the region 

of the cNTS, many of which are important in cardiorespiratory control (Barraco 

et al. 1988; Nelson et al. 1988; Sved & Sved, 1989; Hall et al. 1993). Since 

adenosine is a potent neuromodulator of neurotransmitter release (Michaelis et 

al. 1979; Feuerstein et al. 1985; Prestwich et al. 1987; Brown et al. 1990), it is 

possible that adenosine may modulate the release, and postsynaptic activity, (see 

Dunwiddie, 1985 for review) of a variety of neurotransmitters which are 

involved, at the cNTS, in mediating the cardiovascular responses to HDA 

stimulation (see General Discussion).

In conclusion, these results suggest that a metabolite of ATP catabolism is 

involved in modulating predominantly the primary rise in MAP, and to a lesser 

extent the secondary phase of the pressor evoked during defence area 

stimulation. The observations that a,BmeADP has a more profound effect on the 

primary phase of the pressor response compared to that of the secondary phase.
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whilst adenosine antagonists attenuate both phases of the pressor response to the 

same extent (see Chapter 7) is suggestive of two different sources of adenosine 

formation in the cNTS during the hypothalamic defence response (see General 

Discussion). This is not to surprising considering that the two phases of the 

pressor response are mediated by different mechanisms (see General 

Discussion).
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Table 15

Baseline and evoked levels of mean arterial pressure (MAP) and heart rate (HR) before and after electrical stimulation and microinjections 

of the DLH, the vehicle ACSF and a,BmeADP (500 |iM) into the cNTS of anaesthetised rats. Asterisks indicate a significant difference 

between resting and evoked levels in MAP. ** p<0.01 *** p<0.001

to
toc

Electrical Stimulation (n=13) 

DLH (n=13)

ACSF (n=13) 

a,BmeADP (n=13)

MAP
(mmHg)

Before After

91.6 ±4.7

92.8 ± 5.3

92.9 ± 5.9 

91.8 ± 3.9

122.3 ± 5.4*** 

83.1 ± 6.0** 

92.9 ± 5.9 

95.6 ± 7.2

HR
(bpm)

Before After

336.0 ± 15.7

306.3 ± 28.1

332.2 ± 3.3

327.0 ± 7.3

345.0 ± 20.4

306.3 ± 28.1

332.2 ± 3.3

343.9 ± 10.1



Table 16

Baseline and evoked levels of femoral blood flow (FBF) and femoral vascular conductance (FVC) before and after electrical stimulation 

and microinjections of the DLH, the vehicle ACSF and a,BmeADP (500 |iM) into the cNTS of anaesthetised rats. Asterisks indicate a 

significant difference between resting and evoked levels in FVC; ** p<0.01

to
to
00

Electrical Stimulation (n=10) 

DLH (n=10)

ACSF (n=10) 

a,BmeADP (n=10)

FBF 
(ml min'*)

Before

1.0 ± 0.20

1.1 ± 0.03

1.1 ± 0.03

1.1 ± 0.40

After

1.2 ± 0.14

1.1 ± 0.03

1.1 ±0.03 

1.0 ± 0.01

FVC
(ml min-1 mmHg'^ xlOO) 

Before After

1.2 ± 0.06

1.2 ± 0.07

1.2 ± 0.08 

1.2 ± 0.07

1.0 ± 0.60** 

1.3 ± 0.10** 

1.2 ± 0.08 

1.1 ± 0.09



Table 17

Baseline and evoked levels of femoral blood flow (FBF) and femoral vascular conductance (FVC) before and after stimulation of the HDA, 

and before and after of microinjections a,BmeADP (500 |iM) into the cNTS. Asterisks indicate a significant difference between resting 

and evoked levels in FBF; ** p<0.01, *** p<0.001

CO
CO
<X)

FBF 
(ml min'*) 

Before After
HDA stimulation

FVC
(ml min-1 mmHg"' xlOO) 

Before After
HDA stimulation

Control (n=10) 

a,BmeADP (n=10)

1.1 ± 0.04

1.0 ± 0.01

1.6 ± 0.14***

1.3 ± 0.09**

1.2 ± 0.07

1.1 ± 0.09

1.1 ± 0.09

0.9 ± 0.10



FIGURE 45

Original traces illustrating the effect of HDA stimulation on heart rate (bpm), 

femoral blood flow (ml min’̂ ) and blood pressure (mmHg) before and after 

microinjections of a,BmeADP (500 pM) into regions of the cNTS.
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FIGURE 46
Mean primary (I) and secondary (II) increases in MAP and HR evoked upon HDA 
stimulation before and after microinjections of apmeADP (500 pM) into the cNTS 
Each column indicates mean  ̂sem. Asterisks indicate significant difference in the 
increase in MAP between control and a,P, meADP. ** p<0.01

I  I Control aPmeADP



FIGURE 47

Distribution of histologically determined sites at which microinjections of 

a,BmeADP were made into the cNTS. Sections were taken Jfrom a level -13.60 

mm caudal from the interaural line; closed triangles indicate regions at which 

microinjections of a,13meADP attenuated the HDA evoked pressor response; 

open indicate regions at which microinjections of a ,6meADP were ineffective. 

NTS - nucleus tractus solitarii; CVLM/RVLM - caudal/rostral ventrolateral 

medulla; SP5 - spinal trigeminal nucleus; 10 - dorsal vagal motor nucleus;

12 - hypoglossal nucleus.
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FIGURE 48

The distribution of histologically determined sites from which cardiovascular 

responses to HDA stimulation were elicited and augmented by microinjections 

a,13meADP into the cNTS (closed squares). The sections were taken from a 

level 6.70 mm rostral from interaural line. CA3 - Ammons horn; AHA - 

anterior hypothalamic area; F - fornix; VMH - ventromedial hypothalamus.
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CHAPTER 9 

GENERAL DISCUSSION
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These studies have demonstrated that adenosine A, receptors, located within the 

cNTS, are important in mediating the cardiovascular changes associated with the 

hypothalamic defence response in the rat. Moreover, the adenosine receptors in 

this region play a role central cardiovascular control.

9.1. CARDIOVASCULAR RESPONSES ELICITED BY ADENOSINE

In the present experiments microinjections of adenosine into the cNTS evoked 

two patterns of cardiovascular response, namely a pressor or depressor response. 

By contrast, adenosine had little effect upon HR. The different effects of 

adenosine on blood pressure cannot be attributed to the site of injection since 

histological analysis showed that there was no anatomical distinction between 

areas producing either a depressor or pressor response. The ability of adenosine 

to elicit a depressor response in the cNTS is in accord with the majority of 

previous reports in the literature (Barraco et al. 1988; Tseng et al. 1988; 

Mosqueda-Garcia et al. 1991). However, in these studies the depressor response 

to adenosine was accompanied by a bradycardia (Barraco et al. 1988; Tseng et 

al. 1988; Mosqueda-Garcia et al. 1991). The absence of the bradycardic 

response in this thesis may be explained by the extremely low doses of 

adenosine used in this study, which was 10 nM adenosine compared to 33 to 38 

mM used by others (Barraco et al. 1988; Tseng et al. 1988; Mosqueda-Garcia et 

al. 1991). At such high doses, adenosine evoked depressor responses which were 

of a much greater magnitude that those observed in the studies reported in this
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thesis. In addition to the haemodynamic responses, these authors have reported 

that adenosine elicits a concomittant bradycardia (Barraco et al. 199: Tseng et 

al. 1988; Mosqueda-Garcia et a, 1991). The mechanism through which 

adenosine elicits this latter response is unclear, however, the possibility exists 

that these effects are secondary to a fall in ventilation. Whilst ventilation was 

not recorded during the experiments by Barraco et al. (1988) and Tseng et al. 

(1988), it is well documented phenon>nctn that adenosine depresses ventilaltion 

(Barraco et al. 1991), thus, considering that during periods of inspiration, central 

inspiratory drive has an inhibitory effect on the cardiac vagal motor neurones in 

the nucleus ambiguus (see Spyer, 1982 for review), it is possible that the 

bradycardia elicited by microinjections of adenosine into the cNTS is simply a 

consequence of the fall in respiration.

The pressor responses elicited by adenosine on the other hand, have only been 

reported following microinjections of adenosine into more rostral sites of the 

NTS (Tao & Abdel-Rahman, 1993), however, why such responses have not 

been noted before in the cNTS is unclear, but again the doses employed are 

very high, thus, this may be a contributing factor.

The possibility that adenosine plays a modulatory role in the mechanisms of 

cardiovascular regulation by the NTS has important physiological and 

pathophysiological implications. It is known, for example, that adenosine levels 

in the extracellular fluid in the rat brainstem are elevated during hypoxia and
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ischemia (Phillis, Walter, O’Regan and Stair, 1987), and there is mounting 

evidence that adenosine levels are elevated in the NTS itself following brief 

exposure to hypoxia (Ribeiro, 1991). Thus, the changes in adenosine levels in 

the NTS during periods of energy imbalance could have disastrous consequences 

on cardiovascular activity.

From the experiments performed in this thesis (Chapters 3 to 8), it is impossible 

to determine the exact mechanisms through which adenosine elicits 

cardiovascular responses via actions in cNTS. However, since adenosine 

receptors are widely arrayed on neurons, it is likely that adenosine receptor 

activation in the cNTS could occur at both the pre- and postsynaptic sites. It is 

well documented that adenosine is a potent neuromodulator within the CNS and 

has been shown to depress both synaptic and spontaneous activity and 

neurotransmitter release via activation of Aj receptors (see Dunwiddie, 1985 for 

review). It has been proposed however, that the suppression of the synaptic and 

spontaneous activity by adenosine is predominantly a consequence of the 

inhibition of neurotransmitter release (Phillis, Edstrom, Ellis & Kirkpatrick, 

1979a; Phillis, Edstrom, Kostopoulos & Kirkpatrick, 1979b). In contrast to the 

inhibitory effects of adenosine, evidence has arisen to suggest that adenosine can 

enhance neurotransmitter release via an action at the high affinity pre-synaptic 

adenosine receptors (Kirkpatrick & Richardson, 1993; Mayfield et al. 1993; 

Castillo-Meléndez et al. 1994). Thus, it follows that the cardiovascular responses 

exerted by microinjections of adenosine in the cNTS may be either direct, by
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affecting the effector responses of NTS neurons via postsynaptic receptors, or 

indirect, by modulating the presynaptic release of a variety of neurotransmitters 

from terminals projecting to the cNTS from the periphery and rostral brain sites.

The NTS contains a plethora of neurotransmitters and neuromodulators many of 

which participate in the NTS-mediated mechanisms of cardiovascular control 

(see Van Giersbergen, Palkovits & De Jong, 1992 for review). Indeed, 

microinjections of many of these agents into the NTS elicits potent 

cardiovascular responses. For example, microinjections of catecholamines 

(Granta & Woodruff, 1982), excitatory amino acids (Kubo & Kihara, 1988; 

Leone & Gordon, 1989; Hall et al. 1993) and neuropeptides (Hall et al. 1993), 

have been shown to elicit cardiovascular changes by altering the activity of 

neurons within the NTS. Two of the most abundant neurotransmitters in this 

region of the brainstem, which are intimately involved in the maintenance of 

tonic cardiovascular activity, are the amino acid glutamate, which is the 

favoured neurotransmitter at baroreceptor primary afferents (Talman, Perrone & 

Reis, 1980; Kubo & Kihara, 1988; Leone & Gordon, 1989) and G ABA, one of 

the most important inhibitory neurotransmitter, in the CNS (Siemers et al. 1982; 

Maley & Newton, 1985; Meeley, Ruggiero, Ishitsuka & Reis, 1985; Bowery, 

Hudson & Price, 1987; Sved & Sved, 1989, 1990). Microinjections of glutamate 

and G ABA into discrete regions of the NTS elicit haemodynamic response 

which are very similar to those observed following the administration of 

adenosine in this study. Specifically, microinjections of glutamate into the
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commissural NTS has been shown to elicit depressor responses via an action at 

the N-methyl-D-aspartate (NMDA) and non-NMDA receptor (Le Galloudec, 

Merahi & Laguzzi, 1989; Kubo & Kihara, 1989; Leone & Gordon, 1989; Hall 

et al. 1993). However, microinjections of G ABA into identical regions of this 

complex evokes a pressor response predominantly mediated by the stimulation 

of GABAg receptor (Sved & Sved, 1989 & 1990). This discussion will therefore 

focus solely on the idea that adenosine might modulate the release of glutamate 

and GAB A in the NTS. Nevertheless, the possible involvement of other 

neurotransmitters in mediating the cardiovascular responses elicited by 

adenosine cannot be ruled out.

9.2. NEUROMODULATORY ACTIONS OF ADENOSINE 

Adenosine-evoked Depressor responses

The depressor response evoked by microinjections of adenosine into various 

sites of the cNTS is similar to that reported in a recent study demonstrating that 

selective activation of adenosine A 2  ̂ receptors in the NTS elicits a depressor 

response (Barraco & Phillis, 1991; Barraco et al. 1991, Castillo-Meléndez et al. 

1994). Given the above discussion, the depressor response evoked by adenosine 

may be attributed to an enhanced release of glutamate by the activation of 

presynaptic adenosine Aja receptors. This is supported by the observations that 

microinjections of adenosine into the rabbit NTS, and the selective activation of 

adenosine A2̂  receptors in the rat NTS, evokes an increase in glutamate

2 4 2



concentration within the this complex (Mosqueda-Garcia, et al. 1991; Castillo- 

Meléndez et al. 1994).

On the other hand, considering that microinjections of the GABAg antagonist, 

phaclofen, into the NTS also produces a fall in arterial blood pressure, it is 

conceivable that the depressor response elicited by adenosine may be a 

consequence of a decrease in GABA release induced by the activation of 

presynaptic A, receptors. However, it is well documented that adenosine has 

little effect on inhibitory postsynaptic potentials in the hippocampal neurons 

(Hasuo et al. 1992; Thompson et al. 1992) thus, it seems unlikely that this latter 

mechanism is in operation.

Adenosine-evoked Pressor responses

The possibility also exists that the rise in arterial blood pressure elicited by 

injections of adenosine into certain regions of the cNTS might also be mediated 

by a presynaptic mechanism (see above), however, the possible involvement of 

a postsynaptic action of adenosine, again cannot be excluded.

Adenosine has been shown to augment electrically evoked release of GABA 

from globus pallidus slices via the activation of presynaptic A2̂  receptors 

(Mayfield et al. 1993). In the NTS, however, there are numerous indications 

that GABA is tonically released (Kubo & Kihara, 1987; Sved & Sved, 1990). 

Thus, it is conceivable that adenosine may enhance GABA release in the cNTS
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by a similar mechanism to that described in the globus pallidus. The direct 

effect of such an action would be activation of GABA receptors in this complex 

and therefore the development of a pressor response (Sved & Sved, 1989,

1990). Alternatively, the adenosine evoked pressor response could be attributed 

to the activation of presynaptic A, receptors, which in cultured hippocampal 

cells, attenuates glutamate release (Prestwich et al. 1987). Since blockade of 

glutamate receptors in the cNTS results in a pressor response (Leone & Gordon,

1989), inhibition of glutamate release in response to adenosine might be 

expected to evoke a similar reaction.

In addition to the presynaptic mechanisms described above, it is feasible that 

adenosine is also stimulating postsynaptic A, receptors. Pharmacologically 

indistinguishable adenosine A, receptors have been located both pre- and 

postsynaptically in the hippocampus. The activation of these latter receptors has 

been shown to lead to the development of a potassium sensitive 

hyperpolarisation (Thompson et al. 1992). It is well established that GABAg 

receptors also activate the same potassium channels in hippocampal neurons. 

Hence, it is not surprising that the effects of submaximal GABAg receptor 

activation and exogenously applied adenosine are additive at the potassium 

channels (Hasuo et al. 1992; Thompson et al. 1992). Thus, considering that 

GABA is tonically released in the NTS (Kubo & Kihara, 1987; Sved & Sved,

1990) the possibility exists that exogenously applied adenosine might enhance 

GABA release. In the NTS, this cascade of events would ultimately evoke an
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increase in the magnitude of the hyperpolarisation, which in turn would elicit a 

pressor response (Sved & Sved, 1989, 1990).

The mechanisms described above implicate both the adenosine A, and Aj  

receptors in mediating both the pressor and depressor responses elicited by 

microinjections of adenosine into the cNTS. Barraco et al. (1991), on the other 

hand, have proposed that the converse cardiovascular responses elicited by 

adenosine are evoked by the selective activation of the adenosine A, and A2a 

receptors. Specifically, stimulation of adenosine A, receptors in the cNTS has 

been shown to evoke potent pressor responses (Barraco & Phillis, 1991; Barraco 

et al. 1991) whilst activation of the adenosine Aja receptors in the same region 

elicits only a depressor response (Barraco & Phillis, 1991; Barraco et al. 1991). 

These observations therefore lend support to the involvement of A2a receptors 

enhancing glutamate release to evoke the depressor response and an A  ̂ mediated 

decrease in glutamate release in eliciting the pressor response. However, whilst 

these observations implicate glutamate in evoking the haemodynamic responses 

to adenosine in the cNTS, any modulatory effect by adenosine on GABA 

release cannot be ruled out.

It therefore seems likely that at least two factors are extremely important in 

determining the type of haemodynamic response elicited by adenosine when 

microinjected into the cNTS; the distribution of glutamate and possibly GABA 

in the cNTS, and the organization of presynaptic adenosine A, and A2̂  receptors
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in this region. Glutamate and GABA are both found in abundance in the NTS, 

but their distribution within this nucleus varies dramatically; glutamate can be 

found in virtually all region of the NTS (Siemers et al. 1982; Monaghan & 

Cotman, 1985) whilst GABA exhibits a slightly more heterogenous distribution 

throughout this complex (Izzo et al. 1992). Despite the obvious importance of 

their distribution, probably the most crucial factor determining the type of 

response elicited by adenosine is the arrangement of the adenosine receptors in 

this complex. The NTS has been shown to possess a heterogenous distribution 

of both the A, and A2a receptor subtypes (see Chapter 5; Bissonnette & 

Reddington, 1991; Castillo-Meléndez et al. 1994). As illustrated in Chapter 5, 

the cNTS contains a relatively high density of adenosine A, receptors compared 

with other regions of the brainstem (see Chapter 5), but it is not clear from this 

study whether these receptors are located pre- or postsynaptically. In the 

hippocampus however, electrophysiological responses to adenosine have been 

shown to be mediated by both pre- and postsynatic Aj receptors which are 

pharmacologically indistinguishable (Hasuo et al. 1992; Thompson et al. 1992). 

Thus, it seems reasonable to suggest that the A, receptors identified in the cNTS 

with [^H] DPCPX (see Chapter 5) are indeed a combination of the pre- and 

postsynaptic A, receptors. The A2̂  receptors, on the other hand, have been 

identified autoradiographically in the cNTS and have been shown to be located 

almost exclusively at the presynaptic terminal (Castillo-Meléndez et al. 1994).
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Cardiovascular responses elicited by adenosine in the presence of  

dipyridamole

In the presence of the uptake inhibitor dipyridamole, the patterns of 

cardiovascular response elicited by adenosine were transformed. Specifically, a 

depressor response was reversed to a pressor response whilst the magnitude of a 

pressor response was further augmented. Again, the exact mechanisms 

responsible for mediating these effects cannot be determined from these 

experiments, however, several explanations are discussed below.

As discussed above, the cNTS contains both adenosine A, and A2a receptor 

binding sites (Chapter 5; Bissonnette & Reddington, 1991; Castillo-Meléndez et 

al. 1994). The rat brainstem as a whole, however, has been shown to exhibit an 

A /A 2 receptor binding ratio of approximately 7:1 (Barraco et al. 1991). 

Accordingly, the possibility arises that the cNTS may also display a similar 

pattern of distribution. Given this, and the fact that in the presence of the uptake 

inhibitor, dipyridamole, the extracellular concentration of adenosine is likely to 

be elevated, it seems reasonable to suggest that a substantially larger population 

of A] receptors in the cNTS would be activated than A2a receptors. Given the 

discussion above (see previous section), such an effect would ultimately lead to 

the development of a pressor response. It follows that a depressor response, 

which is probably mediated via an A2̂  evoked increase in glutamate release (see 

above), could be reversed into a pressor response, at higher adenosine 

concentrations (adenosine plus dipyridamole) by the activation of surrounding
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A, receptors (see above). Alternatively, a pressor response, possibly mediated by 

the attenuation of glutamate release (A, receptor mediated event; see above) 

could be augmented under conditions of increased adenosine concentration due 

to the enhanced Aj receptor stimulation.

Whilst the mechanisms proposed above are feasible, the effects of adenosine in 

the presence, and absence, of dipyridamole were not challenged with adenosine, 

glutamate or GABA antagonists. Therefore further experiments are required to 

substantiate these claims.

Failure o f adenosine to elicit a response

At several sites in the cNTS during this study, microinjections of adenosine 

failed to elicit a cardiovascular response. This is in contrast to previous reports 

in the literature where it is apparent that microinjections of adenosine into this 

region consistently evokes a depressor response (Barraco et al. 1988; Tseng et 

al. 1988; Mosqueda-Garcia et al. 1991). One possible explanation for this 

discrepancy is the dose of adenosine employed in these studies. In the 

experiments reported in this thesis, the dose of adenosine injected into the cNTS 

was 10 nM. This contrasts with the maximum dose used by others which ranged 

between 33 to 38 mM (Barraco et al. 1988; Tseng et al. 1988; Mosqueda-Garcia 

et al. 1991). However, considering that the physiological concentration of 

adenosine is approximately 0.03 to 3 pM under basal conditions, it seems 

unlikely that the effects elicited by adenosine at such high concentrations as
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those utilised by these workers will ever be reproduced under normal 

physiological conditions, or even during hypoxia, when adenosine levels are 

known to be dramatically elevated (Van Wylen et al. 1986; Phillis et al, 1987). 

The dose of adenosine employed in this thesis on the other hand is 

approximately equal to the affmity of adenosine for the A, and Aja receptors. 

Thus, considering the rapid rate of metabolism of adenosine in the cNTS, it is 

perhaps not all that surprising that in some regions of the cNTS adenosine had 

no effect on cardiovascular activity.

In addition to these discrepancies discussed above, the work of Barraco et al. 

(1988) should be viewed with a certain degree of caution for a number of 

reasons. For example, the volume of drug administered into the cNTS study was 

extremely (Barraco et al. 1988) high when compared to the volume used in this 

thesis (100 nl vs 50 nl). Prior to those microinjection studies, Barraco, Polasek, 

Janusz, Campbell & Schoener (1987) demonstrated that the maximum volume 

of drug that should be injected into the NTS to maintain a discrete localization 

within this complex is 50 nl. From this very same study, it is apparent that a 

100 nl of dye injected into the NTS will spread over an area almost twice the 

size of that elicited with just 50 nl (Barraco et al. 1987). Thus, it is conceivable 

that the effects elicited by microinjections of adenosine into the NTS during 

studies by Barraco et al. (1988) are mediated by the diffusion of the drug into 

wider area of the NTS than that observed in this thesis or into structures 

adjacent to the NTS complex, such as area postrema. Moreover, since vehicle
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control responses were not routinely carried out during experiments performed 

by Barraco et al. (1988), it is feasible that the large depressor responses 

observed with adenosine were partially mediated by the vehicle.

How might adenosine receptors regulate neurotransmitter release?

The ability of adenosine to inhibit neurotransmitter release was first recognised 

in the peripheral nervous system, but it has since been shown to regulate the 

release of a variety of neurotransmitters in the CNS (Dunwiddie & Fredholm, 

1985; Hasuo et al. 1992; Prince & Stevens, 1992; see Fredholm, 1995 for 

review). Whilst these effects are known to be mediated by the stimulation of 

adenosine A, receptors, the exact mechanism(s) of action remains unclear (see 

Fredholm & Dunwiddie, 1988 for review; Hasuo et al. 1992; Thompson, et al. 

1992). Several hypothesis have however been advanced, these include changes 

in cAMP levels, activation of postsynaptic K+ channels and inhibition of 

presynaptic calcium channels (see Fredholm & Dunwiddie, 1988 for review; 

Hasuo et al. 1992; Thompson et al. 1992; Umemiya & Berger, 1994; 

Fredholm, 1995). Recent evidence has since excluded the possible involvement 

of former two (Umemiya & Berger, 1994; Fredholm, 1995) and most interest 

has focused on the mechanism involving the presynaptic Ca+ channel.

In the mammalian CNS, N- and P-type calcium channels have been shown to 

contribute to the calcium influx which triggers transmitter release from 

presynaptic terminals (Takahashi & Momiyama, 1993; Regehr & Mintz, 1994).
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In hippocampal neurons, it has been proposed that the suppression of 

neurotransmitter release by adenosine at receptors is mediated predominantly 

by the inhibition of these channels (Fredholm, 1993; Mogul, Adams & Fox, 

1993; Umemiya & Berger, 1994). In contrast, the stimulatory effect of 

adenosine on neurotransmitter release via an action at Aja receptors has been 

attributed to the potentiation the of P-type calcium channel at the presynaptic 

terminal (Umemiya & Berger, 1994).

Thus, it is likely that the unique distribution of N- and P-type calcium channels 

at excitatory and inhibitory presynaptic terminals in the cNTS are also important 

in determining the type of response elicited by adenosine.

Regions important in mediating the cardiovascular responses to adenosine

The cNTS forms the primary medullary centre for multisynaptic cardiovascular 

reflexes (Ciriello & Calaresu, 1981; see Spyer, 1981 for review), and is richly 

connected with virtually all areas of the CNS involved in cardiovascular control 

(Bystrzycka & Nail, 1985). As such, cardiovascular regulation involves a 

complex network of reciprocal connections including short connections between 

the NTS and other brainstem structures like the VLM and dorsal vagal motor 

nucleus, and longer links with more rostral brain structures, such as the 

hypothalamus (Calaresu & Yardley, 1988). Many of these regions, including the 

NTS, have shown been to project directly to the sympathetic preganglionic cell 

bodies located in the intermediolateral cell column in the spinal cord (Holstege,
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1987; see Loewy, 1990 for review), thus, modulation of these pathways would 

ultimately result in changes in cardiovascular activity. Therefore, it is 

conceivable that adenosine is influencing cardiovascular response patterns by 

modulating neurotransmitter release from the vast network of nerve terminals 

projecting to the NTS from rostral brain regions such as the hypothalamus and 

other brainstem structures.

In summary, these data support the contention that adenosine is an important 

neuromodulator in central cardiovascular control at the level of the NTS. It is 

not all that surprising that adenosine subserves a neuromodulatory role in this 

region since the rat NTS contains multiple high affinity binding sites for 

adenosine (see Chapter 5; Castillo-Meléndez et al. 1994) and it also exhibits, 

besides the hypothalamus, the highest levels of adenosine deaminase activity of 

any brain region (Yamamoto et al. 1987). Moreover, the cNTS exhibits the 

highest density of adenosine uptake sites of any region of the rat brain (Bisserbe 

et al. 1985; Bisserbe, Deckert & Marangos, 1986; Deckert, Bisserbe & 

Marangos, 1987).

9.3. MECHANISMS MEDIATING THE CARDIOVASCULAR 

RESPONSE TO HDA STIMULATION

Stimulation of the HDA elicited a pattern of cardiovascular responses which 

include a increase in MAP, HR and FBF. These cardiovascular responses are
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partly mediated by the facilitation of the chemoreceptor reflex (Hilton & Joels, 

1965; Silva-Carvalho et al. 1993) and an attenuation of the baroreceptor reflex 

(Hilton, 1963; Coote et al. 1979; Jordan et al. 1988). Modulation of these 

reflexes has been shown to be mediated by synaptic interactions at the level of 

the NTS (Jordan et al. 1988; Silva-Carvalho et al. 1993). Moreover, the 

inhibition of the baroreceptor reflex has been demonstrated to be a consequence 

of the activation of GABA^ receptors in this complex (Jordan et al. 1988).

Although it is clear that the chemoreceptor reflex is facilitated during HDA 

stimulation by an action at the level of the NTS (Silva-Carvalho et al. 1993), 

and that adenosine A, antagonists attenuate this reflex (Dawid-Milner et al.

1994), very little is know about the synaptic interactions that lead to the 

expression of these responses. Without the knowledge of the mechanisms 

responsible for eliciting the facilitation of the chemoreceptor reflex during the 

defence response, it is impossible to hypothesise how adenosine may modulate 

this reflex during this reaction. Therefore, whilst any modulatory effect of 

adenosine on the chemoreceptor reflex in the NTS cannot be ruled out, the 

discussion described below has concentrated on the possible modulatory effects 

of adenosine on the baroreceptor reflex.

The pressor response elicited on HDA stimulation invariably consisted of 

biphasic elevation in arterial pressure; an initial rise in pressure occurred during 

the 5 sec period of electrical stimulation, followed by a secondary elevation
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which occurred after cessation of stimulation. This secondary rise in MAP was 

often larger than the primary phase. Such a secondary phase was reported as 

early as 1937 (Magoun, Ranson & Hetherington) yet several more recent reports 

have failed to observe this response (Eferakeya & Bunag, 1974; Yardley & 

Hilton, 1986, 1987; Watkins et al. 1993). It has subsequently been proposed that 

the two phases of the pressor response are mediated by different mechanisms. It 

is generally accepted that primary phase is mediated by an increase in 

sympathetic vasomotor tone (Scherrer & Friedman, 1958; Eferakeya & Bunag,

1974), however, opinions differ on the mechanisms responsible for the 

secondary phase, when it is observed. Two hypothesis have been advanced. It 

was initially suggested that this component of the pressor response was 

mediated by the release of vasopressin fi*om the hypophysis (Clark & Wang, 

1939; Scherrer & Friedman, 1958). More recent lines of evidence have 

implicated catecholamines, released from the adrenal medulla, in mediating the 

secondary phase of the pressor response (Morpurgo & Morillo, 1962; Eferakeya 

& Bunag, 1974). This latter hypothesis is supported by the observations that 

there are direct projections from RVLM, which is excited during HDA 

stimulation, to the adrenal medulla (Ross, Ruggiero, Park, Joh, Sved, 

Femandez-Pardal, Saadvedra & Reis, 1984; Strack, Sawyer, Platt & Loewy,

1989). Moreover, several reports have documented a significant elevation in 

plasma catecholamine concentration during electrical stimulation of the HDA in 

rat and cat (Grant, Lindgren, Rose & Uvnas, 1958, Stoddard-Apter , Slegal & 

Levin, 1983).
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The tachycardia evoked by HDA stimulation on the other hand is thought to be 

a consequence of an increase in sympathetic nerve activity and a withdrawal of 

parasympathetic nerve activity to the heart (Rosen, 1961; see Marshall, 1994 for 

review).

In addition to the changes in MAP and HR described above, HDA stimulation 

evoked an increase in the hindlimb blood flow which was accompanied by a fall 

in F VC, thus suggesting vasoconstriction of the femoral vascular bed. These 

results are in contrast to previous studies in rats where a significant increase in 

F VC of up to 500% has consistently been reported during HDA stimulation 

(Yardley & Hilton, 1986, 1987; Watkins et al. 1993). Whilst vasodilatation is 

considered to be an integral component of the defence response, the absence of 

an increase in F VC should not be considered to represent a response evoked 

from regions of the hypothalamus outside of the boundaries of the HDA, since 

other autonomic responses usually associated with the defence response were 

elicited, viz the increase in MAP, HR and pupillary dilatation. Furthermore, 

histological examinations confirmed that the stimulating electrode was indeed in 

the regions of the hypothalamus defined by Yardley & Hilton (1986) to be 

represent the HDA.

In this thesis submaximal stimulus intensities were applied to HDA to permit 

any augmentation of the defence response to be observed eg. in the presence of 

adenosine. The inconsistency in the effect of HDA stimulation on F VC in this

2 5 5



study cannot however be attributed to these stimulus parameters since they were 

almost identical to those used in previous reports (Yardley & Hilton, 1986, 

1987). i  Thus, it is unclear as to why an fall in F VC was observed in this study.

The cardiovascular responses elicited during HDA stimulation in this thesis are 

almost identical to those previously reported in the rat (Yardley, 1986, 1987; 

Watkins et al. 1993). Thus, whilst sympathetic and parasympathetic nerve 

activity have not been recorded in this study, it seems reasonable to suggest that 

the cardiovascular changes observed during the defence response in these 

experiments are mediated by identical mechanisms as those described above.
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9.4. EFFECTS OF ETHANOL ON THE DEFENCE RESPONSE

Due to the insolubility of xanthine derivatives in aqueous base or saline, the 

adenosine A, antagonist, DPCPX, was dissolved in absolute ethanol. Neither 

systemic nor central injections of ethanol (maximum doses, 0.25 ml and 25|xl 

respectively) had any effect on resting levels of MAP or HR. Moreover, ethanol 

had no effect upon the magnitude of the evoked pressor response or tachycardia 

elicited during HDA stimulation. This is interesting given that previous reports 

have proposed that ethanol may suppress both the bradycardia (Zhang et al. 

1989; Varga & Kunos, 1990, Sun & Reis, 1992) and the vascular component of 

the baroreceptor reflex (Sun & Reis, 1992). Recent evidence indicates that the 

suppression of the baroreceptor reflex elicited by ethanol may be mediated by 

the selective potentiation of endogenous GABA at GABA^ receptors, and 

blockade of glutamate receptors in the vicinity of the NTS and/or RVLM 

(Varga & Kunos, 1990; Sun & Reis, 1992). If the mechanism responsible for 

the suppression of the baroreflex by ethanol is indeed via the potentiation of 

GABA in the NTS (Varga & Kunos, 1990), then ethanol might be expected to 

increase the magnitude of the pressor response and tachycardia elicited during 

HDA stimulation in this study since the baroreceptor reflex is powerfully 

inhibited during the defence response by an action of GABA at GABA^ 

receptors, at the level of the NTS (Jordan et al. 1988). The data obtained in this 

thesis would suggest that at least under the present conditions, ethanol had no 

effect on the baroreceptor reflex, and that any effect described previously is
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unlikely to occur via an action at GABA receptors in the NTS. This finding is 

supported by the fact that the IV doses of ethanol administered in this study 

were actually higher than those used by Varga & Kunos (1990) and Sun &

Reis (1992).

9.5. MODULATION OF THE DEFENCE RESPONSE BY ADENOSINE

The biphasic pressor response elicited during HDA stimulation was attenuated 

by IV and ICV injections of the adenosine Aj antagonist, DPCPX (see Chapters 

3 & 4), thus implying that adenosine A, receptors are important in mediating 

both phases of the response. These first experiments indicated that the adenosine 

A, receptors involved in modulating the defence response were located within 

the CNS since intravenous bolus doses of the polar adenosine antagonist 8-SPT, 

were ineffective in modulating the response (see Chapter 3). Indeed, 

microinjections into the cNTS of the A, antagonist OPT, was found to reduce 

the magnitude of both components of the pressor response. Moreover, 

microinjections of 8-SPT directly into this region also tended to attenuate the 

pressor response. Taken together, these data suggest that at least part of the 

biphasic pressor response elicited during the HDA stimulation is modulated by 

an action of adenosine at Aj receptors located within the cNTS.

By contrast, microinjections of adenosine into identical regions in the cNTS 

augmented the pressor response elicited during the defence response. These data
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provide further evidence that adenosine receptors, within this complex, are 

important for the expression of the cardiovascular responses evoked during 

HDA stimulation. However, from these experiments it is difficult to determine 

the exact adenosine receptor subtype that is activated by adenosine in the cNTS 

or how adenosine is modulating this response.

Attenuation o f the primary phase of the HDA evoked pressor response

As note above, the cardiovascular responses elicited during HDA stimulation are 

partially mediated by changes in the sensitivity of the baroreceptor and 

chemoreceptor reflexes (Section 1.2.). The attenuation of the baroreceptor reflex 

is an important aspect of the defence response since it allows opposing patterns 

of cardiovascular response associated with the defence reaction to occur 

simultaneously, ie. an increase in MAP and HR, since under normal 

circumstances the tachycardia would be inhibited by the baroreceptor reflex. 

Thus, it is conceivable that the attenuation of the primary phase of the HDA 

evoked pressor response observed following the administration of the adenosine 

A, antagonists, is mediated by an increase in the sensitivity of the baroreceptor 

reflex.

The attenuation of the baroreceptor reflex elicited during the defence response is 

partially mediated by a chloride-sensitive hyperpolarisation evoked during the 

activation of postsynaptic GABA^ receptors located at the level of the NTS 

(Jordan et al. 1988). It has long been recognised that adenosine can also elicit a
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hyperpolarisation via an action at postsynaptic Aj receptors (Hasuo et al. 1992; 

Thompson et al. 1992; Akhondzadeh & Stone, 1994). Until recently, the 

hyperpolarisation was considered to be achieved primarily through the activation 

of potassium channels (Hasuo et al. 1992; Thompson et al. 1992), however, 

there is now evidence to suggest that at least in hippocampal neurones, this 

response may also be mediated by changes in chloride conductances 

(Akhondzadah & Stone, 1994). The possibility exists that a similar mechanism 

may also be in operation in the NTS, thus, adenosine released/produced in the 

cNTS during the defence response, acts postsynaptically at A, receptors evoking 

a hyperpolarisation via the opening of chloride channels. It is entirely feasible 

that the intrinsic neurons on which the A, and GABA^ receptors are located, are 

one and the same. This is supported by other lines of evidence indicating that 

adenosine A, receptors localized postsynaptically are found predominantly on 

intrinsic neurons (Alexander & Reddington, 1989). Under these circumstances, 

the hyperpolarisation elicited by adenosine may be additive with the GABA^- 

induced hyperpolarisation of intrinsic NTS neurons (see above). Taken together, 

these data suggest that in addition to GABA, adenosine, released/produced in 

the cNTS as a consequence of HDA stimulation, may also participate in the 

attenuation of the baroreceptor reflex elicited during the defence response. This 

is supported by the fact that central or systemic injections of adenosine A, 

antagonists attenuate the pressor response evoked during HDA stimulation.

Accordingly, blockade of the postsynaptic A, receptors with selective A,
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antagonists eg DPCPX or CPT, would have the opposite effect. Thus, the 

antagonists would evoke an overall reduction in the magnitude of the 

hyperpolarisation elicited by A, and GABA^ receptor activation. This in turn 

would increase in the sensitivity of the baroreceptor reflex which would 

ultimately lead to the reduction in the magnitude of the pressor response and 

possibly tachycardia.

Whilst the adenosine antagonist microinjected directly into the NTS modulate 

the defence response by actions predominantly within this complex, the 

adenosine antagonists administered IV or ICV are likely to act at adenosine 

receptors located at sites of the CNS in addition to the NTS. One possible site 

of action is the RVLM, since a recent report has indicated that adenosine 

receptors located within this region play a modulatory role in the defence 

reaction, particularly during the secondary phase of the HDA evoked pressor 

response (Thomas & Spyer, 1996). It has been proposed that the secondary 

phase of this response may be mediated by the release of catecholamines from 

the adrenal medulla (Eferakeya & Bunag, 1974; see Section 9.3.). In addition, it 

has been demonstrated that reticulospinal neurones within the RVLM receive 

direct excitatory input from the HDA and are excited during HDA stimulation 

(McAllen, 1986a,b), and further that stimulation of RVLM itself elicits a release 

of adrenal medullary catecholamines (Ross et al. 1984). Thus, the possibility 

arises that the effects of IV and ICV doses of DPCPX observed on the 

secondary phase of the pressor response might be explained if adenosine were to
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modulate, through actions at the level of the RVLM, the release of 

catecholamines from the adrenal medulla during HDA stimulation.

Augmentation o f the primary phase o f the HDA evoked pressor response

As described above, microinjections of adenosine into the cNTS augmented the 

magnitude of both the primary and secondary phase of the HDA evoked pressor 

response. The mechanisms responsible for mediating this response are unclear, 

however, there are several possibilities. The most obvious explanation for the 

augmentation of the primary phase of the pressor response is, that adenosine is 

activating chloride channels via postsynaptic A, receptors (see above). However, 

the possibility also exists that adenosine is acting presynaptically at A2a to 

enhance neurotransmitter release during this phase. At this site, adenosine could 

evoke either directly, or indirectly, an increase GABA release from the intrinsic 

GABA-containing NTS neurons (see below). The direct effect of this would be 

to facilitate the inhibition of the baroreceptor reflex, through an increase in the 

magnitude of the hyperpolarisation evoked by GABA, and possibly adenosine. 

There are two possible ways in which adenosine may mediate this effect. First, 

there is evidence to suggest that adenosine A2̂  receptors can augment 

electrically stimulated release of GABA from globus pallidus slices (Mayfield et 

al. 1993). Thus, it is conceivable that such a mechanism may also be in 

operation in the NTS. If so, adenosine could act presynaptically at A2̂  receptors, 

to enhance GABA release in the NTS evoked during HDA stimulation.

Secondly, it has been established that the descending inputs to the NTS from the
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hypothalamus do not involve GABA (Izzo et al. 1992). It thus appears these 

descending inputs must provide an excitatory drive to the intrinsic NTS GABA- 

containing neurons. It is plausible that this excitatory drive, like many in the 

CNS, is glutamatergic and as mentioned previously, adenosine can enhance the 

release of glutamate in the NTS (Mosqueda-Garcia et al. 1991; Castillo- 

Meléndez et al. 1994). Hence, an increase in glutamate release via presynaptic 

A2a receptors (see above) would increase this excitatory drive to these neurons 

and thus augment GABA release in the NTS.

Changes in the secondary phase of HDA evoked pressor response 

As noted above, stimulation of the HDA elicits a biphasic pressor response. The 

primary phase of the response was considered to be the initial rise in pressure 

evoked during the stimulatory period, whilst the secondary elevation in pressure 

was that observed after cessation of stimulation, at which point the 

baroreceptors are reactivated. Thus, a different mechanism to that described 

above, is likely to be mediating the changes in the secondary component of the 

pressor response elicited by adenosine and adenosine antagonists.

It has been proposed that the secondary phase of the HDA evoked pressor 

response is mediated by the release of catecholamines fi-om the adrenal medulla. 

The RVLM has been implicated in mediating this response (see above). As 

noted in Chapter 1, there are direct projections fi*om the dorsomedial, 

commissural and ventrolateral subnuclei of the NTS to the sympathetic
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preganglionic vasomotor neurons of the RVLM (Ross et al. 1985). There is a 

large body of evidence to indicate that these projections are indeed excitatory 

(Somogyi, Minson, Morilak, Llewellyn-Smith & Mcllhinney, 1989) and 

mediated by glutamate like substance (Kihara & Kubo, 1991). The possibility 

thus arises that the effects of the adenosine and adenosine antagonists on the 

secondary phase of the response might be explained if adenosine was 

modulating the excitatory drive from the NTS to the RVLM. This is supported 

by the fact that microinjections of adenosine and adenosine antagonists into the 

RVLM have a more profound effect on the secondary phase of the HDA evoked 

pressor response than on the primary phase (Thomas & Spyer, 1996).

From the experiments performed in this thesis, it is impossible to determine 

which of the mechanism described above are in operation. However, it seems 

likely that one of more of the proposed mechanisms are in operation.

Effects o f adenosine and adenosine antagonists on the HDA evoked 

tachycardia

It is interesting to note that whilst adenosine and adenosine antagonists had 

profound, albeit opposite effects, upon the magnitude of the HDA evoked 

pressor response, the tachycardia, elicited during this reaction, was always left 

relatively unaffected. The tachycardia elicited during the defence response has 

been attributed to an increase in sympathetic nerve activity, mediated 

predominantly by the activation of a group of presympathetic motor neurones in
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the RVLM, and a withdrawal of parasympathetic nerve activity evoked by the 

inhibition of cardiac vagal motoneurons localised in the dorsal vagal 

motonucleus and the nucleus ambiguus (Rosen, 1961; see Marshall, 1995 for 

review).

There is no clear explanation as to why neither adenosine nor the adenosine 

antagonists had any observable effect upon the magnitude of the tachycardia 

elicited on HDA stimulation. It is conceivable however, that adenosine is 

decreasing the sympathetic drive to the heart by actions at the level of the 

RVLM whilst simultaneously attenuating the withdrawal of parasympathetic 

activity. Conversely, the possibility exists that the adenosine antagonists are 

increasing the sympathetic and parasympathetic drives to the heart. The possible 

involvement of the RVLM in mediating these responses are strengthened by the 

observations that microinjections of adenosine, and adenosine antagonists, into 

the RVLM have profound effects upon the magnitude of the HDA evoked 

tachycardia in addition to the evoked pressor response (Thomas & Spyer, 1996).

The source o f adenosine involved in the defence response

From the experiments conducted in this thesis, it is clear that adenosine plays a 

modulatory role in the cardiovascular response elicited during HDA stimulation. 

The obvious question that arises from this is, where is adenosine coming from? 

With the use of a selective ecto-5’-nucleotidase inhibitor, a,BmeADP, it was 

established that at least at the level of the cNTS, ATP was the source of
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adenosine involved in mediating the primary phase of the pressor response 

(Chapter 8). It was interesting to note that a,BmeADP, unlike the adenosine 

antagonists CPT or 8-SPT, had no effect on the HDA-evoked secondary 

elevation in arterial pressure when microinjected into the cNTS. The direct 

implication of these observations is that adenosine, derived from sources other 

than ATP, is important in modulating the secondary component of the HDA 

evoked pressor response. These observations are not altogether surprising 

considering that the two components of the blood pressure response are elicited 

by different mechanisms (see Section 9.3). There are several lines of evidence 

to suggest that adenosine, derived from the intracellular breakdown of ATP, can 

be released per se in the CNS during depolarisation with electrical stimulation 

(see White & MacDonald, 1990 for review; Lloyd et al. 1993). It has been 

proposed that depolarisation may increase the energy demand on the cells, thus 

increase intracellular adenosine formation and efflux of adenosine on the 

bidirectional, facilitated-diffusional transporter. Thus, it is conceivable that 

adenosine is released per se in the cNTS during electrical stimulation of the 

HDA to mediate the secondary rise in arterial pressure.

In conclusion, this study has shown that the adenosine A, receptors in the cNTS 

are important in mediating the cardiovascular responses elicited on HDA 

stimulation. Moreover, these data support the contention that adenosine is a 

neuromodulator in the cNTS and further suggest that adenosine, released within 

the cNTS during pathological conditions such as hypoxia, may have profound
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consequences on cardiovascular function.

9.6. FUTURE EXPERIMENTS

The experiments conducted in this thesis have established clearly a 

neuromodulatory role for adenosine, at the level of the cNTS, in cardiovascular 

control and in the expression of the cardiovascular changes elicited on HDA 

stimulation. However, the exact cellular mechanisms mediating these effects 

within this nucleus remain unclear. It is apparent from the literature that the 

majority of the data concerning the cellular effects of adenosine have been 

carried out in vitro in a hippocampal slice preparation. Very few studies have 

examined such effects in the brainstem (Marks, Donnelly & Haddad, 1993). 

Thus, it is essential that equivalent studies are performed in brainstem, 

particularly in areas intimately involved in cardiovascular control. An in vitro 

brainstem slice may provide an ideal preparation in which to examine the pre- 

and postsynaptic cellular effects of adenosine in regions like the cNTS and the 

RVLM. Employing the patch clamp technique, a thin brainstem slice preparation 

would allow electrophysiological recordings from visually identified cells. 

Furthermore, this preparation would allow previously retrogradely labelled cells, 

eg labelled cells from the intermediolateral cell column of the spinal cord to the 

RVLM, to be visualised and recorded. Although an in vitro approach has the 

benefit of mechanical stability of the preparation, an in vivo approach provides 

the advantage of examining the effects of adenosine on reflex pathways in their
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entirety. Thus, an in vivo approach may be adopted whereby the effects of 

adenosine on extra- and intracellular recordings of neurons in these areas could 

be examined
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antagonist radiohgand for Â  adenosine receptors. Naunyn-Schmiedebergs Archives of Pharmacology 
336, 204-210.

LONDOS, C., COOPER, D. M. F. & WOLFF, J. (1980). Subclasses of external adenosine 
receptors.. Proceedings of the National Academy of Science, USA. 77, 2551-2554.

LONDOS, C. & WOLFF, J. (1977). Two distinct adenosine-sensitive sites on adenylate cyclase. 
Proceedings of the National Academy of Sciences of the United States of America 74, 5482-5486.

LOVICK, T. A. (1992). Midbrain influences on ventrolateral meduho-spinal neurones in the rat. 
Experimental Brain Research 90, 147-152.

MACDONALD, W. F. & WHITE, T. D. (1985). Nature of extrasynaptosomal accumulation of 
endogenous adenosine evoked by K-H and veratridine. Journal of Neurochemistry 45, 791-797.

MACLEAN, P. D. & DELAGO, J. M. R. (1953). Electrical and chemical stimulation of the 
frontotemporal portion of the limbic system in waking animal. Electroencephalography & Clinical 
Neurophysiology 5, 91-100.

MAGOUN, H., RANSON, S. W. & HETHERINGTON, A. (1937). The hberation of adrenin and 
sympathin induced by stimulation of the hypothalamus. American Journal of Physiology 119, 
615-622.

MALEY, B. & NEWTON, B. W. (1985). Immunohistochemistry of gamma-aminobutyric acid in 
the cat nucleus tractus sohtarius. Brain Research 330, 364-368.

MARANGOS, P. J. & DECKERT, J. (1987). pH] Dipyridamole binding to guinea-pig membranes, 
possible heterogeneity of central adenosine uptake sites. Journal of Neurochemistry 48, 1231-1237.

278



MARKS, J. D., DONNELLY, D. F. & HADDAD, G. G. (1993). Adenosine-induced inhibition 
of vagal motoneuron excitability: receptor subtype and mechanisms. American Journal of Physiology 
264, L124-L132.

MARSHALL, J. M. (1987). Analyisis of cardiovascular responses evoked following changes in 
peripheral chemoreceptor activity in the rat. Journal of Physiology 394, 393-414.

MARSHALL, J. M. (1987). Contribution to overall cardiovascular control made by the 
chemoreceptor induced alerting/defence response. ln.Neurobiology of Cardiorespiratory control, ed. 
TAYLOR E.W., pp. 222-247. Manchester, UK. Manchester University Press.

MARSHALL, J. M. (1995). Cardiovascular changes associated with behavioural alerting. In 
Cardiovascular Regulation, ed. JORDAN, D. & MARSAHLL, J. M., pp. 37-59. Portland Press.

MARSHALL, J. M. (1994). Peripheral chemoreceptors and cardiovascular regulation. [Review]. 
Physiological Reviews 74, 543-594.

MAYFIELD, R. D., SUZUKI, F. & ZAHNISER, N. R. (1993). Adenosine receptor 
modulation of electrically evoked endogenous GABA release from slices of rat globus pallidus. 
Journal of Neurochemistry 60, 2334-2337.

MCALLEN R.M., (1976). Inhibition of the baroreceptor input to the medulla by stimulation of the 
hypothalamic defence area. Journal of Physiology 257, 45-46P.

MCALLEN, R. M. (1986a). Location of neurones with cardiovascular and respiratory function, at 
the ventral surface of the cat’s medulla. Neuroscience 18, 43-49.

MCALLEN, R. M. (1986b). Identification and properties of sub-retrofacial bulbospinal neurones: 
a descending cardiovascular pathway in the cat. Journal of the Autonomic Nervous System 17, 
151-164.

MEELEY, M. P., RUGGIERO, D. A., ISHITSUKA, T. & REIS, D. J. (1985). Intrinsic 
gamma-aminobutyric acid neurons in the nucleus of the sohtary tract and the rostral ventrolateral 
meduUa of the rat: an immunocytochemical and biochemical study. Neuroscience Letters 58, 83-89.

MEGHJI, P. & NEWBY, A. C. (1990). Sites of adenosine formation, action and inactivation in the 
brain. Neurochemistry International 16(3), 227-232.
MICHAELIS, M. L., MICHAELIS, E. K. & MYERS, S. L. (1979). Adenosine modulation of 
synaptosomal dopamine release. Life Sciences 24, 2083-2092.

MIFFLIN, S. W., SPYER, K. M. & WITHINGTON-WRAY, D. J. (1988). Baroreceptor inputs 
to the nucleus tractus sohtarius in the cat: modulation by the hypothalamus. Journal of Physiology 
399, 369-387.

MILLHOUSE, O. E. (1973). The organization of the ventromedial hypothalamic nucleus. Brain 
Research 55, 71-87.

MOGUL, D. J., ADAMS, M. E. & FOX, A. P. (1993). Differential activation of adenosine 
receptors decreases N-type but potentiates P-type Câ "̂  current in hippocampal CA3 neurons.
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