
MODULATION OF CENTRAL NORADRENALINE EFFLUX BY 
PHARMACOLOGICAL AND NOVEL ENVIRONMENTAL 

STIMULI: A MICRODIALYSIS STUDY.

by

Kathryn Mason

A thesis presented for the degree o f D octor of Philosophy in the University of
London.

D epartm ent o f Pharm acology 
U niversity College London 

Gow er Street 
London 

W C 1E 6B T



ProQuest Number: 10045789

All rights reserved

INFORMATION TO ALL USERS  
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com plete manuscript 
and there are missing pages, th ese  will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10045789

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



ABSTRACT

Central noradrenergic neurones are widely believed to be involved in anxiety and the 

response to stress. The present experiments investigated these links further using 

microdialysis in vivo to monitor changes in central monoamine efflux. In general, 

noradrenaline efflux in rat frontal cortex, a limbic region, was the focus of investigation. 

Dopamine efflux in the nucleus accumbens, another limbic region, was also investigated 

in one set of experiments.

First, experiments confirmed that noradrenaline release was derived from neurones by 

exocytosis. Then, the effects of established anxiolytic (flurazepam) or anxiogenic 

(yohimbine or FG7142) agents, on spontaneous efflux of noradrenaline were 

investigated.

Systemic injection of flurazepam reduced the spontaneous efflux of noradrenaline in the 

frontal cortex. However, despite its evident diffusion across the dialysis membrane, 

local administration of flurazepam via the probe did not modify the efflux of 

noradrenaline. To investigate this further, experiments attempted to reproduce published 

evidence that local perfusion of flurazepam attenuates the efflux of dopamine in the 

nucleus accumbens. However, neither local, nor systemic administration of flurazepam 

affected the efflux of dopamine in the core zone of this brain region. In light of recent 

evidence, it is possible that this is because the core of the nucleus accumbens is less 

sensitive to the effects of flurazepam than is the shell zone and that different studies 

have examined different zones. This needs further investigation, but was regarded as 

being beyond the scope of the project. In contrast to flurazepam, yohimbine increased 

the efflux o f noradrenaline in the frontal cortex while FG7142 was without effect, at 

doses with established anxiogenic effects.

The next experiments investigated the effect o f flurazepam on the yohimbine-induced 

increase in noradrenaline efflux. It was found that systemic injection o f flurazepam, but 

not its local application via the probe, significantly attenuated the efflux of 

noradrenaline when this was elevated by yohimbine. Flurazepam also reduced the net



increase in efflux caused by yohimbine, i.e. it blunted the noradrenergic response to this 

drug. Since these effects of flurazepam were evident only after systemic administration, 

it is unlikely that they involve processes in the terminal field.

Finally, the effect of yohimbine or FG7142 on the noradrenergic response to the stress 

of exposure to a novel environment was investigated. This form of stress, used routinely 

in animal models of anxiety, increased the efflux of noradrenaline. Although yohimbine 

increased the underlying efflux of noradrenaline in both stressed and non-stressed rats, 

the net efflux during stress was significantly less than in vehicle-injected controls. In 

contrast. FG7142, which did not modify the underlying efflux o f noradrenaline, 

increased the net efflux of noradrenaline during stress. Therefore, yohimbine blunted 

the noradrenergic response to stress, whereas FG7142 increased it.

Collectively the results suggest that the anxiolytic, flurazepam, attenuates the increase in 

noradrenaline efflux caused by the generically unrelated anxiogenic agent, yohimbine. 

The results also indicate that anxiogenic agents can have inconsistent effects on the 

noradrenergic response to stress {i.e. the net efflux). Moreover, their effects on the stress 

response cannot be predicted from their effects in unstressed subjects. It is hypothesized 

that net efflux during stress determines the coping response and that any deviation from 

the optimum efflux provokes anxiety.
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C hapter 1 

GENERAL INTRODUCTION

The involvement of the noradrenergic system in anxiety was first suggested on the basis 

of evidence that stimulation of the locus coeruleus produced certain behaviours similar 

to those observed in monkeys presented with stressful or fearful stimuli (Redmond & 

Huang, 1979). This research led to the hypothesis that excessive noradrenergic 

transmission in the brain causes, or is one of the causes of, anxiety.

The present study has used microdialysis in vivo to reappraise evidence for the 

involvement of noradrenaline in anxiety and/or the stress response. In particular, 

experiments have tested the assumption that the action of anxiogenic and anxiolytic 

agents on the noradrenergic system may be a causal factor in anxiety.

In the following introduction, the involvement of noradrenaline in the stress response 

and anxiety is reviewed. In addition, two questions will be discussed throughout this 

section: firstly, are the stress models used in neurochemical studies appropriate and 

comparable to the types of stress experienced by humans; secondly is the noradrenergic 

response to stress similar for all types of aversive stimuli? Since the involvement of 

central noradrenergic neurones in response and adaptation to stress has been reviewed in 

detail recently (Stanford, 1993; Stanford, 1995; Stanford, 1996), the following sections 

give only a brief overview of the background literature leading to this investigation. 

More detailed reviews of literature relevant to particular experiments are given at the 

beginning of subsequent chapters. However, before the background literature is 

discussed the anatomy of the noradrenergic system is described.

1.1 Anatomy of the noradrenergic system.

In the periphery, noradrenaline is released from both the adrenal medulla and most

postganglionic sympathetic neurones. Although adrenaline is the primary secretory

product of the adrenal medulla, some cells secrete noradrenaline due to a lack of the

16



enzyme, phenylethanolamine N-methyltransferase, which catalyses the conversion of 

noradrenaline to adrenaline (Coupland, 1953).

Dahl Strom & Fuxe (1964) mapped the distribution of noradrenergic neurones in the 

brain using histochemical fluorescence. They demonstrated that noradrenergic cell 

bodies reside in the brain stem in a number of separate clusters (A1-A7). The 

noradrenergic innervation of the central nervous system, arising from these nuclei, can 

be divided into the locus coeruleus complex and the lateral tegmental system (Moore & 

Bloom, 1979). The locus coeruleus comprises the prominent nucleus A6 (the nucleus 

locus coeruleus: Dahlstrom & Fuxe, 1964), as well as A4, and scattered neurones in A7. 

The ascending and descending projections from both the locus coeruleus and lateral 

tegmental system have been reviewed extensively (Lindvall & BJorkland, 1978; Moore 

& Bloom, 1979; Holets, 1990). Briefly, fibres of the locus coeruleus form 3 major 

ascending pathways (Moore & Bloom, 1979):

( 1) the dorsal noradrenergic bundle in the central tegmental tract.

(2 ) the ventral noradrenergic bundle in the central tegmental tract

(3) the periventricular system, which is divided into: dorsal longitudinal fasiculus in the 
periaqueductal grey, and the periventricular region of the hypothalamus.

The lateral tegmental system is composed of nuclei A1-A3, A5 and A7 (Moore & 

Bloom, 1979; Lindvall & Bjorkland, 1978; Holets, 1990). Fibres from the lateral 

tegmental system also ascend in the central tegmental tract and the median forebrain 

bundle. In addition to the ascending pathways, descending pathways from both the locus 

coeruleus and lateral tegmental system innervate the spinal cord. The medullary 

catecholamine bundle also carries descending fibres from both systems and ascending 

axons to the medulla oblongata. Furthermore, the locus coeruleus innervates the 

cerebellum via the superior cerebellar peduncles.

The locus coeruleus is the most extensively studied of the brain noradrenergic nuclei 

and contains about 45 % of all noradrenergic neurones in the rat brain (Swanson &
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Hartman, 1975). In the past, it was widely believed that the noradrenergic system was an 

extremely diffuse, non-specific system. In fact it was likened to a "neural aerosol - one 

press on the locus coeruleus button and large areas of the brain are diffusely sprayed 

with noradrenaline" (see: Rang & Dale, 1987). This was reinforced by the belief that 

noradrenergic nerve terminals "do not form close, discrete, synaptic contacts, but appear 

to release transmitter at some distance from the target " (see: Rang & Dale, 1987). 

However, specialized synaptic contacts have since been identified in the terminal field 

of noradrenergic neurones (Olschowka et a l,  1981; Papadopoulos et a l, 1987) This 

suggests that the noradrenergic system is targeted at specific postsynaptic elements in 

the brain. In addition, there is a large amount of evidence to suggest that the lateral 

tegmental and locus coeruleus systems differ both anatomically and morphologically. 

Firstly, the hippocampus (Fritschy & Grzanna, 1989), olfactory bulb (Shipley et a i,  

1985) and frontal cortex (Lindvall et a i,  1978) are innervated by noradrenergic 

neurones exclusively from the locus coeruleus. Indeed reports suggest that 40 % of locus 

coeruleus neurones project to the olfactory bulb (Shipley et a i, 1985). Also, the locus 

coeruleus contains cells of different morphological types which are localized within 

specific zones of the nucleus and are associated with innervation of particular terminal 

fields (Loughlin et al., 1986 a & b). For example, the frontal cortex, unlike the rest of 

the neocortex, is innervated by neurones from both the dorsal and ventral zones of the 

ipsilateral locus coeruleus (Waterhouse et a i ,  1983).

In contrast, no brain region is innervated by neurones exclusively from the lateral 

tegmental system. Therefore, in most brain regions there is an extensive overlap of 

innervation from the locus coeruleus and lateral tegmental system. Notwithstanding this 

overlap, some brain regions have a separate localization of the input from the two 

systems {e.g., hypothalamus: Cunningham & Sawchenko, 1988; amygdala: Sadikot & 

Parent, 1990). In addition, terminal fibres of neurones from these two systems differ 

morphologically: noradrenergic fibres with small varicosities arising in the locus 

coeruleus whereas fibres with larger varicosities arise in the lateral tegmental system
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(Fallon et a i ,  1978). Further evidence that these two systems differ comes from studies 

showing that neurones from the locus coeruleus, but not the lateral tegmental system, 

are vulnerable to the neurotoxin DSP-4 (Fritschy & Grzanna, 1989). These 

morphological and anatomical differences are evidence, albeit contentious, that the 

release of noradrenaline is aimed at specific local targets and is not a "non-specific 

aerosol" as previously believed. In addition, these differences are indicative of 2 

separate functional systems which suggests the response to stress could be refined in 

respect of susceptibility to specific stimulus and the nature of the response.

1.2 The involvement of noradrenaline in the effects of stress.

1.2.1 Historical aspects

It was not until the early twentieth century that the release of chemical messengers was 

associated with the response to stress. This observation arose from experiments in which 

it was demonstrated that the adrenal glands were activated when cats were exposed to 

barking dogs (Cannon & de la Paz, 1911). Although the identity of the adrenal glands 

secretion was unknown at this point it was found to have the same effects as adrenaline 

on isolated tissue (Cannon & de la Paz, 1911). Later, noradrenaline was suggested to be 

the neurotransmitter in sympathetic neurones in the periphery (Stehle & Ellsworth, 

1937). This was later confirmed by the work of von Euler (1946, 1951).

Cannon (1927) postulated that emotion is mediated by a central mechanism which is not 

dependent on peripheral activation as previously hypothesized in the James-Lange 

theory of emotion. Later, Papez suggested that many of the limbic regions were involved 

in emotion.

"the hypothalamus, the anterior thalamic nuclei, the gyrus cinguli, the 
hippocampus and their interconnections constitute a harmonious mechanism 
which may elaborate the functions of central emotion, as well as participate in 
emotional expression" (Papez, 1937).
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Noradrenaline was first found in the brain by von Euler (1946). However, noradrenergic 

neurones in the limbic regions of the central nervous system were not described until 

nearly ten years later (Vogt, 1954; Dahlstrom & Fuxe, 1964).

1.2.2 The effect of acute stress on indices of noradrenergic transmission.

Selye examined the adrenal glands and other organs after exposure to various stressors 

(e.g. exposure to cold, excessive exercise, surgical injury). He found changes in various 

organs including: a decrease in the size of the thymus, spleen, lymph glands and liver; a 

loss of fat tissue; and erosions of the digestive tract. Moreover, these changes did not 

depend on the type of stress used.

"the symptoms of which are independent of the nature of the damaging agent......
and represent a response to damage as such" Selye (1936).

This hypothesis, that the stress response is non-specific, is widely held and has been 

extended to include the central noradrenergic response to stress despite evidence to the 

contrary.

Electrophysiological studies indicate that a wide range of aversive stimuli increase the 

firing rate of noradrenergic neurones in the locus coeruleus: physical stressors such as 

restraint stress (Abercrombie & Jacobs, 1987), footshock (Hirata & Aston-Jones, 1994) 

and tail pinch (Aston-Jones & Bloom, 1981) are widely cited as evidence that 

noradrenergic neurones are activated during stress. However, there are reports that 

simple sensory stimuli, some of which are not obviously aversive, also increase the 

firing rate of the locus coeruleus. For example: flashes, clicks (cat: Rasmussen et al., 

1986a); flashes, tonal pips, fur contact (rat: Aston-Jones & Bloom, 1981); flashes, 

airpuffs (monkey: Grant et at., 1988) are all reported to increase the firing of neurones 

in the locus coeruleus. An increase in locus coeruleus firing rate in monkeys receiving 

automated delivery of orange juice prompted Grant and colleagues (1988) to suggest 

that stimuli leading to behavioural activation/orientation cause the largest increase in 

locus coeruleus activity.

20



Abercrombie and Jacobs (1987) tried to separate aversive from behaviourally-activating 

stimuli by defining a stressor as a "stimulus that elicited a significant sympathoadrenal 

activation as measured by plasma norepinephrine level and heart rate". On this basis, a 

15 minute restraint or exposure to white noise was determined to be stressful, whereas 

exposure of cats to inaccessible rats for 15 minutes was merely behaviourally activating. 

It was found that stressful, but not the behaviourally activating stimuli, increased the 

activity of noradrenergic neurones in the locus coeruleus (Abercrombie & Jacobs,

1987). Similar results were also reported by Rasmussen and colleagues (1986a) who 

found an increase in locus coeruleus activity during threats from the experimenter, but 

not to behaviourally activating stimuli such as exposure of cats to inaccessible rats or 

conspecific presentation. Furthermore, in conditioned response training, the locus 

coeruleus was activated by a stimulus previously paired with an aversive air puff, but 

not by a stimulus paired with a food reward (Rassmussen & Jacobs, 1986b). However, 

recent studies disagree with this interpretation as they find that the locus coeruleus 

responds to stimuli previously paired with both aversive and appetitive stimuli (Sara & 

Segal, 1991).

One interesting finding is that simple sensory stimuli {e.g. high intensity tones, airpuffs) 

cause only phasic changes in locus coeruleus activity, whereas more complex 

environmental stimuli such as tapping on the chamber walls, entrance of experimenter 

and showing the animal objects which are threatening {e.g. capture net, monkey gloves) 

causes longer-lasting tonic activation of the locus coeruleus in monkeys (Grant et a l,

1988). Perhaps these complex environmental stimuli are more threatening and it is this 

psychological component which is responsible for the tonic rather than phasic activation 

of the locus coeruleus. Although the results suggest that the locus coeruleus response to 

complex environmental stimuli is sustained, very few studies use such stimuli when 

investigating the neurochemical effects of stress.

Changes in the firing rate of the locus coeruleus should cause changes in the release of 

noradrenaline in the terminal regions. One measure of release often used as an index of
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noradrenergic transmission, is the turnover of noradrenaline. Various methods are used 

to estimate changes in turnover of noradrenaline in the brain during stress. These 

include: measuring the levels of [^H]noradrenaline after injection of a radioactive 

precursor, or measuring a decline in noradrenaline levels after injection of a synthesis 

inhibitor {e.g. a-methyl-p-tyrosine). In general, the results indicate that physical 

stressors increase the turnover of noradrenaline in various brain regions. For example, 

footshock increased the turnover of noradrenaline in the cortex, cerebellum and 

brainstem (Taylor & Laverty, 1969). Similarly, immobilization stress increased the 

turnover of noradrenaline in various brain regions, including the cortex and 

hippocampus (Corrodi et al., 1971).

An alternative index of noradrenaline release is to measure changes in metabolite levels. 

The major metabolite of noradrenaline is MHPG which is derived from the sequential 

oxidative deamination and 0 -methylation of noradrenaline, catalyzed by the enzymes 

monoamine oxidase and catechol-O-methyltransferase, respectively. In the rat, levels of 

MHPG-SO4, the sulphated conjugate of MHPG, are reported to parallel changes in 

neuronal activation (Lookingland et al., 1991). Using this method, increases in MHPG- 

SO4 levels were found, after immobilization, in various brain regions including: the 

cerebral cortex, hippocampus, hypothalamus, amygdala and locus coeruleus (Ida et al., 

1985). In the past, most turnover studies have used stimuli with a major somatosensory 

component such as footshock or immobilization. More recently, turnover studies using 

psychological stressors have also reported an increase in the turnover of noradrenaline. 

For example, an increase in MHPG-SO4 levels was found in the brains of rats that were 

housed in close proximity to conspecifics experiencing footshock (limora et a l, 1982). 

Changes in turnover after psychological stress were less widespread across the brain in 

comparison to the changes that occur after somatosensory stress.

Contemporary research has used microdialysis to estimate changes in the release of 

noradrenaline during stress. These have generally confirmed conclusions from turnover 

studies (see Table 1.1). However, the technique of microdialysis has the advantage that
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measurements are made in vivo (during the stress) rather than ex vivo (after cessation of

the stress). Physical stressors involving somatosensory stimuli, such as immobilization, 

tailpinch, footshock and restraint, increase the efflux of noradrenaline in various brain 

regions (see Table 1.1). Other studies using environmental stimuli^report increases in 

the efflux of noradrenaline in the frontal cortex are incremental with the addition of 

successive aversive stimuli (novel cage, bright light, unfamiliar conspecific; Dailey &

Stanford, 1995). Furthermore, exposure to novelty elevates noradrenaline efflux in the 

frontal cortex for at least 2 hours, without significant attenuation of the response 

(Dailey & Stanford, 1995).
A  I  t h o u c ^  b ^ o n  c c o n a o \ c : ^ j H a r e ,  c o i d o A S < l  t h c t f -

b ta in  regions do not respond to novelty. For example, in the hypothalamus exposure to a

novel environment failed to alter the efflux of noradrenaline (Yokoo et ai, 1990). Since

this brain region receives localized input from both the locus coeruleus and the lateral

tegmental system this is more evidence that exposure to novelty does not produce a

non-specific generalized response. Indeed these studies indicate that the response to

novelty may be a regionally specific response .

Only one other research group has attempted to examine the effects of psychological 

stress on the efflux of noradrenaline. In their study, an increase in the efflux of 

noradrenaline was observed in the hypothalamus when rats were exposed to an 

environment previously paired with an electric footshock (Yokoo et al., 1990). The 

effect of conditioning to aversive stimuli on the efflux of noradrenaline in other brain 

regions is unknown.

It is therefore undisputed that stress increases noradrenergic transmission in the brain. 

However, it is clear that somatosensory stimuli are not required to produce long-lasting 

changes in noradrenergic transmission. Indeed increases in the efflux of noradrenaline in 

the frontal cortex, during exposure to novelty, can be sustained for 2 hours without 

exhaustion (Dailey & Stanford, 1995a). However, this increase with novelty is not
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Table 1.1 Examples of stimuli that increase the efflux of noradrenaline in various brain 

regions. PVN: paraventricular nucleus of the hypothalamus. The maximum (peak) 

increase achieved is given by the percentage increase (% Increase).

Brain Region Stress %
Increase

Reference

PVN tailpinch 80 Shibasaki et a l ,  1995

immobilization 181 Terrazzino e ta l ,  1995
Hypothalamus footshock 99 Yokoo et al., 1990

C.E.R. 50 Yokoo et al., 1990
Amygdala immobilization 150 Tanaka, et al., 1991

tailpinch 143 Tanaka etal., 1991
Hippocampus restraint 113 Abercrombie etal., 1988

tailshock 134 Abercrombie et al., 1988

handling 35 Kalen et a/., 1989

loud noise 63 Thatcher Britton et al., 1992
Prefrontal cortex immobilization 76 Nakane et al., 1994

tail pressure 50 Finlay et al., 1995
Medial
prefrontal cortex

tailshock

handling

30

30

Cenci et al., 1992 

Cenci et al., 1992
Frontal cortex footshock 121 Rossetti et al., 1990

novel environment 
(dim)
(bright)

50
60

Dailey & Stanford, 1995a

novel environment 
(bright) + unfamiliar 
conspecific

60 Dailey & Stanford, 1995a
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found in the hypothalamus (Yokoo et al., 1990). Further studies investigating the 

response to novelty and psychological stressors {e.g. conditioned emotional response) in 

various brain regions are required to compare the response to these more 'naturalistic' 

stressors with that of somatosensory stress. Whether or not the response to more 

naturalistic stress is more specific than that of somatosensory stress remains to be seen.

Although the involvement of noradrenaline in response to stress is accepted, its role in 

the behavioural/emotional response to stress is poorly understood. Whether the role is a 

causal factor in the adverse effects of stress or is a component of coping {i.e. ameliorates 

the impact of stress) is unclear. Alternatively, it may not be involved at all, but the 

increase in noradrenaline seen during stress could be due to other causes.

1.3 The role of noradrenaline in anxiety

The terms stress and anxiety are sometimes used synonymously; a stressor or an 

anxiogenic stimulus can be defined as any aversive stimulus, whilst the reaction evoked 

by such a stimulus is referred to as the stress response or anxiety. Whereas anxiety is 

similar to stress, in that it is a normal response to an aversive stimulus, it can also be a 

psychiatric disorder when it becomes persistent, debilitating and inappropriate. A 

number of manifestations of anxiety are now recognized including: panic attacks, social 

phobias, posttraumatic stress disorder and generalized anxiety. Criteria for diagnoses are 

defined in the fourth edition of The Diagnostic and Statistical Manual (DSM IV, 1994).

Redmond and Huang (1979) were amongst the first to suggest that noradrenaline is 

involved in anxiety. In experiments using monkeys, they found that low intensity 

electrical stimulation of the locus coeruleus produced behavioural responses similar to 

those caused by fear-producing stimuli (human threat; stimulus previously paired with 

an electric shock). However, the results of this study are not easy to interpret due to a 

background increase in "fearful behaviour" in monkeys restrained in the experimental 

chair. Nevertheless, this study was a milestone in the development of the hypothesis that 

the locus coeruleus was an "alarm system"; involved in "detection of novelty, focusing
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attention" and "differentially amplifying noxious from non-noxious stimuli" (Redmond 

& Huang, 1979). There is a large volume of literature which does not concur with this 

hypothesis. One such area of research is showing that a lesion of the locus coeruleus, or 

the dorsal bundle which carries most of the fibres projecting from locus coeruleus, does 

not cause the unequivocal reduction in anxiety that would be predicted. For example, 

destruction of the locus coeruleus or the dorsal bundle fails to alter either baseline 

responding to conflict, or the release of punished responding by chlordiazepoxide (Koob 

et a l,  1984). In addition, nonrewarded lever-pressing is unaffected by dorsal 

noradrenergic bundle lesion (Salmon et a l,  1989). Moreover, there is some evidence 

that lesioning can actually increase responsiveness to novelty, le. enhance neophobia 

(Britton et a l,  1984; Delina-Stula et a l, 1984). One possible explanation for these 

discrepancies is that, since behavioural experiments usually occur sometime after the 

original lesion (10 days: Britton et a l,  1984; Delina-Stula et a l, 1984; 14 days: Koob et 

a l,  1984), compensatory mechanisms maybe operating; receptor up-regulation or 

involvement of other systems may compensate for the loss of noradrenergic innervation.

A well known conceptualization for the role of the locus coeruleus in anxiety is by Gray 

(1982; 1987; 1988). He suggests that the septo-hippocampal system mediates detection 

of, and response to, anxiety by acting as a comparator for actual and anticipated stimuli. 

If there is no match, or a mismatch for the stimuli {i.e. novel stimulus), or if the stimulus 

is matched as aversive {le. signals match cues for an aversive stimulus) then the system 

activates "the behavioural inhibition system" which attenuates ongoing behaviours. The 

locus coeruleus is the only noradrenergic input into the hippocampus (Fritschy & 

Grzanna, 1989). Gray believes that the locus coeruleus is responsible for increasing the 

signal to noise ratio {i.e. selective attention). This boosts the efficiency of the septo- 

hippocampal system in detection of possible aversive stimuli acting as an 'alarm 

system', warning the septo-hippocampus of aversive stimuli.

In addition to the concept of the locus coeruleus interacting with the septo-hippocampal 

system, Gray also suggests that the locus coeruleus, along with the raphe nucleus, is one
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of the sites at which anxiolytic benzodiazepines mediate their effects to relieve anxiety 

(Gray, 1982, 1987, 1988). In agreement with this, benzodiazepines have been shown to 

reduce indices of noradrenergic transmission in this brain region (Ida et a l ,  1985). 

Consequently, the reduction in noradrenergic transmission by benzodiazepines has 

played an important role in corroborating the noradrenergic theory of anxiety.

This is one possible role for the locus coeruleus in anxiety. However, the frontal cortex 

is also innervated by noradrenergic neurones exclusively from this nucleus (Fritschey & 

Grzanna, 1989). This brain region shows consistent neurochemical changes during, or 

after stress. For example, noradrenaline efflux is reported to be increased in this brain 

region during stress (Rossetti et a i ,  1990; Nakane et a l ,  1994; Dailey & Stanford, 

1995a; Finlay et a l ,  1995). In addition, |3-adrenoceptors are most consistently down- 

regulated in the cortex after repeated stress (reviewed by Stanford, 1990). Moreover, 

benzodiazepines reduce the turnover of noradrenaline during stress in the frontal cortex 

(Taylor & Laverty, 1969; Corrodi et a l ,  1970; Ida et a l ,  1990). This has been confirmed 

using microdialysis studies investigating the effects of these agents on the efflux of 

noradrenaline (Rossetti et a l ,  1990; Nakane et a l ,  1994; Finlay et a l ,  1995). It is this 

brain region which is suggested by Lippa and colleagues (1979) to be responsible for 

mediating the anxiolytic properties of benzodiazepines.

Notwithstanding the attraction of this evidence, there are many limitations to the studies 

carried out so far. Firstly, the effects of benzodiazepines on indices of spontaneous 

noradrenergic transmission are largely ignored and/or appropriate controls are missing. 

Since the spontaneous efflux or turnover of noradrenaline is decreased by 

benzodiazepines, a decrease in the stress-induced turnover or efflux could be due to 

either a reduction in the underlying efflux or a reduction of the stress response. In an 

attempt to overcome this problem, a few microdialysis studies (Finlay et a l ,  1995; 

Dailey et a l ,  1996) have calculated the net changes in noradrenaline efflux taking the 

efflux in the sample immediately before the onset of stress as the new baseline. This 

therefore corrects for any changes in the efflux before the stress. However, there are
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inconsistent reports on the effects of diazepam on net changes in efflux during stress: 

diazepam potentiated the noradrenergic response to a tail pinch (Finlay et aL 1995), but 

did not alter the noradrenergic response to novelty (Dailey et aL, 1996).

A second limitation of many stress studies is that the stressors used are commonly 

somatosensory stimuli which often have a component of pain and/or discomfort. For a 

stimulus to cause anxiety in animals, it has been suggested that stimuli should be 

‘threatening’ (Brown, 1993). Examples include signals of punishment, signals of non

reward (frustration) or novel stimuli (Gray, 1982, 1987, 1988). Although the types of 

psychological stress experienced by humans are difficult to emulate in animal models, 

this is often achieved by pairing a conditioned stimulus (neutral cue) for an unconditioned 

stimulus (reward) with an unconditioned aversive stimulus (footshock). Presentation o f the 

conditioned stimulus, provokes an unconditioned response which is punished by receipt o f the 

unconditioned aversive stimulus. This results in a ’conflict' situation which adds a 

psychological component to the test. By simply presenting the somatosensory

component without prior conditioning or pairing with a cue (e.g. tone or light) the 

psychological component would be reduced, so that the response could be due solely to 

pain and/or discomfort. In fact. Gray (1987) suggests that it is "stimuli associated with 

pain rather than pain itself, which elicits fear". Moreover, these somatosensory stimuli 

are simply not comparable with the everyday stressors experienced by humans who 

rarely experience electric shocks or immobilization (or tail pinch for that matter).

One piece of influential evidence supporting the noradrenergic theory of anxiety rests on 

experiments showing that yohimbine, an a 2~adrenoceptor ligand, is anxiogenic in 

humans (Chamey et aL, 1983) and animal models (Fellow et aL, 1985a; Guy and 

Gardiner, 1985; Stanford et aL, 1989). This is discussed in detail in Chapters 6 and 7. 

Briefly, like stress, yohimbine increases the firing rate of the locus coeruleus 

(Rasmussen & Jacobs, 1986b) and the efflux of noradrenaline in the hippocampus 

(Abercrombie et aL, 1988; Broderick, 1991) and hypothalamus (Itoh et aL, 1990). This 

increase in noradrenergic transmission is presumably caused by yohimbine blocking
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a 2-adrenoceptors in both the locus coeruleus, which increases the firing rate of neurones 

and, at the terminal field, preventing feedback inhibition by these autoreceptors. Both of 

these actions will increase the release of noradrenaline. However, there is evidence that 

this increase in the efflux of noradrenaline may not be responsible for the anxiogenic 

activity of yohimbine. For example, at 2 mg/kg i.p, an anxiogenic dose of yohimbine, 

this drug failed to affect the efflux of noradrenaline in the rat hippocampus 

(Abercrombie et aL, 1988; Broderick, 1991). In addition, it is often ignored that 80 % of 

a 2-adrenoceptors in the central nervous system are postsynaptic (Heal et aL, 1993) and 

so it is conceivable that the anxiogenic effects of yohimbine are due to an action at post- 

and not presynaptic receptors.

The consequences of anxiogenic agents from other generic groups on the efflux of 

noradrenaline are either unknown or inconsistent. FG7142 (N-methyl-|3-carboline-3- 

carboxamide), an inverse agonist at the benzodiazepine receptor, is reported to have 

either no effect (Stanford et aL, 1992) or increase the efflux of noradrenaline in the 

frontal cortex (Nakane et aL, 1994). Therefore, further studies are required to examine 

the effects of this drug on the efflux of noradrenaline in various brain regions. Overall, 

the involvement of noradrenaline in the behavioural response to anxiogenic agents is not 

as unequivocal as is generally claimed.

Whether or not the effect of yohimbine is mediated by an increase in noradrenergic 

transmission there are even limitations to the evidence that yohimbine is an anxiogenic 

agent. Firstly, although yohimbine is unequivocally anxiogenic in anxiety models based 

on novelty (Handley & Mithani, 1984a; File & Fellow, 1985a; Johnston & File, 1989a), 

in punished conflict models it displays either no effect, or an anxiolytic profile (Sethy & 

Winter, 1972; Soderpalm & Engel, 1989; Baldwin et aL, 1989; see Chapter 5). 

Disparate results are also found with other a 2-adrenoceptor antagonists in punished 

conflict tests. For example, there are reports of idazoxan displaying an anxiogenic 

(Kennett et aL, 1994) or anxiolytic (Baldwin et aL, 1989) profile. Since the partial 

benzodiazepine receptor inverse agonist, FG7142, also displays inconsistent results in
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this model, the reliability of punished conflict as a model of anxiety when testing 

anxiogenic agents is questionable (see Chapter 5.1). If the a 2-adrenoceptor antagonist 

activity of yohimbine is responsible for the anxiogenic properties of this drug, other 

a 2-adrenoceptor antagonists should also exhibit similar properties. However, 

a 2~adrenoceptor antagonists display conflicting results in animal models of anxiety 

based on novelty. For example, in the elevated plus maze the a 2-adrenoceptor 

antagonists, piperoxane, RS21361 and idazoxan, display behaviour consistent with an 

anxiogenic profile (Handley & Mithani, 1984a; Soderpalm & Engel, 1989; Wright et aL, 

1992). In contrast, in the social interaction test, idazoxan was found to have no 

significant effect on social interaction (Kennett, 1992). Similarly, the results in human 

studies are conflicting. For example, idazoxan causes an increase in subjective anxiety 

in normal subjects (Krystal et a i ,  1992). However, mianserin, an antagonist at the a 2 ~ 

adrenoceptor, is reported to have some anxiolytic properties in human subjects (Khan et 

aL, 1983), although this might be related to mianserins' action at the 5-HT2c receptor 

site (Kennett et aL, 1989; Kennett, 1992). Similarly, the 5-HTjy^ agonist, buspirone, 

which is anxiolytic acutely in animal models, is rapidly metabolized to l-(2- 

pyrimidinyO-piperazine (1-PP) which is a potent a 2-adrenoceptor antagonist (Blier et 

aL, 1990). Whether the anxiolytic effects, mediated via the 5-hydroxytryptaminergic 

system, counteract the anxiogenic activity at the a 2~adrenoceptor site is unknown.

The reason why yohimbine, but not other a 2-adrenoceptor antagonists, produces a 

consistent anxiogenic profile in human subjects and animal models based on novelty is 

unknown. One possible reason could be that yohimbine has an appropriate binding 

profile at the subtypes of the tt2-adrenoceptor which are responsible for evoking anxiety. 

At least 4 subtypes of a 2-adrenoceptor (« 2^, ^ i c  & 0 2̂0 ) have been identified on 

the basis of radioligand binding (Bylund et aL, 1991). Yohimbine shows high affinity 

for tt2A (pKp 9.13), «28 (P^i' 9.08) and « 2c (pKp 9.58) adrenoceptor subtypes with 

slightly less affinity for the « 2 0  (pKp 8.47) subtype (pKj values from Bylund et aL, 

1991). Functional and binding studies suggest presynaptic (autoreceptors) and
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postsynaptic a 2-adrenoceptors in the rat cortex are of the a 2o subtype (Trendelburg et 

al,  1994; Heal et a l ,  1995). In contrast, molecular studies of gene expression have 

suggested that a 2-adrenoceptors in rat cortex are mostly of the ql2 \  subtype (Scheinin et 

aL, 1994). These discrepancies are probably due to a lack of selective ligands and are 

yet to be resolved.

Release studies in vitro have found that a 2-adrenoceptors also regulate the release of 5- 

HT in rat cortex (Gothert et aL, 1980; Raiteri et aL, 1983a & b; Maura et aL, 1992). 

However, whether the tt2 -heteroceptor on the 5-HT neurone is of the or « 2^ 

subtype is in dispute (Raiteri et aL, 1983a & b; Maura et aL, 1992; Trendelburg et aL, 

1994). Since the 5-HT system is widely believed to be involved in anxiety (for review 

see: Thiebot, 1986) this could also be responsible for, or contribute to, the anxiogenic 

properties of yohimbine. Indeed, microdialysis studies have shown that yohimbine 

increases the efflux of 5-HT in the frontal cortex (Cheng et aL, 1993). Furthermore, 

anxiolytic (e.g. diazepam) agents reduce this yohimbine-induced increase in 5-HT efflux 

(Cheng et aL, 1993).

Recent studies have shown that perfusion of tt2-adrenoceptor ligands in the prefrontal 

cortex (Feenstra et aL, 1995b) also influences the efflux of dopamine in this brain 

region. Therefore, perfusion of the selective a 2~adrenoceptor agonist, UK 14,304, or 

antagonist, RX821002 (2-methoxyidazoxan), into the prefrontal cortex increased and 

decreased the efflux of dopamine in this brain region, respectively (Feenstra et aL, 

1995b). Similarly, injection of a selective a 2~adrenoceptor antagonist, SKF 86466 (6- 

chloro-2,3,4,5-tetrahydro-3-methyl-l-H-3-benzazepine), increased the efflux of 

dopamine in the hippocampus (Xu et aL, 1993). Whether this increase in dopamine 

efflux involves a 2-adrenoceptors directly, or is an indirect effect of the increase in 

efflux of either noradrenaline, or 5-HT, is unknown. Nevertheless, injection of 

yohimbine would also be expected to increase the efflux of dopamine in these brain 

regions. Since the effects of yohimbine in the Elevated Plus Maze are reversed by the
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dopamine receptor agonist, apomorphine, this is further evidence for the role of 

dopamine in the anxiogenic effects of yohimbine (Johnston & File, 1989a).

In addition to the a 2-adrenoceptor, there are a number of other receptors for which 

yohimbine has affinity which could be responsible for, or potentiate, the anxiogenic 

properties of yohimbine. For example, yohimbine binds to 5-HTjy^, 5-HTjQ and 5 -HT2 

(Hoyer, 1989) and benzodiazepine receptors (Braestrup & Squires, 1978).

1.4 The effects of stress on other monoamine neurotransmitter systems.

It is acknowledged that noradrenaline is not the only neurotransmitter that is released 

during stress. Among the monoamines, both 5-HT and dopamine are known to feature 

with a prominent role. Moreover, recent evidence suggests that these monoamine 

systems interact and modify each other's efflux. For example, the noradrenergic system 

modifies the release of 5-HT system via a 2-adrenoceptors on 5-HT neurones (Gothert et 

al., 1980; Raiteri et aL, 1992). Similarly, there is evidence that a 2-adrenoceptors modify 

the release of dopamine (Xu et aL, 1993; Feenstra et aL, 1995b). Conversely, 5-HT can 

modify the efflux of noradrenaline or dopamine via 5-HTi^ and 5 -HT2 receptors (Done 

& Sharp, 1994) or 5-HT^ receptors (Bonhomme et aL, 1995), respectively. Since these 3 

monoamine systems can have such reciprocal interactions, the effect of stress on the 5- 

hydroxytryptaminergic and dopaminergic systems must also be considered.

The effect of stress on 5-hydroxytryptaminergic and dopaminergic systems is discussed 

extensively in a recent review on monoamines in response and adaptation to stress 

(Stanford et aL, 1993). In brief, studies have shown that physical stressors such as 

restraint and tailpinch increase the efflux of 5-HT in the hippocampus (Vahabzadeh & 

Fillenz, 1994). Moreover, the types of stress used in animal models of anxiety (novelty), 

social interaction (hippocampus; Cadogan et aL, 1994) and elevated plus maze (frontal 

cortex; Rex et aL, 1993), also increase the efflux of 5-HT. In contrast, benzodiazepine 

agonists, which are used to treat anxiety, are reported to decrease the efflux of 5-HT
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both during stress (Wright et aL, 1992; Finlay et aL, 1995; Rex et aL, 1993) and in 

non-stressed animals (Pei et aL, 1989).

Like noradrenaline and 5-HT, the transmission of dopamine is also increased by stress. 

Studies have shown an increase in dopamine activity in limbic regions of the brain, 

innervated by neurones derived from the lateral tegmental area, but not in nigrostriatal 

regions which are innervated by neurones from the substantia nigra. For example, 

immobilization increased the levels of DO?AC in the prefrontal cortex and nucleus 

accumbens, but not the striatum (Bertolucci-D'Angio et aL, 1990). Similar results are 

found in turnover studies using other physical stressors (Corrodi et aL, 1970; Claustre et 

aL, 1986; ). However, studies using microdialysis have found that dopamine neurones in 

nigrostriatal regions do respond to physical stress, but to a lesser extent than mesolimbic 

and mesocortical regions. For example, intermittent tail shock increased the efflux of 

dopamine in the striatum, nucleus accumbens and the frontal cortex by 25 %, 39 % and 

95 %, respectively (Keefe et aL, 1990). Similar findings are reported by Cenci and 

colleagues (1992).

In addition to physical stress, studies using psychological stress suggest an increase in 

dopamine transmission in cortical regions. For example, DO?AC levels in the frontal 

cortex were increased on re-exposure to an environment previously paired with 

footshock (Claustre et aL, 1986). Similarly, exposure to conspecifics experiencing 

footshock increased the levels of DO?AC in the prefrontal cortex (Kaneyuki et aL, 

1991). However, whether this increase is also seen in other limbic regions such as the 

nucleus accumbens, or nigrostriatal regions such as the striatum is unknown. Similarly, 

novelty increases the efflux of dopamine in the prefrontal cortex (Feenstra et aL, 1995a), 

but the effect of this stress on nigrostriatal regions is unknown.

In one section of this thesis, the effects of benzodiazepines were studied on the efflux of 

dopamine in the nucleus accumbens. This was more to enable comparisons with 

published literature than to direct the project towards the study of dopaminergic
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responses to stress. The nucleus accumbens is a mesolimbic region of the brain in which 

the effects of stress and benzodiazepines have been studied extensively. The effects of 

benzodiazepines on spontaneous dopamine transmission in the nucleus accumbens are 

discussed in detail in Chapter 4. Briefly, benzodiazepine agonists reduce the 

spontaneous transmission of dopamine in the nucleus accumbens (see Chapter 4). In 

addition, benzodiazepine agonists reduce stress-induced increases in dopamine 

transmission. For example, diazepam attenuated the increase in DOPAC levels in the 

prefrontal cortex induced by psychological stress (Kaneyuki et a i ,  1991). Similarly 

diazepam reduced the increase in dopamine efflux elicited by both novelty (Feenstra et 

aL, 1995a) and tail pressure (Finlay et aL, 1995).

1.5 Aims

The following study has used the technique of microdialysis in vivo to monitor the 

efflux of noradrenaline in the frontal cortex to reappraise evidence that changes in 

noradrenaline efflux underlie the action of anxiolytic and anxiogenic agents. First, the 

effects of the benzodiazepine receptor agonist, flurazepam, on both spontaneous efflux 

and a yohimbine-induced increase in the efflux of noradrenaline were determined in the 

frontal cortex. Experiments were then conducted to investigate whether the effect of 

flurazepam on the efflux of noradrenaline was affected by mechanisms in the frontal 

cortex. Finally, experiments were performed to determine whether the actions of drugs, 

known to influence psychological status in anxiety, affected the response to stress. To 

achieve this, the effects of the anxiogenic agents, yohimbine and FG7142, on the efflux 

of noradrenaline were determined both alone and during exposure to a novel 

environment.
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C hapter 2 

M ETHODS

2.1 INTRODUCTION

2.1.1 History

The first attempts to measure neurotransmitter release in the brain relied on 

measurement of changes in tissue concentration post mortem to estimate the turnover of 

neurotransmitter. Although turnover studies are now more refined, the main 

disadvantage of this technique is that measurements are carried out ex vivo. 

Development of the cortical cup was fundamental as this allowed, for the first time, 

sampling in vivo from the surface of the cortex of anaesthetized animals (see: 

Benveniste, 1989). Later the push-pull cannula (Gaddum, 1961) allowed deeper 

structures to be sampled over time. One of the problems with both these techniques is 

they can cause tissue trauma due to direct contact between the perfusion medium and 

the brain tissue. Evolution of these techniques resulted in intra-cerebral microdialysis 

(Delgado et al, 1972) which allows sampling in deep structures with less tissue trauma 

since there is compartmentalization of fluid within the microdialysis probe. Another 

technique which can be used to measure neurotransmitter levels in vivo is voltammetry 

(reviewed by: Stamford, 1989). The main advantage of voltammetry over microdialysis 

is the time resolution which is in the order of seconds rather than minutes. Another 

advantage is the diameter of the electrode (eg carbon fibre of 6-12 \im; see review by 

W ightman, 1981) which is small in comparison with that of the microdialysis probe 

(300-500 |xm) and therefore causes less damage when implanted. Voltammetry has, 

however, one major disadvantage which is that the selectivity of detection is poor 

because it relies on an electrochemical detection in situ. Alternatively, with 

microdialysis, components in the dialysates can be separated before detection and this 

increases the selectivity of the technique.
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Microdialysis was first used in 1966 to determine amino acids levels in the 

cerebrospinal fluid, brain dialysates and plasma of the dog (Bito et aL, 1966). This 

consisted of a crude "dialysis bag" attached to inlet and outlet tubing. In 1972 this 

"dialysis bag" was used by Delgado and collègues to measure amino acids in the brain. 

They recognized that the procedure would be useful for obtaining neurochemical 

information and suggested that it could also be used to deliver drugs to specific brain 

regions. Over 10 years later, Delgado and collègues (1984) offered structural 

improvements to this microdialysis bag in which the bevelled tip of an 18 gauge needle 

was covered in dialysis membrane. Meanwhile other groups were using either vertically 

implanted dialysis probes made by looping the membrane (U-shaped probe), or single 

dialysis fibres implanted transversely in the brain (Zetterstrom et aL, 1982; Hernandez et 

aL, 1983; Tossman & Ungerstedt, 1986a & b). However, because these were too large to 

implant in discrete brain nuclei, larger brain regions such as the striatum tended to be 

studied. Further refinement led to vertically implanted microdialysis probes which were 

either: concentric in design (similar to the transcerebral design), as described by 

Hernandez and collègues (1986), or a side by side arrangement of tubes, as described by 

Sandberg and collègues (1986). These smaller, vertically-implanted dialysis probes 

enabled sampling in discrete brain regions (Hernandez et aL, 1986) and dual sampling 

by implanting more than one dialysis probe (Hernandez et aL, 1987).

2.1.2 The technique of microdialysis.

Microdialysis in vivo enables estimation of neurotransmitter concentrations in the 

extracellular fluid surrounding the microdialysis probe. Neurotransmitter concentrations 

in the probe environment, and the synaptic cleft are assumed to be in equilibrium (albeit 

often without justification). Brain microdialysis does not measure directly the 

neurotransmitter released at synaptic sites, but rather neurotransmitter that has diffused 

into the extracellular space. The concentration of neurotransmitter in the synaptic cleft 

is determined by the net effects of release and reuptake. This means that microdialysis is 

measuring the net changes in these processes which is described by the terms 'efflux' or 

'overflow'. In the following text, these terms will be used hereafter.
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Measurement of noradrenaline efflux in the brain by microdialysis in vivo involves the 

implantation of a microdialysis probe into a selected brain region. Low molecular 

weight compounds diffuse down their concentration gradients from the brain 

extracellular fluid into a physiological salt solution that flows through the microdialysis 

probe at a constant rate. Diffusion can also occur in the opposite direction, from the 

microdialysis probe to the brain extracellular fluid. This means that drugs can be 

administered locally into discrete brain areas via the dialysis probe. The perfusion fluid 

is collected and solutes analysed by HPLC coupled to an appropriate detector. Published 

reports indicate that the efflux of noradrenaline in the medial frontal cortex is normally 

between 0.47-2.33 fmoles/min (AP 4-3.2 mm in comparison to bregma; van Veldhuizen 

et a i ,  1990; Cenci et a i ,  1992; Finberg et aL, 1993; Jordan et al., 1994) depending on 

flow-rate, Ca^+ content of the perfusate and type of probe used. To detect such low 

quantities of noradrenaline the most sensitive method available is electrochemical 

detection which can detect as little as 2 fmoles of noradrenaline (Dailey & Stanford, 

1995b).

2.1.3 Probes

Many different types of microdialysis probes exist which vary in respect of both design 

and membrane type. The different designs of probes that exist include U-shaped, 

concentric, side by side and transcerebral. One major disadvantage of U-shaped probes 

is they cause considerable damage to the brain tissue on implantation due to their larger 

diameter. Alternatively, transcerebral probes cause less trauma and allow simultaneous 

sampling of both brain hemispheres resulting in higher levels of neurotransmitter in the 

perfusate. However, the main disadvantage with transcerebral probes is that the surgery 

required for their implantation is more extensive and, therefore, more stressful to the 

animal. Since limiting post-operative stress was a priority in this study, concentric or 

side by side probes were preferred. In the following study, probes were based on a 

design described by Sandberg and colleagues (1986), where 2 tubes arranged side by 

side were inserted into a dialysis membrane with one acting as the inlet and the other as 

the outlet.
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Dialysis membranes are available in various materials, including cellulose (Dow), 

polycarbonate (Carnegie Medicin), acrylic copolymer (Amicon Vitafiber), 

polyacrilonitrile copolymer (AN69 Hospal). These differ in relative molecular weight 

cut-off (5-50 k Daltons; Di Chiara, 1990) and permeability to solutes. In this study 

Hospal membane (AN69 Filtrai 12; molecular weight cut off 40,000; Hospal; France) 

was used to make side by side microdialysis probes. This membrane has approximately 

310/220 (im external/internal diameter and is reported to have a high recovery rate for 

noradrenaline (34%: Rossetti et ciL, 1993). Although concentric microdialysis probes are 

commercially available, these are expensive and have comparatively large diameters 

(500 pm; Carnegie Medicin; Stockholm Sweden). It has been suggested that smaller 

probes may cause less damage to the brain (Sfi^vi)^/ aL, 1990).

2.1.4 The perfusate

The choice of physiological medium for perfusion during dialysis experiments varies 

between laboratories. Some laboratories use artificial cerebrospinal fluid as the 

perfusion medium for microdialysis (Routledge & Mardsen, 1987; Tanaka et a i ,  1991 ; 

Done & Sharp., 1994). This was tried originally in this laboratory, but after problems 

with chromatography, a modified Ringer's solution (mM: 145 NaCl; 4 KCl; 1.3 CaCl]: 

pH 6.6) was substituted and used thereafter. Most of the literature published uses a 

variation of Ringer's solution for the measurement of noradrenaline by microdialysis 

(Abercrombie et aL, 1988; van Veldhuizen et aL, 1990; Finberg et aL, 1993; 

Vahabzadeh & Fillenz, 1994). One of the problems with Ringer's solution is that it is 

unbuffered and although the fluid in the microdialysis probe is not in direct contact with 

brain tissue, it has access to the interstitial fluid compartment. However, the 

cerebrospinal fluid in the brain is buffered and, therefore, homeostatic mechanisms will 

ensure that the the pH of the cerebrospinal fluid remains at, or close 7.4 (Feenstra; 

personal communication; Nicholson, 1980). In order to standardize procedures, a small 

quantity of Ringer's was made every day and the pH tested on a number of occassions 

where it was found to be between 6.2-6.6. In addition, to ensure that the pH was not 

affecting the efflux of noradrenaline throughout the day, collection of dialysis samples
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containing spontaneous transmitter release was carried out, over a five hour period, in 

both anaesthetized and freely moving rats. This is referred to as spontaneous efflux in 

the following text.

The Ca-+ of published studies varies widely, for example (3.4 mM: Finberg et al ., 

1993; 2.3 mM: Jorden et al., 1994; 1.2 mM: Done and Sharp, 1994). In the following 

study, the choice of Ca^+ content of the modified Ringer's solution (1.3 mM) was based 

on the following evidence. Firstly, a steep increase in extracellular noradrenaline was 

observed between 0.075-1.3 mM of Ca^+ with higher concentrations leading to a more 

gradual increase of noradrenaline levels (^eldhuizen et al, 1990). Secondly, the 

physiological extracelluar concentration of Ca-+ in the rat striaum was found to be 1.2 

mM (Moghaddum & Bunney, 1989a). Therefore, at a concentration of 1.3 mM, levels of 

Ca^+ are at the zenith of the steep part of the curve observed for the noradrenaline 

efflux, and can be assumed to be physiologically appropriate.

In many early microdialysis studies, the noradrenaline uptake blocker desipramine was 

added to the perfusion medium to increase levels of noradrenaline in the dialysate. 

However, the literature suggests that uptake blockers modify the effects being studied. 

An example of this is seen in the hippocampus where the increase in noradrenaline 

efflux caused by 30 mM K+, in the presence and absence of desipramine ( l | iM ), was 

364 % and 196% of the baseline, respectively (Abercrombie et al., 1988). Noradrenaline 

efflux is determined not only by release rate, but also by the interaction of both neuronal 

reuptake mechanisms and presynaptic ot2 -adrenoceptors (Dennis et al., 1987). Previous 

studies have shown that the effect of antagonists at the presynaptic a 2 -adrenoceptors are 

dependent on tonic agonist input which is determined by the extracellular concentration 

of noradrenaline (Dennis et al., 1987; Thomas & Holman, 1991). It was decided that the 

use of drugs which block the reuptake of noradrenline would be avoided in this study, 

therefore.
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2.1.5 S u rgery

Implantion of dialysis probes was carried out without pre-implantation of a guide 

cannula. This method was chosen so as to avoid to re-anaesthetizing or restraining the 

rat when inserting the microdialysis probe on the day of experimentation. It was 

considered that this method minimized the stress to the animal on the day of 

experimentation which was paramount to this study.

It is essential that the blood-brain barrier is intact during microdialysis to avoid 

contamination from the systemic circulation. However, this was not considered to be a
a t

significant problem in the present study since experiments commenced^! hours after 

surgery and the blood brain barrier is reported to be intact within 30 minutes of probe 

insertion (Blasberg et al., 1983).

It is reported that, in dopaminergic neurones at least, during the first 12 hours after 

implantation of the microdialysis probe, dopamine collected in the dialysate is derived 

partly from damaged neurones (Westerink et at., 1987). In this study, animals were 

allowed to recover from surgery and anaesthesia for between 17-20 hours, therefore. 

Animals allowed to recover for 24 hours are reported to demonstrate a near 

normalization of both local cerebral blood flow and glucose metabolism (Benveniste et 

a l ,  1987). However, there is evidence that appreciable gliosis starts 72 hours after probe 

implantation (Benveniste & Deimer, 1987) and, therefore, sample collection after this 

time was avoided. Implantation of the microdialysis probe could also sever axons of 

neurones which project to nearby or distant brain regions. Evidence from silver staining 

shows damage to axons 24 hours after implantation of dialysis probe; this becomes 

increasingly prominent with longer survival times (Shuaib et a l ,  1990). Consequently, 

^  animals Svere used during the day after surgery only, and with sample collection 

finishing no later than 26 hours after surgery. This limited the effects of both gliosis and 

axonal degeneration.

Conscious animals were allowed freedom of movement around their home cage by 

using a counterbalanced system of tubing. It was felt that this method was less stressful
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than using a liquid swivel system for sample collection since this involves tethering the 

animals immediately after surgery.

In anaesthetized rats, microdialysis probes were perfused throughout surgery and the 

first two hours o f dialysate was discarded. Samples of dialysates containing 

spontaneous efflux (basais) were then collected until a stable baseline was achieved in 

at least four samples.

In freely moving rats^probe perfusion commenced at least 17 hours after surgery. The 

first two hours o f dialysate was discarded and samples were collected as described 

above.

The methods used during surgery, microdialysis sample collection and component 

detection are described, in full, in this chapter.
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2.2 SURGICAL PROCEDURES

All procedures complied with the U.K. Animal (Scientific Procedures) Act, 1986.

2.2.1 Animals

Outbred male Sprague-Dawley rats (260-350 g) derived from a colony at University 

College London were used. Animals were transferred to their housing cages, at least one 

week in advance of experiments, in groups of four with access to food and water ad 

libitum. Environmental conditions in the animal house were controlled at all times with 

room temperature at 22 °C and a 12 hour light and dark cycle (lights on 7.00 am).

2.2.2 Anaesthesia

2.2.2.1 Non- recovery animals.

Animals were placed in an induction chamber and anaesthesia induced by inhalation of 

halothane (set at: 3.5 % halothane, gas mixture 95 % 02/5% CO2 , flow-rate 

1500 cm^/min). Once the righting reflex was lost the rat was removed and anaesthesia 

maintained by a face mask set in place over the snout (set at: 2-2.5 % halothane, gas 

mixture 95 % 02/5% CO2, flow-rate 1000 cm^/min). A homeothermic blanket 

(Harvard), regulated via a rectal probe, was used to maintain body temperature at 37 °C. 

Anaesthesia was confirmed by lack of pedal reflex both before, and at intervals 

throughout, the surgical procedure. A small round hole was made in the skin on the 

ventral surface of the neck and the underlying longitudinal musles in the neck were 

teased apart to expose the trachea. A cannula (2 cm of polythene tubing, 

internal/external diameter: 1.67/2.42 mm; Portex) was inserted into the trachea, secured 

by tying with cotton thread, and attached to a Y-shaped adapter which allowed 

connection of the inlet and outlet tubes for maintenance of anaesthesia (set at : 1-1.5 % 

halothane, gas mixture 95 % 02/5% CO2 , flow-rate 500 cm^/min). The face mask was 

then removed and animals were mounted in the stereotaxic frame (see Fig 2.1). The 

microdialysis probe was then implanted as described in 2.2.3.
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Figure 2.1 Photograph showing an anaesthetized rat mounted in a stereotaxic frame. 
Halothane anaesthesia was delivered via a tracheal tube.
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2.2.2.2 Recovery animals.

Instruments were routinely sterilized before use and surgery was performed under clean 

conditions in a room set aside for the operating procedure. Anaesthesia was induced as 

described in 2.2.2.1. The animals were mounted in a modified stereotaxic frame (David 

Kopf Instruments) which incorporated a nose-piece for maintenance of anaesthesia (set 

at: halothane 1-1.5 %, gas mixture 95% 02/5% CO2, flow-rate of 1000 cmVmin).

2.2.3 Implantation of the microdialysis probe.

Animals were mounted in a stereotaxic frame (David Kopf Instruments) and secured by 

using either pointed ear bars (non-recovery animals) or blunted ear bars (recovery 

animals); the incisor bar was set 3.3 mm below the interaural line. A small incision was 

made in the skin on the dorsal surface of the head and connective tissue was scraped 

away to expose the underlying bone and reveal bregma. A hole was then drilled, using a 

small trefine drill bit, in the cranium at the desired coordinates. A needle (25 g) was 

used to gently tear the duramater and a microdialysis probe was implanted vertically into 

either, the frontal cortex (AP -t-3.4-3.7; ML -I-/-1.3-1.6; DV -5.0 mm) or nucleus 

accumbens (AP +1.8-2.2; ML +/-1.3-1.5; DV -7.8 mm) according to the atlas of 

Paxinos and Watson (1986). The positions of the microdialysis probes within the frontal 

cortex or nucleus accumbens are illustrated in Figure 2.2. The microdialysis probe was 

perfused throughout the implantation procedure (perfusion pump: Linton Instruments), 

at a flow-rate of 1 pl/min, with a solution of modified Ringer's solution (mM: 145 NaCl; 

4 KCl; 1.3 CaCl2 ', pH 6.6). In the following text, this modified Ringer's solution is 

referred to as Ringer's solution.

rv\pc|ifHcLol b 4s5
In animals destined for recovery, tw^small^wood screws (Lyttleford) were inserted, on 

opposite sides of the cranium, prior to implantation of the microdialysis probe. The hole 

in the cranium was sealed using a small amount of wax and the microdialysis probe 

secured with dental cement (Associated Dental). Animals were placed individually on a 

paper towel in their home cage until the effect of the anaesthetic had worn off after
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AP+1.8-2.2 
M L+/-1 .3 -I .5  
DV -7.8

AP+3.4-3.7 
ML +/- 1.3-1.6 
DV -5.0

F igure  2.2 Diagram to illustrate the position o f  the microdialysis probe within (A) the nucleus accumbens (B) the frontal
cortex. Dialysing areas o f  the microdialysis probes (not drawn to scale) are shown in white, whereas the
non dialysing areas are black. Coordinates for the nucleus accumbens and frontal cortex are shown below the diagrams.
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which they were placed on normal bedding material. They were then returned to the 

animal house, for overnight recover from surgery, in their home-cage.

2.3 MICRODIALYSIS METHODS

2.3.1 Construction of the microdialysis probe .

2.3.1.1 Detection of noradrenaline in the frontal cortex.

Microdialysis probes were of a modified concentric design adapted from that described 

by Sandberg et al (1986). Two lengths of fused silica glass (internal/external diameter: 

75/ 150 pm; Scientific Glass Engineering PTY Ltd) were cut to 30 mm and inserted side 

by side into a metal barrel (23 g, 20 mm in length; Coopers Needle Works Ltd). One 

length protuded by approximately 5.0 mm and the other by 1 mm. The outer coating of 

the protruding silica glass was removed by scorching in a methanol flame and then the 

two pieces of glass were glued together with epoxy resin (Araldite). The ends of silica 

glass were then inserted into Hospal dialysis membrane (internal/external diameter: 240 

7300 mm; molecular weight cut-off 40,000; Filtrai 12, AN69) and fixed with epoxy 

resin at the metal barrel. The end of the membrane was then cut and sealed with epoxy 

resin approximately 1 mm from the end of the silica glass. The dialysing zone of the 

dialysis probes used in the frontal cortex was 5 mm in length.

The two pieces of silica glass protruding from the opposite end of the metal barrel were 

destined to be the inlet and outlet for the probe. These were inserted into tubing (cut to 

40 mm lengths; internal/ external diameter: 0.28/ 0.61 mm; Portex) and glued into 

postion (see Fig 2.3).

2.3.1.2 Detection of dopamine in the nucleus accumbens.

The basic construction of these probes was the same as that described in 2.2.1.1. 

However to enable detection to be restricted to the nucleus accumbens the dialysis
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Figure 2.3 Structure of microdialysis probes for collection of dialysates from (A) the 
frontal cortex (B) the nucleus accumbens.
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membrane length was reduced to 2 mm. Two pieces of silica glass were cut to 40 mm in 

length with 8 mm protruding from the metal barrel. One of the pieces of glass was 

staggered by 1.5 mm and the outer coating was removed from the last 3 mm. The two 

pieces of silica glass were glued together and the last 3 mm was inserted into dialysis 

membrane. This was glued into position as previously described in 2.3.1.1. (see Fig 2.3). 

The dialysing zone of probes used in the nucleus accumbens was 2 nun in length.

2.3.2 General microdialysis procedures

2.3.2.1 Apparatus used for freely moving rats.

Animals were allowed to recover overnight from surgery in a modified metabolic cage.

This cage became their 'home cage' and consisted of a circular clear plastic arena of the

following dimensions: 20 cm height; 27 cm diameter. The top portion of the cage was

removed during experiments and the sides built up by 8 cm in height with paper. Inlet

and outlet tubing was connected to the microdialysis probe through a hole in the lid of

the cage which was suspended 10 cm above the cage. The tubing was counterbalanced

using Blue Tack (Bostik). Inlet tubing comprised Im of Portex polythene

(internal/external diameter: 0.58/0.96; Portex) and 8 cm (or 15 cm for drug perfusion

studies) of narrow bore tubing (CMA 100; CMA/microdialysis; Biotech Instruments

Ltd) which was inserted into the end of the portex tubing and connected to the

microdialysis probe via an adaptor (CMA/microdialysis; Biotech Instruments Ltd).

Outlet tubing comprised entirely narrow bore tubing (60 cm; CMA/microdialysis;

Biotech Instruments Ltd) to decrease the dead space for sample collection. This was

attached to the microdialysis probe via an adaptor (CMA 100; CMA/microdialysis;

Biotech Instruments Ltd). A collecting vessel (MCC tubes; Hughes and Hughes) was

connected by making a small hole in lid of the vessel and inserting it over the outlet

tubing. The lid was held in place, 2 cm from the end of the tubing, by Blue Tack 

(Bostik) and was used to attach all subsequent collecting vessels. The dead space in the

outlet tubing was approximately 12 minutes in freely moving set up and 5 minutes in

anaesthetized rats. No allowance was made for this delay. The apparatus used for freely

moving rats is shown in Figure 2.4.
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Figure 2.4 The apparatus used in collection of samples from freely moving rats. 
Animals were left overnight in their home-cage (shown above) before tubing was 
attached and perfusion of Ringer's solution commenced. Tubing was counterbalanced 
using blue tack which saved tethering the animal in a harness. The sides of the cage 
were built up using paper to minimize the disturbance to the rat.
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2.3.2.2 Sample collection in both anaesthetized and freely moving rats.

Probe perfusion with Ringer's solution at 1 pl/min commenced immediately, or 17-20 h 
after surgery, in anaesthetized and freely moving rats, respectively. The first 1.5-2 h o f 
perfusate was discarded and samples were subsequently collected, at 20 min intervals,

into 5 |il of 0.01 M perchloric acid. In all studies, spontaneous efflux was assessed by 

collection of 4 consecutive dialysis samples at the start of each experiment. Spontaneous 

efflux is the efflux of noradrenaline not modified by any external influences such as 

drug administration or environmental changes. In the following text, samples of 

dialysate containing spontaneous efflux are referred to as basal samples.

Chromatographic analysis of samples was routinely carried out on the same day and 

samples were stored in the fridge until required. Occasionally, samples were analysed 

the next day. In this case, they were stored overnight at -70 °C.

2 3 2 3  Drug Administration.

Drugs were administered by either: an intra-peritoneal injection (2 ml/kg), at the start of

a 20 min sample collection; or by local perfusion, via the microdialysis probe, directly

into the terminal field. The Carnegie portion of the inlet tubing remained attached to the

microdialysis probe inlet. In conscious animals, the Carnegie inlet tubing was fixed at

15 cm to minimize distubance to the animal. Drugs destined for perfusion were

dissolved in modified Ringer's solution at the required concentration and loaded into

Hamilton gas-tight syringes. Portex tubing was attached to the syringe and primed with

drug at least 20 min before onset of perfusion. To change the perfusion medium the 
Caraergie tubing was attached to a  different drug-primed syringe. Perfused drug took

approximately 6 minutes to reach the brain.

2.3.2.4 Drugs and chemicals used

The following drugs were used: clonidine.HCl (generous gift of Boehringer Ingelheim); 

idazoxan.HCl, yohimbine.HCl and pargyline (from Sigma Chemical company); 

flurazepam dihydrochloride (a gift from Roche products Ltd, Welwyn Garden City); 

p-carboline-3-carboxylic acid methylamide (FG7142; a gift from Schering).
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2.4 HIGH PRESSURE LIQUID CHROMATOGRAPHY WITH 

ELECTROCHEMICAL DETECTION.

2.4.1 Basic Apparatus.

The perfusates were analysed for either noradrenaline or dopamine. Solutes were 

separated and measured using reverse phase high pressure liquid chromatography 

(HPLC) coupled to an electrochemical detector (ECD). A Gynkotec solvent delivery 

system (model 300) pumped mobile phase through the system. Baseline noise was 

reduced by an in-line pulse dampener (ESA) inserted between the pump and the 

injection port. Fresh mobile phase was made daily using AnalR grade reagents and run 

to waste. A guard cell was installed to oxidize impurities in the mobile phase and this 

was set at an oxidative potential of +400 mV. Samples were injected into a Rheodyne 

injection port fitted with a 20 pi loop. Separation was achieved by an analytical column 

(Hypersil analytical column; 5 CDS CIS 250 x 4.6 mm; Jones Chromatography or 

HPLC Technology) and this was protected by a CIS guard column (Brownlee). Eluate 

from the columns passed through a high performance analytical cell (model 5014; ESA). 

This was controlled by a Coulochem coulometric detector (model 2100A; ESA). 

Changes in current were recorded by an on-line integrator (Spectraphysics Chromjet) 

where peak height was used to determine the sample content. Peaks were characterized 

using external standards of either noradenaline (bitartrate salt), DOPAC or dopamine 

(Sigma Chemical company).

2.4.2 Mobile phase and detector settings

2.4.2.1 Noradrenaline

The mobile phase for noradrenaline was as follows: S3 mM sodium dihydrogen 

orthophosphate; 2.77 mM sodium octane-sulphonic acid; 0.S5 mM EDTA; 12 % 

methanol, adjusted to pH 3.4 with orthophosophoric acid. This was filtered under 

vacuum (0.1 pm filters; Pall) prior to use and pumped at 1.27 ml/min through the 

system. The electrodes were set in REDOX mode. Initially these were set at (channel 1 :
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-200 mV, channel 2: +200 mV) but were increased to (channel 1: -240 mV, channel 2: 

+240 mV) after a second current voltage curve was generated. After two years, these 

were increased again to (channel 1: -270 mV, channel 2: +270 mV) with a detector gain 

of 2400-2700. The dialysates contained the following indentifiable peaks: noradrenaline, 

DOPAC, 5-HIAA and HVA. To enable all these peaks to elute in one sample would 

have resulted in a 26 minute run time. Therefore, since metabolite levels are difficult to 

interpret without simultaneous measurement of the parent transmitter, these were not 

measured routinely. In addition, when the potentials and gain were increased, the 5- 

HIAA peak saturated the gain on the detector; to decrease the gain would have 

jeopardized the detection of noradrenaline. Therefore, samples were injected either 

every 20 minutes or every 12.5 minutes to reduce the sample run time and to avoid the 

late running peaks interfering in the measurement of noradrenaline in the next sample. 

This meant that either 5HIAA and/or HVA were eluted in the next sample. The 

detection of noradrenaline was linear to at least 1 pmol of noradrenaline with the limit 

of detection at between 2 and 5 fmoles of noradrenaline.

2.4.2.2 Dopamine

The mobile phase for the detection of dopamine was as follows: 40 mM disodium 

hydrogen phosphate; 0.36 mM sodium heptane-sulphonic acid; 0.016 mM EDTA; 

6 mM citric acid; 2 % acetonitrile; 10% methanol and adjusted to pH 2.6 with perchloric 

acid. This was filtered under vacuum (0.1 pm filter; Pall) prior to use and pumped at

1.3 ml/min through the system. Potentials were set in REDOX mode (channel 1: -260 

mV, channel 2: +260 mV) with a gain of 1900. The detection of dopamine was linear up 

to at least 200 fmoles and the limit of sensitivity was approximately 10-20 fmoles on 

column. Dialysates contained many peaks including dopamine, DOPAC and HVA. The 

DOPAC peak was saturated at the gain used but a lower gain would have compromised 

the dopamine detection. HVA eluted from the column 28 min after sample injection. 

Samples were injected every 14 min to reduce the run time per sample and to avoid this 

late running peak interfering with the elution of dopamine in the next sample.
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2A.2.3 Chemicals

The following AnalaR grade chemicals were used in the mobile phase: octane-sulphonic 

acid (Sigma Chemical Company); sodium dihydrogen orthophosphate, EDTA citric 

acid, sodium heptane-sulphonic acid, disodium hydrogen phosphate (all from BDH). 

Methanol and acetonitrile were of Hypersolv chromatography grade (BDH). All other 

chemicals used were also An alar grade material: NaCl, KCl, CaCl2, perchloric acid, 

orthophosphoric acid (all from BDH).

2.5 Statistical analysis of data.

The levels of noradrenaline and dopamine were expressed as fmoles/ 20 |il ± S.E.M without 

correction for probe recovery. The statistical significance of changes in noradrenaline and 

dopamine efflux were assessed on orthonormalized raw data using split-plot ANOVA 

(MANOVA facility on SPSS PC+) with time and drug treatments as 'within' and between' 

subject factors (Dailey & Stanford, 1995b). The effect of time was examined over the full 

time-course and in smaller 'bins' of 3 or 4 consecutive samples. If a significant main effect of 

time was exposed, individual bins of data (3 or 4 samples) were then compared with the bin 

representing spontaneous 'basal' efflux to expose a treatment effect. To compare two sets of 

data for an effect of treatment, the data for each time course was split into relevant clusters of 

data (usually bins of 3 or 4 samples) and these were compared directly with each other. When 

significant effects were observed, data is presented in tables and details discussed in the text. 

When no significant effects were found the statistics presented describe either the main effect 

of time or bin over the whole time course. A p  value of less than 0.05 was accepted as 

statistically significant.
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Chapter 3

DEVELOPMENT AND VALIDATION OF TECHNIQUES USED FOR 

MEASUREMENT OF NORADRENALINE EFFLUX IN  VIVO,

3.1 ABSTRACT

Validation studies were carried out in order to verify the neuronal origin and exocytotic 

release of noradrenaline in the frontal cortex and dopamine in the nucleus accumbens. In 

addition, pharmacological agents with well documented effects were administered to 

determine if neurones were functioning normally. The relative recovery of Hospal 

membrane was determined as 38.9 ± 4.1 % for noradrenaline and 18.6 ± 0.08 % for 

dopamine at a flow-rate of 1 |il/min. The spontaneous efflux of noradrenaline and 

dopamine did not fluctuate significantly throughout the day in either anaesthetized or 

freely moving rats. In anaesthetized rats, a 20 minute perfusion with a 60 mM K+ caused 

di 119 % increase in the spontaneous efflux of noradrenaline, in the frontal cortex. 

Subsequent removal of Ca^+ from the perfusate reduced efflux by 64 % of spontaneous 

'basal' values. Similarly, in freely moving rats, a 20 minute perfusion with 60 mM K+ 

increased the efflux of dopamine, in the nucleus accumbens, by ^ 2  % and Ca^+ 

removal reduced it by 68  %. In anaesthetized rats, pharmacological manipulation of 

noradrenaline efflux in the frontal cortex resulted in the predicted changes. The (%2- 

adrenoceptor agonist, clonidine, reduced the efflux of noradrenaline by 47.6 % during 

the hour of perfusion. In contrast, the a 2-adrenoceptor antagonist, idazoxan, increased 

the efflux of noradrenaline by 95 % during one hour of perfusion. Similarly, the a 2 ~ 

adrenoceptor antagonist, yohimbine, increased the efflux of noradrenaline by 75.6 % 

during the first hour and efflux remained elevated for at least a further 3 hours. Systemic 

administration of the monoamine oxidase inhibitor, pargyline, increased the efflux of 

noradrenaline in the frontal cortex ̂  292 % ^  spontaneous 'basal' values during the 

second hour post-injection. Collectively, these results suggest that noradrenaline and 

dopamine efflux in the dialysates were released from neurones by exocytosis and that 

neurones, in the vicinity of the probe, were functionally intact.
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3.2 INTRODUCTION

Since both noradrenaline and dopamine were measured by microdialysis it was 

necessary to carry out validation studies for both neurotransmitters. However, this was 

done more extensively for noradrenaline efflux in the frontal cortex because this 

neurotransmitter was the primary focus of the study. Firstly, the methods and equipment 

used had to be tested under a range of conditions and optimized for measurement of 

noradrenaline or dopamine. The procedures included: testing microdialysis probe 

efficiency, verification of probe placements and HPLC-ECD performance. Secondly, the 

neuronal origin and exocytotic release of noradrenaline and dopamine had to be verified. 

Moreover, experiments were carried out to ensure that noradrenergic neurones, in the 

vicinity of the probe, remained functional after the implantation of the probe. Thirdly, 

pharmacological manipulations were used to provide evidence that the peak measured 

on the sample chromatogram was indeed noradrenaline. In the following sections, the 

literature regarding validation of noradrenaline and dopamine measurement, in rat brain, 

using the technique of microdialysis in vivo is reviewed.

3.2.1 Measurement of noradrenaline and dopamine efflux over time.

Any alteration in the levels of neurotransmitter efflux over time could be due to a 

variety of reasons. Firstly, there may be diurnal variations in transmitter efflux which 

means that drug studies would have to be very carefully controlled. Secondly, a decrease 

in the diffusion of neurotransmitter into the probe may be caused by the accumulation of 

glial cells in the vicinity of the probe. This is unlikely to have occurred in the present 

study as the literature suggests that substantial gliosis does not occur at less than 3 days 

after probe implantation (Benveniste & Diemer, 1987). Westerink and colleagues (1987) 

suggest that dopamine efflux in the first 12 hours after surgery is derived from damaged 

nerve terminals leaking dopamine as well as exocytotic release. If this is the case, then 

measurement of spontaneous efflux over a period of time would establish if any 

fluctuations in efflux occur.
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3.2.2 Validation of the neuronal origin of neurotransmitters.

The neuronal origin of neurotransmitter efflux has been confirmed by various methods 

(see Table 3.1 & 3.2  ̂These methods also provide evidence that the neurones in the 

region of the probe remained functional. A well established technique to evaluate the 

neuronal origin of a neurotransmitter is to increase the concentration of infused K^. This 

increases the efflux of neurotransmitter, presumably as a result of local depolarization of 

nerve terminals. However, reports of the magnitude of the increases in noradrenaline 

and dopamine efflux vary widely. This could be attributed to the any of the many 

variables across different studies. These include: brain region, concentration of K+; 

duration of K+ perfusion; perfusion flow-rate and the use of anaesthesia. For example in 

the frontal cortex. 100 mM K+ is reported to increase noradrenaline efflux by 2&00 % in 

halothane anaesthetized rats (Kalen et a i ,  1988), but only by 146 % in freely moving 

rats (Vahabzedah and Fillenz, 1994). These results suggest that halothane anaesthesia 

might augment the effects of a K+ depolarization. In contrast, a study comparing 

noradrenaline efflux in the frontal cortex of freely moving and anaesthetized rats 

concluded that halothane anaesthesia reduced the depolarizing effect of K+ on 

noradrenergic neurones (Dailey & Stanford, 1994). These disparate results underline the 

limitations in making direct comparisons across studies. Similar results emerge from 

comparisons of dopamine efflux in the striatum. A 60 mM perfusion of K+ increased the 

efflux of dopamine by 1689 %, in halothane anaesthetized rats, but by only 400 % in 

freely moving rats (Zetterstrom et ciL, 1988; Westerink et a i ,  1989). Whether this 

difference is due to the anaesthesia is unknown. There are very few published reports of 

validation studies, investigating the neuronal origin of dopamine, in the nucleus 

accumbens. However, in one study by Benwell & Balfour (1992) perfusion with 100 

mM of K+, in the nucleus accumbens, increased the efflux of dopamine by ^ 5 0  %.

A second method used to establish the neuronal origin of a neurotransmitter is to omit 

Ca^+ from the perfusate (see Table 3.1 & 3.2). Since Ca^+ is required for vesicular 

exocytosis, removal of this cation should reduce the efflux of neurotransmitter. Studies 

in various brain regions indicate that this is the case. Reports suggest that noradrenaline
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Brain
region

AC
/

FM
Reference

Conc"
ofK+
(mM)

Increase in 
efflux 

(% Basai)

Câ "*" removal 
Decrease in efflux 

(% Basal)

Cone of 
TTX 
(pM)

Decrease in 
efflux 

(% Basal)

hippocampus AC Kalen et al., 1988 100 2600 I 85

hippocampus FM Abercrombie & Zigmond, 1989 60 175

hippocampus FM Abercrombie et al., 1988 30 96

hippocampus FM ufcw^eldhuizen et al., 1990
30
60

150
500

146

90 1 80

hippocampus FM Vahabzadeh & Fillenz, 1994 100 68 1 76

frontal cortex
FM
AC

Dailey & Stanford, 1994 
Dailey & Stanford., 1995a

60
60

500
82

60
66

frontal cortex FM Finberg e / û r / . ,  1993 1 100

Hypothalamus AC Itoh et a l, 1990 1 100

prefrontal cortex FM Nakane et al., 1994 70 1465 65 1 62

cortex AC L'Heureux e/ a/., 1986 68

is

Table 3.1 A summary o f published results of validation studies testing for the neuronal origin of noradrenaline. AC: anaesthetized rats; 
FM; freely moving rats; ----- : no results published; TTX: tetrodotoxin. The % changes are explained in section 3.4.2.



Brain
region

AC/
FM Reference

Cone"
cfK+
(mM)

increase in 
efflux 

(% Basal)

Câ "*" removal 
Decrease in efflux 

(®/o Basal)

Cone of 
TTX (pM)

Decrease in 
efflux 

(®/o Basal)

MFB AC Moghaddum & Bunney, 1993 m——w , 2 100

striatum AC Moghaddum & Bunney, 1993 30 500 2 95
striatum AC You et al., 1994 100 3400
striatum AC Butcher g/ a/., 1990 90 900
striatum AC Bonhomme et al., 1995 30 320 75 1 100
striatum AC Zetterstrom et al., 1988 30

60
100
1689

striatum FM
AC

Hamilton et al., 1992 50
37 10 60

striatum FM Westrink g/ a/., 1989 60 700
striatum FM Nakamura et a/., 1992 50 670 38.1 1 90
striatum FM Osbome et a i, 1991 —— 92.0

substantia nigra AC You et al., 1994 100 3538 —

nucleus accumbens AC Tangenelli et al., 1994 1 76
nucleus accumbens FM Benwell et al., 1993 70 1 90
nucleus accumbens FM Benwell & Balfour, 1992 100 550

Table 3,2. A summary of published results o f validation studies testing for the neuronal origin of dopamine. AC: anaesthetized rats; 

FM : freely moving ra ts ; : no results published; MFB: medial forebrain bundle.
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efflux is reduced by approximately 60-70 % (cerebral cortex: L'Heureux et al., 1986; 

prefrontal cortex: Nakane et at., 1994; hippocampus: Vahabzedeh & Fillenz, 1994; 

frontal cortex: Dailey & Stanford, 1995b). Similarly, dopamine efflux in the nucleus 

accumbens is reported to be reduced by 70 % (Benwell et a i ,  1993). However, there are 

reports suggesting different magnitudes of response to removal of Ca^+. Reductions in 

dopamine efflux range between 37-92 % in the striatum (Osbome et al., 1991; Hamilton 

et al., 1992; Nakamura et al., 1992; Bonhomme et al., 1995). Again, there are many 

possible reasons for these disparities, including: the Ca^+ concentration during 

collection of samples containing spontaneous efflux; whether or not Mg^+, or EDTA 

were added to the perfusate; duration and rate of perfusion. Such methodological 

differences make quantitative comparisons between studies impossible.

A third approach to the manipulation of neurotransmitter release is the application of 

tetrodotoxin. This neurotoxin blocks voltage-dependent Na+-channels preventing the 

depolarization of the nerve terminals. Reports in the literature indicate that tetrodotoxin 

perfusion (1 |iM ) results in a large decrease in noradrenaline and dopamine efflux (see 

Tables 3.1 & 3.2). A reduction in noradrenaline efflux of between 76-85 % has been 

reported in the hippocampus (Kalen et a i,  1988; van Veldhuizen et a i, 1990; 

Vahabzadeh & Fillenz., 1994). A similar reduction has also been reported in the 

prefrontal cortex (65 %; Nakane et a i,  1994). Dopamine efflux, in the striatum and 

nucleus accumbens, was also decreased between 76-90 % after perfusion of 1 p,M 

tetrodotoxin (Nakamura et a i ,  1992; Benwell et a i ,  1993; Tangenelli et a i, 1994). 

Collectively, these results suggest the efflux of both noradrenaline and dopamine in 

dialysates derives from impulse-evoked release.

3.2.3 Pharmacological manipulation of neurotransmitter efflux.

Drugs with established effects on the noradrenergic and dopaminergic system can also 

be used to validate the origin of these neurotransmitters.
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3.2.3.1 a 2"Adrenoceptor ligands.

The most frequently utilized pharmacological tools, used to validate noradrenaline 

efflux, are ligands that bind to a 2-adrenoceptors (see Table 3.3). These receptors are 

found in both the terminal fields (hippocampus, frontal cortex ; Meana et a l,  1989) and 

the cell body region (locus coeruleus; Cedarbaum & Aghajanian, 1977; Jones et a l, 

1990; Ordway et a i,  1994) of noradrenergic neurones. Systemic administration of an 

a 2-adrenoceptor agonist reduces the firing rate of noradrenergic neurones originating in 

the locus coeruleus (Svensson et a i ,  1975; Cedarbaum & Aghajanian, 1976) and the 

release of noradrenaline in the terminal fields. Conversely, systemic administration of an 

antagonist causes an increase in both the firing rate of these neurones (Cedarbaum & 

Aghajanian, 1976; Rassmussen & Jacobs, 1986) and the release of noradrenaline in the 

terminal fields. Stimulation of receptors in both the locus coeruleus and the terminal 

field should reduce noradrenaline efflux. Consistent with this, systemic administration 

of the a 2-adrenoceptor agonist, clonidine (0.3 mg/kg i.p.), decreased the efflux of 

noradrenaline in the hippocampus by 44 % (Abercrombie et a i ,  1988). On the other 

hand, systemic administration of the a 2~adrenoceptor antagonist, idazoxan, increased 

the efflux of noradrenaline by |38  % in the hippocampus (10 mg/kg i.p: .138 %; Thomas 

& Holman, 1991).

To test if the neurones surrounding the microdialysis probe were functioning normally, 

a 2-adrenoceptor ligands can be perfused directly into the terminal field by dissolving 

these compounds in the perfusion medium. This restricts drug interactions with 

a 2-adrenoceptors to those in the immediate probe environment. In previous studies, 

such local perfusion of clonidine reduced the efflux of noradrenaline by 36 % in the 

frontal cortex (0.5 |iM: Dailey & Stanford, 1995b), and 55 % in the hippocampus (10 

p.M: Vahabzedah & Fillenz, 1994). In contrast, idazoxan (10 (iM) increased the efflux 

of noradrenaline in the hippocampus by 76 % QboOtspontaneous 'basal' efflux 

(Vahabzedah & Fillenz, 1994). Again, it is difficult to compare regional differences 

between studies because of the range of types and concentrations of ligands used. Drug 

diffusion will also differ across the different microdialysis probes used. Furthermore,
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Brain
region

AC/
FM Reference

Clonidine 
Cone" (pM)"^ 

or dose

(mg/kg i.p.)*

Decrease in 
efflux 

(% Basal)

Idazoxan
Cone" (pM)+ 

or dose

(mg/kg i.p.)*

Increase in 
efflux 

(% Basal)

hippocampus FM Vahabzedah & Fillenz., 1994 10"*" 55 10+ 76
hippocampus AC Thomas & Holman, 1991 10* 138
hypothalamus AC Routledge & Marsden, 1987 2 * 129
frontal cortex AC Dailey & Stanford, 1995(a) 0.5+

5+
50+

36
46
46

frontoparietal
cortex

FM van Veldhuizen et al., 1993 100+ 70 20+
100+

■ '  70' '  
230

cerebral cortex AC L'Heureux er a/., 1986 0.3* 66 2 0* 302

Brain
region

AC/
FM

Reference Clonidine 
dose 

(mg/kg i.p.)

Decrease in 
efflux 

(% Basal)

Yohimbine 
(mg/kg i.p.)

Increase in 
efflux

(% Basal)
hippocampus FM Abercrombie et al., 1988 0.3 44 5 130

Table 3.3 A summary o f published results on the effects o f a 2-adrenoceptor ligands on the efflux of noradrenaline. AC: anaesthetized 
rats; FM: freely moving rats; ----- : no results published; *: mg/kg i.p.; +: concentration (pM).
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there is evidence that anaesthesia could also have a marked influence on the effects of 

a 2-ligands (Dailey & Stanford, 1995b).

One problem with using a 2-adrenoceptor ligands is that many have high affinity for 

imidazoline receptor sites. Imidazoline receptors are believed to have at least 2 

subtypes, I) and I2, and have been found in the brains of various species (Emsberger et 

a i, 1987; for review see Michel & Insel, 1989) including humans (De Vos et a l, 1994). 

Little is known about the I; site, for which clonidine has high affinity. However, 

idazoxan binds with high affinity to both the a 2-adrenoceptor (^j=12 nm; Miralles et 

ai, 1993) and the imidazoline (I2) receptor site (^,=18 nm; Miralles et a i, 1993). 

Binding sites for I2 receptors were first located on the outer mitochondrial membrane 

(Tesson et a i ,  1991). Later, this was further pinpointed to the enzymes monoamine 

oxidase A and B (Tesson et a i,  1995). Studies using microdialysis have shown that 

selective ligands for the I2 site can increase the efflux of noradrenaline in the rat brain 

(Lalies & Nutt, 1995). This increase in efflux could be explained by an indirect effect on 

release after inhibition of monoamine oxidase by I2 ligands (Tesson et a l, 1995). In 

contrast, studies in vitro have shown that the selective imidazoline I2 ligand BDF 6142 

(4-chloro-2-(2-imidazoline-2-amino)-isoindoline), inhibits the release of noradrenaline 

from the pulmonary artery (Gothert & Molderings, 1991). However, it is not clear 

whether BDF 6142 or any other ligand at I2 site is acting as an agonist or antagonist. In 

addition to these complications, the imidazoline derivative medetomidine, but not 

clonidine or UK14,304 (5-bromo-N-(4,5-dihydro-lH-imidazol-2-yl)-6- 

quinoxalinamine), inhibits the uptake of noradrenaline into cortical synaptosomes 

(Dailey & Stanford, 1995b). Therefore, any increase in release of noradrenaline in the 

presence of idazoxan cannot be attributed entirely to a 2-adrenoceptor antagonism. 

However, the a 2~adrenoceptor antagonist, yohimbine, does not bind to the imidazoline 

receptor (K  ̂=14000; Miralles et a l,  1993). This compound was used in order to gather 

further evidence that the a 2~adrenoceptors were functioning normally, therefore.
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3.2.3.2 Drugs blocking re-uptake and metabolism of neurotransmitters.

Neurotransmitter efflux is also influenced by re-uptake mechanisms. This process is 

responsible for the sequestration and inactivation of the released neurotransmitter. After 

uptake from the cleft of noradrenaline, or dopamine, monoamines are metabolised by 

monoamine oxidase or COMT and some may be recycled via the vesicles 

(Trendelenburg et al., 1986). Drugs blocking re-uptake {e.g. tricyclic antidepressants or 

cocaine) or metabolism {e.g. monoamine oxidase inhibitors) of monoamines should 

increase the concentration of dopamine and noradrenaline in the synaptic cleft and, 

consequently, efflux in dialysates. Such drugs could be used to validate the functional 

integrity of re-uptake and metabolic mechanisms of both noradrenergic and 

dopaminergic neurones.

3.2.3.2.1 Monoamine oxidase inhibitors.

Monoamine oxidase inhibitors inhibit the major enzyme responsible for metabolizing

neuronal noradrenaline and dopamine. This leads to an increase in the concentration of

cytoplasmic monoamines and consequently an accumulation in the vesicles (Fillenz &

Stanford, 1981). This means that the amount released by exocytosis is increased. Also

there is evidence that some transmitter is subsequently released into the synaptic cleft by

a Ca2+-independent carrier-mediated mechanism. The outcome of these processes is an

increase in the levels of noradrenaline and dopamine in dialysis samples. In

noradrenergic neurones, monoamine oxidase is bound to the outer membranes of the
tr

mitochondria (Urwyler & von W aÿurg, 1980), whereas the specific compartment in 

which metabolism of dopamine occurs is largely unknown (Saura et al., 1992). 

Monoamine oxidase exists as 2 different isoforms, type A and B, which have different 

preferred substrates and selective inhibitors. It is thought that noradrenaline is a 

preferred substrate for monoamine oxidase A (Garrick & Murphy, 1982), whereas 

dopamine is thought to be a non-specific substrate for both monoamine oxidase A and B 

(Urwyler & von Wartburg, 1980).
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Monoamine oxidase enzymes A and B have a different cellular distribution: type A is 

found predominantly in noradrenergic neurones, although there is some evidence for 

type A in dopaminergic neurones and glial cells, whereas type B is found in 5-HT 

neurones and glial cells (Demerest et al., 1980; Levitt et at., 1982; Schoepp & Azzaro, 

1983; Francis et a i, 1985; Saura et a l ,  1992). Since noradrenaline is a preferred 

substrate for monoamine oxidase A, which is found predominantly in noradrenergic 

neurones, an increase in noradrenaline efflux after administration of a type A inhibitor 

would be evidence that noradrenergic neurones were intact. However, this is not true for 

dopamine since this is metabolized by both type A and B, and type B is found 

predominantly in glial cells.

There are very few reports of acute studies investigating the effects of monoamine 

oxidase inhibitors on the efflux of noradrenaline. Monoamine oxidase inhibitors can be 

non-specific (pargyline, tranylcypromine), affecting both enzyme subtypes, or specific 

(Type A: moclobemide; Type B: selegiline). Since some monoamine oxidase inhibitors 

(e.g. selegiline, tranylcypromine) are metabolized to amphetamine analogues, which 

cause Ca^+-independent release of neurotransmitter, results must be interpreted with 

caution.

3.2.3.2.2 Drugs blocking the re-uptake o f noradrenaline and dopamine.

Many drugs used clinically, in depression, block the uptake of noradrenaline, 5-HT and 

dopamine into nerve terminals. The selectivity of uptake blockade depends on the 

inhibitor chosen. As predicted, desipramine, when perfused at a concentration of 5 |iM, 

increased the efflux of noradrenaline by ^ 3  % in the hippocampus (Thomas & Holman, 

1991) and 2JA % in the cortex (Gustafson et al., 1991). Nomifensine blocks the uptake 

of both noradrenaline and dopamine. Studies have shown that a perfusion of 

nomifensine increased the efflux of noradrenaline in the medial prefrontal cortex (Cenci 

et a l,  1992) and dopamine in the nucleus accumbens (Benwell & Balfour, 1992; Cenci 

etal., 1992; Westerink etal., 1994).
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3.2.3.3 Cocaine and amphetamine

Cocaine and amphetamine are drugs of abuse known to affect monoaminergic neurones 

in the limbic system. The role of the limbic system in reward and, particularly dopamine 

in the mesolimbic system, has been studied extensively. Cocaine and amphetamine have 

different effects on monoamine neurones. Cocaine is a non-selective inhibitor of 

noradrenaline, dopamine and 5-HT re-uptake into nerve terminals (Ritz et al., 1987). In 

addition, it is also a weak releasing agent (Heal et at., 1996). This results in an increase 

in the levels of neurotransmitter in the synapse and subsequently an increase of 

transmitter in the dialysate. Consistent with this, a study in freely moving rats has shown 

that cocaine (l|iM ) increases the efflux of noradrenaline, dopamine and 5-HT in the 

VTA (Chen & Reith, 1993). However, the effect of cocaine on dopamine efflux in the 

nucleus accumbens has been studied more extensively. Various routes of administration 

have been used (see Table 3.4) all indicating a large increase in dopamine efflux.

In contrast to cocaine, amphetamine is believed to release noradrenaline, dopamine and 

5-HT from storage vesicles and cytosol by a Ca^+-independent process (L'Heureux et 

at., 1986; Hernandez et al., 1987; Parada et al., 1988). Extensive studies of dopamine 

efflux in the nucleus accumbens have indicated that amphetamine acts by a tetrodotoxin 

in-sensitive process (Matos et al., 1990; Benwell et al., 1993). This suggests that the 

actions of amphetamine are not dependent on impulse traffic. However, there is some 

controversy as to whether this release is Ca^+-sensitive or not (Carboni et al., 1989; 

Benwell et al., 1993). Like cocaine, the effects of various routes of amphetamine 

administration are well documented in the nucleus accumbens and all indicate a large 

increase in the efflux of dopamine. For example, 1.0 mg/kg s.c. increased the efflux of 

dopamine by 9 0 0  % in the nucleus accumbens of freely moving rats (Carboni et al., 

1989).

The major drawback of using either cocaine or amphetamine in validation studies is that 

they act non-selectively on monoaminergic neurones. This is illustrated by
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Amphetamine Increase Cocaine Increase
AC/ (mg/kg) in efflux (mg/kg) i.p, i.v, s.c. in efflux
FM Reference i.p , s.c or i.v (% Basal) (% Basal)

- - - 1.0 i.v. 17U
FM Baumann et a l, 1994 3.0 i.v. 500
FM SKstJbtee & Kali vas, 1992 0.5 i.p. 70

0 .2s.c 140
FM Benwell & Balfour, 1992 0.5 s.c 550
FM 0.25S.C 450 1.0 s.c 100

Carboni et al., 1989 1.0 s.c 900 5.0 s.c 225
FM 0.5 s.c 760 10 i.p. 370

Kuczenski e ta l, 1991 2.5 s.c i m 40 i.p. 1070
FM Kimurae/a/., 1993 l.Os.c 350 10 i.p. Î7Ô
AC Martin e ta l, 1995 0.3 i.p. 168

1.0 i.p. 733
3.0 i.p. 2436

AC Moghaddum & Bunny, 1989b 1.0 i.v 270 1.0 i.v. 210
2.0  i.v. 600

FM Nomikos e/a/., 1991 1.5 s.c. 380

Table 3.4 A summary o f the published results on the effects of amphetamine and cocaine on the efflux o f dopamine in the nucleus accumbens. 
AC: anaesthetized rats; FM: freely moving ra ts ; : no results published.



microdialysis studies which found that both compounds increase the efflux of 

noradrenaline, 5-HT and dopamine (L'Heureux et a l ,  1986; Hernandez et a l, 1987; 

Chen & Reith, 1993). The extent to which these changes reflect direct effects, or 

whether they are influenced by interactions between these transmitters (mediated by 

heteroceptors) is unknown.

In the following study, extensive validation of noradrenaline measurement was carried 

out in halothane anaesthetized rats. Perfusion of 60 mM K+, followed by removal of 

Ca^+ from the perfusion medium, was used to confirm the neuronal origin of 

noradrenaline. Drugs with predicted effects on noradrenergic neurones were also used to 

examine the functional integrity of neurones. The a 2-adrenoceptor agonist, clonidine, 

and the tt2-adrenoceptor antagonist, idazoxan, were perfused locally in the frontal 

cortex. In addition, the a 2-adrenoceptor antagonist, yohimbine, was administered 

systemically as this drug has low affinity for the imidazoline I2 site. The monoamine 

oxidase inhibitor, pargyline, was administered via i.p. injection. Dopamine validation 

studies were carried out in freely moving rats and limited to investigation of the 

neuronal origin of dopamine by perfusion of either 60 mM K+ or removal of Ca^+ from 

the perfusion medium. However, both the spontaneous efflux of noradrenaline and 

dopamine was investigated in freely moving and halothane anaesthetized rats by sample 

collection over several hours.
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3.3 METHODS.

3.3.1 Validation of procedures.

3.3.1.1 Microdialysis probe efficiency

Microdialysis probe efficiency depends on the rate at which the substance of interest 

{i.e. noradrenaline or dopamine) diffuses across the dialysis membrane. The efficiency 

can be expressed in terms of the absolute or relative recovery of the substance of 

interest. Absolute recovery is defined as the amount of substance collected from the 

probe outlet per unit time (fmoles/min). Relative recovery is defined as the ratio 

between the concentration of substance collected from the probe outlet and the 

concentration in the solution surrounding the probe (expressed as %). The efficiency of 

microdialysis probes, for noradrenaline and dopamine diffusion, was determined in 

vitro.

Extensive evaluation of noradrenaline recovery was assessed, for Hospal membrane, at 

flow-rates ranging between 1-5 |il/min. Flow-rates below 1 pl/minute were not used 

because of the excessive time needed for collection of a 20 pi sample. Hospal dialysis 

membane was tested for dopamine recovery at a flow-rate of 1 pl/minute only.

It was not possible to test microdialysis probes which had been previously used in vivo 

because damage during their removal from the cranium was unavoidable. Therefore, 

probe performance was assessed using several batches of probes made specifically for 

this in vitro validation. Since testing in vitro was likely to affect their performance in 

vivo, these probes could not be re-used.

The microdialysis probes were immersed in a standard solution of noradrenaline or 

dopamine (100 fmoles in Ringer's solution), at 22 °C, and perfused with Ringer's 

solution. To determine the effect of flow-rate on noradrenaline recoveries, the probes 

were perfused at progressively increasing flow-rates. Probes were allowed a 30 minute 

period for equilibrium at each flow-rate before samples of perfusate were collected and
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analysed for noradrenaline or dopamine content by HPLC-ECD. Absolute and relative 

recoveries were then calculated (see below).

Relative recovery = peak height of substance collected from the probe outlet x 100
peak height of substance in standard

Absolute recovery = of substance collected from probe outlet
duration of sample collection

In addition, a standard solution of noradrenaline (100 fmoles) was left at 22 °C and 

sampled at intervals. This prevented underestimation of noradrenaline recovery. 

Spontaneous degradation of standards accelerated when the recoveries were attempted at 

37°C. Therefore recovery at this temperature proved unfeasible.

3.3.1.2 Verification of probe placement.

At the end of each experiment, brains were removed and placed in 10 % formal-saline. 

A microtome cryostat was used to cut frozen sections of the frontal cortex or nucleus 

accumbens. Histological verification was carried out by anatomical comparison with the 

atlas of Paxinos and Watson (1986) using a low power microscope (magnification x 

10). Probes were considered to have been implanted in the frontal cortex or nucleus 

accumbens if placement was within the following range of co-ordinates relative to 

bregma (mm): frontal cortex: AP + 3.4-3.T, ML ± 1.3-1.6, DV -4.8-5.0; nucleus 

accumbens: AP+1.8-2.2, ML ± 1.3-1.5, DV -7.8.

Verification of probe placement was determined routinely in all experiments. However, 

this was more difficult in rats previously used in freely moving experiments due to 

artefacts caused during removal o f the secured probes from the brain.
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3.3.1.3 HPLC-ECD

3.3.1.3.1 Noradrenaline.

The HPLC-ECD was set up as previously described (Chapter 2; section 2.4).

Noradrenaline can exist in an oxidized or reduced state. The ease with which 

noradrenaline can accept or donate an electron is expressed by its oxidation-reduction, 

or REDOX, potential. To determine the REDOX potential for noradrenaline, a 

coulochem detector, electrode 1 (channel 1) was set at a negative potential and electrode 

2 (channel 2) at a positive potential. Channel 1 was set at a very low potential to limit 

the oxidation of noradrenaline at this electrode. This ensures that almost all the 

noradrenaline will be oxidized at the second electrode, thereby maximizing peak height. 

However, the disadvantage of this method is that very few impurities will be oxidized at 

the low potential, on electrode 1, which could cause problems with background noise. 

Consequently, the limitation of this method is that the current generated in the absence 

of solute {i.e. background current), at the potentials applied, must be low. This increases 

the signal to noise ratio.

A high potential on electrode 2 ensured that most of the noradrenaline was oxidized at 

this electrode and therefore increased the peak height. To determine the appropriate 

potential for electrochemical detection of noradrenaline, the current required to oxidise a 

fixed concentration of noradrenaline (50 fmoles/20 |il) was measured over a range of 

potentials. A current/voltage curve was plotted in the form of peak height verses applied 

potential. This allowed the optimum potential for noradrenaline detection to be 

determined.

The linearity of the relationship between peak height and noradrenaline concentration 

was also investigated. The maximum sensitivity was determined by decreasing the 

amount of noradrenaline until the peak height of the chromatogram was approximately 4 

times that of the baseline.
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3.3.1.3.2 Dopamine

The coulochem detector was set up in REDOX mode at the following potentials 

(channel 1: -260 mV; channel 2: + 260 mV). A low oxidative potential was tried on 

channel 1 (+ 40 mV), but it was found that this reduced the sensitivity of the system. 

The linearity of peak height, with respect to dopamine concentration, and the maximum 

sensitivity was determined as described above in section 3.3.1.3.1.

3.3.2. Validation of noradrenaline and dopamine measurement in vivo.

Details of surgery and microdialysis protocols are described in detail in Chapter 2 

(sections 2.2 and 2.3).

Noradrenaline validation studies were performed in anaesthetized rats, with the 

exception of extended collection of spontaneous efflux which was performed in both 

freely moving and anaesthetized rats. The neuronal origin of dopamine was determined 

in freely moving rats and the spontaneous efflux of dopamine was assessed in both 

anaesthetized and freely moving rats.

3.3.2.1 Spontaneous efflux of noradrenaline and dopamine over time.

Spontaneous efflux of noradrenaline and dopamine was assessed over 300 or 

220 minutes, respectively (11.00 - 16.00 hours). This was carried out in both halothane 

anaesthetized and freely moving rats. Microdialysis probes were perfused with Ringer's 

solution and samples were collected at 20 minute intervals. In freely moving rats, the 

animals remained in their home-cages and disturbances were minimal.

3.3.2.2 Validation of neuronal origin of noradrenaline and dopamine.

3.3.2.2.1 Noradrenaline

The concentration of cations in the perfusion medium was modified in two ways. First, 

the concentration of K+ (KCl) was increased from 4 mM to 60 mM for a period of 

20 minutes; Na+ concentration (NaCl) was adjusted to maintain the tonicity of the
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Ringer's solution. Normal Ringer's solution was then restored, for a further 40 minutes. 

Secondly, in the same batch of rats, Ca-+ (CaCl2) was removed from the perfusate and 

this Ca^+ free medium was perfused for a period of 80 minutes. Finally, normal Ringer's 

solution was restored for a further 80 minutes.

3.3.2.2.2 Dopamine

The concentration of K"*" was increased from 4 to 60 mM, for a period of 20 minutes, 

followed by a return to normal Ringer's solution for a further hour. During K+ perfusion, 

the tonicity was maintained by adjusting the concentration of Na+ in the Ringer's 

solution. In a separate set of experiments, Ca^+ was removed for a period of 80 minutes, 

followed by restoring perfusion of normal Ringer's solution for a further 40 minutes.

3.3.2.3 Administration of drugs.

The a 2-adrenoceptor agonist, clonidine (50 |iM), was perfused for 1 hour before 

restoring drug-free Ringer's perfusion and collecting samples for a further 3 hours. In a 

separate batch of rats the a 2-adrenoceptor antagonist, idazoxan (50 |iM ), was perfused 

for 1 hour and samples collected for a further hour after re-perfusion with Ringer's 

solution. In addition, yohimbine was administered by intra-peritoneal injection and 

samples collected for 3 hours. In a final batch of rats, the monoamine oxidase inhibitor, 

pargyline, was injected (50 mg/kg i.p.) and samples collected for 3 hours.

3.4 RESULTS

3.4.1 Validation of procedures.

3.4.1.1 Recovery in vitro

3.4.1.1.1 Noradrenaline

Increasing the flow-rate of Ringer's perfusion, in the probe, decreased the relative 

recovery, but increased the absolute recovery of noradrenaline at 22 °C. At a flow-rate 

of 1 pl/minute, the relative recovery of noradrenaline from a 5 mm length of Hospal
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membrane was 46.2 ± 4.9 % and the absolute recovery was 2.0 ± 0.2 fmoles/minute 

(see Fig 3.1 A & B).

(A)

(B)

60 “

3  50 -

30 -

10 -

3 4 50 1 2
flow rate (lal/min)

6

5

4

3

2

1

0
< 3 51 2 40

flow rate (|il/min)

Figure 3.1 The effect of flow-rate on microdialysis probe efficiency, at room 
temperature. (A) the relative recovery of noradrenaline with respect to the concentration 
surrounding the microdialysis probe (%); (B) the absolute recovery of noradrenaline 
(fmoles/min). Data are presented as the mean ± S.E.M. (n=4).
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3.4.1.1.2 Dopamine

The recoveries o f dopamine were determined, for a 2 mm length o f Hospal membrane, 

at a flow-rate o f 1 pl/minute and 22 °C. The relative recovery of dopamine was 18.6 

± 0.84 %, whereas the absolute recovery was 1.85 ± 0.08 fmoles/min.

3.4.1.2 Verification of probe placement

Probes were found to be implanted in the frontal cortex or nucleus accumbens with a 90 

% or 70 % success rate, respectively. Probes not positioned in these regions were 

excluded from data.

3.4.1.3.1 Current/Voltage curve

The current/voltage curves generated for noradrenaline, with the potentials in REDOX 

mode, are shown in Figure 3.3A. In the first current/voltage curve the maximum peak 

height for noradrenaline was achieved when the potentials were set at: channel 1 : -2 0 0  

mV; channel 2: + 200 mV. The background current increased very slowly, with 

increasing potentials, until the potentials applied were increased to ± 310 mV after 

which a marked increase in background current was observed (see Fig 3.3B). However, 

in a second current/voltage curve, generated at a later date, the optimum potentials were: 

channel 1: -240 mV; channel 2: +240 mV (Fig 3.3B). Over a three year period, the 

potentials applied were increased progressively to: channel 1: -270 mV; channel 2: 

+270 mV. This resulted in an increase in peak height without a substantial increase in 

background current (<0.035 pA). It appears that there was a shift in the current/voltage 

curve, but the reasons for this are unclear.

3.4.1.3.2 Linearity o f  peak height and maximum sensitivity.

Chromatograms for a typical standard and sample dialysate o f noradrenaline are 

illustrated in Figure 3.4A & B. Since DOPAC and 5HIAA were also present, these 

compounds were included in the standard, also.
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Figure 3.2 Photographs of typical brain slices showing the position of microdialysis 
probes in the (A) frontal cortex (B) nucleus accumbens.
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Figure 3.3 (A) Current voltage curves for noradrenaline. (B) An increase in the 

background current with increasing potentials. Changes in current were measured from 

the oxidative potential on electrode 2 .
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Figure 3.4 Typical chromatograms showing noradrenaline, DOPAC and 5 HI A A 
content of: (A) standard and (B) sample dialysate, in the frontal cortex of anaesthetized 
rats. The standard chromatogram contains 50 fmoles of noradrenaline, 500 fmoles of 
DOPAC and 2000 fmoles 5HIAA. The peaks were measured with a detector gain of x 
2400 and integrator settings of: attenuation x 32 (noradrenaline) and x 1024 (DOPAC 
& 5HIAA). The retention times were: noradrenaline (8.6  minutes), DOPAC (12.1
minutes) and 5H1AA (18.6 minutes).

77



The maximum sensitivity of the detector for noradrenaline could be as low as 

2 fmoles/20 |j,l, although it was usually approximately 5 fmoles/20 |al. The detection of 

noradrenaline was linear up to at least 1 pmol of noradrenaline (Fig 3.5). Concentrations 

above 1 pmol were not tested for linearity as this concentration was beyond that 

anticipated in subsequent experiments.
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Figure 3.5 The linearity of the coulochem detector for noradrenaline detection, 
expressed as peak height, up to 1 pmol. Figure showing: (A) linearity up to 1000 
fmoles/20 pi (B) linearity from 5 to 100 fmoles/20 pi o f noradrenaline. The lines of 
best fit were drawn from calculation o f the least squares regression line on Sigma Plot 2.
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Fig 3.6 shows typical standard and dialysate chromatograms of dopamine

The limit of sensitivity o f the detector for dopamine could be as low as 10 fmoles, but it 

was usually 20 fmoles/20 pi. The detection of dopamine was linear up to 200 fmoles. 

Concentrations above 200 fmoles were not tested for linearity as this level of dopamine 

efflux was beyond concentrations anticipated in subsequent experiments.

3.4.2 Validation of noradrenaline  and dopamine m easurem ent.

3.4.2.1 Calculation of the percentage changes in noradrenaline and dopamine efflux.

Changes in the efflux o f noradrenaline were presented as the difference between sample f 

and spontaneous efflux expressed as a precentage of the mean spontaneous ’basal’ efflux 

in the 4 samples taken prior to treatment.

Therefore, if  the spontaneous efflux was 30 and the sample efflux was 50, the 

difference would be 2 0  fmoles and the percentage increase above spontaneous efflux 

would be:

20_ X 100 = 40%
50

If the spontaneous efflux was 30 and the sample efflux was 12, the difference between 

these would be 18. Therefore, the percentage decrease below spontaneous efflux would 

be:

18 X 100  = 60 %
30

These calculations were used throughout this thesis.
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Figure 3.6 Typical chromatograms showing dopamine content of: (A) a dopamine 
standard containing 100 fmoles and (B) a dialysis sample, from the nucleus accumbens 
of an anaesthetized rat.
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3.4.2.2 Fluctuations in the spontaneous efflux of noradrenaline and dopamine over time.

3.4.2.2.1 Noradrenaline.

Mean spontaneous efflux of noradrenaline in the frontal cortex, over a 5 hour period, 

was 26.0 ± 0.91 fmole/20 pi in anaesthetized rats and 18.8 ± 0.5 fmoles/ 20 pi in freely 

rats (Fig 3.7). These were not significantly different from each other (F^ g=3.38, 

F*=0.103). However, after analysis of spontaneous efflux in all samples, pooled over a 3 

year period, the levels of noradrenaline efflux in anaesthetized rats were significantly 

higher than in freely moving rats (Fj 193=22.74, f<0.001; Fig 3.7). The mean 

spontaneous efflux, over the whole period of this study, was (32 ± 0.35 fmoles/20 pi) in 

anaesthetized rats and (27.0 ±0.18 fmoles/20 pi) in freely moving rats.

In studies of spontaneous efflux, over a 5 hour period, there were no significant 

fluctuations in noradrenaline efflux in either anaesthetized (Fjgj i=0.47, f>0.5) or freely 

moving rats (F3 n =0.95, P>0.25).

3.4.2.2.2 Dopamine

Mean spontaneous efflux of dopamine over 4 hours was 78.8 ± 3.5 fmoles/20 pi in 

anaesthetized rats and 68.7 ± 2.3 fmoles/20 pi in freely moving rats. These did not differ 

significantly (Fi 31=0 .28, f=0.63). The mean spontaneous efflux of dopamine, of all 

samples pooled, over a 3 year period was 73.8 ± 2.9 fmoles/20 pi in anaesthetized rats 

and 65.9 ± 1.7 fmoles/20 pi in freely moving; these were not significantly different 

(F,,26=0.24, P=0.63).

Furthermore, no significant fluctuation in the spontaneous efflux of dopamine was 

found in either anaesthetized (Fj i=1.27, P>0.75) or freely moving (Fio2o=2.92, f>0 .1) 

rats (Fig 3.8).
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Figure 3.7 Spontaneous efflux of noradrenaline in the frontal cortex of halothane 

anaesthetized and freely moving rats in (A) an extended collection o f dialysis samples 

over a 5 hour period (n=6 ) (B) a comparison of all the pooled 'basal' samples, collected 

over a 3 year period (n=86-109). Data are presented as the mean ± S.E.M.
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Figure 3.8 The spontaneous efflux of dopamine in the nucleus accumbens of 
anaesthetized (n=5) and freely moving rats (n=4). Data are presented as the mean ± 
S.E.M.

83



3.4.2.3 The effects of altering the concentration of Ca^+ or K+ in the perfusate on the 

efflux of, noradrenaline in the frontal cortex, or of dopamine in the nucleus accumbens.

3.4.2.3.1 Noradrenaline.

A 20 minute pulse of 60 mM caused a large and statistically significant, transient, 

increase in noradrenaline efflux in the frontal cortex {\19  %fibcubasal samples: 

Fi 10=6 .6 6 , P=0.03; Fig 3.9). Subsequent removal of Ca^+ from the perfusate reduced 

noradrenaline efflux by 64 % of spontaneous 'basal' efflux (Fi 9=24.73, P=0.001; Fig 

3.9). When normal Ringer's solution was restored, the concentration of noradrenaline 

efflux returned to that found in basal samples (Fi 9=2.92, P=0.12).
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Figure 3.9 The effect of perfusion with 60 mM K+, for 20 minutes, followed by 
removal of the Ca^+ from the Ringers solution, for 80 minutes, on the efflux of 

noradrenaline in the frontal cortex o f anaesthetized rats. Data are presented as the mean 
± S.E.M. (n=6 ).
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3.4.2.3.2 Dopamine.

A 20 minute pulse of 60 mM K+ caused a large and statistically significant increase in 

dopamine efflux in the nucleus accumbens of freely moving rats (maximum increase of 

^ 2  % _ basal efflux; Fi 4=9 .6 8 , f=0.036). Removal of Ca '̂^ from the perfusate reduced 

dopamine efflux by 68.4 % of spontaneous 'basal' efflux (Fj 5=15.13, P=0.008). When 

normal Ringer's solution was replaced, the concentration of dopamine returned to basal 

levels (F] 5=0 .2 1 , P=0.669; See Fig 3.10.).

(A)

(B)

01
o
g
0
Ç

EmQ.o■o

700 H 
600 

500 4 
400 

300 4 
200 

100  -  

0 -

100 -n
90 -zLO

C:! 80 -
70 -

o
E 60 -

50 -
0

40 -c
ECO 30 -
Q.o 20 -T3

10 -

60 mM K

1  I  I  I  I  I  I  I

20 40 60 80 100 120 140 160
time (min)

Ca^‘" free
1  I  I  I  I  I  I 1- - - - - - - - - 1- - - - - - - - 1

20 40 60 80 100 120 140 160 180 200 
time (min)

Figure 3.10 The effect of altering the ionic content of the Ringer's solution on dopamine 

efflux in the nucleus accumbens: (A) a 20 minute perfusion with 60 mM K'*' (B) a 80 

minute perfusion with Ca^+-free Ringer's solution. Data are presented as the mean ± 
S.E.M. (n=3-4).
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3.4.2.4 Effects a 2~adrenoceptor ligands on the efflux o f noradrenaline in the frontal 

cortex.

Perfusion of the a 2-adrenoceptor agonist, clonidine (50 pM; see Fig 3.11), via the probe 

for 1 hour caused a significant decrease in the efflux of noradrenaline in the frontal 

cortex of anaesthetized rats. Noradrenaline efflux was decreased by a mean of 47.6 % c f  

spontaneous 'basal' levels during the 1 hour of clonidine perfusion (F^ 9= 1 2 .5 , f =0.006). 

During the first hour of restoring the perfusion o f Ringer's solution, the efflux of 

noradrenaline was still significantly lower than spontaneous 'basal' efflux (mean level 

51.6 % lower than basal levels; Fj ç=9.29, P=0.014). However, over the second hour 

after restoring Ringer's solution, the efflux of noradrenaline was no longer significantly 

reduced (F; j=3.04, f=0.125). Finally, basal levels o f efflux were restored in the third 

hour after re-perfusion with Ringer's solution (Fi 6=0.03, P=0.86).
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Figure 3.11 Perfusion of the a 2-adrenoceptor agonist, clonidine (50 pM), in the frontal 

cortex o f anaesthetized rat. Data are presented as mean ± S.E.M.. (n=7)
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Perfusion of the a 2-adrenoceptor antagonist idazoxan (50 pM; see Fig 3.12), via the

probe for 1 hour, caused a rapid increase in noradrenaline efflux in the frontal cortex 
c\t)coe

( 95 % ^  basal; F] 4=5 .4 , P=0.04). Over the first hour of re-perfusion with Ringer's 

solution, the levels of noradrenaline efflux returned gradually to those in basal samples 

and did not differ significantly from noradrenaline efflux in basal samples (Fi j  3=9 .7 9 , 

P=0.08).
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Figure 3.12 The effect o f perfusion o f  the a 2 ~adrenoceptor antagonist, idazoxan (50 
pM ), in the frontal cortex o f  anaesthetized rats. Data are presented as the mean ± 

S.E.M. (n=8).
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Systemic injection of the a 2 -adrenoceptor antagonist yohimbine (2 m g/kg i.p.; see

Fig 3.13), also increased the efflux o f  noradrenaline in the frontal cortex. In the first
«above

hour, this reached a mean increase o f 75.6 ± 12.8 % spontaneous 'basal' efflux 

(Fi g=20.4 7*=0.002). The efflux o f noradrenaline remained elevated above spontaneous 

efflux throughout the second and third hour after injection (first hour; F; g=l 1.7 

7*=0.009; second hour; F ; g=7.13 7*=0.028).
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Figure 3.13 The effect o f a systemic injection o f the a 2 -adrengpep tor^^i^gonist ^ ^  

yohim bine (2 mg/kg i.p.) on the efflux o f noradrenaline in the frontal corte?^Y ohim m ne 

was administered at time 60. Data are presented as the mean ± S.E.M. (n=6).
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3.4.2.5 Effects of the monoamine oxidase inhibitor, pargyline (50 mg/kg i.p), on the 

efflux of noradrenaline in the frontal cortex.

An injection o f pargyline (50 mg/kg i.p.) caused a progressive increase in the efflux of 

noradrenaline in the frontal cortex of anaesthetized rats. During the first hour, the 

noradrenaline efflux increased to a mean of .169 % QWispontaneous 'basal' levels 

(F 18=11.41, P=0.0\) and this was increased further during the second hour after 

injection (092 % mean increase Fi g=22.11, P=0.002; Fig 3.14)
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Figure 3.14 The effects of the monoamine oxidase inhibitor, pargyline (50 mg/kg i.p.), 

on the efflux of noradrenaline in the frontal cortex of anaesthetized rats. Pargyline was 
injected at time 60. Data are presented as the mean ± S.E.M. (n=5).
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3.5 DISCUSSION.

The results of this study satisfy the criteria for concluding that noradrenaline and 

dopamine, in the dialysis samples, were derived from exocytotic release. In addition, 

both surgical and chromatographic conditions were optimized for the measurement of 

noradrenaline or dopamine.

In the present study, the relative recovery of noradrenaline, using Hospal membrane, 

(flow-rate 1 p. 1/minute and 22°C: 38.9 ± 4.1%) was comparable to values reported 

previously in the literature (flow-rate 1.8 pl/minute and 37°C: 34 ± 2.5 %; Rossetti et 

a i,  1993). However, since relative recovery is reported to increase with temperature, 

over the range 0 - 46 °C (Parry et al., 1990), this is probably an underestimate of the 

recovery at 37 °C. Yet, it proved unfeasible to conduct recovery experiments at 37 °C in 

our laboratory due to the rapid spontaneous degradation of noradrenaline. This is 

consistent with experiments conducted by Parry and colleagues (1990) who compared 

standards, thoroughly aerated with air, with those kept under anti-oxidant conditions 

(nitrogen atmosphere with ascorbic acid in their perfusion medium). They report that the 

standards aerated with air contained only 20  % of the noradrenaline concentration of 

those kept under anti-oxidant conditions. Such rapid degradation was not observed in 

the present study, at 22°C. Nevertheless, controls were conducted in parallel and used to 

correct estimations of recoveries.

At high flow-rates, the increased pressure of the system could cause extrusion of 

perfusate from the probe and this, in turn could cause tissue damage. When the probes 

used in the current study were examined, under a binocular microscope, flow-rates 

exceeding 5 fil/minute caused visible fluid extrusion. In addition, at high flow-rates, a 

greater concentration gradient across the probe is maintained, thereby driving 

noradrenaline influx into the probe. This could, in turn, generate a concentration 

gradient in the extracellular fluid, thereby driving increased net diffusion of 

noradrenaline towards the probe. At slower flow-rates the noradrenaline levels in the 

probe are closer to equilibrium vrith those in the extracellular fluid. However, low flow-
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rates have the disadvantage that a smaller volume is collected over a given period of 

time. In the following study a sample run of 20 minutes was considered the maximum 

consistent with the objectives of the experiment. Therefore a flow-rate of 1 pl/minute 

was the optimum flow-rate for these conditions.

It is important to ensure that the efflux of noradrenaline and dopamine remain stable 

during the subsequent experiments. Dying or damaged neurones will not provide a 

stable spontaneous efflux of neurotransmitter. Indeed, it is reported that dopamine is 

partly derived from damaged neurones for up to 12 hours after surgery (see: Westerink 

et al., 1987). Another factor affecting efflux of noradrenaline and dopamine is that glial 

cells can form a barrier around the probe. This blocks diffusion of substances in or out 

of the probe. Gliosis is most likely to affect freely moving animals because these are 

often maintained for more than 2-3 days post surgery (Benveniste & Diemer., 1987). It 

is unlikely that gliosis would affect the present study because all animals were tested 

within 26 hours of surgery. This is supported by findings that there were no fluctuations 

in spontaneous efflux of noradrenaline or dopamine in either anaesthetized or freely 

moving rats.

The spontaneous efflux of noradrenaline in the frontal cortex, during the present study 

(1.6 ± 0.02 fmoles/minute: anaesthetized; 1.4 ± 0.01 fmoles/minute: freely moving), is 

within the range reported in the literature (0.47-2.33 fmoles/minute: van Veldhuizen et 

al., 1990; Cenci et al., 1992; Finberg et a l ,  1993; Jordan et al., 1994). The spontaneous 

efflux of dopamine from the nucleus accumbens, during the present study 

(3.7 ± 0.15 fmoles/ minute; anaesthetized; 3.3 ± 0.09 fmoles/minute: freely moving) 

was also within the range o f published values (1.04-4.34 fmoles/minute: Moghaddum & 

Bunney, 1989b; Carboni et al., 1989; Nomikos et al., 1991; Benwell, 1992; See et al., 

\99t^  Skerktee et al., 1992; Kimura et al., 1993; Rouge-Pont et al., 1993; Baumann et 

a l,  1994).

qbcx^Ç.
In this study, 60 mM K"*" increased noradrenaline efflux by 179 % basal, in 

anaesthetized rats. Previous studies, in the frontal cortex, have foimd similar results
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using this concentration of ( 82 %; Dailey & Stanford, 1995b). Perfusion of 60 mM 

K+ in the nucleus accumbens, in the present study, increased the efflux of dopamine by 

g72 %. However, this is a larger increase than the value reported in the literature with a 

100 mM K+ 0550 %: Benwell & Balfour, 1992). Possible reasons for the quantitative 

disparity in results is that the Benwell & Balfour (1992) study perfused high K+ for a 

longer time (40 minutes), at a faster flow-rate. In addition, the membrane used was 

cuprophan which may have different diffusion characteristics for K^. To my knowledge, 

no other published studies exist of the effect of high perfusion on the efflux of 

dopamine in the nucleus accumbens.

A decrease in the efflux of noradrenaline and dopamine, due to removal of Ca^+ from 

the perfusate, supports the assumption that these monoamines were derived from 

exocytotic release and are of neuronal origin. The magnitude and direction of results are 

similar to values in the literature for noradrenaline efflux in cortical regions (cortex: 

L'Heureux et al., 1986; prefrontal cortex: Nakane et al., 1994; frontal cortex: Dailey & 

Stanford, 1995b), and dopamine efflux in the nucleus accumbens (Benwell et al., 1993).

To further examine the functional integrity of the neurones in the probe environment, 

the a 2-adrenoceptor agonist, clonidine, or the a 2-adrenoceptor antagonist, idazoxan, 

were perfused, locally, via the probe. Clonidine (50 pM) reduced the efflux of 

noradrenaline in the frontal cortex. The reduction was similar to that reported in the 

literature at this concentration (Dailey & Stanford, 1995b). Efflux recovered slowly 

after re-perflision with Ringer's solution. The delay probably reflects the time required 

for the clonidine to dissipate in the extracellular fluid. A cumulative dose response study 

by Dailey & Stanford (1995b), in the frontal cortex of anaesthetized rats, found that 5 

pM of clonidine reduced noradrenaline efflux ^  UJo This did not differ

significantly from the effects of perfusion with 50 pM of clonidine. A similar finding 

was reported by van Veldhuizen and coworkers (1993). This suggests that the response 

to clonidine was already maximal at 5 pM and could explain why noradrenaline efflux 

took over 1 hour to return to normal levels in this present study.
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The perfusion with idazoxan (50 pM) increased the efflux o f noradrenaline ( 95 %) in 

the frontal cortex. No other studies report perfusing this concentration of idazoxan. 

However, perfusion of 100 pM idazoxan in the frontoparietal cortex increased the efflux 

of noradrenaline by almost twice that found in the present study (230 %). Therefore, the 

results achieved in the present study, a decrease in noradrenaline efflux with clonidine 

and increase with idazoxan, are consistent with reports in the literature (Table 2). 

However, as these two drugs also have affinity for imidazoline binding sites, a « 2- 

adrenoceptor antagonist with no affinity for the imidazoline receptor was also 

investigated. Systemic injection with the oi2-adrenoceptor antagonist, yohimbine 

(2 mg/kg i.p.), increased the efflux of noradrenaline ( 75 %) in the frontal cortex. A 

higher dose (5 mg/kg i.p.) was found to increase the efflux of noradrenaline by 130 % in 

the hippocampus of freely moving rats (Abercrombie et al., 1988). Collectively the 

results suggest that regulation of release by a 2~adrenoceptors in noradrenergic neurones 

were functioning normally.

As predicted, the non-specific monoamine oxidase inhibitor, pargyline (50 mg/kg i.p.), 

increased the efflux o f noradrenaline in the frontal cortex up to a maximum of 292 % in 

the second hour post-injection. This increase is similar to that found in a study using a 

higher dose (75 mg/kg i.p) of pargyline (300 %; L’Heureux et a l,  1986). The similarity 

in the increase in the efflux o f noradrenaline for both 50 mg/kg and 75 mg/kg suggests 

that a ceiling effect may have been reached. Althougn pargyline'acts on ooth monoamine 

oxidase A and B, type A is thought to be primarily responsible for the metabolism of 

noradrenaline. Since type A is located on the outer membrane o f mitochondria in 

noradrenergic neurones, the increase observed in the present study is more evidence that 

the noradrenergic neurones were intact and that the peak of interest was indeed 

noradrenaline. No other studies are reported, for comparison, on the effects of pargyline 

on noradrenaline efflux.
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An interesting caveat was the difference in efflux in halothane anaesthetized and freely 

moving rats. Although there is some preliminary evidence to support this finding 

(Dailey et a l 1994), other authors have suggested that halothane anaesthesia does not 

affect spontaneous noradrenergic efflux (see: Cenci et al., 1992). The reasons for these 

disparate results are unknown. However, the results raise important questions about the 

influence of anaesthesia on noradrenaline efflux and interpretation of drug-induced 

changes in these 2  experimental conditions.

In summary, the results provide evidence that the origin o f the noradrenaline and 

dopamine in the dialysates is neuronal, released by exocytosis, subject to normal 

feedback control by a 2-adrenoceptors and increased by a monoamine oxidase inhibitor.
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Chapter 4

THE EFFECT OF THE BENZODIAZEPINE AGONIST, FLURAZEPAM, ON 

THE SPONTANEOUS EFFLUX OF NORADRENALINE: INVESTIGATING 

THE SITE OF ACTION OF FLURAZEPAM IN THE BRAIN.

4.1. ABSTRACT

Flurazepam, an agonist at the benzodiazepine receptor, has anxiolytic, anticonvulsant 

and sedative properties in humans and animal models that mimic these conditions. 

Although the therapeutic action of benzodiazepines is attributed primarily to their ability 

to enhance the action of GABA, it is generally assumed that there is a secondary role for 

other neurotransmitters. The following study examines the effects of flurazepam on the 

spontaneous efflux of noradrenaline and dopamine, in rat frontal cortex and nucleus 

accumbens core, respectively. UV absorbance studies at 230 nm established that 

flurazepam could diffuse across Hospal dialysis membrane. Flurazepam perfusion 

(0.05-50 pM), for one hour at each concentration, did not significantly affect the 

spontaneous efflux of noradrenaline in the frontal cortex of anaesthetized or 

freely-moving rats. Similar results were found for dopamine efflux in the nucleus 

accumbens core, of anaesthetized and conscious rats, after a perfusion with flurazepam 

(10 pM) for 20 minutes. Systemic administration of flurazepam (20 mg/kg i.p.), in 

freely-moving rats, decreased the spontaneous efflux of noradrenaline in the frontal 

cortex, but did not modify the efflux of dopamine in the nucleus accumbens core. Since 

evidence is accumulating to indicate functional differences between the zones of the 

nucleus accumbens (i.e. core vs shell), it is suggested that this lack of effect of 

flurazepam could be due to the location of the probe within the core region. In 

conclusion, the results suggest that the effects of flurazepam on noradrenaline efflux do 

not involve benzodiazepine receptors in the terminal field.
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4.2. INTRODUCTION

4.2.1 Benzodiazepines

Benzodiazepines not only have anxiolytic effects, but as the dose is increased, they also 

exhibit anticonvulsant, sedative and muscle relaxant properties (for review see Ashton, 

1994). Specific benzodiazepine binding sites have been reported in the brain and 

periphery (Mohler & Okada, 1977; Squires & Braestrup, 1977; Braestrup & Squires, 

1978; Young & Kuhar, 1980). Most is known about the benzodiazepine recognition site 

located on the extracellular domain o f the GABA^ receptor, which is part of the 

GABA^ receptor chloride channel complex (Olsen, 1982; Guidotti et al., 1983). The 

therapeutic effects of benzodiazepines are generally attributed to their ability to enhance 

the action of GABA at this GABA^ receptor complex (Costa et al., 1975; Haefly et al., 

1975).

Ligands binding to the benzodiazepine receptor can act as agonists, antagonists or 

inverse agonists, resulting in positive or negative allosteric modulation of the GABA 

receptor chloride channel complex (Pole et al., 1982; Guidotti et al., 1983; Richards & 

Mohler, 1984). Benzodiazepine receptor agonists are positive allosteric modulators 

which enhance the action of GABA at GABA^ receptors. This has the effect of 

increasing the opening frequency of Cl" channels. The direction o f Cl" flux depends on 

the electrochemical gradient. In general there is an influx of Cl" causing 

hyperpolarization (Dreifuss et al., 1969), but in the dorsal root ganglion, there is an 

efflux of Cl" leading to depolarization (Adams et al., 1975). Inverse agonists have the 

opposite effects; they reduce Cl" influx, whereas competitive antagonists have no 

intrinsic activity, but prevent the effects of agonists and inverse agonists (Pole et al., 

1982).

Heterogeneity of benzodiazepine GABA receptors was originally proposed on the basis 

o f their pharmacology and distribution (Nielson & Braestrup, 1980). However, recent 

advances in molecular biology have suggested a large number o f possible subtypes of 

GABA^ receptors influenced by the structure o f the subunits o f the receptor (for review
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see Costa & Guidotti, 1996). GABA^ receptors are thought to be assembled from 5 

subunits derived from 4 subunit families (a , (3, y and Ô; Barnard, 1995). However, since 

at least 16 genes encode the subunits, a large amount of structural diversity of these 

receptors is possible in the CNS (Barnard, 1995). The potency of GABA and the 

modulators of GABA action at GABA^ receptors {e.g. benzodiazepines) are influenced 

by the combination of assembled subunits {e.g. Ducic et a l, 1993; reviewed by Costa & 

Guidotti, 1996). Therefore, these structural diversities could account for the differential 

efficacy of benzodiazepine ligands at producing pharmacological effects.

In addition to GABA-dependent mechanisms, evidence suggests that GABA- 

independent mechanisms could contribute to the pharmacological actions of 

benzodiazepines (reviewed by Pole, 1991). One such example is the blocking of 

adenosine reuptake (Phyllis et a l, 1980) which potentiates the effects of adenosine in 

the CNS {e.g. clonazepam; IC20 value of 5 x 10'^ M). One effect of adenosine is to 

reduce the release of various neurotransmitters presumably by a reduction of voltage- 

dependent Ca^+ inflow into the nerve terminals (Macdonald et al., 1986). This action of 

benzodiazepines on adenosine uptake has clinical implications in the anticonvulsant 

effects of benzodiazepines since adenosine is reported to reduce seizures (reviewed by 

Dragunov, 1988).

There is also evidence that benzodiazepines bind to 'peripheral-type' benzodiazepine 

receptors which are largely located on the outer mitochondrial membrane (Anholt et al., 

1986). Activation of this receptor is thought to promote the transfer o f cholesterol from 

intracellular stores, across the outer membrane to the inner mitochondrial membrane 

(Kreuger & Papadopoulos, 1990). Here, cholesterol is metabolized to pregnenolone, the 

common precursor for steroid hormones, by the cytochrome P450 enzyme family 

system. Since the transport of cholesterol across the mitochondrial membrane is the 

rate-limiting step for steroidogenesis, elevating the concentration of intra-mitochondrial 

cholesterol would increase the rate o f steroid synthesis. However, 'peripheral-type' 

benzodiazepine receptors are not only restricted to glandular and epithelial tissue in the 

periphery (De Souza et al., 1985), but are also found in the central nervous system
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(Marangos et a l ,  1982). In addition, reports indicate that rat brain mitochondria of both 

brain cells and oligodendrocytes (Yi Hu et a l ,  1987; Jung-Testas et a l, 1989) also 

synthesize steroids (McCauley et a i, 1995). One suggested role of these steroid 

hormones is to modulate the GABA^ receptor via a steroid recognition site on the 

GABAys  ̂receptor complex (Peters et a l, 1988). As evidence for this, the metabolites of 

the steroid hormone progesterone enhance the action of GABA at the GABAys  ̂ receptor 

(Mok & Krieger, 1990) and modulate the binding of radioligands to the GABA, 

benzodiazepine, and TBPS/picrotoxin sites on the GABA receptor (reviewed by Paul & 

Purdy, 1992).

Although benzodiazepines are widely believed to have no actions at the GABAg 

receptor (Doble & Turnbull, 1981), there is one study in vitro to suggest that 

benzodiazepines can modify the GABAg receptor: chlordiazepoxide (100 pM) 

depressed the K^-evoked release of noradrenaline in the absence of GABA (Fung & 

Fillenz, 1983). However, the pharmacological relevance of this concentration is 

questionable and further confirmation is required.

In summary, it has been widely assumed that all benzodiazepines act by enhancing the 

action of GABA at the GABAy^ receptor and that clinical use is restricted by drug or 

metabolite half-life. However, recent advances in molecular biology have provided 

evidence that there are many different subtypes of the GABAy^ benzodiazepine receptor 

complex and these may be responsible for the different physiological functions 

(reviewed by Costa & Guidotti, 1996). There is also evidence that some of the 

therapeutic properties of benzodiazepines may be due to actions at other non-

GABA-dependent sites (reviewed by Pole, 1991); in particular the role of steroid 

synthesis in some of its therapeutic effects must be considered. However, despite 

numerous studies, a role for other neurotransmitters in the therapeutic actions of these 

drugs is still largely unproven. The following study examined the effects of flurazepam 

on the efflux o f both noradrenaline in the frontal cortex and dopamine in the nucleus 

accumbens.
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4.2.2 The effects of benzodiazepines on indices of noradrenergic activity.

The noradrenergic system is widely believed to be involved in the response to stress and 

anxiety. Since benzodiazepines are used clinically to relieve anxiety, which 

symptomatically bears a strong resemblance to the stress response, the effects of these 

drugs on indices of noradrenergic transmission are a focus of interest. This section will 

review the literature on the effects of benzodiazepines on indices of spontaneous 

noradrenergic activity only. The effect of benzodiazepines on an evoked increase in 

noradrenergic activity will be discussed in Chapter 6 .

Changes in neurotransmitter turnover ex vivo are used as a measure of neuronal activity. 

However, the effect o f benzodiazepines on measures of noradrenaline turnover fail to 

give consistent results. Administration of sedative doses of diazepam, nitrazepam and 

chlordiazepoxide (1 0  mg/kg s.c.) decreased spontaneous noradrenaline turnover in the 

cortex (Taylor & Laverty, 1969; Corrodi et al., 1971). In contrast, a study by Lane 

(1992) reports that diazepam (5 mg/kg i.p) increased the spontaneous turnover of 

noradrenaline in the cortex. These discrepancies could be due to the different methods 

used to enable measurement of changes in noradrenaline levels: injection of a 

radioactive precursor (Taylor & Laverty, 1969; Lane, 1992); injection of a synthesis 

inhibitor (Corrodi et al., 1970). All these methods are subject to criticism as they disrupt 

steady-state concentrations of neurotransmitter and it is unclear how much this 

interference could modify the release. Such studies have other limitations including ex 

vivo measurements being carried out so that post-mortem changes could have occurred.

Levels of MHPG-SO4, the conjugated metabolite of noradrenaline, are used as a 

measure of release (Lookingland et a l ,  1991). Studies have foimd an increase in the 

levels of MHPG-SO4 in the hypothalamus and thalamus after diazepam (5 mg/kg i.p) 

treatment (Ida et al., 1985). A limitation of this technique is that, like turnover studies, 

measurements are carried out ex vivo.

Electrophysiological studies o f the effects of benzodiazepines on the firing rate of 

noradrenergic neurones, arising from the locus coeruleus, have also yielded disparate
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results. In rats, anaesthetized with chloral hydrate, intravenous injection of high doses of 

benzodiazepines (e.g. diazepam: 0 .5-1.0 mg/kg; chlordiazepoxide: 2  mg/kg) reduced the 

spontaneous firing rate of locus coeruleus neurones (Sanghera & German, 1983; Simson 

& Weiss, 1989). However, in conscious cats, intraperitoneal administration of diazepam 

(0.25 and 2.0 mg/kg i.p.) did not affect the spontaneous firing rate of noradrenergic 

neurones arising from the locus coeruleus (Rassmussen & Jacobs, 1986b). One possible 

explanation for these disparate results is that the relatively high doses given by 

intravenous route would bypass liver metabolism. An alternative explanation is that 

chloral hydrate anaesthesia modifies the effects of drugs on locus coeruleus firing rate. 

In support of this, morphine is reported to reduce the firing rate o f the locus coeruleus in 

chloral hydrate anaesthetized cats, but not in conscious cats (Rasmussen & Jacobs, 

1985).

Modifications to the firing rate of neurones originating in the locus coeruleus must be 

presumed to affect the release of noradrenaline in the terminal regions. Experiments 

using microdialysis or voltammetry in vivo have been used to investigate the effects of 

benzodiazepines on the spontaneous efflux of noradrenaline. In rats anaesthetized with 

chloral hydrate a triazolobenzodiazepine, adinazolam (10  mg/kg i.p.), decreased the 

efflux of noradrenaline in the hippocampus by 26.2 % (Broderick, 1991). However, 

interpretation is limited due to a possible interaction of the chloral hydrate anaesthesia 

as discussed in the above paragraph. In conscious animals, reports o f the effects of 

benzodiazepines on the spontaneous efflux of noradrenaline are conflicting. Two studies 

report that diazepam treatment does not significantly modify the efflux of noradrenaline 

in the frontal cortex (3 mg/kg i.p: Dailey et a l,  1996; 5 mg/kg i.p: Nakane et al., 1994). 

In contrast, Rossetti and colleagues (1990) found that diazepam (5 mg/kg i.p.) reduced 

the spontaneous efflux of noradrenaline in the frontal cortex by 56.5 %. However, a lack 

of saline vehicle controls limits the interpretation of the results of this study. Studies in 

the prefrontal cortex found that diazepam (2.5 mg/kg i.p.) reduced noradrenaline efflux 

by 38.0 %, but a lower dose (1 mg/kg i.p.) had no effect (Finlay et al., 1995). However, 

the doses o f benzodiazepines that decrease the efflux of noradrenaline are generally
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higher than those required to display an anxiolytic profile in animal models of anxiety 

without concomitant sedative effects, e.g. diazepam displays anxiolytic, but not sedative 

effects over the dose range 0.1-1.25 mg/kg i.p (Fellow et al., 1985a; Costall et al., 1990; 

Corbett et al., 1993).

There are two possible sites of action for the effects of systemically administered 

benzodiazepines on the efflux of noradrenaline in the frontal cortex as benzodiazepine 

receptors are located in both the terminal region (Young & Kuhar, 1980) and the locus 

coeruleus (Biscoe et al., 1984; Zezula et a l ,  1988). Electrophysiological studies suggest 

that benzodiazepines may mediate their actions via receptors in the locus coeruleus: 

infusion of diazepam (1 0 0  ng) into this nucleus reduced the spontaneous firing rate of 

noradrenergic neurones (Simson & Weiss, 1989) However, this study was carried out in 

chloral hydrate anaesthetized rats and, consequently interpretation of the results is 

limited due to the possible influence of the anaesthetic. No other studies have 

investigated the site of action of benzodiazepines in vivo.

In summary, the effects of benzodiazepines on spontaneous noradrenergic transmission 

are unclear, but most studies report a reduction in noradrenergic transmission at sedative 

doses. However, almost all studies use diazepam; there are no published studies on the 

effect of other benzodiazepines in the frontal cortex. In addition, the site whereby 

benzodiazepines mediate this reduction in noradrenaline efflux is unknown, but as the 

frontal cortex is densely populated with benzodiazepine receptors, action in this terminal 

region is at least a possibility (Young & Kuhar, 1980). Therefore, the following study 

examined the effects of systemic administration of flurazepam on the efflux of 

noradrenaline in the frontal cortex. Furthermore, to investigate if flurazepam could 

mediate a reduction in noradrenaline efflux, by an action in the frontal cortex, 

flurazepam was perfused into this terminal fleld via the microdialysis probe. This 

perfusion was performed in halothane-anaesthetized and conscious rats.
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4.2.3 The effect of benzodiazepines on indices of dopaminergic activity.

There is much evidence to suggest that the mesocortical and mesolimbic dopaminergic 

system respond to stress. In support of this, microdialysis studies report that stress 

increases the efflux of dopamine in limbic regions (nucleus accumbens: Abercrombie et 

al., 1989; frontal cortex: Cenci et a i, 1992; Feenstra et al., 1995a; Finlay et al., 1995). 

The literature suggests that regions of the limbic system, including the frontal areas of 

the cortex, and the nucleus accumbens, are more responsive to stress than nigro-striatal 

regions (Abercrombie et al., 1989). The following literature review will be limited to 

discussing the effects of benzodiazepines in the nucleus accumbens. In addition to its 

limbic origin, this area was chosen because flurazepam perfusion, via a microdialysis 

probe, into the nucleus accumbens has previously been reported to decrease the efflux of 

dopamine (Zetterstrom & Fillenz, 1990). This is consistent with studies examining the 

effects of systemic administration of other benzodiazepines.

Studies using in vivo microdialysis report a decrease in the efflux of dopamine in the 

nucleus accumbens after systemic administration o f benzodiazepines in conscious rats. 

Diazepam (5 mg/kg i.p.) or (2.5 mg/kg s.c.) reduced the efflux of dopamine from the 

nucleus accumbens by 30 % and 50 %, respectively (Imperato et a i, 1990; Invenizzi et 

al., 1991). Another benzodiazepine, midazolam, also reduced the efflux of dopamine in 

the nucleus accumbens by 22 % (5 mg/kg s.c; Finlay et a i ,  1992) and 18 % (0.15 mg/kg 

i.v; Murai et al., 1994). However, lower doses of diazepam (1 mg/kg i.p; Invemizzi et 

al., 1991) or midazolam (0.075 mg/kg i.v; Murai et al., 1994) failed to modify the efflux 

of dopamine in the nucleus accumbens. These results are in agreement with a turnover 

study reporting that there was a decrease in spontaneous turnover in dopamine in the 

nucleus accumbens after administration of flurazepam (10 mg/kg i.p; Brose et ah, 

1988). However, like noradrenaline efflux, the doses required to reduce dopamine efflux 

are generally higher than those required to produce anxiolytic activity without sedative 

effects in animal models that mimic anxiety (Fellow et a l ,  1985a; Costall et a l,  1990; 

Corbett et al., 1993).
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Evidence suggests that the decrease in dopamine efflux after systemic benzodiazepine 

administration could be due, at least in part, to an action at receptors in the terminal 

field region. This is concluded from a study showing that perfusion of flurazepam 

(10 pM) into the nucleus accumbens, via the microdialysis probe, decreased the 

spontaneous efflux of dopamine by 59 % (Zetterstrom & Fillenz, 1990). These 

experiments were repeated in the present study. An intra-peritoneal injection of 

flurazepam was also administered and its effects on dopamine efflux in the nucleus 

accumbens assessed. As with studies of the effects of benzodiazepines on noradrenaline 

efflux, the benzodiazepine usually studied in microdialysis studies is diazepam; no 

previous studies have examined the effects of systemic flurazepam on dopamine efflux 

in the nucleus accumbens.

4.2.4 Flurazepam .

Since the following study entailed perfusion of a benzodiazepine via the probe, only 

water soluble agents such as flurazepam, could be used. Flurazepam binds with higher 

affinity to the benzodiazepine receptor (A'j 11 nm: Mohler & Okada, 1977; 16 nm: 

Braestrup & Squires, 1978) than any of the other water soluble benzodiazepines; for 

example, the K\ 's of chlordiazepoxide and medazepam are 220 and 600 nM 

respectively (Mohler & Okada, 1977). In addition, evidence in vitro suggests that 

flurazepam is active at the benzodiazepine receptor linked to GABA^ receptor complex. 

For example, flurazepam enhances the effects of submaximal concentrations of GAB A 

stimulated 36d influx in both mammalian spinal cord neurones and rat brain 

synaptosomes (Mehta et al., 1989; Morrow et al., 1988).

Although used primarily as a hypnotic agent (on account o f its half life), flurazepam has 

anxiolytic, anticonvulsant and sedative properties in animal models designed to screen 

drug treatments for these disorders (File & Hyde, 1979; Mendelson, 1982; Shibata et al., 

1989; Zhang et al., 1989). Yet, very few studies have been published that have 

investigated the effect of flurazepam on behaviour. The few existing reports suggest that 

the doses required to produce behavioural actions are between 0.5-40 mg/kg i.p. For
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instance, chronic administration of flurazepam (0.5 mg/kg i.p.) for 5 days increased 

social interaction (File & Hyde, 1979). In a conflict procedure acute administration of 

flurazepam (20, but not 10 mg/kg) increased punished responding (Shibata et al., 1989). 

Similarly, acute flurazepam (20 mg/kg p.o.) increased social interaction in a modified 

social interaction test (unfamiliar rats, dimly lit familiar environment; Guy & Gardner, 

1985). A much higher dose was needed to reduce sleep latency in the rat (40 mg/kg i.p; 

Mendelson et a l,  1982). Furthermore, rats trained to discriminate between diazepam (1 

mg/kg s.c.) and vehicle-injection by lever pressing occasioned a 70 % and 95 % 

diazepam-appropriate responses (fixed ratio 10) after a challenge with flurazepam 10 

mg/kg and 30 mg/kg i.p, respectively (Shannon, 1984). Therefore, in the following 

study, a dose of flurazepam, in the middle of this range, was chosen {Le. 20 mg/kg i.p.).

4.2.5 Aims

To ensure that flurazepam diffused from the probe, the first part of this study evaluated 

the passage of flurazepam across the dialysis membrane, by UV absorbance (230 nm). 

Microdialysis studies then examined the effects of locally administered flurazepam on 

the spontaneous efflux of noradrenaline in the frontal cortex. This brain region, is rich in 

benzodiazepine receptors (GABA^) and is innervated by noradrenergic neurones 

projecting entirely from the locus coeruleus (Mohler & Okada, 1977; Lindvall et al., 

1978). In addition, flurazepam was perfused via the probe into the nucleus accumbens. 

This brain region is a subcortical limbic area receiving neurones from the mesolimbic 

system. Although the nucleus accumbens is less densely populated with benzodiazepine 

receptors than the frontal cortex (Mohler & Okada, 1977), a previous study has reported 

that perfusion of flurazepam (1 0  pM for 2 0  minutes) reduced the efflux of dopamine in 

the nucleus accumbens; an effect lasting for at least 2  hours after drug administration 

(Zetterstrom & Fillenz, 1990). Finally, to determine if flurazepam could modify the 

efflux of either noradrenaline or dopamine, by an action at a more remote site, the 

effects of a systemic injection of this drug were tested.
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4.3. METHODS.

The general methods for surgery, microdialysis and analysis of noradrenaline and 

dopamine are described in detail in Chapter 2 (section 2.2). At the start of each 

experiment, spontaneous efflux was assessed by collection of 4 consecutive dialysis 

samples, after which drug treatments were administered.

4.3.1 Spectrophotometry.

It has been demonstrated that the absorbance maxima of flurazepam lies at 230 nm (Lau 

et a l, 1987). In the present study, spectrophotometry was used to measure the 

absorbance and hence the concentration of flurazepam at this wavelength. UV 

absorbance studies were carried out using a spectrophotometer (Unicam SP1800) with a 

deuterium light source.

Microdialysis probes were immersed in 1.5 ml of Ringer's solution and perfused with 

Ringer's solution containing flurazepam (50-200 pM) for 12 hours, at 1 pl/min, and a 

temperature of 22 °C. Each concentration of flurazepam was studied in duplicate and 

these samples were pooled for UV absorbance readings. Where appropriate, samples 

were diluted in Ringer's solution to ensure that drug concentrations fell within the linear 

part of the calibration curve. Calibration curves for flurazepam were carried out using 

Ringer's solution as a blank. Upper and lower limits of flurazepam detection were also 

determined. The ability of flurazepam to cross the microdialysis membrane was 

determined as follows

% diffusion across = concentration o f flurazepam in the solution bathing the probe x 100 
probe concentration o f flurazepam in the perfusion fluid
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4.3.2 Drug administration.

4.3.2.1 The effect of flurazepam perfusion on the efflux of noradrenaline in the frontal 

cortex and of dopamine in the nucleus accumbens.

The effect of flurazepam perfusion (0.05-50 pM) on noradrenaline efflux in the frontal 

cortex was investigated in anaesthetized and freely-moving rats. Progressively 

increasing concentrations of flurazepam were perfused, each for one hour, into the 

frontal cortex o f each animal.

The effect of flurazepam perfusion (10 pM) on dopamine efflux in the nucleus 

accumbens was also investigated in anaesthetized and freely moving rats. Flurazepam 

(10 pM) was perfused for 20 minutes after which Ringer's solution was replaced and 

samples collected for a further two hour period. This method was followed exactly as 

described in the paper by Zetterstrom & Fillenz (1990). Flurazepam was dissolved in 

Ringer's solution at the desired concentration and perfusion commenced, via the 

microdialysis probe, at the start of a new sample collection.

4.3.2.2 The effect of systemic administration (i.p.) o f flurazepam.

The efflux of noradrenaline in the frontal cortex, or dopamine in the nucleus accumbens, 

was measured after systemic administration of flurazepam (20 mg/kg i.p). Control rats 

were given a systemic injection of saline vehicle (2 ml/kg i.p.). Flurazepam was 

dissolved in 0.9 % w/v of saline and injected at a volume of 2 ml/kg i.p. Injections were 

given immediately after collecting a sample at time 0 .

4.3.3 Statistical analysis

From the raw data, the mean ± S.E.M. were calculated and expressed as fmoles/20 pi. 

The statistical significance of changes in noradrenaline efflux were assessed using split- 

plot ANOVA (SPSS PC+; see Chapter 2; section 2.5 for details). Where significant 

effects were found, F-ratios of the prominent results are presented in tables and
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discussed in the text. When there were no significant effects, the statistics, presented in 

the text only, are the effect of time over the whole time-course.

4.4. RESULTS.

4.4.1. Confirmation of flurazepam diffusion across the Hospal dialysis membrane.

The absorbance of flurazepam at 230 nm was linear over the concentration range 0.5-30 

fiM (Fig 4.1). Therefore, the limit of detection was 0.5 pM and concentrations above 30 

pM saturated the UV scale of detection at 230 nm. The mean percentage recovery of 

flurazepam (14.1 ± 1.5 %) across the microdialysis probe was independent of 

concentration over the range (50-200 pM; F2 9=0.099, P=0.9V^ci^A.\).

Ec
E
o 1-2 
w 1.0

Z 0.8Ü
ro 0.6
o 0.4 (/)
m 0.2 
3  0.0

200 10 30 40 50

concentration of flurazepam (pM)

Figure 4.1. A concentration absorbance curve to show the linear relationship between UV 

absorbance at 230 nm and the concentration of flurazepam over the range 0.5-30 pM. The 

line of best fit was drawn from calculation of the least squares regression line for data 

between concentrations 0.5 and 30 pM (correlation r=0.999; minitab 9.2 for window).
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Table 4.1 The diffusion of flurazepam, as a percentage of the original concentration of 

flurazepam (50-200 pM), across the dialysis membrane.

concentration of 
flurazepam in the probe 

(pM)

% diffusion across the probe 

(mean ± S.E.M.)

50 13.6 ±3 .2

100 14.8 ± 1.9

2 0 0 13.0 ±3.2

4.4.2 The effect of flurazepam perfusion (0.05-50 pM) on the efflux of 

noradrenaline in the frontal cortex of anaesthetized and freely-moving rats.

In neither anaesthetized (F2 7=0 .9 7 , /?>0.25; Fig 4.2A), nor freely moving rats 

(F4 20=1-09, p=0.356; Fig 4.2B), did perfusion of flurazepam alter the efflux of 

noradrenaline at any of the concentrations used.

4.4.3 The effect of flurazepam perfusion (10 pM) on the efflux of dopamine in the 

nucleus accumbens of anaesthetized and freely-moving rats.

Perfusion of flurazepam ( 10 pM) into the nucleus accumbens did not significantly affect 

the spontaneous efflux of dopamine in either anaesthetized (Fj 3= 1 .4 5 , p>0.25; Fig 

4.3A) or freely-moving rats (F2 io=l -36,p>0.25; Fig 4.3B).
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Figure 4.2 The effect of a flurazepam perfusion (0.05-50 pM) on the efflux of 

noradrenaline in the frontal cortex of (A) halothane anaesthetized rats (n=5) (B) freely- 

moving rats (n=6 ). Bars indicate the duration o f perfusion with specified concentrations 

(pM) of flurazepam. Data are presented as mean ± S.E.M.
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Figure 4.3 The effect of flurazepam perfusion on the efflux of dopamine in the nucleus 

accumbens o f (A) halothane anaesthetized rats (n=7) (B) freely-moving rats (n=5). Bars 

indicate the duration of perfusion with 10 pM of flurazepam. Data are presented as 

mean ± S.E.M.
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4.4.4. The effect of systemic administration with flurazepam (20 mg/kg i.p.) on the 

efflux of noradrenaline in the frontal cortex of freely-moving rats.

4.4.4.1 The effect of saline or flurazepam in comparison with spontaneous ('basal') 

efflux (Fig 4.4 & Table 4.2; 'saline' or 'flurazepam').

When compared to spontaneous efflux, saline injection did not significantly modify the 

efflux of noradrenaline (Table 4.2 "20-80"; "100-160"). In contrast, an intra-peritoneal 

injection of flurazepam decreased the efflux of noradrenaline in comparison to 

spontaneous efflux (Fig 4.4). Although there was no main effect of drug during the first 

80 minutes after injection of flurazepam, there was a bin x time interaction ("20-80") 

which corresponded to a transient increase in the efflux of noradrenaline, during the first 

20 minutes after injection, followed by a rapid fall in efflux. To prevent this injection 

effect interfering with the statistical analysis, spontaneous efflux was compared with 

efflux in samples collected, for 80 minutes, starting 40 minutes after flurazepam 

injection. During this 80 minute time period, flurazepam, but not saline significantly 

decreased the efflux of noradrenaline by 29.1 ± 3 .6  % in comparison to spontaneous 

efflux ("60-120"). In the second 80 minutes after injection, the efflux of noradrenaline 

(reduced by 25.8 ± 4.1 %) was not significantly different from spontaneous efflux 

("100-160").

4.4.4.2 The effect of flurazepam in comparison with saline injection (Fig 4.4 & Table 

4.2; 'saline vs flurazepam )

The spontaneous ('basal') effluxes of noradrenaline in rats before treatment with either 

flurazepam or saline (30.6 ± 1.4 and 24.0 ± 0.6 fmoles/20 p.1 respectively) were not 

significant different ("-60-0"). Furthermore, when compared to saline-injected rats, the 

efflux of noradrenaline in rats after treatment with flurazepam did not differ 

significantly over any o f the bins analyzed ("20-80"; "100-160"; "60-120").
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4.4.5 The effect of flurazepam (20 mg/kg i.p.) on the efflux of dopamine in the 

nucleus accumbens of freely-moving rats.

Neither an injection of saline (2 ml/kg i.p; Fj^=0.59, p=0.47), nor flurazepam 

(20 mg/kg; Fj 5=0.29, p=0.6), modified the efflux of dopamine in the nucleus 

accumbens. In addition, there was no significant difference in dopamine efflux in saline 

and flurazepam injected rats (Fig 4.5).
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Figure 4.4 The effect of systemic injection of flurazepam .(20 mg/kg i.p.) on the efflux 
of noradrenaline (NA) in the frontal cortex of freely-moving rats. Time bins used for 
statistical analysis are represented with bars illustrating the duration of collection of the 
dialysate and numbers indicating the times of collection of the 4 consecutive samples 
within each bin. #  indicates a significant main effect of flurazepam in comparison to 

spontaneous efflux. Statistical values are presented in Table 4.2. Data are presented as 
mean ± S.E.M (n=7-10). Saline or flurazepam injected at time 0.

Table 4.2 Statistical data comparing the effects of saline or flurazepam treatment on 
noradrenaline efflux. Efflux in time bins o f 80 minute duration for 'saline' or 
'flurazepam' were compared with spontaneous efflux. Bin was treated as the main factor 
and time within each bin as a 'within subjects' factor {i.e. bin x time). F-ratios are shown 
for the main effect of bin and, if significant, for a bin x  time interaction also 

(underlined). Effects of saline and flurazepam were compared directly within each time 

bin {^saline vs. flurazepam') also, f-values indicating the significant F-ratios are in bold.

sample
time
(min)

spontaneous post-injection

-60-0 20-80 100-160 60-120
saline _ F,,ii=3.19P=0.10 F1 iç=l .36 P=0.27 Fi 11=1.75 P=0.21

flurazepam 

saline vs.

-
Fi 18=0.84 P=0.37 
F] 3 >1=3.3 5 P=0.02

Fi 16=2.57^=0.13 Fi 18=5.71 f=0.03

flurazepam Fi 14=3.32 P=0.09 Fi 15=1.86 P=0.19 Fi 12=1.35 P=0.27 Fi 15=2.88^=0.11
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Figure 4.5 The effect of flurazepam (20 mg/kg i.p.) on the efflux o f dopamine in the 

nucleus accumbens of freely moving rats (n=4). Saline or flurazepam injected at time 0. 

Data are presented as mean ± S.E.M.
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4.5. DISCUSSION.

In the first part of this study, the ability of flurazepam to diffuse across the microdialysis 

probe, at a flow-rate of 1 p.I/min and a temperature 22 °C, was verified. The recovery 

was found to be 14.1 % of the original concentration perfused. It is widely accepted that 

the diffusion of substances across the microdialysis probe in the brain in vivo is unlikely 

to be the same as in vitro (Benveniste & Huttemeier, 1990; Justice, 1993). This is due to 

many factors including: the reduced volume of transport of the extracellular space in 

comparison to a homogeneous solution in vitro; the path of diffusion is hindered by the 

presence of cells and neurones (tortuosity factor); cellular uptake, metabolism of 

neurotransmitter (reviewed by Benveniste & Huttemeier, 1990; Justice, 1993). 

Nevertheless, this diffusion experiment indicates that flurazepam can diffuse across this 

dialysis membrane.

4.5.1 The effect of flurazepam administration on the efflux of noradrenaline in the 

frontal cortex.

Perfusion of flurazepam, via the microdialysis probe, did not alter the efflux of 

noradrenaline in the frontal cortex o f anaesthetized rats. In freely-moving rats, a small 

decrease in noradrenaline efflux was observed, but this failed to reach significance, even 

at the highest concentration perfused (50 pM). This is despite evidence for perfusion of 

flurazepam across the microdialysis probe. Although there is some evidence that high 

concentrations of chlordiazepoxide can affect the release of noradrenaline in vitro (Fung 

& Fillenz, 1983; Fung & Fillenz, 1984), the present results suggest that flurazepam does 

not modify noradrenaline efflux, at pharmacologically relevant concentrations, by an 

action in the frontal cortex.

To determine whether flurazepam modifies the efflux o f noradrenaline by an action in a 

region other than the terminal field, flurazepam was injected systemically 

(20 mg/kg i.p.). This reduced the efflux o f spontaneous noradrenaline in the frontal 

cortex of freely-moving rats for at least 80 minutes. This is in agreement with previous 

studies, measuring noradrenaline efflux, using relatively high doses o f diazepam in the
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frontal cortex (5 mg/kg i.p; Rossetti et a i, 1990) and lower doses in the prefrontal 

cortex (2.5 mg/kg i.p; Finlay et a i, 1995). However, other groups have not found a 

significant decrease in noradrenaline efflux after diazepam treatment in the frontal 

cortex (3 mg/kg i.p; Dailey et al., 1996) and prefrontal cortex (5 mg/kg i.p; Nakane et 

a i, 1994). In spite of this, these authors (i.e. Dailey et a l, 1996 & Nakane et a l, 1994) 

do report that the efflux after diazepam was lower than in those rats given a vehicle- 

injection. A possible reason for the differences across studies is that the effect of 

benzodiazepines may depend on the background levels of stress experienced by rats 

during an experiment. It has been shown recently that exposure to a novel environment 

increases the efflux of noradrenaline in the frontal cortex (Chapter 6 ; Dailey & Stanford, 

1995a). Moreover, noradrenaline efflux during exposure to novel stimuli is less in 

animals pretreated with diazepam (3 mg/kg i.p; Dailey et al., 1996). This suggests that if 

background stress is high during experiments it would enhance the efflux of 

noradrenaline and treatment with benzodiazepines should produce a more pronounced 

reduction against an enhanced baseline.

The frontal cortex is densely populated with benzodiazepine receptors linked to the

GABA/^ receptor chloride channel complex (Mohler & Okada, 1977; Squires &

Braestrup, 1977). The benzodiazepine, flurazepam, has high affinity for these receptors

(Tfj! 11 nm; Mohler & Okada, 1977; K(. 16 nm; Braestrup & Squires, 1978).ZCrcpi1& 
of the above, systemic, but not local, administration of flurazepam reduced the efflux of 
noradrenaline in the frontal cortex. Since flurazepam is reported to enhance the effects 
of GABA at the GABA^ receptor in vitro (Morrow et al., 1988; Mehta et a l, 1989) it 
seems unlikely that these discrepancies are due to the action of an active metabolite of 
fluraze|:wi at this S ‘

This lack of effect is almost certainly not due to drug diffusion problems since at least 

14 % of flurazepam was found to diffuse across the dialysis membrane. In addition, 

applying this figure to the concentrations perfused indicates that the concentrations in 

the extracellular fluid, in the area adjacent to the probe, would be greater than the 

value of flurazepam for the benzodiazepine receptor. Therefore, collectively the 

evidence suggests that the effect of systemically administered flurazepam on the efflux
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of noradrenaline is not mediated by an action at benzodiazepine receptors linked to the 

GABA^ receptor complex in the frontal cortex.

Since there are no local effects of flurazepam in the terminal field, the effects of 
systemic administration could reflect an action GABA^ receptors in the locus 
coeruleus. In support o f this, local application of diazepam into the locus coeruleus 
decreased the spontaneous firing rate o f noradrenergic neurones (Simson & Weiss, 
1989). However, an action o f flurazepam or an active metabolite elsewhere in the brain 

Oux a polysynaptic effect cannot be excluded. It has even been suggested that 
systemic administration of diazepam can reduce locus coeruleus activity by stimulating 
benzodiazepine receptors at peripheral sites (Simson & Weiss, 1989). Another 
explanation for these discrepancies could be that any stress modifies the action of 
flurazepam on the efflux o f noradrenaline. Therefore, the stress o f a saline-injection 
during systemic administration could modify the noradrenergic response to flurazepam.

Whether or not the effects of systemically administered benzodiazepines on 

noradrenaline efflux in the frontal cortex are related to their therapeutic effects is 

unknown. However, in a 2-lever diazepam cue discrimination paradigm, clonidine 

(10-60 pg/kg i.p.) was found to shift the dose-effect curves o f the diazepam cue to 

chlordiazepoxide to the left, whereas yohimbine ( 1.0 mg/kg i.p.) shifted the curve to the 

right. This suggests that noradrenaline maybe involved in the anti-anxiety and/or 

sedative effects of diazepam (Yang et a l ,  1988). However, all of the neurochemical 

studies discuss the relevance of this action of benzodiazepines with respect to the 

anxiolytic actions of benzodiazepines. This is despite the fact that doses of diazepam 

required to decrease the spontaneous efflux of noradrenaline are generally higher than 

those which show an anxiolytic profile in animal models of anxiety. Acute treatment 

with low doses of diazepam (0.1-1.25 mg/kg i.p) has anxiolytic effects in the elevated 

plus maze and social interaction tests of anxiety, without concomitant sedative effects 

(Fellow et a l ,  1985; Costall et a l, 1990; Corbett et a l ,  1993a), but higher doses of 

diazepam also produce sedative effects in these models (2 mg/kg i.p: Fellow et a l,  

1985a; 2.25 mg/kg i.p: Corbett et a l, 1990). Similarly, in a Vogel conflict test diazepam 

(2  mg/kg i.p.) increased the punished responding without a concomitant decrease in the 

total number o f licks, whereas a higher dose o f diazepam (4 mg/kg i.p.) reduced the total 

number o f licks (Agmo et a l,  1991).
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In microdialysis studies, diazepam, at 2.5 mg/kg i.p, but not 1 mg/kg i.p, decreased the 

efflux of noradrenaline in the frontal cortex (Finlay et a l ,  1995). This suggests that, at 

doses which produced a decrease in spontaneous noradrenaline efflux (i.e. doses of 2.5 

mg/kg i.p. and above), sedative effects are observed in addition to anxiolytic activity. 

However, Dailey and colleagues (1996) found no decrease in locomotor activity with 

diazepam (3 mg/kg i.p.). Furthermore, this dose of diazepam did not affect the 

spontaneous efflux of noradrenaline. There is no literature on the sedative effects of 

flurazepam which includes measurement of locomotor activity per se. However, 

flurazepam (1 0  mg/kg i.p.), injected at the end o f the light period, decreased the 

increase in nocturnal locomotor activity measured by the difference between the mean 

number of moves for light and dark period (Brose et al., 1988). In general, these results 

suggest that decreases in the spontaneous efflux o f noradrenaline are only observed 

when the doses o f benzodiazepines used are sedative. An alternative explanation is that 

microdialysis studies are not sensitive enough to detect the neurochemical effects of the 

non-sedative doses of benzodiazepines.

Collectively, these results suggest that there is evidence that sedative doses of

benzodiazepines reduce the spontaneous efflux of noradrenaline, but this effect is not

mediated by receptors in the frontal cortex. Whether the effects on spontaneous efflux

are due to an action in the locus coeruleus or a remote polysynaptic pathwav. is 

unknown. Alternatively, it is possible that any stress, even a saline injection, could 
modify the action o f flurazepam on the efflux o f noradrenaline in the frontal cortex.

4.5.1 The effect of flurazepam on the efflux of dopamine in the nucleus accumbens.

Perfusion of flurazepam (10 pM) in the nucleus accumbens did not alter the efflux of 

dopamine in anaesthetized or freely-moving rats. This is contrary to a study by 

Zetterstrom and Fillenz (1990) who found that, at this concentration of flurazepam, the 

efflux of dopamine in this brain region was decreased by 60 %. Although different 

dialysis membranes were used in these two studies (present study: Hospal; Zetterstrom 

& Fillenz, 1989: cellulose, DOW 50), this is unlikely to be responsible for the lack of 

effect of flurazepam in the present study as the recovery o f flurazepam across Hospal
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membrane was 14.1 %. Therefore, assuming 10 % efficiency, concentrations in the 

extracellular fluid adjacent to the probe would be at least in the 1-10  pM range, which is 

considerably higher than the value of flurazepam for the benzodiazepine receptor (Æ| 

11 nm : Mohler & Okada, 1977; K-̂  16 nm; Braestrup & Squires, 1978). However, the 

amount of diffusion of flurazepam across the DOW 50 cellulose membrane is not 

known.

Microdialysis studies investigating the effects of systemic administration of 

benzodiazepines consistently report a decrease in the efflux of dopamine in the nucleus 

accumbens. Injections of diazepam (2.5 mg/kg i.p; 2.5 mg/kg s.c; 5 mg/kg i.p) reduced 

the efflux of dopamine by 32 %, 50 % and 30 %, respectively (Imperato et al., 1990; 

Invemizzi et al., 1991; Finlay et al., 1995). Midazolam also reduced the efflux of 

dopamine in the nucleus accumbens by 22 % (5 mg/kg s.c; Finlay et al., 1992) and 18 % 

(0.15 mg/kg i.v; Murai et a l ,  1994). However, in the present study, an intraperitoneal 

injection of flurazepam (2 0  mg/kg) did not modify the efflux o f dopamine in the nucleus 

accumbens.

One possible explanation for the discrepancies between the present study and that of 

Zetterstrom & Fillenz (1989) is the position of the probes within the nucleus 

accumbens. The co-ordinates of the present study, taken from the Atlas of Paxinos & 

Watson (1986; see section 4.3.2.1.), positioned the probe in the centre of the nucleus 

accumbens core (lateral 1.3-1.5). Although Zetterstrom and Fillenz (1989) did not 

define the source for their co-ordinates, or show brain slices o f their position, they report 

that they positioned the probe in the medial nucleus accumbens; this could be in the 

nucleus accumbens shell. Projection pathways from the nucleus accumbens shell and 

core suggest that these innervate different brain regions. For example, the nucleus 

accumbens core innervates the substantia nigra-lateral mesencephalic tegmentum, 

whereas the nucleus accumbens shell projects to the amygdala (Zahm, 1989; Heimer et 

a l,  1991). Evidence has since accumulated to suggest that the nucleus accumbens core 

and shell are functionally different. For example, the nucleus accumbens shell and core 

respond differently to stress: footshock increases the efflux o f dopamine in the nucleus
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accumbens shell, but not the core (Kalivas & Duffy, 1995). Similarly, both restraint 

stress and FG7142 (15 mg/kg i.p.) increases the dopamine turnover in the nucleus shell, 

but not the core (Deutch & Cameron, 1992; Horger et al., 1995). Recently, drugs of 

abuse have also been shown to preferentially increase the efflux o f dopamine in the 

shell, as opposed to the core (Pontieri et a l ,  1995), and contralateral turning is 

suggested to be mediated by stimulation of Dj and D2 receptors in the shell, but not the 

core of the nucleus accumbens (Koshikawa et al., 1996).

In the above studies, it is suggested that the core of the nucleus accumbens is 

functionally similar to the striatum, where dopaminergic transmission is less sensitive to 

modification by physical stress (Abercrombie et al., 1989; Bertolucci D'Angio et a l, 

1990; Claustre et a l, 1986) and chemical stress {e.g. FG7142; Bradberry et a l ,  1991). 

Clearly, further studies comparing the zones of the nucleus accumbens and striatum are 

required to confirm this hypothesis.

A review of the literature reveals that, in all but one of the studies where systemic 

administration of benzodiazepines reduced the efflux of dopamine, probes were 

implanted transversely. This would sample efflux from both the medial and lateral 

portion of the nucleus accumbens ( Imperato et a l ,  1990; Invemizzi et a l ,  1991; Finlay 

et a l ,  1992). In addition, in the study which implanted the microdialysis probes 

vertically, the probe was implanted at an angle o f 18° from the mid-sagittal plane and

1.5 mm lateral to avoid the ventricular system (Murai et a l ,  1994). Like the transverse 

probes, this would be predicted to collect dialysates from both the core and shell of the 

nucleus accumbens.

The results of the present experiments suggest that dopamine efflux in the nucleus 

accumbens core is unaffected by systemic, or local administration o f flurazepam. Since 

this study was completed, dopaminergic neurones in the core o f the nucleus accumbens 

have been shown to be insensitive to both stress and FG7142. Therefore, it is perhaps 

not surprising that no effect was found in the present study following both systemic and
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local administration of flurazepam. However, further studies are needed to confirm that 

flurazepam is effective only in the shell region

In conclusion, flurazepam decreased the efflux of noradrenaline in the frontal cortex 

when administered systemically, but not locally. Whether this reflects the fact that only 

receptors in the locus coeruleus modify efflux or that a more remote polysynaptic effect 

is occurring is unknown. In contrast, flurazepam did not modify the efflux of dopamine 

in the nucleus accumbens core to benzodiazepines whether given locally or 

systemically. It is suggested that this is because the nucleus accumbens core does not 

respond to benzodiazepines.
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C hapter 5

THE EFFECT OF THE ANXIOGENIC AGENTS, YOHIMBINE (AN aj- 

ADRENOCEPTOR ANTAGONIST) AND FG7142 (A BENZODIAZEPINE 

PARTIAL INVERSE AGONIST), ON THE EFFLUX OF NORADRENALINE IN 

RAT FRONTAL CORTEX.

5.1 ABSTRACT

In Chapter 4, the benzodiazepine receptor agonist, flurazepam, was found to decrease 

the efflux of noradrenaline for at least 80 minutes in the frontal cortex of freely moving 

rats. In the present study, the effects of two anxiogenic agents on the efflux of 

noradrenaline in the frontal cortex were investigated in freely moving rats: the a 2 ~ 

adrenoceptor antagonist, yohimbine (2.0 & 5.0 mg/kg i.p.), and a partial inverse agonist 

at the benzodiazepine receptor, FG7142 (10.0 & 20.0 mg/kg i.p.). Both compounds 

were studied at doses with established anxiogenic actions in animal models. In 

comparison to spontaneous (basal) efflux, systemic administration of yohimbine (2 

mg/kg i.p.) increased the efflux of noradrenaline by 87.9 ± 13 .6  %, 92.3 ± 8.8  % and 

87.0 ± 16.5 % during the first, second and third hours after injection, respectively. A 

higher dose of yohimbine (5 mg/kg i.p.) increased the efflux of noradrenaline by 156.5 

± 47.1 %, \71.8 ± 17.5 % and “204.1 ± 42.4 %, during the first, second and third hours 

after injection, respectively. In contrast, neither dose of FG7142 (10 & 20 mg/kg i.p.) 

modified the efflux of noradrenaline. These results indicate that yohimbine and FG7142 

have different effects on the efflux of noradrenaline in the frontal cortex. This suggests 

that, if yohimbine does mediate anxiety by increasing noradrenaline efflux in the frontal 

cortex, then these two anxiogenic agents must cause anxiety by different mechanisms.
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5.2 INTRODUCTION

The effects yohimbine, an a 2 -adrenoceptor antagonist, and FG7142, a partial inverse

agonist at the benzodiazepine receptor, on the efflux o f noradrenaline in the frontal
t o

cortex were investigated. These compounds ar^anxiogenic in both human subjects and 

rnQj^animal models that mimic anxiety. However, they are believed to be acting on 

different neurotransm itter system s to mediate anxiety. The following section reviews the 

evidence for the anxiogenic activity o f these agents

5.2.1 Ev idence that yohimbine and FG7142 are anxiogenic in human subjects.

There are a number o f published studies suggesting yohimbine is anxiogenic in human 

subjects. For example, in healthy subjects, yohimbine (30 mg: oral) produced an 

increase in subjective anxiety which was abolished by treatm ent with diazepam (10 mg: 

oral) or clonidine (5 pg/kg: oral; Charney et ai ,  1983). In studies using patients prone to 

experiencing panic attacks, an intravenous administration o f  yohimbine (0.4 mg/kg) 

caused a panic attack in 24 o f  the 38 patients (Charney et ai ,  1992). In addition, an 

increase in subjective anxiety was found in both panic attack and control subjects. 

Similarly, intravenous adm inistration o f yohimbine (0.4 m g/kg i.v.), to 20 patients 

suffering from post-traum atic stress disorder, also caused panic attacks and flash-backs 

in 14 and 8 o f these patients, respectively (Southwick et al ,  1993).

In contrast to yohimbine, only one investigation has used FG7142 in human subjects 

(Dorow et al ,  1983). In this study, 5 healthy males were adm inistered increasing doses 

o f FG7142 in a total o f twelve trials. In 2 o f the 5 subjects, anxiety was recorded which 

was so severe that the trial was not repeated as it was deemed unethical. The reason why 

only 2 o f the 5 subjects responded in this way to the drug is unclear, but the plasma 

levels o f FG7142 were the highest in these individuals. This study was not conclusive 

because o f the variability in response in the small group o f  individuals tested. In 

addition, there was no control group and it was an 'open' trial in that patients were 

informed that the drug under study could cause anxiety.
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5.2.2 Evidence that FG7142 and yohimbine are anxiogenic in animal models.

The elevated plus maze test induces as an approach/avoidance conflict in rats: 

exploration of a novel environment versus aversion to height and open spaces (File, 

1995). In this test, anxiolytic agents increase, and anxiogenic agents decrease, the 

percentage number of entries onto, and the percentage time spent on, the open arms. 

This is independent of any change in locomotor activity. Yohimbine displays an 

anxiogenic profile in the elevated plus maze over the dose range 1.25-4 mg/kg i.p 

(Handley & Mithani, 1984; Fellow et a l, 1985a; Fellow et al., 1987; Johnston & File, 

1989b; Stanford et al, 1989; Wada & Fukuda, 1991). FG7142 was also found to display 

an anxiogenic profile in this test (1-10 mg/kg i.p: Fellow & File, 1986; Fellow et al., 

1987).

The social interaction test, exploits the uncertainty and anxiety generated by placing rats 

in an unfamiliar and/or brightly lit environment (File, 1980; File, 1995). Anxiolytics 

increase and anxiogenics decrease the time spent in active social interaction, 

independent of any change in motor activity (File & Hyde, 1979; File, 1980). Most 

studies report that yohimbine is anxiogenic in this test of anxiety (2.5 mg/kg i.p: File & 

Fellow, 1985a; 1.25 & 2.5 mg/kg i.p: Fellow et al., 1985b). In contrast, one group found 

that yohimbine (2.5 mg/kg i.p.) did not produce an anxiogenic profile (Baldwin et al, 

1989). FG7142 produces more consistent results in the social interaction test of anxiety. 

This is reported to decrease the time spent in social interaction without a significant 

change in locomotor activity over a range of doses (5-20 mg/kg i.p; File & Fellow, 

1984; File et a l, 1985b; File & Fellow, 1985).

It is worth noting that during these studies of anxiogenic agents the experimental 

parameters (dimly lit and familiar test arena) were different from conditions used to 

detect anxiolytic agents (high light and unfamiliar test arena). This is to prevent 'floor' 

or 'ceiling' effects. However, Guy and Gardiner (1988) showed that the anxiogenic 

properties of yohimbine (1 mg/kg i.p.) and FG7142 (5 mg/kg i.p.) could be detected 

using the same experimental conditions (dimly lit, unfamiliar conspecifics, familiar
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environment) as those required to observe the anxiolytic effects of benzodiazepines in 

this social interaction test. However, under these conditions amphetamines were also 

found to have an anxiolytic profile.

In classic conflict tests, anxiolytic agents produce an anti-conflict effect: that is they 

increase behaviour in the punished period without a concomitant change in unpunished 

behaviour. Conversely, anxiogenic agents increase the suppression of behaviour during 

the punished period without changing the behaviour during the unpunished period. Two 

types of tests have been used extensively: Vogel Conflict test (Vogel et al, 1971) or 

Geller-Seifter test (Geller et a l, 1960; Geller & Seifter, 1962). In the Vogel Conflict 

test, water deprived rats are allowed access to a water bottle, but are punished by electric 

shocks, applied through the drinking spout or the floor of the cage, when they drink. 

Punishment is usually either every 21st lick, or after 3 seconds of drinking. In the 

Geller-Seifter Test, hungry rats are trained to lever press for a food reward. There are 

various modifications of the methods used, all based on the following procedure: reward 

during the unpunished phase is obtained on a 2 minute variable-interval schedule and 

this is alternated with a continuous reinforcement schedule in the punished phase.

Although used routinely to screen for anxiolytic agents both yohimbine and FG7142 

produce inconsistent results in these tests. In rats, yohimbine does not generally reduce 

the responses during the punished period, which is inconsistent with the profile of an 

anxiogenic agent (see Table 5.1). However, one study does report behaviour consistent 

with an anxiogenic profile after yohimbine injection (1.0 & 2.5 mg/kg i.p: Handley & 

Mithani, 1984b). In contrast, there is evidence that yohimbine can, in fact, increase 

punished responding in rats which is consistent with an anxiolytic profile. For example, 

yohimbine was found to increase punished responding without affecting unpunished 

responding (0.25-4.0 mg/kg: Gower & Tricklebank, 1988; 2.5 mg/kg: Baldwin et a l,

1989). Others report similar anxiolytic effects with yohimbine (1.0 & 2.5 mg/kg i.p: 

Sethy & Winter, 1972; 4.0 mg/kg i.p: Soderpalm & Engel, 1995). However, 

interpretation o f these reports are limited for the following reasons: the data
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dose & route 
(mg/kg)

reward shock
intensity (mA)

effect on punished 
responding

effect on unpunished 
responding

reference

1.0-5.0 i.p. water 0.9 no effect no effect Marca & Dunn, 1994

0.25, 0.5, 1.0, 2.0 s.c water 0.4 increased no effect Gower & Tricklebank, 1988

1 .0 -8 .0  i.p. water 0.23 increased increased Gardener & Piper, 1982

0.5 1.0, 2.0, i.p. water 0.16 no effect not shown Soderpalm et al., 1995
4.0 i.p. water 0.16 increased not shown
8 .0  i.p. water 0.16 decreased not shown

2.5 i.p. water 0.15 increased no effect Baldwin et al., 1989

2.5 s.c. food 0.75 no effect no effect Kennett et al., 1994

0.5, 1.0, 2.5 i.p.# food 0.5-0.75 # increase # increase # Sethy & Winter, 1972 #
5.0, 7.5 i.p. # food 0.5-0.75 # no effect # decrease #

1.25, 2.5 i.p. food unknown decreased no effect Handley & Mithani, 1984
5.0 i.p. food unknown decreased decreased

0.5 i.p* food* 0.06* decreased* no effect* Venault et al., 1992*

Table 5.1 The effects o f yohimbine during the punished and unpunished periods o f conflict tests in rats (or * mice). Significant changes in 

punished responding without concomitant modification o f unpunished responding are shown in bold. # indicates no statistical tests were carried 

out.



for the responses during the unpunished period are not shown (Soderpalm & Engel, 

1995); no statistical tests have been carried out on the results (Sethy & Winter, 1972); 

there is also an increase in the unpunished responding, but it is unknown if this is 

significant as no statistics were carried out (Sethy & Winter, 1973)

In general, FG7142 has no effect on the rate of responding during the punished period of 

a conflict test (see Table 5.2). However, when the shock intensities are lowered, 

FG7142 does reduce the punished responding, suggesting an anxiogenic profile. For 

example, FG7142 (2.5 mg/kg i.v.) had no effect at 0.8 mA, but reduced the punished 

responding at 0.3 mA (Corda et a l,  1983) In the same study, diazepam displayed an 

anxiolytic profile at 0.8 mA, but not at the lower shock intensity of 0.3 mA. Similarly, 

FG7142 (5.0 mg/kg i.p.) had no effect on punished responding at shock intensities of 

(0.25 & 0.5 mA), but when a lower intensity was used (0.05 mA), FG7142 decreased 

punished responding (Agmo et a l,  1991). However, in the study by Agmo and 

colleagues (1991) the effects on unpunished response rates are not shown. Although 

other studies report a decrease in the rate of punished responding at high doses of 

FG7142, they also report a decrease in the rate of unpunished responding (Koob et al., 

1986; Stutzmann et al., 1989). Collectively, there is evidence that FG7142 can decrease 

the response of rats during punished conflict if the shock intensity is lowered. One 

problem with punished conflict is that drugs which increase or decrease the animals 

eating or drinking could modify the results. For example, there is evidence that a i-  

antagonists can increase thirst (Gardener & Piper, 1982) and FG7142 decreases food 

intake (Cooper & Yerbury, 1986).

In addition to animal models that mimic anxiety, drug discrimination experiments have 

been used to investigate the similarities between FG7142 or yohimbine, and 

physical/environmental stressors. Neither footshock, nor novelty, generalized to 

yohimbine (3 mg/kg i.p; Leidenheimer & Schechter, 1992). In contrast, footshock 

generalized to FG7142 (5 mg/kg i.p.), whereas novelty only partially generalized to this 

compound (Leidenheimer & Schechter, 1988). Furthermore, in experiments to compare 

the effects of restraint stress and FG7142 (10 mg/kg i.p.), both were found to increase
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dose & route 
(mg/kg)

reward shock intensity 
(mA)

effect on punished 
responding

effect on unpunished 
responding

reference

5.0 i.p. water OAP& 0.15 no effect not shown Agmo et al., 1991
water 0.05 decreased not shown

2.5 i.v. water 0 .8 no effect no effect Corda et a l ,  1983
2.5, 4.0, 5.0, i.v. water 0.35 decreased no effect

15.0,30.0, i.p water 1.0 no effect not shown Peterson et al., 1982

5.0 p.o. water 0.3-1.4 no effect no effect Stutzmann et al., 1989
10.0  & 2 0 .0  p.o. water 0.3-1.4 decreased decreased

10.0  i.p. food up to 3.3 no effect decreased Koob et al., 1986
20.0 & 30.0 i.p. food up to 3.3 decreased decreased

1.0 & 3.0 i.p. food not stated no effect no effect Panlilio et a l ,  1992
10.0 & 30.0 i.p. food not stated no effect decreased

5.0, 15.0,30.0 i.p. food 0.1-0.3 no effect decreased Quintero et al., 1985

2.5, 4.0, 5.0 i.v. water 0.1 no effect decreased Uyeno et al., 1990

to
00

Table 5.2 The effects o f FG7142 on behaviour during the punished and unpunished period o f conflict tests in rats. Significant changes in 

punished responding without concomitant modification of unpunished responding are indicated in bold.



the bar pressing for electrical stimulation to the same degree (McGregor & Atrens,

1990). The above studies suggest that whereas yohimbine is unlike either of these 

physical/environmental stressors, FG7142 is similar to footshock and restraint, but not 

novelty stress. In other drug discrimination experiments, FG7142 (5 mg/kg i.p.) did not 

mimic the yohimbine (3 mg/kg i.p.) discriminative stimulus, but interestingly, 

yohimbine mimicked the FG7142 stimulus (Leidenheimer & Schechter, 1992). The 

authors suggest that these results are probably due to the multicomponent stimulus 

caused by yohimbine, only part of which is anxiogenic. Alternatively, at this dose 

(3 mg/kg i.p) yohimbine could be producing such severe anxiety which FG7142 does 

not mimic because the intensity is to great. This could be compensated for by reducing 

the dose of yohimbine used.

Collectively, the literature suggests that yohimbine and FG7142 are anxiogenic in 

animal models of anxiety based on novelty. However, the results from punished conflict 

tests, which are routinely used to screen for anxiolytics, are inconsistent for both 

compounds. All animal models of anxiety are subject to criticism for their false 

positives; therefore, an overall profile must be drawn from the results of compounds in a 

battery o f different tests.

5.2.3 Mechanisms of action of yohimbine and the role of noradrenaline

Yohimbine is an a 2-adrenoceptor antagonist which binds with high affinity to the 

(%2-adrenoceptor (K/ 0.42 nm: Meana et al., 1989). However, the mechanism by which 

yohimbine mediates its anxiogenic effects is unclear. If the anxiogenic effects are 

mediated by the a 2-adrenoceptor then other a 2~adrenoceptor antagonists should also be 

anxiogenic and, conversely, a 2-adrenoceptor agonists anxiolytic. There is some 

evidence, albeit contentious, to support this theory in animal models that mimic anxiety. 

Firstly, in the elevated plus maze test: the a 2-adrenoceptor antagonists, piperoxane, 

RS21361 and idazoxan, have been shown to display an anxiogenic profile (Handley & 

Mithani, 1984a; Soderpalm & Engel, 1989; Wright et a l,  1992); the a 2-adrenoceptor 

agonist, clonidine, is anxiolytic at low (non-sedative) doses (Handley & Mithani, 1984b;
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Soderpalm & Engel, 1988; Ferrari et a l,  1989). Secondly, in punished conflict tests 

idazoxan (1 mg/kg i.p.) was found to decrease the responding in the punished period, 

but not in the unpunished period, which is consistent with an anxiogenic profile 

(Kennett et a l ,  1994). In addition, idazoxan was also found to display an anxiogenic 

profile in the light/dark choice test in mice (Venault et aL, 1992). In human subjects, 

clonidine displays an anxiolytic profile (Woods et aL, 1989) whereas one study suggests 

that idazoxan increases subjective anxiety (Krystal et aL, 1992).

There is also evidence against the involvement o f a 2-adrenoceptors in anxiety. Firstly, 

selective a 2-adrenoceptor agonists, guanfacine (0.25 & 1 mg/kg i.p.), B-HT920 (0.025 

& 0.1 mg/kg i.p.) and B-HT933 (1 & 10 mg/kg i.p.) failed to reverse the anxiogenic 

profile of yohimbine in the elevated plus maze (Johnston & File, 1989a). Furthermore, 

in punished conflict tests the a 2-adrenoceptor antagonists (Baldwin et al, 1989) 

idazoxan and rauwolscine (Marca & Dunn, 1994) are reported to display an anxiolytic 

profile. There are a number of possible reasons for these discrepancies. Firstly, the 

compounds used in these behavioural models are not selective for the a 2-adrenoceptor, 

for example idazoxan and guanfacine binds with high affinity to non-adrenoceptor 

idazoxan binding sites (Mallard et aL, 1992). Therefore further studies are required 

using more selective ligands {e.g. RX821002) to clarify whether a 2-adrenoceptors 

mediate an anxiogenic effect. Secondly, since the decrease in exploratory behaviour 

caused by yohimbine (1.25-2.5 mg/kg i.p.) is attributable to noradrenergic activity 

(Chopin et aL, 1986), behavioural models which are based on exploration may not be 

suitable to test for the anxiogenic properties of these agents. Indeed none of the models 

used are definitive and all are subject to criticism.

In drug discrimination tests, clonidine only partially generalized to diazepam, but 

shifted the dose-response curves to diazepam to the left (Yang et a l, 1988). Therefore, 

although clonidine only partially generalizes to diazepam, its effects are additive. In 

addition, clonidine shifted the generalization dose-effect curves o f the diazepam cue to 

chlordiazepoxide to the left. Conversely, yohimbine (1.0 mg/kg i.p.) shifted the 

diazepam dose-response curves to the right and blocked the effect o f clonidine on the
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diazepam dose-effect curves (Yang et aL, 1988). A possible reason that clonidine does 

not generalize with diazepam is that it has unrelated actions which dilute or mask its 

anxiolytic effects {e.g. hypothermia). However, the results of these drug discrimination 

tests are difficult to interpret since it is unclear whether the animals are reacting to 

anxiolytic, sedative or any other physiological cues.

In addition to its noradrenergic properties, there are also a number of other 

neurotransmitter systems that yohimbine affects. Evidence for yohimbine mediating its 

anxiogenic activity via the benzodiazepine receptor is not consistent. For example, 

chronic administration of the 1,4-benzodiazepine, chlordiazepoxide, reversed the 

anxiogenic action of yohimbine in the elevated plus maze (File & Hyde, 1978). In 

contrast, acute administration of chlordiazepoxide, failed to reverse the effects of 

yohimbine in the social interaction test (Fellow et al., 1985b). However, acute 

administration of triazolobenzodiazepines {e.g. adinazolam: 5 mg/kg i.p) reversed the 

anxiogenic profile of yohimbine in the social interaction test (File & Fellow, 1985a). 

The reason for this reversal by acute triazolobenzodiazepines but not acute 1,4- 

benzodiazepines is unknown. However, the anxiogenic effects of yohimbine seem 

unlikely to be caused by an action at the benzodiazepine receptor because it has only 

low micromolar affinity for this site (Braestrup & Squires, 1978).

There is also evidence that yohimbine affects both the 5-HT and dopaminergic systems. 

It is generally accepted that the 5-HT system is involved in anxiety (for reviews see: 

Thiebot, 1986). Yohimbine increases the efflux of 5-HT in the frontal cortex of freely 

moving rats (Cheng et a l ,  1993). In addition, anxiolytic {e.g. diazepam) and putative
A

anxiolytic agents {e.g. ojjansetron) reduce the yohimbine-induced increase in 5-HT 

efflux (Cheng et aL, 1993). The increase in the efflux of 5-HT, by yohimbine, could be 

mediated via a 2 -heteroceptors on 5-HT terminals which are reported to regulate the 

release of 5-HT in vitro in rats (Gothert et aL, 1980). Alternatively, yohimbine is 

reported to have affinity for many of the 5-HT receptor subtypes including the 5-HTi^ 

and 5-HTi£) receptors where it could mediate an increase in the efflux of 5-HT (for
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review see Hoyer, 1989). Therefore, the increase in anxiety after yohimbine 

administration could be due to an increase in the release of 5-HT.

It has recently been shown that perfusion of a 2-adrenoceptor ligands in the prefrontal 

cortex influences the efflux o f dopamine in this brain region (Feenstra et aL, 1995b). 

Perfusion of the a 2-adrenoceptor agonist, UK14, 304 (0.01-10 pM), decreased the 

efflux of dopamine in this brain region and this was reversed by a 2-adrenoceptor 

antagonist 2-methoxyidazoxan RX821002 (1 pM; Feenstra et aL, 1995b). However, 

perfusion of the a 2-adrenoceptor anatagonist, RX821002, only increased the efflux of 

dopoamine in the prefrontal cortex at the highest concentration perfused (lOOpM). 

Whether this mechanism involves a 2-adrenoceptors directly or is an indirect effect of 

the increase in efflux of noradrenaline or 5-HT is unknown. Nevertheless, injection of 

yohimbine would also be expected to increase the efflux of dopamine in this brain 

region. Since the effects of yohimbine in the elevated plus maze are reversed by the 

dopamine receptor agonist apomorphine, this is further evidence for the role of 

dopamine in the anxiogenic effects of yohimbine (Johnston & File, 1989a).

In addition to monoamines, yohimbine could also be acting via other systems. For 

example, the barbiturate sodium phenobarbitone, (Johnston & File, 1989b), and the 

adenosine receptor antagonist caffeine (Baldwin et a l, 1989) all antagonize the 

anxiogenic effects of yohimbine in animal models of anxiety.

Studies have previously shown that systemic administration of yohimbine increases the 

firing rate o f noradrenergic neurones arising from the locus coeruleus (Rasmussen & 

Jacobs, 1986) and the efflux of noradrenaline in the hippocampus (Abercrombie et a l, 

Jacobs, 1988; Broderick, 1991). The effect of yohimbine on the efflux of noradrenaline 

in the frontal cortex is unknown. However, studies have shown that MHPG-SO4, a 

conjugated metabolite of noradrenaline, is increased in various brain regions including 

the rat cortex after yohimbine treatment (10 mg/kg i.p; Li et aL, 1986). Therefore in the 

following study, two anxiogenic doses o f yohimbine were administered (2 & 5 mg/kg
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i.p.) and the effect on noradrenaline efflux in the frontal cortex of freely moving rats 

was determined.

5.2.4 Mechanisms of action of FG7142 and the role of noradrenaline

Partial inverse agonists (e.g. FG7142, P-CCE) exert weak negative efficacy at the 

benzodiazepine receptor and have proconvulsant and anxiogenic properties in animal 

models (Cowen ef ai, 1981; File et a l, 1985b; Fellow & File, 1986). In the following 

study, the effect of FG7142 on the efflux of noradrenaline in the frontal cortex was 

investigated. This compound was chosen because, unlike full inverse agonists, FG7142 

is only proconvulsant which minimizes the confusion between convulsant and 

anxiogenic actions. Also, there is a considerable amount of literature documenting the 

pharmacology of this compound.

Since FG7142 has effects opposite to those of benzodiazepine agonists, it is assumed 

that it mediates its anxiogenic effects via the benzodiazepine receptor. In support of this,

1,4-benzodiazepines (File & Fellow, 1984), triazolobenzodiazepines (File & Fellow, 

1985a) and benzodiazepine antagonists (File & Fellow, 1984) reversed the effects of 

FG7142 (5 mg/kg i.p.) in the social interaction test of anxiety.

The involvement of other neurotransmitter systems in the anxiogenic effects of FG7142 

are mostly unknown. However, FG7142 has been shovm to increase the efflux of 

dopamine in the frontal cortex (Bradberry et aL, 1991) and nucleus accumbens 

(McCullough & Salamone, 1992). However, results suggest that FG7142 does not affect 

the efflux o f 5-HT in the hippocampus (Fei et al., 1989). Conflicting results have been 

found in studies o f the effects of FG7142 on noradrenaline efflux. In the frontal cortex, 

FG7142 (20 mg/kg i.p.) is reported to have either no effect on the efflux of 

noradrenaline (Stanford et a l,  1992). However, studies in the medial prefrontal cortex 

suggest that FG7142 (20 mg/kg i.p.) increases it (Nakane, 1994). The reason for these 

discrepancies could be due to the different brain region. Turnover studies ex vivo found 

that FG7142 (15 mg/kg i.p.) increased the levels o f noradrenaline metabolites (MHFG 

and DHFG) in the hypothalamus, amygdala, thalamus and cerebral cortex one hour after
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injection (Ida et a l, 1991). Additional evidence for FG7142 affecting the noradrenergic 

system comes from studies in vitro where FG7142 (IpM ) reduced the chlordiazepoxide 

enhancement o f pH] noradrenaline release in hippocampal synaptosomes in the 

presence of GAB A (Fung & Fillenz, 1984). In binding experiments, it was found that a 

single injection o f FG7142 increased [^-adrenoceptors in mouse frontal cortex (40 mg/kg 

i.p; Stanford et a l, 1986).

Although there is some evidence in the literature to suggest that FG7142 affects the 

noradrenergic system, the effect on the efflux of noradrenaline is unclear. Therefore, in 

the following study, the consequences of two anxiogenic doses of FG7142 (10 & 20 

mg/kg i.p.) on the efflux of noradrenaline in the frontal cortex were investigated in 

freely moving rats.
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5.3 METHODS

Surgery, dialysis procedures and analysis of noradrenaline content o f dialysis samples 

are described in Chapter 2 (section 2).

5.3.1 Drug administration

All experiments were carried out in conscious rats. Following the collection of 4 basal 

samples to assess spontaneous efflux, yohimbine (2.0 or 5.0 mg/kg i.p.) or FG7142 

(10.0 or 20.0 mg/kg i.p.) were administered by systemic injection. Samples were 

collected at 20 minute intervals for 160-180 minutes after injection. Vehicle controls 

(2 .0  ml/kg i.p.) were also administered in a separate batch of rats, and the effects on the 

efflux of noradrenaline investigated.

Yohimbine hydrochloride (Sigma) was dissolved in distilled water (3 mg/ml) and 

diluted to volume in saline (0.9 % w/v NaCl). FG7142 (Sobering) was suspended in 

distilled water by adding 1 drop of Tween 80 and sonicating before the addition of 

distilled water. The mixture was then stirred vigorously and sonicated to achieve a 

homogenous suspension. All drugs were injected intra-peritoneally in volumes of 2 

ml/kg.

5.4 RESULTS.

5.4.1 The effect of an injection of yohimbine (2.0 & 5.0 mg/kg i.p.) on the efflux of 

noradrenaline in the frontal cortex of conscious rats (Figure 5.1 & Table 5.3)

Saline vehicle did not increase significantly the efflux o f noradrenaline (^saline': 

"20-60"; "80-120"; "140-180"). In contrast, yohimbine (2.0 & 5.0 mg/kg i.p.) produced 

a dose-related increase in the efflux of noradrenaline. Systemic administration of 

yohimbine (2 .0  mg/kg i.p) significantly increased the efflux o f noradrenaline above 

spontaneous efflux to a mean o f 87.9 ± 13.6 % during the first hour after injection 

(^yohimbine': "20-60"). This reached a plateau in the second and third hour when the
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Figure 5.1 The effects of yohimbine (2.0 & 5.0 mg/kg i.p; n=7 & 3, respectively) and 

saline injection (2 ml/kg i.p.; n=7) on the efflux o f noradrenaline in the frontal cortex of 

conscious rats. Yohimbine or saline vehicle were injected at time 0, and rats remained in 

their home cage throughout the collection o f samples. Time bins used in statistical 

analysis are represented with bars illustrating duration, and numbers indicating the time, 

o f collection o f 3 consecutive samples. A significant effect o f yohimbine in comparison 

to spontaneous efflux is indicated by: t  (5.0 mg/kg i.p.); #  (2.0 mg/kg i.p. see Table 

5.3). Data are the mean ± S.E.M.
^hoLJOn un

Table 5.3 Statistical data summ arizing the effects o f yohimbine or saline on the efflux 

o f noradrenaline in the frontal cortex o f conscious rats, f-v a lu es  indicate the 

significance o f F-ratios with respect to spontaneous efflux. Statistically significant 

changes are in bold. Numbers in () indicate the dose o f  drug administered.

treatment time after injection (min)

(m g /k g  i.p.) 20-60 80-120 140 ■180
saline vehicle Fi ,2=2.14^=0.169 F, ,2=0.46 f =0.512 F 1,9==0.11 f= 0 .75

yohimbine (2) F, ,0=13.9 P^O.004 F, 9=18.67 P^O.002 F i.7== 13.04 7^0.009

yohimbine (5) F, 3=11.37 7^0.04 F, 3=53.4 f=0.005 F i.2==28.6 7^0.03
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efflux of noradrenaline was still significantly greater than the spontaneous efflux 

Cyohimbine':" 0-120": 92.3 ± 8 .8  %; "MO-180": 87.0 ± 16.5 %).

In comparison to spontaneous efflux, yohimbine (5 mg/kg i.p) significantly increased 

the efflux o f noradrenaline to a mean of 107.7 ± 39.9 % during the first hour after 

injection Çyohimbine': "20-60"). Furthermore, the efflux of noradrenaline remained 

significantly higher than spontaneous efflux during the second and third hour 

post-injection ("80-120": 171.8 ± 17.5 %; " 140-180";:^04.1 ± 42.5 %).

5.4.2 The effect of an injection of FG7142 (10.0 & 20.0 mg/kg i.p.) on the efflux of 

noradrenaline in the frontal cortex of conscious rats (Figure 5.2 & Table 5.4)

Neither Tween nor FG7142 (10.0 & 20.0 mg/kg i.p.) significantly modified the efflux of 

noradrenaline in comparison to spontaneous efflux (Fig 5.2 & Table 5.4; "20-60"; "80- 

120"; "140-180").
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Figure 5.2 The effects of FG7142 (10 & 20 mg/kg i.p; n=5) and Tween (2 ml/kg i.p; 
n=5) on the efflux of noradrenaline in the frontal cortex o f conscious rats. FG7142 or 
Tween vehicle were injected at time 0, and rats remained in their home cage throughout 
the collection o f samples. Time bins used in statistical analysis are represented with bars 
illustrating duration, and numbers indicating the time, o f collection of 3 consecutive 
samples. Data are the mean ± S.E.M.

Table 5.4 Statistical data summarizing the effects of FG7142 or Tween on the efflux of 

noradrenaline in the frontal cortex of conscious rats. P-values indicate the significance 
of F-ratios with respect to spontaneous efflux. Numbers in () indicate the dose of drug
administered. ------  indicates that statistics could not be carried out because of
inappropriate numbers in this bin.

treatment time after injection (min)
(mg/kg i.p.) 20-60 80-120 140-180
FG7142(10) Fi 8=4.75 f=0.06 Fi 8=0.17 f=0.94 Fi 8=2.14 P=0.9

FG7142 (20) Fig =1.06 f =0.332 Fi 16=0.01 f=0.99

Tween vehicle (2) Fi 6=0.85 P=0.39 Fi 16=0.01 f=0.99
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5.5 DISCUSSION.

In the present study in conscious rats, yohimbine increased the efflux o f noradrenaline 

in a dose-related manner: during the second hour after injection, yohimbine (2.0 and 5.0 

mg/kg i.p) caused an increase of 92 % and 172 %, respectively. Previous microdialysis 

studies in the hippocampus of freely moving rats report that yohimbine (2 .0  mg/kg i.p.) 

did not significantly increase the efflux of noradrenaline, but a higher dose (5.0 mg/kg 

i.p.) increased the efflux o f noradrenaline by 130 % (Abercrombie et al., 1988). This 

suggests that the hippocampus is less responsive to this a 2-adrenoceptor ligand. Similar 

results are reported with the a 2-adrenoceptor antagonists idazoxan and monoxidine in 

conscious rats: noradrenaline in the cortical regions responded more than in the 

hippocampus (van Veldhuizen et a l, 1994). These differences were attributed to 

mechanisms modifying the concentration of noradrenaline in the synaptic cleft of the 

cortex and hippocampus. Studies in the cortex, suggest that the concentration of 

noradrenaline in the synaptic cleft is modified primarily by a 2-adrenoceptors and then 

reuptake has a minor role (Dennis et aL, 1987). In contrast, in the hippocampus, the 

reverse is true (Thomas & Holman, 1991).

In comparison to Tween vehicle, FG7142 (10 & 20 mg/kg i.p.) did not modify the 

efflux of noradrenaline in the frontal cortex. Similar results are reported in a preliminary 

study by Stanford and colleagues (1992) with FG7142 (20 mg/kg i.p.). In contrast, 

another group report that FG7142 (20 mg/kg i.p.) significantly increased the efflux of 

noradrenaline in the medial prefrontal cortex (Nakane et al., 1994). This discrepancy 

could be due to regional variation between the frontal cortex and medial prefrontal 

cortex. There are further differences between the present study and that of Nakane and 

colleagues (1994). For instance, in the present study, FG7142 was administered in the 

form of a suspension using Tween 80 and distilled water. However, in the study by 

Nakane and colleagues (1994), FG7142 was dissolved in 0.1 N HCl and pH adjusted to 

6.7 with O.IN NaOH before being made up to volume. It could be relevant that most 

behavioural studies administer FG7142 as a suspension in Tween rather than as a
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solution (File & Fellow, 1984; Johnston & File, 1989a; Leidenheimer & Schechter, 

1988; Agmo et aL, 1991).

In Chapter 4, a high dose of the benzodiazepine agonist, flurazepam, decreased the 

efflux o f noradrenaline in the frontal cortex. This is in agreement with the literature, 

which shows that high doses o f benzodiazepine agonists reduce the spontaneous efflux 

of noradrenaline in the frontal cortex. Since it is believed that benzodiazepine agonists 

and inverse agonists have the opposite effects, it would be expected that an inverse 

agonist would increase the efflux o f noradrenaline. One possible reason for this not 

occurring with FG7142 is due to this compound's activity as a partial inverse agonist 

rather than a full inverse agonist. It is worth noting that, in the ventral hippocampus, 

whereas systemic administration of diazepam and flurazepam reduced the efflux of 5- 

HT, injection of FG7142 (3.0 mg/kg s.c.) failed to have any effect (Pei et aL, 1989).

The results of the present study are interesting in view of the fact that FG7142 

generalizes to a physical stress such as footshock (Leidenheimer & Schechter, 1988) 

which is known to increase the efflux o f noradrenaline in the frontal cortex (Rossetti et 

aL, 1990). Conversely, yohimbine which increases the efflux of noradrenaline, like 

footshock, does not generalize to footshock (Leidenheimer & Schechter, 1988). It is 

also interesting that neither FG7142 or yohimbine fully generalized to novelty, the stress 

used in many animal models that mimic anxiety (Leidenheimer & Schechter, 1988). 

This could be because animal models mimic a form anxiety which differs from that 

induced by chemical anxiogenic agents. Alternatively, the severity of anxiety 

experienced with anxiogenic agents, at the doses used, and novelty may be different.

It is also possible that the levels o f underlying anxiety may alter the response of these 

agents. For example, there is evidence in human subjects that yohimbine has more 

dramatic effects in individuals already suffering from an anxiety disorder such as post- 

traumatic stress disorder (Morgan et a l, 1995) or panic attacks (Chamey et a l, 1992). 

Related to this, test situations may alter the response to these agents. Supporting 

evidence is that panic attack patients given a non-stressful task to complete at the same
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time as yohimbine, do not experience panic attacks (Albus et aL, 1992a & b). This 

suggests that a non-stressful distraction may impede yohimbine causing a panic attack, 

suggesting a psychological component to this effect. If this is the case then an added 

stress might be expected to exacerbate the action of yohimbine. Indeed the anxiogenic 

activity o f these agents are always measured against the stress of novelty in animal 

models that mimic anxiety.

In summary, although yohimbine and FG7142 are both anxiogenic in animal models 

based on novelty, the present study has found that they have different effects on the 

efflux of noradrenaline in the frontal cortex. This suggests that either these compounds 

mediate anxiety by different neurotransmitter systems, or the effect of yohimbine on 

noradrenaline efflux is not the mechanism by which this compound mediates anxiety. 

However, during this study, we only examined the effects of these agents in the frontal 

cortex and so these compounds maybe altering the efflux of noradrenaline in other brain 

regions. Another possibility is that the effects of yohimbine and FG7142 on the efflux of 

noradrenaline are modified by test situations of levels o f background anxiety.
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THE EFFECT OF FLURAZEPAM ON A YOHIMBINE-INDUCED INCREASE 

IN THE EFFLUX OF NORADRENALINE IN THE FRONTAL CORTEX OF 

FREELY MOVING RATS.

6.1 ABSTRACT.

Published reports indicate that the benzodiazepine, diazepam, reduced the efflux of 

noradrenaline in the frontal cortex during exposure to a naturalistic stress (novel 

environment). Like stress, yohimbine increases both the firing rate o f noradrenaline 

neurones in the locus coeruleus and the efflux o f noradrenaline in the frontal cortex. 

However, the effects o f benzodiazepines on the increase in efflux caused by yohimbine 

are unknown. Therefore, the present study investigated the effects o f local and systemic 

administration o f the benzodiazepine, flurazepam, in the frontal cortex, on a 

yohimbine-induced increase in noradrenaline efflux. Flurazepam (20 mg/kg i.p.) was 

administered systemically 1 hour before yohimbine (2 mg/kg i.p.) and the effect on an 

elevated efflux o f noradrenaline in the frontal cortex was determined. Alternatively, 

flurazepam (0.05-0.5 or 5.0-50.0 p.M) was perfused locally,AC)m,nuK:S

q^n^GCLk.This was carried out to determine whether the site o f action of 

flurazepam was in the terminal field. Pretreatment with flurazepam  (20 mg/kg i.p.) 

diminished the efflux o f noradrenaline in the presence o f yohimbine. Flurazepam also 

reduced the net increase in efflux caused by yohimbine. In contrast, perfusion of 

flurazepam (0.05-50.0 |uM), into the frontal cortex via the probe, did not modify the 

yohimbine-induced increase in noradrenaline efflux. Collectively, the results suggest 

that flurazepam modified the noradrenergic response to yohim bine, but only when 

flurazepam was adm inistered systemically. These results suggest that either the effects 

o f systemic adm inistration o f flurazepam  do not involve actions in the noradrenergic 

terminal field, or that once the yohimbine response is established, the increase cannot be 

reversed local mechanisms.
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6.2. INTRODUCTION

Since the noradrenergic system is believed to be involved in stress/anxiety, and 

benzodiazepines are used clinically to treat the symptoms of anxiety, the effects of 

benzodiazepines on noradrenergic activity are of great interest. The effects of the 

benzodiazepine, flurazepam, on the spontaneous efflux of noradrenaline in the frontal 

cortex were examined in Chapter 4 and that of yohimbine in Chapter 5. In the present 

chapter, the effects of flurazepam on a yohimbine-evoked increase in the efflux of 

noradrenaline are investigated. Since most studies have investigated the effects of 

benzodiazepines on stress-evoked increases in noradrenergic activity, the following text 

reviews this literature.

6.2.1 The effects of benzodiazepines on stress-induced increases in noradrenergic 

activity.

Turnover of noradrenaline or levels of MHPG-SO4, ^ conjugated metabolite of 

noradrenaline, are used as indices of noradrenergic neurone activity. Physical stressors 

(e.g. immobilization and footshock), which probably have an element of pain and/or 

discomfort, are commonly used to increase noradrenergic neurotransmission. Sedative 

doses of benzodiazepines attenuate these stress-induced increases in noradrenergic 

neurotransmission. For example, diazepam or chlordiazepoxide (10 mg/kg i.p) 

attenuated the immobilization-induced increase in noradrenaline turnover in the cerebral 

cortex (Corrodi ei aL, 1971). In addition, the increase in turnover caused by electric- 

footshock was also attenuated by benzodiazepines in several brain regions, including the 

cortex (10 mg/kg s.c; Taylor & Laverty, 1969). Ida and collègues (1985) found that 

diazepam (5 mg/kg i.p) attenuated the stress-induced increase in MHPG-SO4 levels in 

the cerebral cortex, hippocampus, hypothalamus and amygdala. These studies suggest 

that benzodiazepines probably decrease the release of noradrenaline. Although less 

commonly used, similar conclusions are derived from studies using psychological 

stress. For example, diazepam (5 mg/kg i.p.) attenuated the increase in MHPG-SO4 

levels in rats exposed to conspecifics experiencing electric shock (Tanaka et a l ,  1991).
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One problem encountered when interpreting studies o f neurotransmitter turnover is that 

high doses o f benzodiazepines also decrease the spontaneous turnover of noradrenaline, 

in non-stressed controls. Consequently, it is difficult to determine the extent to which 

the decrease in noradrenaline turnover in stressed rats is due to a reduction of the stress 

response or, an effect on the underlying turnover.

The locus coeruleus is a source of noradrenergic neurones in the brain (Jones & Moore, 

1977). Electrophysiological studies have found that simple aversive stimuli {e.g. air 

puffs) increase the firing rate of the locus coeruleus in macaque monkeys (Grant et al., 

1988) and cats (Rasmussen & Jacobs, 1986 ). Similarly, large increases in firing rate are 

found in response to a stimulus paired with a noxious air puff during a conditioned 

emotional response (Rasmussen & Jacobs, 1986). Moreover, low doses of diazepam 

(0.25 and 2.0 mg/kg i.p.) reduce this excitatory response to sensory stimuli with no 

effect on spontaneous activity of locus coeruleus neurones (Rasmussen & Jacobs, 1986).

Any alterations in the firing-rate of the locus coeruleus should modify the efflux of 

noradrenaline in the terminal fields. The frontal cortex is a terminal region often studied 

because it is innervated exclusively by neurones projecting from the locus coeruleus. 

Microdialysis has been used to monitor changes in noradrenaline efflux, during stress, 

after pretreatment with benzodiazepines. Diazepam (5 mg/kg i.p.) reduced the efflux of 

noradrenaline during stress in the frontal cortex (electro-footshock; Rossetti et al., 1990) 

and prefrontal cortex (immobilization; Nakane et aL, 1994).

In addition to studies using stressors which impose physical discomfort and/or pain, 

other microdialysis studies have used novelty as a stress. Novelty is used in animal 

models to test for anxiolytic properties of drugs (File & Hyde., 1978; Fellow et aL, 

1985a). Exposure to a novelty (novel environment) increased the efflux of noradrenaline 

in the frontal cortex (Dailey & Stanford., 1995a; Dailey et aL, 1996; ). Furthermore, 

pretreatment with diazepam (3 mg/kg i.p.) reduced the efflux of noradrenaline during 

novelty (Dailey et aL, 1996).
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Most studies present their data as a percentage of the original spontaneous 'basal' efflux. 

However, benzodiazepines can also reduce spontaneous transmission: diazepam 

decreased the efflux of noradrenaline in non-stressed rats (Rossetti et aL, 1990; Finlay et 

a l, 1995); flurazepam also decreased the efflux of noradrenaline in non stressed rats in 

the present study (Chapter 4). These reductions in spontaneous 'basal' efflux confounds 

interpretation of the data when these are presented as a percentage of the original 

baseline. Therefore, to differentiate between the effects o f diazepam on the 

noradrenergic response to stress and spontaneous efflux, net changes in efflux are 

presented by some groups (Finlay et aL, 1995; Dailey et aL, 1996). Net changes are 

calculated using the efflux in the sample immediately before stress as the baseline. 

However, Dailey and collègues (1996) also corrected for underlying drug-induced 

changes in spontaneous efflux, that is they subtracted the net efflux in rats treated with 

drug only, from the values of those receiving drug and stress (see Fig 6 .1). Clearly, 

alterations in the underlying efflux in animals receiving drug alone will affect the 

overall efflux during stress and could explain the disparate results found by the two 

groups: diazepam (3 mg/kg i.p.) did not modify the net increase in noradrenaline efflux 

caused by novelty (Dailey et aL, 1996) whereas, in a study which did not make this 

correction, diazepam (1 & 2.5 mg/kg i.p.) seemed to potentiate the net increase in 

noradrenaline efflux caused by the stress of tail pressure (Finlay et aL, 1995). Therefore, 

although benzodiazepines generally reduce the absolute efflux of noradrenaline during 

stress, the effect o f benzodiazepines on the stress response per se is unclear.

6.2.2 Yohimbine.

The a 2-adrenoceptor antagonist yohimbine has an anxiogenic profile in animal models 

of anxiety based on novelty (see Chapter 5). In addition, clinical studies have shown 

that yohimbine produces an increase in both subjective anxiety in healthy subjects 

(Chamey, 1983), and the incidence of panic attacks in patients with panic disorders 

(Chamey, 1992). Yohimbine, like stress, is reported to increase both the firing rate of 

noradrenergic neurones in the locus coemleus (Rasmussen & Jacobs,
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Figure 6.1 Illustration of 2 hypothetical situations where the absolute and net increase 
in efflux during stress are different. (A) The absolute efflux during stress is reduced by 

pretreatment with drug, but the net efflux remains unaltered, i.e the noradrenergic 

response to stress is unchanged. (B) A falling baseline efflux in 'drug alone' controls 

leads to a potentiation o f the net efflux, i.e. the noradrenergic response is increased by 

drug pretreatment. Arrows indicates injection of drug or vehicle. Dotted line indicates 
the start o f stress application.
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1986) and, the efflux of noradrenaline in the hippocampus (Abercrombie & Jacobs, 

1988; Broderick, 1991) and hypothalamus (Itoh et a l ,  1990). In addition, this thesis 

reports that yohimbine increased the efflux of noradrenaline in the frontal cortex of 

conscious rats (Chapter 5). Whether benzodiazepines can modify the efflux of 

noradrenaline when this is increased by pharmacological intervention, is unknown. 

Therefore, the following study investigated whether a benzodiazepine could modify a 

yohimbine-induced increase in the efflux o f noradrenaline.

6.2.3 Site of action of benzodiazepines on evoked noradrenergic activity.

Remarkably few studies have investigated the site of action of benzodiazepines on 

noradrenaline efflux. Possibilities include benzodiazepine receptors in the locus 

coeruleus and/or the terminal field. In electrophysiological studies, local administration 

of various benzodiazepines into the locus coeruleus reduced the spontaneous, but not 

sensory-evoked (paw compression), firing rate of noradrenergic neurones in 

anaesthetized rats (Simson & Weiss, 1989). This suggests that benzodiazepine receptors 

in the locus coeruleus do not modify the evoked firing rate of noradrenergic neurones. 

However, interpretation of this study is limited for 2 reasons. Firstly, experiments were 

carried out in rats anaesthetized with chloral hydrate which could interfere with changes 

in the firing-rate of noradrenergic neurones, particularly that induced by sensory 

stimulation. In support of this, morphine reduced the unit activity of the locus coeruleus 

in chloral hydrate anaesthetized, but not freely moving rats (Rasmussen & Jacobs,

1985). Secondly, since the similarities of locus coeruleus firing in response to pain and 

stress are unknown the method used to increase the firing rate of the locus coeruleus, 

paw compression, cannot be compared to psychological stress in conscious rats. 

Therefore no clear conclusions, regarding the effect of benzodiazepines on locus 

coeruleus firing rate can be deduced from this study.

One study in vitro reports that a high concentration of chlordiazepoxide (lOOpM) 

decreased a K+-induced increase in noradrenaline release in the absence, but not the 

presence, of G ABA in hippocampal synaptosomes (Fung & Fillenz, 1983). However,
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there are no studies in vivo examining the effects of a locally administered 

benzodiazepine, in any brain region, on the efflux of noradrenaline.

6.2.4. Aims

The following study investigated the effects of a benzodiazepine on a yohimbine- 

induced increase in noradrenaline efflux in freely moving rats. Systemic flurazepam was 

administered prior to yohimbine treatment and levels of noradrenaline efflux were 

measured in the frontal cortex. The dose of flurazepam chosen matched that used in 

studies of flurazepam on spontaneous efflux (Chapter 3). In addition, the effects of local 

perfusion of flurazepam (0.05-0.5 & 5.0-50 pM) on a yohimbine-induced increase in 

noradrenaline efflux were also investigated.
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6.3. METHODS

The methods for surgery, probe implantation and noradrenaline measurement are 

described in full in Chapter 2 (section 2.2).

6.3.1. Drug adm inistration

6 .3.1.1. Systemic administration of flurazepam or saline prior to yohimbine

Following the collection of 4 consecutive samples, to assess spontaneous efflux, rats 

were injected with either flurazepam (2 0  mg/kg i.p.) or saline (2  ml/kg i.p.) and returned 

to their home-cage. After a further hour of sampling, animals were injected with 

yohimbine (2  mg/kg i.p.) and again returned to their home-cage where samples were 

collected for 3 hours more.

A parallel batch of animals were injected with either saline (2 ml/kg i.p.) or flurazepam 

(20 mg/kg i.p.) only, and samples were collected for a further 4 hours.

6 .3.1.2. Local administration of flurazepam into the terminal field of the frontal cortex.

Following the collection of 4 consecutive samples, to assess spontaneous efflux, rats 

were injected with yohimbine (2  mg/kg i.p.) and returned to their home-cage for 

40 minutes to allow the effect of yohimbine to reach a plateau. After this period, 

flurazepam was perfused for one hour at each concentration over the range 0.05-0.5 pM 

or 5.0-50 pM. A control group received yohimbine (2 mg/kg i.p.) treatment only and 

samples were collected for 160 minutes.

A parallel batch o f animals were perfused with flurazepam (0.05-50 pM) only, for one 

hour at each concentration (see Chapter 4; section 4.4.3)

6.3.2. Data analysis.

From the raw data, the mean ± S.E.M. were calculated and expressed as fmoles/20 ml. 

The statistical significance o f changes in noradrenaline efflux was assessed using split- 

plot ANOVA (SPSS PC+: see Chapter 2; section 2.5 for details).
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To assess whether systemic administration of flurazepam modified the yohimbine- 

induced increase in noradrenaline efflux the net change in efflux was calculated (as 

described in Dailey et a l ,  1996). This was achieved by subtracting the efflux in the 

sample taken immediately before injection of yohimbine from all subsequent samples. 

This was carried out in individual subjects pretreated with either flurazepam or saline 

prior to yohimbine. These values were then corrected for any underlying changes in 

spontaneous efflux in rats given either flurazepam or saline alone. This correction was 

carried out because in Chapter 4 it was found that flurazepam alone reduced the efflux 

of noradrenaline in the frontal cortex (reached significance 40 minutes after injection; 

see Chapter 4.4.5). Thus, calculation of the net change in noradrenaline efflux, in rats 

pretreated with saline, or flurazepam before yohimbine, involved, first, calculation of 

the mean net change in time-matched samples collected from animals treated with 

flurazepam or saline only. These values were then subtracted from the net efflux in 

individual samples from all groups treated with yohimbine, i.e. in rats pretreated with 

saline, or flurazepam before yohimbine. Again the statistical significance of differences 

in net efflux was assessed using split-plot ANOVA.

6.4. RESULTS

6.4.1. The effect of systemic administration of saline (2 ml/kg i.p.) or flurazepam 

(2 0  mg/kg i.p.) alone on the spontaneous efflux of noradrenaline.

The effects of flurazepam and saline injection on spontaneous efflux o f noradrenaline 

are discussed in detail in Chapter 4; section 4.4.5. This data was used to calculate the 

underlying changes in net spontaneous efflux: the sample, time-matched with that 

immediately before yohimbine injection, was used as a baseline. By way of illustration, 

raw data are shown again (Fig 6 .2A) along with the calculated net change in 

spontaneous efflux (Fig 6.2B). Although flurazepam significantly decreased the 

absolute efflux of noradrenaline (see Chapter 4; section 4.4.5), no significant difference 

was found in the net efflux of rats injected with flurazepam or saline alone (time 

80-120: Fi 14=1.46, f=0.25; time 140-180: F, 9=0 .0 1 , f=0.94).
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Figure 6.2 The effect of saline (n=7) or flurazepam (n=10) on the efflux of 

noradrenaline in the frontal cortex on (A) absolute efflux and (B) Net efflux. Saline or 

flurazepam were injected at time 0. The dotted line illustrates the time yohimbine was 

injected in time matched samples. The sample on the dotted line in (A) was then used to 

calculate the net efflux shown in (B). Time bins used in statistical analysis are presented 
with bars illustrating duration, and the time points, o f each bin of 3 consecutive samples. 
Data are presented as the mean ± S.E.M.
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6.4.2 The effect of systemic administration of saline (2 ml/kg i.p.) or flurazepam (20 

mg/kg i.p.), on a yohimbine-induced (2  mg/kg i.p.) increase in noradrenaline efflux.

6.4.2.1 Absolute efflux (Figure 6.3 & Table 6.1)

The mean spontaneous ('basal') efflux in rats destined for saline or flurazepam 

pretreatment was 24 ± 0.6 and 29.1 ± 1.6 fmole/20 pi, respectively. These were not 

significantly different (Table 6.1: 'flurazepam vs. saline'', -60-0).

In comparison to spontaneous efflux, saline-injection did not meet the criterion for 

significance over the first hour after injection (Table 6.1: 'saline''. "20-60"). Treatment 

with flurazepam did not significantly modify the efflux o f noradrenaline in comparison 

to spontaneous efflux during the first hour after injection ^flurazepam':"20-60"). In 

addition, the efflux of noradrenaline after saline treatment was not significantly different 

from that after flurazepam during the first hour after injection (^saline vs. flurazepam': 

20-60).

In comparison to spontaneous efflux, yohimbine significantly increased the absolute 

efflux of noradrenaline in saline pretreated rats for at least 3 hours (^saline': "80-120"; 

"140-180"; "200-240"). The mean increases in noradrenaline efflux over the first, 

second and third hours after yohimbine injection were 91.7 ± 8.7, 85.0 ± 7.1 and 

■74.7 ± 7.2 %, respectively. In contrast, there was no significant increase in 

noradrenaline efflux after yohimbine treatment in rats pretreated with flurazepam 

{^flurazepam': "80-120"; "140-180"; "200-240"). Furthermore, in comparison to saline 

pretreated rats, flurazepam pretreatment significantly reduced the absolute efflux of 

noradrenaline after yohimbine treatment {^saline V5 flurazepam': "80-240").

6.4.2.2 Net changes in efflux (Figure 6.4 & Table 6.2).

Pretreatment with flurazepam significantly reduced the net efflux of noradrenaline after 

yohimbine treatment, during the first and second hour (Figure 6.4 & Table 6.2: "80- 

120"; "140-180"). Therefore, flurazepam reduced the yohimbine-induced increase in 

noradrenaline efflux.
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Figure 6.3 The effect of flurazepam (20 mg/kg i.p; n=8 ), or saline (2 ml/kg i.p; n=7) 
pretreatment on a yohimbine-induced (2  mg/kg i.p.) increase in noradrenaline efflux. 

Either, flurazepam or saline were injected at time 0 and yohimbine at time 60. Time bins 
used in statistical analysis are represented with bars illustrating duration and the 
numbers, the time of collection of consecutive samples. A significant effect of 
yohimbine, with saline pretreatment (^saline'), in comparison to spontaneous efflux is 
indicated by #. A significant effect of flurazepam pretreatment on the 
yohimbine-induced increase in noradrenaline efflux {^saline V5 flurazepam') is indicated 
by * (see Table 6.1). Data are presented as the mean ± S.E.M.

Table 6.1 Statistical data summarizing the effects of flurazepam or saline pretreatment 
on a yohimbine-induced increase in noradrenaline efflux. Data in each bin are compared 

to spontaneous efflux Çsaline' or 'flurazepam'). Saline and flurazepam data are also 
compared directly (^saline vs flurazepam'). f-values indicate the significance of F-ratios 
with statistically significant changes are in bold.

sample time (min)
pretreatment 20-60 80-120 140-180 200-240
saline
flurazepam

Fi 11=4.21 P=0.07 
F , 4=0.00 P=0.95

Fi 12=40.1 f<0.001
Fi 12=0.36 f>0.484

Fi 12=20.7 P<0.001 
Fu4=0.19f=0.67

Fi 11=36.7 f <0.001 
Fi’,3=0.42P=0.53

-60-0 20-60 80-240
flurazepam  
vs. saline

Fi 13=0.00 P=0.15 Fi 15=0.02 P=0.88 Fi 10=6.98 P<0.03
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Figure 6.4 The effect of flurazepam (20 mg/kg i.p; n=8 ) or saline (2 ml/kg i.p; n=7) 

pretreatment on a yohimbine-induced (2  mg/kg i.p.) net increase in noradrenaline 
efflux. Time bins used in statistical analysis are represented with bars illustrating 
duration and, the numbers, the time of collection of 3 consecutive samples. A significant 
effect of flurazepam pretreatment on the yohimbine-induced increase in net 
noradrenaline efflux {^saline vj flurazepam') is indicated by * (see Table 6.2). Data are 

presented as the mean ± S.E.M.

Table 6.2 Statistical data summarizing the effects of flurazepam pretreatment on a 
yohimbine-induced increase in net efflux of noradrenaline. Saline data was compared 

directly to flurazepam data within time bins indicated, f-values indicate the significance 

of the F-ratios with statistically significant changes are in bold.

sample time (min)
pretreatment 80-120 140-180 80-180

saline vs flurazepam Fi ,1=16.65 P^O.002 F, ,3=4.77 f^O.048 F, 11=14.11 P^O.003
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6.4.3 The effect of a perfusion with flurazepam (0.05-0.5 îM or 5.0-50 |iM) on a 

yohimbine-induced increase in noradrenaline efflux (see Figure 6.5)

Mean spontaneous efflux of noradrenaline in rats destined for treatment with yohimbine 

alone was 27.2 ± 1.5 fmoies/20 pi. This did not differ significantly from the 

spontaneous efflux in rats destined for yohimbine pretreatment with flurazepam 

perfusion at either 0.05-0.5 pM (25.8 ± 1.0 fmole/ 20 pi; Fj 9=1.17, P=0.307) or 5.0-50 

pM (28.0 ± 1.4 fmoles/20 pi; F jj=0.02, f=0.887).

Perfusion with flurazepam (0.05 & 0.5 pM), commencing 40 minutes after yohimbine 

injection {i.e. when the efflux of noradrenaline was stable), did not modify the efflux of 

noradrenaline in comparison to rats treated with yohimbine (2 mg/kg i.p.) alone (0.05 

pM: F| g=1.57, f=0.25; 0.5 pM: Fi 5=1.69, f=0.25). In addition, perfusion with higher 

concentrations of flurazepam (5.0 & 50 pM) failed to modify the efflux of 

noradrenaline, after yohimbine-injection, in comparison to yohimbine treatment alone 

(5.0 pM: Fi 8=0.47, P=0.513; 50 pM: Fj ^=0.85, f=  0.393; see Fig 6.5)
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Figure 6.5 The effect of flurazepam perfusion, (A) 0.05-0.5 pM (n=6 ) or (B) 5.0-50 pM 

(n=4), on a yohimbine-induced increase in the efflux of noradrenaline. Yohimbine 

(2  mg/kg i.p.) was injected at 80 min and flurazepam perfusion commenced at 120  min. 

Bars indicate the duration, and numbers, the concentration of flurazepam perfusion in 

each case. Data are presented as the mean ± S.E.M.
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6.5 DISCUSSION.

In the present study, systemic administration o f flurazepam did not modify the 

spontaneous efflux of noradrenaline during the first hour after injection. In contrast, in 

Chapter 4, flurazepam was found to decrease the efflux of noradrenaline in comparison 

to spontaneous efflux; for 80 minutes commencing 40 minutes post-injection. This 

delay in the decrease of noradrenaline efflux after flurazepam treatment is caused by a 

transient increase in the efflux of noradrenaline due to the effects of injection. Since the 

injection effect lasts at least 40 minutes then this could mask any drug effects during 

this period. This explains the apparent lack of effect of flurazepam on spontaneous 

efflux of noradrenaline in the present experiment during the first hour after injection of 

this compound.

Pretreatment with a systemic injection of flurazepam reduced the yohimbine-evoked 

efflux of noradrenaline, in the frontal cortex. This is the first report that a 

benzodiazepine reduces the efflux of noradrenaline in vivo when the elevation is drug- 

induced. Previous microdialysis studies have found that pretreatment with diazepam 

reduces the absolute efflux of noradrenaline during stress in both the frontal cortex (5 

mg/kg i.p: Rossetti et al., 1990; 3 mg/kg i.p: Dailey et al., 1996) and prefrontal cortex 

(2.5 mg/kg i.p: Nakane et a l ,  1994; Finlay et a l, 1995). Similar results are also reported 

using turnover as an index of noradrenaline efflux (Taylor & Laverty, 1969; Corrodi et 

al., 1971; Ida et al., 1985). It appears that the effects o f benzodiazepines on both 

yohimbine- and stress-induced increases in absolute noradrenaline efflux are similar, 

therefore. Whether this reflects the anxiogenic properties o f yohimbine is unknown.

Furthermore, calculation of the net change in efflux indicated that flurazepam also 

reduced the yohimbine-induced net increase in noradrenaline efflux. This suggests that 

flurazepam is modifying the response of noradrenergic neurones to yohimbine rather 

than simply shifting the baseline {i.e. the effects of flurazepam and yohimbine are not 

additive). Previous studies using diazepam and stress have found that the net change in 

noradrenaline efflux was either unmodified (3.0 mg/kg i.p: Dailey et a l,  1996) or

157



potentiated (2.5 mg/kg i.p: Finlay et al., 1995), by this drug. The reason for the disparate 

results during stress is unknown, but it is likely that the mechanisms underlying the 

yohimbine- and stress-induced elevation of noradrenaline efflux are different. 

Collectively, these results suggest that the efflux of noradrenaline during both stress and 

yohimbine treatment is modified by prior treatment with benzodiazepines. However, in 

contrast to the effects of diazepam on stress, flurazepam reduces the yohimbine-induced 

increase in noradrenaline efflux.

Whether the effects of systemically administered benzodiazepines on noradrenaline 

efflux in the frontal cortex are related to their therapeutic properties is unknown. 

However, in microdialysis studies only doses of diazepam of 2.5 mg/kg i.p. and greater 

have been shown to decrease the efflux of noradrenaline during stress, but at this dose, 

sedative effects are generally reported in addition to anxiolytic actions (Fellow & File, 

1985a; Costall et al., 1990; Corbett et al., 1993). In contrast, Dailey and colleagues 

(1996) found that locomotor activity, during exposure to a novel environment, was 

unaffected by pretreatment with diazepam (3 mg/kg i.p.). There is no quantitative 

literature on the sedative effects, measured by locomotor activity, o f flurazepam per se. 

However, flurazepam (10 mg/kg i.p.), injected at the end of the light period, reduced the 

increase in nocturnal locomotor activity (Brose et al., 1988). Therefore, the reduction in 

an elevated efflux of noradrenaline by benzodiazepines could be due to sedative rather 

than anxiolytic effects.

In the second part of this study, the site of action of flurazepam mediating the discussed 

effects was investigated. A local perfusion with flurazepam in frontal cortex did not 

alter the yohimbine-induced increase in noradrenaline efflux. In addition, an earlier 

chapter (Chapter 4) illustrated that local perfusion of flurazepam did not significantly 

modify the spontaneous efflux o f noradrenaline. Therefore, the efflux o f noradrenaline 

is not modified by an action at benzodiazepine receptors in the terminal field of the 

frontal cortex. Since systemic administration of benzodiazepines did reduce the firing 

rate of these neurones it has even been suggested that benzodiazepine receptors in the 

periphery may be responsible for this effect (Simson & Weiss, 1989).
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Collectively there are three important findings from the studies of the effects of 

flurazepam on noradrenaline efflux (Chapter 4 & 6). Firstly, systemic injection of 

flurazepam reduced both the spontaneous and yohimbine-induced elevated efflux of 

noradrenaline. Secondly, the reduction of the yohimbine-induced elevated efflux of 

noradrenaline, by flurazepam, was not simply due to a decrease in the underlying 

noradrenaline efflux {i.e. caused by a shift in the baseline). This is deduced from 

calculation o f the net change in the yohimbine-induced increase in noradrenaline efflux 

after flurazepam or saline pretreatment: flurazepam reduced the yohimbine-induced net 

increase in noradrenaline efflux. These results indicate that the effects of flurazepam and 

yohimbine on noradrenaline efflux were not simply additive but flurazepam modified 

the response of noradrenergic neurones to yohimbine. This suggests that at least two 

mechanisms are involved in the effect o f flurazepam on the yohimbine-induced elevated 

efflux of noradrenaline: both the effect on spontaneous efflux and the effect on an 

elevated efflux. A third finding was that local perfusion of flurazepam in the frontal 

cortex did not alter either the spontaneous or yohimbine-induced increase in 

noradrenaline efflux. This is interesting in view of the presence of benzodiazepine 

receptors in the frontal cortex and the marked effect of systemically administered 

flurazepam on noradrenaline efflux. In summary, the results of the flurazepam studies 

suggest that this benzodiazepine is acting at a region other than the frontal cortex to 

reduce both the spontaneous and the yohimbine-induced increase in noradrenaline 

efflux. A possible direct site of action is the locus coeruleus, but a more complex 

polysynaptic effect is also conceivable.
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C hapter 7

THE EFFECTS OF THE ANXIOGENIC AGENTS, YOHIMBINE AND FG7142, 

ON THE NORADRENERGIC RESPONSE TO NOVELTY.

7.1 ABSTRACT

In Chapter 5, the anxiogenic agents, yohimbine and FG7142 were found to have 

different effects on the spontaneous efflux of noradrenaline in the frontal cortex: 

yohimbine increased efflux whereas FG7142 had no effect. In animal models of anxiety 

these agents modify the behaviour of rats exposed to the stress of novelty. Since 

exposure to novelty has previously been shown to increase the efflux of noradrenaline in 

the frontal cortex, these agents could modify the noradrenergic response to this type of 

stress. The present chapter investigated this by determining if yohimbine or FG7142 

pretreatment modified the cortical noradrenergic response to the stress of exposure to a 

novel environment. Following assessment of spontaneous efflux, rats were injected with 

either yohimbine, FG7142, or their respective vehicles, and returned to the home-cage. 

After one hour, rats were either transferred to a novel environment, or remained in the 

home-cage, for a further 2 hours. In vehicle-injected rats, exposure to novelty 

significantly increased the noradrenaline efflux. The efflux of noradrenaline was 

significantly greater in rats pretreated with yohimbine compared to saline during 

exposure to novelty. However, this yohimbine-induced increase in efflux during 

exposure to novelty was not significantly different from that in rats injected with 

yohimbine and left in the home-cage. A comparison of the effects of vehicle and 

FG7142, during the first hour of exposure to novelty, did not indicate any significant 

main effects o f drug although there was a drug x  time interaction. To investigate this 

further, the net efflux of noradrenaline during novelty was calculated for both 

anxiogenic agents to determine if they modified the noradrenergic response to stress. 

Yohimbine decreased, whereas FG7142 increased, the net efflux o f noradrenaline 

during exposure to a novel environment. These results suggest that these anxiogenic 

agents modify the noradrenergic stress response to novelty in opposite directions.
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7.2 INTRODUCTION

It is generally believed that stress increases the activity o f noradrenergic neurones. In 

support of this, immobilization (Corrodi et a l, 1971) and footshock (Taylor & Laverty, 

1969) increase the turnover of noradrenaline in various brain regions. In addition, 

studies using microdialysis in vivo have reported increases in the efflux of noradrenaline 

during stress. For example: footshock increases the efflux o f noradrenaline in the frontal 

cortex (Rossetti et a l ,  1990) and hypothalamus (Yokoo et al., 1990); immobilization 

stress increases the efflux of noradrenaline in the hypothalamus (Terrazzino et a l, 1994) 

and prefrontal cortex (Nakane et a l ,  1994); tailpinch increases the efflux of 

noradrenaline in the medial prefrontal cortex (Finlay et a l ,  1995) and hippocampus 

(Vahabzadeh & Fillenz, 1994). However, all the above forms of stress involve physical 

stimuli and probably a degree of pain and/or discomfort. This contrasts with the types of 

stimuli used in studies evaluating the effects of anxiolytic or anxiogenic agents on 

behaviour. Generally behavioural tests use naturalistic stress with environmental, rather 

than somatosensory, stimuli. Examples include the Social Interaction test (File, 1980) 

and the Elevated Plus Maze test (Handley & Mithani, 1984a).

Exposure to novelty is used in animal models of anxiety to test for anxiolytic and 

anxiogenic properties of drugs by measuring the effects o f these agents on the 

behavioural response to the stress of novelty. Recent studies report that exposure to 

novelty (novel environment) increases the efflux of noradrenaline in the frontal cortex 

(Dailey & Stanford, 1995a). Pretreatment with the anxiolytic agents, diazepam or 

buspirone, had opposite effects on the efflux of noradrenaline during exposure to 

novelty: the benzodiazepine, diazepam (3 mg/kg i.p.), reduced the efflux of 

noradrenaline during the stress whereas the 5-HTi^ agonist, buspirone (3 mg/kg i.p.), 

increased it (Dailey et a l ., 1996). However, these changes were attributed to underlying 

drug effects on spontaneous efflux; neither anxiolytic agent modified the net increase in 

noradrenaline efflux caused by exposure to novelty (Dailey et al ., 1996). Therefore, 

these anxiolytic agents do not appear to alter the noradrenergic response to novelty per
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se. Whether anxiogenic agents alter either the efflux of noradrenaline during novelty or 

the noradrenergic stress response is unknown.

In Chapter 5, the anxiogenic agents yohimbine and FG7142 were found to have 

different effects on the spontaneous efflux of noradrenaline in the frontal cortex. 

Yohimbine (2 & 5 mg/kg i.p.) caused a dose-related increase in the efflux of 

noradrenaline, whereas FG7142 (10 & 20 mg/kg i.p.) did not significantly modify the 

efflux o f noradrenaline. There is evidence that the effects of these agents may depend on 

the psychological status of the individual. For example, in human subjects yohimbine 

has more dramatic effects in individuals already suffering from an anxiety disorder such 

as post-traumatic stress disorder or panic attacks: administration of yohimbine induces 

panic attacks in a larger percentage of individuals already suffering from an anxiety 

disorder than in normal subjects (Chamey et al., 1992; Southwick et a l, 1993). In 

addition, the inconsistent results with FG7142 in human subjects (Dorow et al., 1984) 

could be due to the effects of the drug depending on whether or not there is any 

underlying anxiety. In connection with this, the test situation in which the subjects are 

placed may alter the response to yohimbine. For example, it has been demonstrated that 

panic attack patients given a non-stressful task to complete at the same time as a 

yohimbine challenge do not experience panic attacks (Albus et al., 1992a; Albus et al., 

1992b). These studies suggest that both underlying anxiety and the stress of a test 

situation can modify the response to yohimbine. If this is the case then an added stress 

might exacerbate the neurochemical response to yohimbine. Indeed the anxiogenic 

activity of these agents is always measured in animal models designed to induce 

anxiety. However, neurochemical studies carried out hitherto have not taken this into 

account and the effects of anxiogenic agents on noradrenaline efflux during exposure to 

a stress, is unknown. The following study investigated if these agents modified the 

noradrenergic stress response to a novel environment, therefore.

Incremental changes in the efflux o f noradrenaline in the frontal cortex are reported with 

an increase in the number o f aversive factors added to the novel environment (Dailey & 

Stanford, 1995a). In particular, light intensity was found to have a large effect on the
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duration as well as amplitude of the noradrenergic response to novelty (Dailey & 

Stanford, 1995a). Low light intensity is used in animal models that mimic anxiety to 

detect anxiogenic activity of drugs (File, 1980; Fellow et al ., 1985a). Since the 

following study was examining the effects of anxiogenic agents, a low light intensity 

was chosen. This ensured that the noradrenergic stress response was not at its maximum 

or near a ceiling and that there was scope for detecting a change in either direction.

In the first part of this study, the effect of vehicle injection and transfer to a novel 

environment on the efflux of noradrenaline were determined. In the second part, the 

effects of the anxiogenic drugs yohimbine (2 mg/kg i.p.) and FG7142 (10 mg/kg i.p.) 

were investigated on the noradrenergic response to novelty. The dose of yohimbine was 

chosen on the basis of evidence from Chapter 5 that 5 mg/kg of yohimbine caused a 

larger increase in the efflux of noradrenaline than 2 mg/kg. Therefore, at 2 mg/kg the 

effect of yohimbine on noradrenaline efflux was not at a maximum. Additionally, both 

the dose of yohimbine and FG7142 were in the middle of a range of doses shown to be 

anxiogenic in animal models of anxiety (yohimbine; Guy & Gardener, 1985; Fellow et 

a l ., 1985a; Stanford et a l ., 1989; FG7142: File et a l ., 1985b; Fellow & File, 1986).

In addition to noradrenaline measurement, locomotor activity was also measured to 

determine if the anxiogenic agents altered behaviour during exposure to novelty. 

Locomotor activity is used in animal models of anxiety mainly to expose sedative 

effects of drugs. However, the effects o f anxiogenic agents on locomotor activity are 

notoriously inconsistent and, therefore, any further interpretation (in terms of their 

psychotropic effects) is difficult. For example, FG7142 (1-5 mg/kg i.p.) is reported to 

decrease the locomotor activity in the plus maze (Fellow & File, 1986) and holeboard 

(File & Fellow, 1985b), but to increase the locomotor activity in the open field test 

(Bruhwyler et a l,  1991). However, yohimbine is generally believed to depress 

behaviour. For example, yohimbine (1.25-2.5 mg/kg i.p.) causes a dose-related decrease 

in exploratory head dipping and locomotor activity in the holeboard test (Chopin et al

1986). However, during stress, yohimbine (0.5-2.0 mg/kg i.p.) was found to increase 

locomotor activity in mice (Blanchard et a l ,  1993). Notwithstanding these
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complications any alterations in locomotor activity would confirm that the anxiogenic 

agents used in the present experiments were behaviourally active during the period of 

exposure to a novel environment.
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7.3 METHODS.

The general method for surgery, microdialysis and analysis o f noradrenaline are 

described in detail in Chapter 2; section 2.2.

7.3.1 General Procedure

After collection of 4 consecutive samples to assess the spontaneous efflux of 

noradrenaline, rats were injected with either yohimbine (2 mg/kg i.p.), FG7142 

(10 mg/kg i.p.) or their respective vehicles (2 ml/kg i.p.) and returned to their home- 

cage. After one hour o f sample collection, rats either remained in their home-cage or 

were transferred to a novel environment for a further 2 hours of sample collection. 

Yohimbine and FG7142 were prepared for intra-peritoneal injection as previously 

described in Chapter 5; section 5.3.1.

7.3.2 Novel environment

The novel environment consisted of a circular enclosure with a diameter of 39 cm and 

height 31 cm. The bottom of the enclosure was divided into quarters so that locomotor

activity could be measured. In the centre o f the cage a novel cylindrical object 
(diameter 3.5 cm and height 50 cm) was placed to add to the novel environmental 
stimuli in the arena. The enclosure was illuminated at the same intensity as the home- 
cage (300 lux; see Fig 7.1).

7.3.3 Behavioural scoring.

Behaviour of rats in the novel environment was recorded on tape by a video camera 

mounted directly above the apparatus. This was activated by remote control just before 

the rat was transferred across to the novel environment. Locomotor activity was 

assessed from the number o f line crossings in 20 minute bins over the 2 hour exposure 

so as to correspond to dialysate sampling times. A line was considered crossed if the 

rats head and front paws were crossing the line.
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Figure 7.1. Photograph showing a conscious rat in the novel environment. Animals 

were placed in the novel environment after pretreatment with vehicle or drug. Samples 

were removed at 20 minute intervals for 2 hours.
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7.3.4 Data processing and statistics

7.3.4.1 Noradrenaline measurement

Data was expressed as mean ± S.E.M. (fmoles/20 pi) with statistical changes in the 

efflux assessed on orthonormalised raw data using split-plot ANOVA (SPSS PC+: see 

Chapter 2 for details). In addition, a one way ANOVA withlukey's test was carried out 

to determine if the increase, in noradrenaline efflux, in the first sample during exposure 

to novelty in yohimbine-treated rats was significant.

To assess if yohimbine or FG7142 modified the novelty-induced increase in 

noradrenaline efflux {i.e. the noradrenergic stress response to novel environment) the 

net changes in noradrenaline efflux were also calculated. This is described in detail in 

Chapter 6, section 6.3.2 (see Dailey et al., 1996). In brief, this was achieved by 

subtracting the efflux in the last sample before transfer to a novel environment from all 

subsequent samples. These values were then corrected for any underlying changes in 

spontaneous efflux in noradrenaline efflux in those rats treated with drug or vehicle 

alone. Data was then analyzed using split-plot ANOVA.

7.3.4.2. Behavioural measurements

A parametric split-plot ANOVA was used to compare behavioural data over the 2 hours 

o f exposure to novelty. Data was also divided into 2 "bins" with 3 consecutive samples 

{i.e. 1 hour of samples) per bin. In addition, individual data points were compared using 

the non-parametric Kruskal-Wallis to assess differences between treatment and vehicle 

controls. Criteria used for significance was P<0.05.
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7.4. RESULTS

7.4.1. The effect of saline or yohimbine on the efflux of noradrenaline during 

exposure to a novel environment.

7.4.1.1 Comparison of the effects of transfer to a novel environment after pretreatment 

with either yohimbine or saline ( Fig 7.2 & Table 7.1).

In comparison to spontaneous efflux, systemic injection of saline vehicle, just failed to 

significantly modify the efflux of noradrenaline (Table 7.1: 'saline  + novelty'-, "20-60"). 

However, subsequent exposure to a novel environment increased the efflux of 

noradrenaline to a significant level of 34.8 ±2 1 . 4  %, in comparison to spontaneous 

efflux, during the first hour ("80-120"). However, this noradrenergic response to novelty 

was transient and the efflux of noradrenaline returned to spontaneous ('basal') levels 

during the second hour of exposure to this stress ("140-180") .

Yohimbine significantly increased the efflux of noradrenaline in comparison to 

spontaneous efflux both before (Table 7.1: 'yah + novelty'-, "20-60") and during the 2 

hour exposure to a novel environment ("80-120" & "140-180"). When compared to 

saline injected rats, the efflux of noradrenaline after yohimbine injection was 

significantly higher both before and during exposure to the novel environment i^yoh + 

novelty vs. sa line  + novelty'-, "20-60"; "80-120"; "140-180").

7.4.1.2 Comparison of animals treated with yohimbine and either left in the home-cage 

or transferred to a novel environment (Fig 7.3 & Table 7.2: 'yoh  + novelty  vj 'yoh + 

hom e-cage  ')

Exposure to a novel environment after yohimbine treatment did not significantly modify 

the efflux of noradrenaline in comparison to home-cage yohimbine controls. There was 

no significant difference between these two groups either immediately after injection of 

yohimbine (Table 7.2: "20-60") or during the 2 hour exposure to a novel environment 

("80-120" & "140-180"). In addition, a 1-way ANOVA with Tukey’s test was carried
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Figure 7.2 The effects of yohimbine (2 mg/kg i.p.) and saline (2ml/kg i.p.) on the efflux of noradrenaline (NA) during exposure to a novel environment. Rats 

were injected with either yohimbine (n=7) or saline (n=7) at time 0, and 1 h later transferred to a novel environment (indicated by a dotted line). Time bins used 
in statistical analysis are represented with bars illustrating duration, and the numbers, indicating the time of collection of 3 consecutive samples. A significant 
main effect of bin in comparison to spontaneous efflux are indicated by: #  'saline + novelty', j" 'yoh + novelty'. Statistically significant differences between 

'yoh + novelty' and 'saline + novelty' are indicated by * (see table 7.1 ).

Table 7.1 Statistical data comparing the effects of saline or yohimbine ('yoh') pretreatment on noradrenaline efflux during exposure to novel environment. 

Efflux, in time bins of 60 min duration, were compared with spontaneous efflux {^saline + novelty' or 'yoh + novelty'). Effects of saline and yohimbine during 

novelty were also compared directly ('yo/i + novelty vs saline + novelty'). F-ratios are shown for a main effect of bin with f-values indicating significant F- 

ratios in bold.

$

spontaneous injection novel environment 'novelty'
sample time (min) -40-0 20-60 80-120 140-180
saline + novelty 
'yoh' + novelty
'yoh'+ novelty V5 saline + novelty F, 9=1.81 f=0.21

F, ,1=4.42 f=0.059  
F, ,1 = 16.14 7^0.002 
Fi,i2= 15.37 7^0.002

F, ,,=5.80 7^0.035 
F, ,,=20.7 7>=0.001 
F, ,2=15.87 7»=0.002

F, ,0=1.94 P=0.194 
F, ,o=6.19P=0.03 
F, ,0=6.85 7*=0.026
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Figure 7.3 The effects of yohimbine (2 mg/kg i.p.) on the efflux of noradrenaline (NA) during exposure to a novel environment. Rats were injected with 
yohimbine at time 0, and 1 h later they were either transferred to a novel environment (n=7; transfer indicated by a dotted line) or remained in the home-cage 
(n=7). Time bins used in statistical analysis are represented with bars illustrating duration, and the numbers, indicating the time of collection of 3 consecutive 
samples. A significant main effect of bin in comparison to spontaneous efflux is indicated by: #  'yoh + novel cage'', f  'yoh + home-cage' (see table 7.2).

Table 7.2 Statistical data comparing the effects of yohimbine ('yoh') treatment alone with treatment during exposure to a novel environment. Efflux, in time 
bins of 60 min duration, were compared with spontaneous efflux {'yoh + home-cage' or 'yoh + novelty'). Effects of yohimbine during exposure to novelty were 

compared directly with the effects in the home-cage {'yoh + novelty vs yoh + home-cage'). F-ratios are shown for a main effect of bin with f-values indicating 

significant F-ratios in bold.

o

spontaneous injection novel environment 'novelty'
sample time (min) -40-0 20-60 80-120 140-180
'yoh' + home-cage 
'yoh' + novelty
'yoh' + novelty vs 'yoh' + home-cage F, 9=0.05 P=0.83

F, 1=13.9 F=0.004 
F, 11=16.14 f=0.002 
F, ,2=0.08 f=0.778

F, 9=18.67 f=0.002
Fi 11=20.7 F=0.001
Fi’i 1=0.045/^=0.52

Fi 7=13.04 F^O.009 
f |  10=6.191^0.03 
Fi g=0.21 F=0.662



out on time "80" in comparison to time-matched samples collected from rats left in their 

home-cage: this just failed to meet the criterion for significance (F |j3=4.47 P=0.056).

Since yohimbine increased the efflux of noradrenaline in the home-cage, data from the 

novel environment must be corrected for these underlying changes in noradrenaline 

efflux before the noradrenergic response to novelty can be seen. To compare the 

noradrenergic response to novelty, in rats pretreated with either yohimbine or saline, the 

net changes in noradrenaline efflux were calculated.

7.4.1.3 Comparison of net efflux (Fig 7.4).

In the first sample after transfer to a novel environment yohimbine increased the net 

efflux of noradrenaline to the same extent as saline treated rats. However in the 

subsequent 4 samples the net efflux of noradrenaline in yohimbine pretreated rats was 

significantly lower than that in saline pretreated rats (F; ^=7.97 P=0.017). Therefore, in 

rats exposed to a novel environment, pretreatment with yohimbine decreased the net 

efflux of noradrenaline compared to saline pretreated rats.

7.4.2. The effect of an injection of Tween or FG7142 on the efflux of noradrenaline 

during exposure to a novel environment.

7.4.2.1. Comparison of the effects of transfer to a novel environment after pretreatment 

with either Tween or FG7142 (Fig 7.5 & Table 7.3).

Systemic injection of Tween vehicle significantly increased the efflux of noradrenaline 

in comparison to spontaneous ('basal') efflux (Table 7.3: 'Tween + novelty'-, "20-60"). In 

addition, the efflux of noradrenaline was significantly elevated during the first hour of 

exposure to a novel environment ( 36.8 ±  10.7 % of spontaneous efflux; "80-120") but 

not during the second hour ("140-180").

FG7142 did not significantly modify the efflux o f noradrenaline in comparison to 

spontaneous efflux (FG7142 + novelty'-, "20-60"). However, there was a significant 

increase in the efflux of noradrenaline during the first, but not the second, hour of
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Figure 7.4 The effects of yohimbine (2 mg/kg i.p.) on the net efflux of noradrenaline 
(NA) in the frontal cortex during exposure to a novel environment. Rats were 
transferred at time 60 (indicated by the dotted line). Time bins used in statistical 
analysis are represented with bars illustrating duration, and the numbers, indicating the 
time of collection of 4 consecutive samples. A significant main effect of yohimbine in 

comparison to saline is indicated by t  : Fi,ii=7.97, /*=0.017.

172



0

1
o
E

3

50

40

30

20
20-60 # 140-18010 80-12 0 # t

0
120 1600-40 40 80

□
FG7142 (10 mg/kg i.p.) + novel environment
Tween vehicle (2 ml/kg i.p.) + novel environment

time (min)
Figure 7.5 The effects of FG7142 (10 mg/kg i.p.) and Tween (2ml/kg i.p.) on the efflux of noradrenaline (NA) in the frontal cortex during exposure to a novel 
environment. Rats were injected with FG7142 (n=6) or Tween (n=5) at time 0, and 1 h later transferred to a novel environment (indicated by dotted line). Time bins 
used in statistical analysis are represented with bars illustrating duration, and the numbers, indicating the time of collection of 3 consecutive samples. A significant 
main effect of bin in comparison to spontaneous efflux is indicated by: #: 'Tween + novelty', f  - 'FG7142 + novelty' (see Table 7.3).

Table 7.3 Statistical data comparing the effects of Tween or FG7142 pretreatment on noradrenaline efflux during exposure to a novel environment. Efflux, in time 
bins of 60 min duration, were compared with spontaneous efflux i^Tween + novelty' or 'FG7142 + novelty'). F-ratios are shown for the main effect of bin. Effects of 

Tween and FG7142 during novelty were also compared directly ('FG7J42 + novelty V5 Tween + novelty') with treatment as the main factor and time as the within 

subjects factor. A significant treatment x time interaction in indicated (underlined). P-values indicating significant F-ratios are in bold.

spontaneous injection novel environment ('novelty')
sample time (min) -40-0 20-60 80-120 140-180
Tween + novelty 
FG7J42 + novelty
FG7142 + novelty V5 Tween + novelty F,g=0.09P=0.77

F, 8=11.8P=0.01 
F, 9=3.93 P=0.08 
F, 9=0.34 P=0.58

Fj 8=9.70 f=0.01 
F1 9=7.37 f =0.02 
F2 8=0.32 P=0.59 
F216-0.83 f^O.003

Fi 8=0.01 f=0.94 
Fi2=0.01 P=0.95 
F, 2=0.03 P=0.87



exposure to a novel environment ("80-120” & "140-180"). In comparison to Tween 

vehicle, FG7142 did not cause any main treatment effect during exposure to a novel 

environment {FG7142 + novelty vj Tween + novelty, "80-120" & "140-180"). However, 

a significant effect of FG7142 is indicated by a treatment x  time interaction during the 

first hour of exposure to novelty ("80-120").

7.4.2.2 Comparison of rats treated with FG7142 and either left in the home-cage or 

transferred to a novel environment (Fig 7.6 & Table 7.4: 'FG7142 + novelty vs FG7142 

+ home-cage").

In rats treated with FG7142, the efflux o f noradrenaline during exposure to a novel 

environment was not significantly different from that found in rats remaining in the 

home-cage (Table 7.4: "80-120" & "140-180"). However, the efflux in rats exposed to a 

novel environment is increasing whilst the efflux in rats left in the home-cage is falling 

(Fig 7.6). This difference in gradient is indicated by a significant treatment % time 

interaction during the first hour o f exposure to the novel environment ("80-120"). 

Therefore, to investigate the noradrenergic response to novelty, changes in net efflux 

must be calculated.

7.2.2.3 Comparison of net efflux (Fig 7.7).

The net change in noradrenaline efflux was calculated to compare the noradrenergic 

stress response to novelty in rats pretreated with either FG7142 or vehicle (Fig 7.6). In 

rats exposed to a novel environment, FG7142 significantly increased the duration and 

amplitude of the stress response compared to vehicle treated rats (Fj g=8.37 F=0.02).

7.4.3 The effect of yohimbine and FG7142 on behaviour.

In both saline- and yohimbine-pretreated rats the number of line crossings were 

diminished to a low level by the end o f the first hour (Fig 7.8A). This is illustrated by a 

significant time effect over the first hour for both treatments (ANOVA with repeated 

measures: saline: F2j4=35.9 f<0.001; yohimbine: F2 2o^56.8 P<0.001). However the 

locomotor activity was significantly higher in yohimbine than saline treated rats during
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Figure 7.6 The effects o f FG7142 (10 mg/kg i.p.) on the efflux o f noradrenaline (NA) in the frontal cortex during exposure to a novel environment. Rats were 

injected with FG7142 at time 0, and 1 h later they were either transferred to the novel environment (n=6) or remained in the home-cage (n=5). Time bins used in 

statistical analysis are represented with bars illustrating duration, and the numbers, indicating the times o f collection o f 3 consecutive samples. A significant main 

effect o f  drug treatment in comparison to spontaneous efflux is indicated by; f  'FG7142 + novel environment' (see Table 7.4).

Table 7.4 Statistical data comparing the effects o f FG7142 treatment alone with treatment during exposure to a novel environment. Efflux in time bins o f 60 min 

duration were compared with spontaneous efflux {'FG7142 + home-cage' or 'FG7142 + novelty'). F-ratios are shown for the main effect o f bin. Effects o f FG7142 

during novelty or home-cage were also compared directly ÇFG7142 + novelty vj FG7142 + home-cage') where treatment was the main factor with time as the 

'within subjects' factor. A significant treatment x time interaction is indicated (underlined! . f-values indicating significant F-ratios are in bold.

spontaneous injection novel environment ('novelty')
sample time (min) -40-0 20-60 80-120 140-180
FG7142 + home-cage 
FG7142 + novelty
FG7142 + novelty vs FG7142 + home-cage Fi 8=0.70 P=0.43

Fj 8=4.75 P=0.06
F 19=3.93 /^=0.08 
Fj 9=0.23 P=0.64

F; 8-0.17 f=0.94  
F;^9=7.37 M .02  

F; 9=1.63 f =0.23 
^2 ig-3.66 f=0.04

F2 7=2.14 f =0.90 
Fi7=0.00 P=0.95 
F] 6=0.32^=0.59
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Figure 7.7 The effects of FG7142 (10 mg/kg i.p.) on the net efflux of noradrenaline 
(NA) in the frontal cortex during exposure to a novel environment. Rats were 

transferred at time 60 (indicated by the dotted line). Time bins used in statistical 
analysis are represented with bars illustrating duration and, the numbers, indicating the 
time of collection o f 5 consecutive samples. A significant main effect of FG7142 in 
comparison to Tween vehicle is indicated by #  : Fj g=8.37, R=0.02
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Tween vehicle (n=6), on locomotor activity during exposure to a novel environment. 
Locomotor activity was estimated from line crossings, in 20 minute bins, over 2 hours * 

P<0.05 in comparison to vehicle control group (1 way ANOVA; Kruskal Wallis).
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the first (ANOVA with repeated measures: Fj i7=7.90 P=0.012) and the second hour 

(Fi j7=7.30 P=0.015) of exposure to a novel environment. Kruskall-Wallis ANOVA 

also exposed an increase in locomotor activity by yohimbine pretreatment at individual 

points along the time course (1 way ANOVA).

Locomotor activity was significantly reduced in rats pretreated with FG7142 when 

compared to the vehicle control group over the first hour (Fig 7.8B; F] i3=4.78 P=0.05). 

There was no significant difference in locomotor activity in the second hour of exposure 

between vehicle and FG7142 treated rats. Kruskall Wallis ANOVA also exposed a 

decrease in locomotor activity with FG7142 at time 20 (1 way ANOVA; see Fig 7.8B).
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7.5 DISCUSSION

In the present study, exposure to a novel environment after vehicle-injection increased 

the efflux of noradrenaline in the frontal cortex during the first, but not the second hour 

of exposure to novelty. This suggests that the duration of the noradrenergic stress 

response to a novel environment was at least 1 hour. Previous studies using a dimly lit 

enclosure report similar increases in the efflux o f noradrenaline in the frontal cortex 

(Dailey & Stanford, 1995a). However, a higher light intensity increased both the 

amplitude and the duration of the noradrenergic response to a novel environment in the 

frontal cortex (Dailey & Stanford, 1995a). Whether this response to novelty is unique to 

the frontal cortex is unknown but noradrenergic neurones in the hypothalamus are 

reported to be insensitive to this stress (Yokoo et a l 1990). However, a conditioned 

increase in noradrenaline efflux was evoked in the hypothalamus when the animal was 

exposed to a novel enclosure which had previously been paired with a footshock 

(Yokoo et a l ., 1990).

There was no significant difference in the efflux of noradrenaline in rats treated with 

yohimbine and either left in the home-cage, or transferred to the novel environment. 

This was because there was a large increase in the efflux of noradrenaline after 

yohimbine treatment alone. To expose the noradrenergic response to novelty, net 

changes in efflux were calculated and corrected for the underlying changes in baseline. 

Changes in net efflux indicate that yohimbine attenuated the duration o f the 

noradrenergic response to stress in comparison to saline pretreated rats. Therefore, not 

only are the noradrenergic responses to yohimbine and novelty not additive, but 

yohimbine treatment actually decreased the duration of the novelty-induced response to 

stress.

Although there was no main effect o f drug treatment on the efflux of noradrenaline, in 

rats treated with FG7142 or vehicle, there was a significant treatment x  time interaction 

during the first hour of exposure. This was further investigated by calculation of the net 

change in efflux for rats pretreated with saline or FG7142 during exposure to a novel
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environment. FG7142 increased both the amplitude and duration of the noradrenergic 

response to a novel environment.

Therefore, the anxiogenic agents, yohimbine and FG7142, cause opposite effects on the 

net efflux of noradrenaline. Whether these differences in net efflux reflect differences in 

the type of anxiety experienced with these two agents in combination with a stress is 

unknown. Alternatively, these two agents may have different effects on the 

noradrenergic response to stress. Indeed we have already suggested that anxiolytic 

agents could have opposite effects on the noradrenergic stress response (see Chapter 6).

Behavioural measurements suggest that yohimbine increased the locomotor activity 

during exposure to the novel environment. In quite different tests, yohimbine is 

generally believed to depress behaviour. For example, yohimbine causes a dose-related 

decrease in exploratory head dipping and locomotor activity in the holeboard test 

(Chopin et a l 1986). Apart from the differences in the test conditions, another reason 

for the disparate results is that in the present experiments rats were previously exposed 

to the stress o f surgery and overnight isolation which could have marked effects on the 

actions of drugs with anxiogenic properties. Indeed rats previously exposed to stress 

respond differently to a subsequent test stress. For example, handling alters behaviour in 

the plus maze (Andrews & File, 1993). Another possibility is that, in the present study, 

exposure to the test situation was for 2 hours whereas in the study by Chopin and 

colleagues (1985) the trial was only 7.5 minutes.

FG7142 decreased the locomotor activity during exposure to the novel environment. 

These results are similar to reports in the literature for this compound (1-5 mg/kg i.p.): 

in the plus maze (Fellow & File, 1986) and holeboard (File & Fellow, 1985b). In 

contrast to the results of the present study, an increase in locomotor activity has been 

reported in the open field test (1-30 mg/kg i.p; Bruhwyler et a l ,  1991). Notwithstanding 

these disparate results the present results are a crude indication that these anxiogenic 

agents are modifying the behavioural response to novelty. It is interesting that the 

effects of these drugs on locomotor activity, like their effects on the noradrenergic stress
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response, were in opposite directions. Nevertheless it is unlikely that these behavioural 

and neurochemical measures are directly linked (see Dailey et al., 1996).

In summary, although yohimbine increases the spontaneous efflux of noradrenaline, 

calculation of the net efflux of noradrenaline during novelty indicates that this 

compound reduces the noradrenergic response to stress. In contrast, FG7142 did not 

modify the spontaneous efflux of noradrenaline, but increased the noradrenergic 

response to stress. Therefore, these anxiogenic agents alter the response to novelty in 

opposite directions. Interestingly, these agents also modify locomotor activity during 

exposure to the novel environment in opposite directions.
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C hapter 8

GENERAL DISCUSSION AND FUTURE WORK.

8.1 DISCUSSION.

The association of the noradrenergic system with anxiety has been investigated 

intensely over the past 20 years. Despite this, the role of noradrenaline, if any, in stress 

and anxiety is still not understood. One of the main problems is that neurochemical 

studies do not parallel behavioural research in anxiety. In behavioural studies, the 

behavioural response to the stress of exposure to environmental (e.g. novelty), rather 

than somatosensory (e.g. footshock, immobilization) stimuli is measured in animal 

models of anxiety. In contrast, neurochemical studies generally use somatosensory 

rather than environmental stimuli as stressors to evoke neurochemical changes. 

Moreover, in behavioural research, the effects of both anxiolytic and anxiogenic agents 

on behaviour during exposure to stress have been examined. However, neurochemical 

studies have only examined the effects of anxiolytic agents during exposure to stress, 

i.e. on the noradrenergic response to stress. Therefore, not only are neurochemists using 

different types of stress from those used in animal models of anxiety, but the effects of 

anxiogenic agents on the noradrenergic system during exposure to stress have not been 

considered.

This lack of parallel research could partly explain why the mechanisms by which 

yohimbine causes anxiety are still unknown. Although it is generally assumed that 

yohimbine causes anxiety via an action at the a 2-adrenoceptor (Chamey et a i ,  1983), 

other tt2-adrenoceptor antagonists (e.g. idazoxan) do not cause profound anxiety in 

either animal models, or human subjects (Kennett et a l, 1989; Krystal et a i ,  1992). 

Since these drugs are always tested against a stressor in animal models of anxiety, this 

could modify the neurochemical response. However, the effect o f a 2-adrenoceptor 

antagonists on the efflux of noradrenaline during exposure to animal models o f anxiety 

is not known.
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Agonists at the benzodiazepine receptor are generally assumed to attenuate the increase 

in noradrenergic transmission during stress. However, whether this decrease occurs 

when the efflux of noradrenaline is evoked via pharmacological rather than 

physiological mechanisms is unknown. In addition, where benzodiazepine agonists act 

to produce these effects on noradrenergic transmission is unknown. In the present study, 

the role of noradrenaline in anxiety was reappraised using the technique of microdialysis 

in vivo to study changes in noradrenaline efflux in the frontal cortex.

In the first part of this study, the effects on spontaneous efflux of noradrenaline of drugs 

that modify anxiety status were examined. Test compounds used were: flurazepam, an 

anxiolytic benzodiazepine agonist; the anxiogenic agent, FG7142, an partial inverse 

agonist at the benzodiazepine receptor; and yohimbine an anxiogenic a 2-adrenoceptor 

antagonist. As an additional test (to compare results from this study with published 

reports), the effect of flurazepam on the efflux o f dopamine in the nucleus accumbens 

was also investigated.

Published evidence indicates that systemic administration of sedative doses of diazepam 

decrease the spontaneous efflux of noradrenaline in the frontal cortex (Rossetti et a l,  

1990; Finlay et a l ,  1995). Similar results were found in the present study after an 

intraperitoneal injection of flurazepam (20 mg/kg i.p.): that is the efflux of 

noradrenaline in the frontal cortex was slightly, albeit significantly, reduced by this 

compound. The site of action of this effect of flurazepam is unknown, but perfusion of 

flurazepam directly into the frontal cortex, via the microdialysis probe, did not modify 

the spontaneous efflux of noradrenaline in this terminal region. Yet, it is widely held 

that benzodiazepines reduce the turnover o f both noradrenaline and dopamine. 

Therefore, as an additional test, experiments from a published study were repeated 

where perfusion of flurazepam into the nucleus accumbens reduced the efflux of 

dopamine in this terminal region (Zetterstrom & Fillenz, 1990). However, in the present 

study no changes in dopamine efflux occurred when flurazepam was perfused locally in 

the nucleus accumbens. Recent developments in the field suggest that this is probably 

because of the different positions of the probe within the core or shell of the nucleus
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accumbens; the present study studied drug effects in the core, whereas from the 

description of the study by Zetterstrom and Fillenz (1990) probes were probably located 

in the shell, although this is not entirely clear. Functional differences between the core 

and shell of the nucleus accumbens are becoming increasingly apparent (Deutch & 

Cameron, 1992; Horger et a l,  1995; Kalivas & Duffy, 1995; Pontieri et a l, 1995) and 

require further investigation. Whether or not this is the explanation for the failure to 

detect flurazepam effects on dopamine efflux, it was demonstrated here, by UV 

absorbance studies, that the lack of effect of flurazepam was not due to a failure of 

flurazepam to cross the microdialysis membrane. Therefore, the reduction in 

spontaneous efflux of noradrenaline in the frontal cortex is not mediated by 

benzodiazepine receptors in this terminal field. However, since this brain region is 

innervated by noradrenergic neurones originating exclusively from the locus coeruleus 

(Fritschy & Grzanna, 1989), the latter region is a possible site of action for flurazepam. 

Alternatively, a more complex polysynaptic loop may be responsible.

One possible reason that flurazepam had only a small, but significant effect on 
noradrenaline efflux when administerd systemically and no effect when perfused 
locally, could be that any stress in addition to a benzodiazepine modifies the effect of 
these drugs on the efflux o f noradrenaline. Therefore, the stress of injection during 
systemic administration could have altered the noradrenergic response to flurazepam.

Previous studies, using stress to elevate the efflux of noradrenaline, have shown that 

diazepam reduced the efflux of noradrenaline in the frontal cortex during exposure to 

stress (Rossetti et al., 1990; Nakane et a i, 1994; Finlay et al., 1995; Dailey et al., 

1996). Whether anxiolytic agents could also reduce the efflux o f noradrenaline when 

efflux was elevated by anxiogenic drug treatment, was unknown. Before testing the 

effects of flurazepam on the noradrenergic response to anxiogenic agents, the effect of 

these compounds alone had to be investigated to determine if the efflux of noradrenaline 

was increased by both anxiogenic agents. Therefore the effects o f the anxiogenic agents, 

yohimbine and FG7142, on the efflux of noradrenaline in the frontal cortex were 

investigated. The anxiogenic properties of yohimbine are widely believed to be 

mediated directly by its effect on the noradrenergic system, whereas the effects of
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FG7142 are believed to be a consequence of its action at the benzodiazepine binding site 

on the GABAa receptor. A comparison of the effects of these two drugs on the efflux of 

noradrenaline could therefore give important insight into the role o f noradrenaline in 

anxiety.

Yohimbine (2 & 5 mg/kg i.p.) was found to cause a dose-related increase in the efflux of 

noradrenaline in the frontal cortex. This is in contrast to the hippocampus where 5 

mg/kg i.p., but not 2 mg/kg i.p. of yohimbine increased the efflux of noradrenaline 

(Abercrombie et al., 1988). Since there are many reports that 2 mg/kg i.p. of yohimbine 

has anxiogenic activity in animal models of anxiety, the effects on the efflux of 

noradrenaline in the frontal cortex could be important in this drug's anxiogenic actions 

(Handley & Mithani, 1984a; File & Fellow, 1985a; Johnston & File, 1989b).

The present study found that pretreatment with flurazepam reduced the efflux of 

noradrenaline when it was elevated by yohimbine. Pretreatment with flurazepam also 

reduced the net increase in noradrenaline efflux caused by an injection of yohimbine. 

Therefore, the reduction in the yohimbine-evoked increase in noradrenaline efflux was 

not simply due to an underlying decrease in the baseline. This suggests that flurazepam 

is actually blunting the noradrenergic response to yohimbine. In contrast, other studies 

report that diazepam either did not modify the increase in net efflux to novelty stress 

(Dailey et al., 1996), or potentiated the net efflux to tail pressure (Finlay et a i,  1995). A 

possible reason for these disparate results of benzodiazepines on an elevated efflux of 

noradrenaline, is that the methods used to evoke the increase in efflux were not the 

same. Indeed the variation in the effects of diazepam on the net efflux of noradrenaline 

evoked by 2 different stressors indicates that the type or intensity of stress could be 

crucial. For example, tail pressure has a component of somatosensory stimuli which 

could include pain and/or discomfort, whereas novelty is an environmental stimulus. 

This would imply that the effects of benzodiazepines on an elevated efflux of 

noradrenaline depends on the type or intensity o f the stress. Yet it is widely assumed 

that different types of stress are interchangeable and that the noradrenergic system 

exhibits a 'non-specific' response to all forms of stress. However, there is burgeoning
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evidence that this is not a valid assumption. The results from the present experiments 

add to these doubts.

The next experiments showed that, like spontaneous efflux, the reduction in the 

yohimbine-induced increase in the efflux of noradrenaline is not due to benzodiazepine 

receptors in the frontal cortex. This was deduced from the lack of effect of a perfusion 

of flurazepam in the frontal cortex when the efflux of noradrenaline was elevated by 

yohimbine. Therefore benzodiazepine receptors in the frontal cortex do not appear to be 

involved in effects of benzodiazepines on the efflux of noradrenaline. Since the frontal 

cortex is innervated by noradrenergic neurones originating exclusively from the locus 

coeruleus (Fritschy & Grzanna, 1989), it is suggested that benzodiazepines could be 

acting in the latter region to reduce the firing rate of these neurones and subsequently 

the release of noradrenaline in the frontal cortex. Alternatively, a more complex 

polysynaptic loop may be responsible.

In contrast to yohimbine, FG7142 did not modify the spontaneous efflux of 

noradrenaline. This is consistent with results from a previous preliminary study 

(Stanford et al., 1992), although others report that FG7142 increased the efflux of 

noradrenaline in this brain region (Nakane et al., 1994). One possible explanation for 

this disparity could be that the effects o f FG7142 are contingent on the underlying stress 

o f a test situation. Indeed, this drug was found to have inconsistent effects in human 

studies, causing severe anxiety in only 2 of 5 healthy volunteers (Dorow et al., 1983), 

although interpretation is limited due to a lack of control subjects.

To investigate the above possibility, the effects of FG7142 and yohimbine, on the efflux 

o f noradrenaline in the frontal cortex, were examined during exposure to novelty. 

Although these agents do not have the same effect on spontaneous efflux, both are 

frequently used as anxiogenic agents in models of anxiety. In these models, the effects 

o f compounds on the behavioural response to a stress such as novelty is tested. Novelty 

can be an aversive environmental stress which has previously been shown to increase 

the efflux o f noradrenaline in the frontal cortex (Dailey & Stanford, 1995a). The
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behavioural response during exposure to animal models o f anxiety is altered by 

yohimbine and FG7142 (e.g. the elevated plus maze & social interaction). Therefore, if 

noradrenaline has any consistent role in anxiety, it is predicted that exposure to novelty 

could modify the effects of these anxiogenic agents on the efflux of noradrenaline. It 

was found that yohimbine and FG7142 had different effects on the net change in efflux 

of noradrenaline during exposure to novelty. Yohimbine reduced the duration of the 

stress response, whereas FG7142 increased both its duration and amplitude. Whether 

these disparate effects are due to yohimbine and FG7142 causing different types of 

anxiety in this test situation is unknown. As yet there is no way of testing this 

possibility. Alternatively, these anxiogenic agents could have quite different effects on 

the noradrenergic response to novelty, and yet both neurochemical changes could be 

associated with anxiety (see below).

Whether it is absolute levels of noradrenaline or the change in efflux (i.e. net efflux), or 

both, which is/are the important factor(s) in the noradrenergic response to stress is 

unknown. However, one explanation of how yohimbine and FG7142 could both cause 

anxiety while modifying the noradrenergic stress response to novelty in different ways, 

is that the relationship between spontaneous efflux (x-axis) and the change in efflux 

during stress (i.e. net efflux: y-axis) forms a bell-shaped curve with the optimum coping 

response to stress lying at the top of this curve (see Fig 8.1). It is recognized that, in 

addition to noradrenaline concentrations at the synapse, the noradrenergic response to 

stress would also be governed by receptor activation. However, if it is assumed that 

there are no spare receptors and no change in the balance o f activation of different 

adrenoceptor subtypes during stress, then it can be envisaged that, for optimum coping 

during a given stress, a specific change in net efflux o f noradrenaline is desirable. Drugs 

which increase or decrease the spontaneous efflux, causing a shift in either direction 

along the x-axis, could still maintain the optimum coping response providing that the 

appropriate change in net efflux during stress is attained. According to this scheme, an 

important feature o f anxiolytic agents would be to match the amplitude of net efflux 

during stress with that of the optimum coping response, regardless of any
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Spontaneous efflux

Optimum
coping
response

Figure 8.1 Hypothetical relationship between noradrenaline efflux and the 

coping response during stress. For a particular stress (A) a given change in 

efflux (net efflux) must be attained during stress for an optimum coping 

response to be activated # .  Drugs which simply increase or decrease the 

spontaneous efflux {i.e. right or left along the x-axis; B & C) can still evoke an 

optimum coping response #  with the same net change in efflux {e.g. 

anxiolytic agents). It is predicted that an anxiolytic agent would restore the net 

efflux to the optimum in either case {e.g. diazepam & buspirone). In contrast, 

anxiogenic agents alter the amplitude of the change in net efflux {i.e. D& E) 

during stress away from the optimum coping responseA {e.g. yohimbine and 

FG7142). This leads to a mismatch between net efflux and the optimum coping 

response thereby provoking anxiety.
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alterations in spontaneous efflux. Conversely, an inadequate or excessive increase in net 

efflux, such as that seen with FG7142 and yohimbine, would lead to a mismatch of the 

optimum coping response and provoke anxiety. The concept of a bell shaped 

relationship between p-adrenoceptor changes and an individuals' ability to cope with 

stress has previously been discussed (Stanford, 1995)

In summary, it appears that the effects of anxiolytic and anxiogenic agents on both the 

spontaneous efflux of noradrenaline and response to stress are inconsistent. It is 

hypothesized that anxiogenic agents alter the amplitude of the noradrenergic stress 

response {i.e. net efflux) away from the optimum leading to a mismatch with the coping 

response. In contrast, it is proposed that anxiolytic agents push the noradrenergic 

response in whatever direction is appropriate for optimum coping. Therefore, it is 

suggested that both anxiolytic and anxiogenic agents modify the noradrenergic response 

to stress, but the direction o f the response can be opposite with different compounds. 

This suggests that the noradrenergic response to stress is not a non-specific response but 

a targeted, measured response in which the direction and magnitude depend on, the 

pharmacological and neurochemical status of the subject.

8.2 FUTURE WORK

Further work would begin with testing of the above hypothesis to determine if 

anxiogenic and anxiolytic agents could modify the net efflux in the predicted ways. 

First, experiments would be carried out to test if the effects of yohimbine and FG7142, 

on the noradrenergic response to novelty, could be reversed by pretreatment with 

anxiolytic agents. From experiments so far, it would be predicted that pretreatment with 

flurazepam before exposure to a novel environment would reverse the actions of both 

FG7142 and yohimbine. That is, flurazepam would attenuate the reduction in net efflux 

caused by treatment with yohimbine while, conversely, it would attenuate the increase 

in net efflux caused by FG7142. This prediction is amenable to investigation using the 

procedures described in the previous chapters of this thesis. If  flurazepam reversed the 

effects of both yohimbine and FG7142 on noradrenaline efflux further compounds could
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be tested to build a profile of results using established anxiolytic and anxiogenic agents 

{e.g. buspirone, flurazepam, Pentylenetetrazole).

In addition to investigating the effects of anxiolytic and anxiogenic agents, the effects of 

various a 2-adrenoceptor antagonists should be examined. This would determine 

whether these agents show the same neurochemical profile as yohimbine: that is a 

decrease in net efflux. This could have important implications on mechanisms 

underlying anxiety especially if other a 2-adrenoceptor antagonists showed a different 

profile from the anxiogenic agent, yohimbine. It would suggest that either the a 2 ~ 

adrenoceptor was not involved in anxiety, or that yohimbine showed a specific binding 

profile at the a 2-adrenoceptor subtypes. In fact yohimbine has highest affinity at the 

^2A’ ^  2B ^2C -adrenoceptor subtypes with less affinity for the « 2 0  subtype (Bylund 

et al., 1991). The effect of the atypical anxiolytic agent, buspirone, which is metabolized 

to an Œ2-adrenoceptor antagonist 1-(2-pyrimidinyl)-piperazine (1-PP), has previously 

been investigated in the novel environment. Dailey & colleagues (1996) found that, 

buspirone and diazepam did not alter the net efflux of noradrenaline during exposure to 

novelty, although buspirone increased the underlying spontaneous efflux of 

noradrenaline. This would agree with the predicted response of anxiolytic agents on 

noradrenaline efflux during exposure to a novel environment: that is they alter the net 

efflux of noradrenaline to the level required for an optimum coping response. In this 

case, the optimum net efflux was the same as the response achieved without the 

anxiolytic agent (i.e. with the stress alone). This suggests that the animal is producing an 

adequate coping response without the intervention of drugs, probably due to the nature 

o f the environmental stress. Since buspirone and diazepam modified the underlying 

efflux of noradrenaline in different ways, but both caused the same response to stress, 

this suggests that the stress response {i.e. net efflux) is independent of the baseline.

A key feature of this work is that studies o f neurochemical changes are carried out under 

the same conditions as those used to evaluate drug effects on behaviour in animal 

models. In this respect, the experiments can be extended to include additional
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procedures used to study the effects of anxiolytic and anxiogenic drugs on behaviour. 

These include the social interaction test and the plus maze.

A long-term aim would be to compare the behaviour of individual animals during tests 

of anxiety with their neurochemical response to these stressors, i.e. to study behaviour 

and neurochemistry in the same subjects. However, additional refinement of the 

microdialysis technique, with shorter sampling times, would be preferred. This could 

give some insight into the correlation of behaviour, if  any, with changes in the efflux of 

noradrenaline. As has been shown already, the relationship between behaviour and 

neurochemistry within a group of individuals is not always the same across different 

subject groups (Stanford & Salmon, 1992).

Finally, the efflux of dopamine under different test conditions within the separate shell 

and core zones of the nucleus accumbens should be investigated. First, it would be 

interesting to compare the response to flurazepam in the shell and core region of the 

nucleus accumbens to confirm that the lack of effect o f this drug in the present study 

was, as speculated, due to the position of the microdialysis probe within the core zone. 

If a regional variation in response to flurazepam is found then it would also be valuable 

to determine whether the same distinctive pattern of responses are found during stress. 

Again, these studies should concentrate on the types of stressful stimuli used in animal 

models of anxiety.

Neurochemical studies using anxiolytic and anxiogenic agents in combination with the 

types of stress used in animal models of anxiety would allow more direct comparisons 

with behavioural studies in these models. This may give insight into the role of the 

noradrenergic system in stress and anxiety.
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