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Abstract

• ABSTRACT •

Behavioural and electrophysiological studies have demonstrated that aspartate, 

glutamate and y-aminobutyric acid (GABA) as well as their receptors play primary 

roles in the regulation of nociception. An in uitro superfusion release model and 

autoradiographic methods have been used in the present work to further establish 

the relationship between these neurotransmitter systems within the dorsal horn of 

the rat spinal cord.

In view of recent suggestions for GABAg receptor subtypes within the rat CNS, novel 

and established GABAg ligands have been used to characterise the GABAg receptors 

in the rat spinal cord. This has been carried out with electrical stimulation of dorsal 

roots attached to superfused hemisected isolated dorsal horn spinal cord slices. The 

data obtained provide marginal support for the suggestion that GABAg receptors 

regulating the release of glutamate and GABA in the region of the superficial dorsal 

horn may be different from each other. Results from release studies on the spinal 

cords of rats chronically treated with the GABAg agonist, (-)-baclofen, and the 

GABAg antagonists, CGP36742 and CGP56999A suggest that the spinal cord GABAg 

system is capable of functional plasticity.

Release work on the spinal cords of rats neonatally treated with capsaicin concur 

with previous suggestions for the primary afferent origin of aspartate and glutamate 

but not GABA. Parallel autoradiographic studies to determine the synaptic 

localisation of glutamate and GABAg receptor binding sites in the substantia 

gelatinosa  also agree with earlier reports on the presence of kainate, NMDA and 

GABAg receptors on the terminals of capsaicin-sensitive primary afferent fibres.

In conjunction with the theme on nociception, the modulatory effects of morphine 

sulphate and lamotrigine on these neurotransmitter systems have been compared 

and contrasted. Results concur with previous reports on the possible specificity of 

lamotrigine for the glutamatergic system and suggest that this might be the 

mechanism via which lamotrigine exerts its antinociceptive properties.
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AMPA

[% ]A M PA

L-AP4

3-APPA

ASP

[^H]-BTX

CBZ

cGMP

CGP35348

CGP36742

CGP47656

CGP52432

CGP55845A

CGP56999A

CGP57250A

CGRP

Cl

CNS

CPP

EAA(s)

EGTA

Antiepileptic Drug(s)

L-Alanine

Amino-3-hydroxy-5-methylisoxazole-4-propionic acid 

a -[5-methyl-^H]-AMPA 

L-2-amino-4-phosphonobutyric acid 

3-£iminopropyIphosphonous acid 

L-Aspartic Acid

pH]-Batrachotoxin A 20-a-benzoate 

Calcium ion(s)

Carbamazepine

Cyclic Guanylate Monophosphate (cyclic GMP) 

p-3-aminopropyl-p-diethoxymethyl-phosphonic acid 

3-aminopropyl-n-butyl phosphonic acid 

3-aminopropyl(difluoromethyl)phosphonic acid 

[3 - [ [ (3 ,4 -d ic h lo ro p h e n y D m e th y  1]a m in o ]p ro p y l  ] 

diethoxymethyl phosphonic acid

3 - [ l - ( S ) - ( 3 , 4 - d i c h l o r o p h e n y l ) e t h y l ] a m i n o -  

2(8)hydroxypropyl-P-benzyl-phosphonic acid 

[3-{[l-(R)-(3-carboxyphenyl)ethyl]amino}-2-(S)-hydroxy- 

propyljcyclohexyl-methyl-phosphonic acid 

[3-(l-(R)-[[3-(diethoxymethyl)hydroxyphosphinyl]-2-(S)- 

hydroxypropyl]amino]ethyl]-benzoic acid 

Calcitonin Gene-Related Peptide 

Chloride ion(s)

Central Nervous System

±[3-(carboxypiperazin- l-yl)-propyl]phosphonic acid 

Excitatory Amino Acid(s)

Ethylene glycol-6is(p-amino-ethyl ether) N,N,N’,N'- 

tetraacetic acid
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epsp(s)

GABA

GAD

[®H]-GABA

GLN

GLU

GLY

h

HPLC

5HT

i.p.

ipsp(s)

i.v.

[K^le

[K+];

KA

kd

[®H]-KA

KSCN

L-^ra/is-PDC

LTG

LTP

M3G

M6G

Na"

m in

MK-801

[^H]-MK-801

NMDA

NRM

Excitatory Post-Synaptic Potential(s)

y-Aminobntyric Acid

Glutamic Acid Decarboxylase

y-[2,3-^H(N)]-aminobutyric acid

L-Olutamine

L-Glutamic Acid

Glycine

hour(s)

High Performance Liquid Chrom atography 

5-hydroxytryptamine or serotonin 

Intraperitoneally

Inhibitory Postsynaptic Potential(s) 

Intravenously

Extracellular potassium concentration 

Intracellular potassium concentration 

Kainic Acid 

kilodalton

[Vinylidene-^H]-kainic acid 

Potassium  Thiocynate 

L-^mAis-pyrrolidine-2,4-dicarboxylic acid 

Lamotrigine (Lamictal®)

Long Term Potentiation 

Morphine-3-O-glucoronide 

Morphine-6-O-glucoronide 

Magnesium ion(s)

Sodium ion(s) 

minute(s)

Dizocilpine 

(+)-[3-%-MK-801 

AT-methyl-D-aspartate 

Nucleus Raphe Magnus
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Abbreviations

2-OH-S 3-am ino-2-(4-chlorophenyl)-2-hydroxy-propylsulphonic 

acid or 2-hydroxysaclofen

OPA o-phthaldialdehyde

PAD Prim ary Afferent Depolarisation

PAG Periaqueductal grey

PCP Phencyclidine

PHT Phenytoin

p.o. per os

PTX Pertussis Toxin

QA Quisqualic Acid

RTX Resiniferatoxin

SER L-Serine

s.e.m . Standard E rror of the Mean

s.c. Sub-cutaneously

SCT Spinocervical trac t

SMT Spinomesencephlic trac t

SP Substance P

SP-LI Substance P-like im m unoreactivity

SRT Spinoreticular trac t

STT Spinothalamic trac t

TAU Taurine

THR L-Tbreonine

TTX Tetrodotoxin

VOCC(s) Voltage-Operated Calcium Cbannel(s)

VOSC(s) Voltage-Operated Sodium Cbannel(s)

WDR Wide Dynamic Range

NKA Neurokinin A

SRIF Som atostatin
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1.1 Pain and Nociception

1.1.1 D e fin itio n s  a n d  D iffe re n tia tio n s

The Collins English Dictionary describes the words, pain and 

nociceptive, in the following m anner : -

“p a in  (pein) n. 1. the sensation of acute physical
h u r t  or discomfort caused by injury, illness, etc. 2.
emotional suffering or m ental distress.”

“noc icep tive  (neosi'ssptiv) adj. causing or reacting
to pain. [C20: from Latin nocâ'e to injure +
RECEPTIVE].”

Pain  is an emotionally complex and disturbing sensory discomfort 

which acts as a protective mechanism for the body and occurs whenever 

there is any tissue damage. It signals the individual to try  and remove 

the injurious stim ulus before it causes any fu rther harm . W hilst pain 

is a fam iliar psychological condition, the perception of and reaction to 

this sensation differs from one individual to another. These responses 

often vary according to the situation involved, the emotional and 

psychological status of the individual as well as any previous 

experiences w ith pain.

Although the pathological processes in m any scientific pain  models are 

established, the emotional element is often absent and so the outcomes 

are usually reflex reactions. The responses observed following 

adm inistration  of noxious or innocuous substances should therefore 

respectively and accurately be described as being nociceptive and an ti

nociceptive as opposed to painful and analgesic. However, these term s 

are still constantly used in an inter-changeable m anner by many 

workers.

     . —  28
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1.1.2 A cute and C hronic P a in

There are two main divisions of pain -  the well-localised acute pa in  and 

the diffused chronic pain. Acute pain occurs less than  0.1 second after 

the noxious stim ulus has been applied and does not outlast the tissue 

pathology itself. This form of pain can be localised to w ithin 10-20cm 

of the stim ulated area and is not felt in most of the deeper tissues. It 

is in essence, an alarm to prevent the occurrence of a chronic condition.

Chronic pain, on the other hand, persists after the norm al healing 

process and is usually associated with a persisten t pathological 

condition. It begins a second or more after the in itial w arning is 

triggered and increases gradually with time. This kind of pain is 

difficult to localise and a t best a gross idea of the stim ulus origin can be 

obtained. Unlike its acute counterpart, chronic pain is not beneficial 

biologically and may result in extended periods of agony. In general, 

the chronic syndrome may be sub-divided into four groups

1. an advancement of the acute condition, eg. pain th a t follows after 

surgery;

2. neurogenic pain i.e. pain  th a t arises from a chronic degenerative 

condition or a persisting neurological condition, eg. rheum atoid 

arthritis;

3. idiopathic pain i.e. persistent pain th a t originates from an 

unidentifiable organic cause, eg. th a t caused by an  accident with 

no identifiable damage;

4. cancer pain.
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1.2 Neuroanatomy and Mechanisms of Nociception

1.2.1 P erip h era l N ervous System

(a) Types of Nociceptors

The concept of that a group of subcutaneously located receptors are 

able to respond specifically to a variety of stim uli {eg. touch, 

tem perature and pain) can be traced back to the las t years of the 

century (see Besson and Cbaoucb, 1987). Although there was 

much debate then as to w hether this idea could be applied in the 

situation of pain transmission, it was not until the la te  1960s th a t 

Perl and co-workers identified a population of afferent fibres th a t 

could be logically considered to act as nociceptors (see Burgess and 

Perl, 1973). Today, it is a generally accepted concept th a t 

nociceptors are basically free nerve endings th a t are w idespread in  

the  superficial layers of the skin and certain in te rnal structures 

while most of the tissues that are located in the  deeper regions are 

poorly supplied with pain receptors. These nociceptors tend to 

have higher thresholds than mechanoreceptors (those th a t respond 

only to mechanical stimuli) and therm oreceptors (those th a t 

respond only to therm al stimuli). Unlike these la tte r  sensory 

receptors, however, nociceptors are able discern betw een noxious 

and innocuous stimuli and are responsible for processing the 

messages accordingly to the central nervous system  (CNS).

(i) Cutaneous

U nder general physiological conditions, low in tensity  cutaneous 

stimulation {eg. touch, brush and light pressure) activates the fast- 

conducting (30-100m/sec), myelinated large diam eter (5-15pm )

 .............  -  —  30
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Ap fibres which results in the perception of innocuous sensations 

(see Dray et al., 1994). However, when the m agnitude of the 

stim ulus reaches such a level th a t can elicit acute pain, the fine 

(l-5pm ) myelinated, fast-conducting (6-30m/sec) Aô fibres are 

then  recruited to carry noxious information to the CNS. F u rther 

increases in the intensity  of the stim ulus triggers into action the 

slow-conducting (l-25m /sec), unm yelinated small diam eter 

(0.25-1.5pm) C fibres, the resu lt of which is synonymous with the 

sensation of slow and possibly prolonged pain (Dray et al. , 1994).

Whereas the conduction velocities of m ost high-threshold receptor 

associated afferent fibres are normally w ithin the range of the Aô 

and C fibres, not all of these primary sensory fibres are involved in 

the processing of nociceptive signals. In fact, only 10-25% of the 

AÔ afferent population carry nociceptive inform ation from the 

periphery to the CNS. In contrast, about 20-50% of the C fibres 

respond to innocuous stim ulation while the rem ainder are only 

activated under noxious circumstances. It should be noted, 

however, tha t the conduction velocities of the Ap and Aô fibres do 

overlap to some degree (Fitzgerald and Lynn, 1977; Campbell et 

al., 1979) and that in certain situations, Ap fibres are also capable 

of conducting nociceptive impulses (see Besson and Chaouch, 

1987). Hence, there is no definite correlation betw een the group a 

prim ary  afferent fibre comes under and the type of sensory 

information it carries.

The majority of the unm yelinated C afferent fibres are term ed 

polymodal nociceptors because they are excited by a variety of 

noxious thermal, mechanical and chemical stimuli (see Besson and 

Chaouch, 1987) despite their small receptive fields (<0.5cm in 

diameter). Regardless of the type of stim ulus, the firing intensity
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of these polymodal C nociceptors is initially proportional to the 

strength of the input. However, these nociceptors are incapable of 

m aintaining a sustained level of activity and w ith prolonged and 

intense stimulation, the large initial discharge often decays and 

eventually plateaus a t a lower level th a t can ou tlast the duration 

of the stimulus {eg. Beitel and Dubner, 1976a). In  addition, i t  has 

been reported th a t excessive therm al stim ulation can actually 

inactivate  the polymodal C receptors (Beitel and Dubner, 1976a; 

Besson and Perl, 1969) and thereby reduce the response of the 

nervous system to a given temperature (Beitel and Dubner, 1976b).

In  contrast to the C polymodal nociceptors, few Aô polymodal 

nociceptors have been identified. Indeed, the Aô prim ary afferent 

fibres, which possess large receptive fields (l-2cm ), appear to 

respond only to high intensities of pressure or tem perature and to 

a  lesser extent, noxious chemicals (see Besson and Chaouch, 1987).

W hilst AÔ and C nociceptors exhibit very different physiological 

properties, both types of receptors do not norm ally exert 

spontaneous activity. However, the sensory un its of either group 

cam be sensitised (Beitel and Dubner, 1976a; Fitzgerald and Lynn, 

1977; Campbell et al., 1979; Lynn and C arpenter, 1982). This 

phenomenon is often presented as a reduction in threshold level, 

an  increase in response to certain stimuli, a  depression in  response 

latency and/or the emergence of spontaneous activity.

The th ird  and final group of cutaneous nociceptors are known as 

the 'silent/sleeping’ receptors (McMahon and Koltzenburg, 1990). 

These free nerve endings are also present in the viscera and do not 

norm ally respond to physiological stimuli. In fact, they only 

become activated when an inflamm ation occurs or when the
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stim ulus produces intense chemical duress, both of which could 

lead to novel mechanical sensitivities.

(ii) Muscular

Muscle pain in most cases results when the muscle in question 

becomes ischaemic. Classic clinical examples are interm ittent 

claudication {eg. spasm  of the calve muscles) and angina pectoris 

(myocardial ischaemia). It is generally believed th a t muscle 

nociceptors form part of the small diam eter m yelinated group III 

and large unm yelinated group IV m uscular afferents. This is 

because the aforementioned afferent fibres do not only respond to 

mechanical, chemical and therm al stim uli bu t also to noxious 

insults (Kumazawa and M izumura, 1977; Mense and Stahnke, 

1983; Mense and Meyer, 1985).

(iii) Joint

The main symptoms observed in inflammatory a rticu lar conditions 

are dull, poorly localised persistent pain and hyperalgesia 

(Schaible and Grubb, 1993). While some of the group III and IV 

sensory units w ithin the joints appear to be involved only in 

delivering innocuous signals (Schaible and Schmidt, 1983a,b), 

m any of the neurones supplying the joints seem to be nociceptive 

specific (Schaible and Grubb, 1993) and undergo threshold and 

activity changes after acute inflamm ation of the jo in t (Coggeshall 

et al., 1983). Under physiological circumstances, these sensory 

fibres can be activated by the algogenic substance, bradykinin 

(Kanaka et al., 1985) whilst the m ain trigger during pathological 

conditions appears to be mechanical stress (Kellegran, 1939).
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(iv) Visceral

In the viscera, the only sensory modality present is pain although 

the exact nature of the receptors involved is not clearly understood. 

Some workers believe th a t the receptors responsible may not be 

specific nociceptors bu t are in fact those th a t deal w ith normal 

regulatory reflex responses. This is probable since the degree of 

painful sensation in the viscera is not correlated to the intensity  of 

the  stim ulus but is instead proportional to the degree of stretch 

and/or spasm  of the visceral organs. Pain in the viscera is poorly 

localised and tends to evoke sensations th a t are unpleasan t and 

associated with nausea and autonomic symptoms. Although 

damage to the viscera rarely causes severe pain, certain  disorders 

{eg. ischaemia, extensive contractions and distensions of the 

viscera, mucosal irritations) do cause diffuse stim ulation of pain 

endings which results in the phenomenon known as referred pain.

(b) Activation of Nociceptors

Hence, there are essentially four broad bands of nociceptors. The 

'silent/sleeping’ nociceptors are activated only during inflam m ation 

or by high-threshold chemical inputs; the mechanosensitive 

nociceptors are stim ulated by inflammation, severe mechanical 

s tress or tissue damage; the therm osensitive group respond to 

extreme tem peratures and the chemosensitive units are activated 

by algogenic chemicals eg. bradykinin, histam ine, prostaglandins 

and  serotonin, all of which act on receptors present on the 

term inals of prim ary afferent fibres (Rang et al., 1991).

Despite current knowledge of the various types of nociceptors, 

relatively little is understood about the detailed m echanisms
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involved in  the activation of these receptors. There are 

suggestions, however, tha t noxious stimuli m ight be directly 

involved in the excitation of the nociceptive endings and th a t the 

neurochemicals released by the nerve fibres and injured tissues are 

secondarily im portant in the modulation of the painful sta tus 

(Besson and Chaouch, 1987).

1.2.2 C entral N ervous System

(a) Nociceptive Afferent Pathways

All afferent fibres th a t carry noxious inform ation have the ir cell 

bodies in the spinal dorsal root ganglia and together w ith the non

nociceptive prim ary afferents, en ter the CNS via the dorsal roots. 

The large diameter afferents tend to run in  the mediodorsal region 

while the small diameter fibres are positioned in the  ventrolateral 

zone. Upon entering the spinal cord, the pain fibres e ither ascend 

or descend one to three segments in  the tract o f Lissauer before 

term inating  in the grey m atter to form synapses w ith neurones 

w ithin the dorsal horn (see Figure 1(a)).

While most of the Aô fibres term inate in lam inae I and V of Rexed 

(see Rexed, 1952), the C afferents project into lam inae II and III. 

In contrast, most of the Aa and Ap fibres tend to course through 

the dorsolateral funiculus for several segm ents before term inating  

across the laminae with the highest density of synaptic boutons in 

lam inae III and IV of Rexed. Those non-nociceptive afferents 

which are involved in the stretch reflex characteristically 

term inate on motor axons located in lam inae IX of Rexed (see 

Figure 1(a)).
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Large group A fibres

Aô and C fibres

vm
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Primary sensory neurones in DRG 
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Excitatory interneurones 
Inhibitory interneurones 
Gelatinosa ceU with branched axon 
Tract cell with dendrites

F igu re 1(a) Schem atic represen tation  o f som e o f the synaptic arrangem en ts in  the  
dorsal and ventral horn o f the sp inal grey m atter.

The majority of the nociceptive (Aô and C) terminals are located in the superficial 
laminae I and II while the non-nociceptive (Aa and Ap) fibres are found in the 
deeper laminae III, IV and V. Large arrows point to the sites of termination of 
descending tracts from the brain.
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(b) Nociceptive Spinal Neurones

In essence, there are two m ain types of spinal neurones involved 

in  nociceptive transmission. The first is nociceptive specific and 

found primarily in the superficial regions of the dorsal horn, while 

the second is nociceptive non-specific and present across the  grey 

m atter but mainly in lam inae IV, V and VI (Besson and Chaouch, 

1987; Willis and Coggeshall, 1991).

The nociceptive specific dorsal horn neurones are essentially 

activated by high intensity nociceptive mechanical and/or therm al 

stim uli. In view of the close proximity of their cytoarchitectural 

location to the term inals of the nociceptive fibres, i t  is conceivable 

th a t these spinal neurones form mono- and poly synaptic synapses 

with the incoming prim ary afferents. Indeed, some of the Aô and 

m ost of the C fibres make contact with the in terneurones which 

th en  connect with the ascending tracts. Following on, it is 

p lausible th a t since these intrinsic neurones are so closely 

positioned to the root of the ascending pathways, th a t they are also 

in tim ately  involved in the modulation of nociceptive inform ation 

to the supraspinal structures (Besson and Chaouch, 1987).

The nociceptive non-specific cells respond to both noxious and 

innocuous stimuli and are often term ed wide dynamic range 

(WDR) neurones as their reactions vary dynamically according to 

the stim ulus strength (Mendell, 1966). Their receptive fields not 

only vEiry in size but also appear to possess a gradient of sensitivity 

which correlates to the intensity of the stim ulus. A certain  degree 

of somatotopic organisation has also been reported a t the level of 

the dorsal horn with proximally driven cells located in  the latera l 

zones and vice versa (see Brown, 1982 and references therein).
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I t appears th a t these nociceptive non-specific neurones are also 

triggered by visceral inputs (see references in Besson and Chaouch, 

1987) suggesting a possible integration between the somatic and 

visceral components of pain perception. In fact, th is could be the 

basis behind the phenomenon of referred pain  since it is true th a t 

a cutaneous region and a visceral area can be supplied by different 

collaterals of a single prim ary afferent fibre (see references in 

Besson and Chaouch, 1987).

Inasmuch as the majority of the nociceptive afferents term inate in 

the superficial region of the dorsal horn (with the exception of some 

AÔ fibres), it is most probable th a t they form polysynaptic 

connections with these WDR cells. However, the litera ture  also 

reports th a t the dendrites of some of these neurones project into 

the more superficial zones. I t is therefore plausible th a t the WDR 

cells may also form axodendritic synapses w ith the prim ary 

sensory neurones in these regions (see Willis and Coggeshall, 1991 

and Figure 1(a)).

(c) Nociceptive Ascending Tracts

The four ascending systems commonly im plicated in  supraspinal 

nociception are the spinothalamic trac t (STT), the spinoreticular 

trac t (SRT), the spinomesencephalic trac t (SMT) and the 

spinocervical tract (SCT). Anatomical and electrophysiological 

evidence have long since indicated that these ascending nociceptive 

pathways arise from different regions throughout the dorsal horn 

of the spinal cord. However, there are significant differences 

between species (see Besson and Chaouch, 1987 and references 

therein).
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The neurones of the STT are commonly held to play an im portant 

role in  the transfer of the sensory-discriminative dimension of 

pain. Depending on the species a t hand, these cells can originate 

from lamina I, laminae IV to VI, lamina VII or lam ina VIII (Besson 

and Chaouch, 1987) and they ascend the spinal cord prim arily in 

the ventrolateral region although some do so in  the dorsolateral 

fun icu lus. At the lum bar and thoracic levels, most of these 

neurones arise contralateral to the site of term ination while the 

sacral and some of the cervical STT cells predom inantly project 

ipsilaterally  (see references in  Besson and Chaouch, 1987).

Electrophysiological characterisation of monkey STT neurones 

indicates th a t the tract comprises of neurones which are 

nociceptive specific, nociceptive non-specific, activated by visceral 

tissues and excited by innocuous stim uli (see references in  Besson 

and Chaouch, 1987). More than half of the neurones are, however, 

responsive to noxious stimulation. Based on previous reports, it is 

immediately obvious tha t cells within the substantia gelatinosa  do 

not directly contribute to the input of the STT, im plicating an 

ind irect connection between the STT and the C afferent cells. 

However, it should be noted th a t some of the sensory Aô fibres 

which term inate in lam inae I and V and process fast im pulses do 

make direct contact with the STT (see Figure 1(a)).

The SRT and SMT have been implicated in nociception on the 

basis of their projections to the reticular formation and the 

periaqueductal grey (PAG). In general, a t the lum bar level, the 

SRT cells are predominantly contralateral and few originate in  the 

vicinity of the superficial regions of the dorsal horn. Most SRT 

neurones arise prim arily from the deeper lam inae VII and VIII of 

Rexed (Besson and Chaouch, 1987). SMT cells, in  cats, are mainly
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contralateral a t the lum bar level and although they are present 

across the dorsal horn, they arise from a dense plexus w ithin the 

m arginal zone (Wiberg and Blomqvist, 1984). In view of the fact 

th a t  this la tter region houses m any nociceptive projections, it 

would not be unreasonable to postulate th a t the SMT neurones 

receive a substantial input from these nociceptive cells.

Due to the ultim ate projection of the SCT pathw ay to the 

ventroposterolateral and medial posterior complex of the thalam us, 

these cells are also thought to relay pain-related information. 

Although most of the SCT neurones originate ipsilaterally  in 

lamina IV of Rexed, some have been detected in the m arginal layer 

(Craig, 1976, 1978). More im portantly, it  has been dem onstrated 

tha t a significant proportion of the SCT cells receive and transm it 

information from the nociceptive Aô and C prim ary afferent fibres 

(see Besson and Chaouch, 1987).

Although all four of the ascending tracts m entioned above are 

active conduits of nociceptive inform ation between the spinal cord 

and  the higher centres of the CNS, they also carry a certain 

am ount of non-nociceptive signals. As such, it is not possible to 

a ttribu te  any one modality of sensation to the individual tract.

1.3 Modulation of Nociceptive Transmission at the Spinal 
Level

The “Gate Control” theory was proposed by Melzack and W all in 1965. 

These authors hypothesised th a t for a  given stim ulus, the ultim ate 

small diam eter prim ary afferent transm ission would be dependent on 

the  concomitant peripheral input from the adjacent large diam eter 

afferent fibres, the on-going activities of the participating intrinsic
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neurones and the signals from the descending corticospinal tracts. 

Although much information regarding pain and nociception has 

accumulated since then, the fundam ental principle of th is concept still 

holds true  despite obvious simplifications.

1.3.1 Segm en tal C ontrol by In trin sic  D orsal H orn N eu ron es

Since m ost of the term inals and dendrites of the nociceptive sensory 

afierents are located within the substantia gelatinosa  (see Cervero and 

Iggo, 1980 and references therein), it  is not surprising th a t it has long 

been embroiled in the segmental control of nociception transm ission. 

As virtually none of the ascending projections originate from this area 

of the dorsal horn, it would seem th a t the segm ental modulatory 

influence involves an in terneuronal system which in  p a rt exerts 

presynaptic inhibition by reducing the release of neuro transm itter 

substances from the stim ulated afferent.

1.3.2 Suprasp inal C ontrol by D escen d in g  A xons

To date, there is much evidence pointing to the efficiency of the 

descending systems a t m odulating the spread of nociceptive signals 

w ithin the spinal cord. Most of the these inhibitory influences have 

their roots in either the brain stem  or the cortex; stim ulation of either 

of these CNS structures results in pronounced depression of dorsal horn 

neuronal activity. The two m ain supraspinal structures im plicated in 

th is  control are the PAG and the nucleus raphe m agnus (NRM). 

A lthough there is still much controversy, it is generally believed th a t 

most of the analgesic effects exerted by the PAG are m ediated via the 

NRM which is responsible for sending inhibitory signals down to the 

spinal cord dorsal horn (see Besson and Chaouch, 1987 and references 

therein).
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1.4 Neurochemical Aspects of Nociceptive Transmission at 
the Spinal Level

Table 1(a) shows a current, but by no m eans exhaustive, list of the 

neurotransm itter candidates within the dorsal horn of the spinal cord.

1.4.1 P rim ary A fferent F ibres

(a) Excitatory Amino Acids

(i) G lutam ate (GLU)

G lutam ate, which is located in dorsal root ganglia (DRG), dorsal 

roots and  prim ary afferent fibres (Duggan and Johnston, 1970; 

W anaka et aL, 1987; Miller et a/., 1988; W estlund et al., 1989a; 

Petrusz et al., 1990; Merighi et at., 1991; Liu et al., 1994) is 

believed to be the main excitatory neurotransm itter of the prim ary 

afferents (see reviews by Mayer and Westbrook, 1987 and Evans, 

1989). Both autoradiography {eg. Greenam yre et al., 1984; 

M onaghan and Cotman, 1985; Jansen  et al., 1990; Henley et al.,

1993) and immunocytochemistry (L iuet al., 1994; Tachibana et al.,

1994) have dem onstrated th a t GLU receptors are concentrated in 

the superficial regions of the dorsal horn especially in  the 

substantia  gelatinosa where most prim ary nociceptive afferent 

fibres term inate (Cervero and Iggo, 1980; Brown, 1982). Spinal 

dorsal horn neurones are depolarised by GLU in vivo (Curtis et al., 

1960, 1961) and in vitro (Schneider and Perl, 1985, 1994) while 

noxious stim ulation of the dorsal roots enhances the release of 

GLU from the terminals of capsaicin-sensitive afferents (Takeuchi 

et al., 1983; Kawagoe et al., 1986; Skilling et al., 1988; Kangrga et 

al., 1990; Jeftin ija  et al., 1991; Kangrga and Randic, 1991).
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T e rm in a l N e u ro tra n s m itte r  C a n d id a te

P r im a ry  A ffe re n t Substance P

F ibres Som atostatin

Vasoactive Intestinal Polypeptide 

Cholecsystokinin 

Glutam ate, A spartate 

Calcitonin Gene-Releasing Peptide

D o rsa l H o rn Enkephalin, Dynorphin

In tr in s ic  N eu ro n es Substance P 

Som atostatin

Vasoactive Intestinal Polypeptide

Cholecsystokinin

Neurotensin

Glutam ate, A spartate

GABA, Glycine

D escen d in g  A xo n s 5-Hydroxytryptamine 

Noradrenaline 

Dopamine 

Enkephalin 

Substance P

Thyrotrophin Releasing Factor

T ab le  1(a) N eurotransm itter cand idates found in  the d o rsa l h o rn  o f  th e  sp in a l cord . 

(A dapted  from  D ick en so n , 1989)
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F u rth e r  evidence for the nociceptive role of GLU stems from 

behavioural studies which dem onstrate th a t intrathecally  

administered glutamatergic agonists and antagonists respectively 

provoke nociceptive- and antinociceptive-like reactions (Cahusac 

et al.y 1984; Aanonsen and Wilcox, 1986,1987; Smullin et al., 1990; 

Coderre and Melzack, 1991).

To date, five GLU receptors have been identified (reviewed by 

Collingridge and Lester, 1989 and M onaghan et a l. , 1989). They 

are the N-methyl-D-aspartate (NMDA), amino-3-hydroxy-5- 

methylisoxazole-4-propionic acid (AMPA), kainic acid (KA), l-2- 

amino-4-phosphonobutyric acid (L-AP4) and metabotropic (GIuq) 

receptors. The NMDA, AMPA and KA receptors are ionotropic and 

have been named after their prototypical agonists. The actions of 

the  metabotropic receptor are believed to be m ediated via the 

phosphotidyl inositol pathways while the effector mechanism(s) of 

the L-AP4 receptor has(have) yet to be clarified.

NMDA is a synthetic analogue of asparta te  and was first shown to 

be a potent neuronal excitant w ithin the spinal cord (Curtis and 

W atkins, 1963). While NMDA receptors are involved in some 

monosynaptic responses (Jeftinija, 1989; Yoshimura and Jessell, 

1989; 1990), they seem to prim arily m ediate polysynaptic 

excitation (Davies and W atkins, 1983). In addition, M urase et al. 

(1989) have electrophysiologically identified about 85% of acutely 

isolated ra t spinal dorsal horn neurones to be NMDA-sensitive.

Immunocytochemical techniques have recently dem onstrated th a t 

a proportion of the NMDA receptors in  the spinal cord are in  fact 

presynaptic and th a t most of the NMDA receptor subunit labelled 

presynaptic term inals in the dorsal and ventral horns stained
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positively for GLU (Liu et al., 1994). This, the authors suggested, 

could implicate the participation of NMDA receptors in long-term 

plastic  changes {eg. Davies and Lodge, 1987; Dickenson and 

Sullivan, 1987, 1990; Haley et at., 1990) and the regulation of not 

only EAA release {i.e. acting as autoreceptors) bu t also th a t of 

other prim ary sensory afferent neuro transm itte r s.

Although behavioural studies have dem onstrated th a t NMDA 

antagonists are antinociceptive, some authors have reported th a t 

these antinociceptive responses could only be elicited a t doses th a t 

produced motor im pairm ent (Cahusac et al., 1984; Aanonsen and 

Wilcox, 1987). Electrophysiological and behavioural work on the 

formalin model have also shown th a t NMDA antagonists are only 

effective in the late phase (Haley et al., 1990; Coderre and 

Melzack, 1992; Coderre and Van Empel, 1994) which suggests a 

possible distinction in the roles played by the NMDA receptors in 

acute and persistent pain. Indeed, Dickenson and Sullivan (1990), 

working on dorsal horn nociceptive neurones of anaesthetized rats, 

have reported th a t NMDA receptors do not seem to m ediate the 

transm ission of acute nociceptive information while Woolf and 

W all (1986) found th a t NMDA-induced nociception was less 

sensitive to the morphine-like drugs than  norm al nociceptive 

inputs. C urrent evidence from three aspects of research seems to 

suggest that these receptors are involved in the generation of post

in jury  pain hypersensitivity. Firstly, repetitive stim ulation of C 

fibres in vivo (Davies and Lodge, 1987; Dickenson and  Sullivan, 

1987, 1990) and in vitro (Thompson et al., 1990; Jeftin ija  and 

Urban, 1994) progressively increases the activity of the dorsal horn 

neurones to produce the phenomenon of wind-up  (Mendell, 1966) 

which is reversible by NMDA antagonists. Secondly, these 

receptors appear to participate in  the facilitation of spinal reflexes
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following brief C-fibre strength conditioning stim ulation (Woolf 

and Wall, 1986; Haley a/., 1990; Woolf and Thompson, 1991; Xu 

et al., 1992). Finally, the induction of long term  potentiation (LTP) 

and long term  depression w ithin the dorsal horn also appears to 

involve NMDA receptor activation (Rusin et a l. , 1993b; Randic et 

al., 1993; Liu and Sandkuhler, 1995).

The AMPA receptor binding site was in itially  known as the 

quisqualate (QA) receptor binding site. However, it  was renam ed 

because AMPA was found to be a more potent and specific ligand 

th a n  QA (Krogsgaard-Larsen et al., 1980; Honoré et al., 1982). 

AMPA receptor binding sites have been detected across the grey 

m a tte r  of the spinal cord {eg. Jansen  et al., 1990; Henley et al., 

1993) and electronmicroscopy has shown th a t the AMPA receptors 

within the superficial region appear to be postsynaptically located 

(Tachibana et al., 1994). This la tte r observation is supported by 

the  electrophysiological data  obtained by Pook et al. (1993) who 

worked on an in vitro immature ra t spinal cord preparation. While 

AMPA receptors have been reported to be involved in nociceptive 

processing (Dougherty et al., 1992; Song and Zhao, 1993; Budai 

and Larson, 1994; Cumberbatch et al., 1994), they also appear to 

participate in the prim ary afferent monosynaptic response (Jah r 

and Jessell, 1985; Schneider and Perl, 1988) and non-nociceptive 

transm ission (Dickenson and Sullivan, 1990; Dougherty et al., 

1992; Cumberbatch aZ., 1994).

The KA site is selectively activated by KA itself (London and Coyle, 

1979). Electrophysiological recordings from Evans' team  have 

provided elegant evidence for the existence of a population of C 

fibres th a t are selectively depolarised by GLU and KA (Agrawal 

and Evans, 1986; Pook et al., 1993). Since the presynaptically
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acting agents, GABA and capsaicin, displayed less selectivity than  

KA in the same preparation, it would appear th a t KA receptors are 

only present on C afferents. These observations coupled with those 

of Budai and Larson (1994) therefore suggest th a t GLU 

antagonists which act a t the KA site could be potential analgesics.

U nder pathological conditions, the activities of the metabotropic 

receptors are often associated with the AMPA receptors. It has 

been proposed th a t these receptors may act in  conjunction with 

each other to initiate and m aintain neurodegeneration (Garthwaite 

and Garthw aite, 1989; Patel et al., 1990), synaptogenesis and 

synaptic stabilisation (Monaghan et at., 1989). These anatomical 

implications could be im portant when reflecting on the origin(s) of 

neuropathic and idiopathic pain especially since Meller et al. 

(1993) have recently demonstrated tha t these two receptors are co

activated during acute mechanical hyperalgesia.

The L-AP4 receptor was so named because this substance appeared 

to exert antagonistic properties on certain  presum ptive 

glutam atergic synapses. This receptor seems to be situated 

presynaptically and has been proposed to be involved in the 

modulation of GLU release (see Collingridge and Lester, 1989). 

Hence, selective ligands a t these sites could prove to be 

therapeutically advantageous. Although the monosynaptic dorsal 

root-evoked ventral root potential in cat (Davies and W atkins, 

1982) and ra t (Evans et al., 1982) spinal cords have been reported 

to be inhibited by L-AP4, this drug was unable to block certain 

effects elicited by GLU, ASP, NMDA, KA or QA (M onaghan et a l.,

1989) so suggesting a unique receptor site.
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(ii) A spartate (ASP)

Despite the fact th a t ASP, like GLU, is also an excitatory amino 

acid (EAA), less emphasis has been placed on its potential role as 

a  neurotransm itter of the first central synapse in the spinal cord. 

Although early studies demonstrated th a t potent excitation within 

the dorsal horn was produced when ASP was applied to the spinal 

cord by microiontophoresis or perfusion (Curtis et al., 1960, 1961), 

it is only with the recent accumulation of evidence from anatomical 

(W estlund et a i ,  1989b; Petrusz et at., 1990; M erighi et at., 1991; 

Tracey et al., 1991) and functional (Skilling et al., 1988; Kangrga 

et al., 1990; Jeftinija et al., 1991; Kangrga and  Randic, 1991) 

studies th a t this amino acid has received more a tten tion  as a 

transm itter of the prim ary afferent fibres.

Compared with GLU, most of the effects of ASP appear to be 

mediated via the NMDA receptors. As such, it  is often taken  th a t 

the actions of ASP and GLU are primarily mediated via the NMDA 

and  non-NMDA receptors respectively although th is would seem 

to be an over-simplified view (see Collingridge and Lester, 1989 

and M onaghan et al., 1989 for reviews).

(b) Peptides

(i) Substance P (SP)

There is substantial evidence for the involvement of substance P 

in the processing of sensory information a t the first synapse of the 

polysynaptic circuit (Henry, 1976; also see Nicoll et al., 1980). SP 

has been demonstrated to occur in both m yelinated and 

unmyelinated primary afferents which term inate in  lam inae I and
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II (Hôkfelt et al., 1975, 1976; Cuello et al., 1978; see Besson and 

Chaouch for review). Sim ulation of nociceptive neurones in vivo 

(Brodin et al., 1987; Go and Yaksh, 1987; Lang and Hope, 1994) 

and in vitro (Pohl et al., 1989; Bourgoin et a l ,  1992; Malcangio and 

Bowery, 1993) leads to the release of SP. This stim ulated outflow 

of the neuropeptide has been reported to be reduced or blocked by 

SP antagonists (De Konnick and Henry, 1991; R adhakrishnan and 

H enry, 1991), opioid peptides (Jessell and Iversen, 1977; Go and 

Yaksh, 1987) and GABAg agonists (Malcangio and Bowery, 1993). 

K lein et al. (1992) have also reported th a t there is a decrease in 

SP-immunoreactivity w ithin the dorsal horn following C-fibre 

s treng th  stim ulation a t the periphery thereby supporting the 

concept th a t noxious stim ulation results in  the spinal release of 

SP. Further evidence for the role of SP in nociception transm ission 

has arisen  from studies on polyarthritic ra ts  where an increased 

release of SP-LI in response to noxious stim ulation has been 

reported (Oku et al., 1987).

Behavioural experiments a t the spinal level have also indicated a 

possible role for SP in nociception. In trathecal adm inistration of 

SP in the ra t produces a transien t decrease in  reaction time to tail 

w ithdraw al from a noxious rad ian t heat stim ulus (Yashpal and 

Henry, 1983; Cridland and Henry, 1988). This decrease is followed 

by a rebound overshoot; this overshoot, but not the earlier phase 

of the response, is blocked by naloxone (Yashpal and Henry, 1983), 

suggesting the activation of an  opioid m echanism  a t the spinal 

level, due either to the SP or to the SP induced activation of spinal 

nociceptive pathways. Noxious cutaneous stim ulation produces a 

response sim ilar to adm inistration of SP, including the naloxone- 

reversible component, and the facilitation is blocked by a SP 

antagonist (Cridland and Henry, 1988).
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(ii) O ther Peptides

Calcitonin gene-related peptide (CGRP) is present in dorsal root 

ganglia cells and the term inals of the prim ary afferents 

(W iesenfeld-Hallin et al., 1984; Merighi et al., 1988; Tuchscherer 

and Seybold, 1989; Ribeiro-da-Silva and Cuello, 1991) while its 

b inding  sites are found in high concentrations within the 

superficial layers of the dorsal horn (Henke et al., 1985). Dorsal 

rhizotomy abolishes CGRP-immunoreactivity (Chung et al., 1988) 

in  the spinal cord while neonatal capsaicin-treatm ent reduces 

CGRP levels in the same region (Hammond and Ruda, 1989). 

These observations thus suggest th a t th is neuropeptide is 

exclusively located within the prim ary sensory fibres and is in 

agreem ent with the in vitro superfusion release da ta  obtained by 

Pohl et al. (1989) and Del Bianco et al. (1991). Indeed, SP- 

imm unoreactivity is almost invariably co-localised with CGRP in 

DRG cells and prim ary afferent term inals (W iesenfeld-Hallin et 

al., 1984; Merighi et al., 1988; Tuchscherer and Seybold, 1989; 

Ribeiro-da-Silva and Cuello, 1991) although CGRP- 

im m unoreactivity has been reported to occur in  a considerably 

higher percentage of these cells than  SP (Ju  et al., 1987). Spinal 

release of CGRP is therefore probably a better index of the activity 

of the  prim ary afferent fibres than  th a t of SP, GLU and 

som atostatin.

Som atostatin (SRIF), vasoactive in testinal peptide (VIP) and 

cholecystokinin (CCK) are also present in  the prim ary afferents 

and  like SP, are depleted following systemic adm inistration of 

capsaicin to neonatal rats (Jancso et al., 1981; Nagy et al., 1981). 

Noxious stim ulation results in the release of SRIF and CCK 

(M orton et al., 1988; Benoliel et al., 1992), so it is plausible th a t
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these substances could also be involved in  pain  transm ission. 

Interestingly, Hokfelte^ al. (1976) reported th a t SP and SRIF are 

p resen t in different prim ary afferent populations which would 

seem to suggest distinct physiological functions for the two types 

of neurones.

The co-localisation of the EAAs and SP in a sub-population of the 

cell bodies and term inals of fine prim ary afferent fibres is well- 

established (Battaglia and Rustioni, 1988; De Biasi and  Rustioni, 

1988; Merighi et al., 1991; Tracey et at., 1991). Merighi et al. 

(1991) have further reported th a t while GLU often co-localised 

w ith e ither CGRP or SP in the term inals of neurones of prim ary 

sensory origin, triple-labelling of these substances w ithin a single 

neurone in  the dorsal horn was relatively non-existent. SP and 

NKA appear to enhance both the release (Nagy et al., 1981; 

Kangrga et al., 1990; Smullin et al., 1990; Skilling and Larson, 

1993) and actions of GLU and its agonists on dorsal horn neurones 

(Randic et al., 1990; Dougherty and Willis, 1991; Rusin et al., 

1993a,b; Song and Zhao, 1994). These observations coupled with 

the  high incidence of co-existence therefore provides further 

support for the interaction between these neuro transm itters in the 

transm ission of nociceptive signals.

U ltrastructural studies performed by Merighi and  colleagues 

(1991) have also indicated th a t GLU and the neuropeptides found 

in  prim ary afferents are apparently  accum ulated in  different 

vesicles. These workers thus suggested th a t the  two groups of 

neurochemicals could be released through selective mechanisms 

upon stim ulation of the sensory fibres. Indeed, th is observation 

could form the basis of the fast and slow components of prim ary 

afferent activity often respectively associated w ith GLU and SP
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(Miirase and Randic, 1984; U rban and Randic, 1984; Ryu et al., 

1988a,b; Gerber and Randic, 1989a,b; Yoshimura and Jessell,

1990). It is therefore possible th a t during the in itial stages of 

stimulation, GLU and SP a ttach  to different presynaptic locations 

which results in GLU being released preferentially. Alternatively, 

i t  is plausible tha t the first bu rst of activity arises from neurones 

which contain only GLU while the response th a t follows results 

from activation of those neurones th a t contain both SP and GLU.

W ork from three different groups has cautioned the assum ption 

th a t the long and slow response is entirely of peptidergic origin 

(Evans, 1986; Dray and Perkins, 1987; Gerber and Randic, 1989a; 

Gerber et al., 1991) since NMD A receptor antagonists had 

inhibitory effects. Contrary results have, however, been reported 

by Jeftin ija  and Randic (1987). F u rther investigations therefore 

need to be performed to rectify these conflicts.

1.4.2 D orsal H orn In trinsic  N eurones

(a) Inhibitory Amino Acids

(i) Y-Eimino-butyric acid (GABA)

Immunohistochemical studies have dem onstrated high levels of 

G ABA (Barber al, 1978,1982; Todd and McKenzie, 1989; Castro- 

Lopese^ al., 1992a,b, 1993) and its synthesising enzyme, glutamic 

acid decarboxylase (GAD; Barber et al., 1978, 1982) in  the 

superficial laminae of the spinal cord. The primary origin of G ABA 

and GAD in this region appeared to be the interneurones (Magoul 

e t al, 1987; Todd and McKenzie, 1989) which predom inantly 

im pinged on the term inals of the prim ary afferents to form
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axoaxonic synapses (Barber a/., 1978,1982; Ribeiro-da-Silva and 

Coimbra, 1980; also see Figure 1(b)).

Within the spinal cord, GABA is capable of m odulating nociceptive 

cutaneous signals both presynaptically and postsynaptically. At 

the presynaptic level, this inhibitory amino acid induces prim ary 

afferen t depolarisation (PAD; B arker and Nicoll, 1972; Davidoff, 

1972) which depresses the release of neuro transm itter substances 

{eg. Benoliel et al., 1992; Malcangio and Bowery, 1993). On the 

other hand, GABA also acts postsynaptically to hyperpolarise the 

secondary neurones of the substantia gelatinosa so reducing their 

excitability and therefore activity in response to the prim ary 

afferent input (Curtis et at., 1971).

In tracellu lar recordings from adult ra t  DRG neurones have 

suggested the presence of both GABA^ and GABAg receptors on the 

m em branes of Aô and C fibres (Désarmenien et al., 1984) while 

anatom ical studies have dem onstrated th a t the GABAg receptors 

are highly localised in the substantia gelatinosa  (Price et a l., 1984, 

1987; Malcangio et al., 1993). Based on autoradiographic data  

derived from the spinal cords of ra ts treated  neonatally with 

capsaicin (Price et al., 1984) and those th a t have undergone dorsal 

rhizotomy (Price et al., 1987), it appears th a t about h a lf of the 

GABAg receptor binding sites in the spinal cord are located 

presynaptically on the terminals of the incoming sensory afferents. 

F u rth e r support for the analgesic/antinociceptive role of the 

GABAg system has arisen from behavioural studies which indicate 

th a t GABAg agonists and antagonists are respectively 

antinociceptive and nociceptive {eg. C utting and Jordan, 1975; 

Wilson and Yaksh, 1978; Giuliani et al., 1988; Malcangio et al.,

1991).
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F igure 1(b) A sch em atic  layout o f the synaptic connections betw een  the term inals o f the prim ary afferent fibres and the 
GABAergic axon term inals w ith in  the su b sta n tia  g e la tin o sa . (reproduced from Barber e t al.y 1978).

The single primary afferent neurone represents all of the different neurones of this class whose axons terminate in the substantia 
gelatinosa (SO). The black arrows show the direction of GABAergic synaptic transmission while the white arrows mark the 
direction of primary afferent synaptic transmission. A and B represent synapses between SG neurones and the primary 
afferents. C, D and E denote synapses that may mediate PAD and hence presynaptic inhibition. F represents a synapse that 
may mediate postsynaptic inhibition on a second order neurone.
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Todd and colleagues have carried out extensive anatom ical studies 

on the intrinsic GABAergic system of the spinal cord (see Todd et 

al., 1992, Rowan et al., 1993 and Laing et al., 1994). To date, they 

have m anaged to identify two m ain populations of GABAergic 

neurones in  the superficial region of the dorsal horn. One group 

contains glycine and the other does not (Laing et al., 1994). It 

appears th a t the la tte r  type of neurones also contain enkephalin, 

neuropeptide Y, acetylcholine or nitric oxide synthetase. Although 

those neurones containing enkephalin and neuropeptide Y are 

similarly concentrated in lam ina II (Laing et al., 1994), these two 

pu tative  neurochemicals do not appear to be co-localised in  any 

neuronal cells. In  addition, while enkephalin is p resent in  both 

GABA-positive and GABA-negative cells, neuropeptide Y activity 

appears to be restricted to the GABA-positive sub-population (Todd 

et al., 1992; Rowan et al., 1993). Although the exact na tu re  of 

these various forms of GABAergic neurones is not understood, it is 

possible th a t each sub-group has distinct physiological roles.

(ii) Glycine (GLY)

The m ain action of GLY is to mediate interneurone inhibition by 

hyperpolarising the nerve mem brane via an  increase in  chloride 

conductance. As mentioned previously, some of the cells th a t 

express GLY-immunoreactivity are also GABA-positive. Although 

m ost of the GLY content w ithin the spinal cord is in  the ventral 

horn, the GABA-GLY containing neurones appear to be located 

prim arily  in  lam inae I, II and III (Laing et al., 1994) which 

harbours well for the ir potential role in  the regulation of the 

incoming nociceptive cutaneous inputs.
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(b) Endogenous Opioids

High concentrations of the opioids have been dem onstrated in 

lam inae I and II of the dorsal horn (Hokfelt et al., 1977; H unt et 

at., 1981; also see Yaksh, 1987) where the ir receptors are also 

highly localised (Atweh and Kuhar, 1977; Stevens and Seybold,

1995); a proportion of which appear to be present on the prim ary 

afferents (Fields et at., 1980; Dado et at., 1993). Indeed, opiate 

receptor binding sites in the dorsal horn are reduced following 

dorsal rhizotomy (Lamotte et al., 1976; Ninkovic et al., 1981; 

Stevens and Seybold, 1995), neonatal capsaicin trea tm en t (Gamse 

et al., 1979) and peripheral nerve transection (Jessell et al., 1979). 

These observations coupled with the detection of opioid receptors 

in  the DRG (Nincovic et al., 1981) therefore suggest th a t some of 

the  opiate receptor binding sites are involved in the presynaptic 

regulation of nociceptive information although it  does not preclude 

the possibility tha t the loss in afferent inform ation could affect 

those substantia gelatinosa opiate binding sites usually p resen t on 

the  dendrites of the deeper cells. However, the incomplete 

abolition of opiate receptor binding sites following the removal of 

the primary nociceptive afferents indicate th a t a sub-population of 

spinal cord opiate receptor binding sites are located e ither on the 

interneurones or on the capsaicin-insensitive nerve cells. It is of 

course also possible th a t a proportion of the binding sites th a t 

persist after depletion of sensory inputs are p resent on the 

term inals of the descending fibres

It is generally believed th a t enkephalins, w ithin the dorsal horn, 

cause presynaptic inhibition of the sm aller d iam eter afferent 

terminals in laminae I to V while exerting hyperpolarising effects 

on the higher order spinal neurones (Yaksh, 1987). This is
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probably mediated via the p, ô and k receptors and results in an 

inhibition of neurotransm itter release from the presynaptic site 

(Duggan and North, 1984; North, 1989). Support for this 

hypothesis comes from behavioural observations tha t 

adm inistration of exogenous opiates either partially  or fully 

inhibits the nociceptive responses elicited by intrathecally  applied 

NMDA (Aanonsen and Wilcox, 1987). W hilst the postsynaptic 

actions on the interneurones and the dendrites of the projection 

tracts would be nociceptive specific {eg. in  wind-up; see Dickenson 

and Sullivan, 1986), the same cannot be said for stim ulation of the 

cell bodies of these projecting fibres.

(c) Excitatory Amino Acids

GLU is also found in interneurones of the dorsal horn (W estlund 

et al., 1992) and it would appear th a t GLU-mediated segmental 

pOGtG)maptio inhibition io relayed via the NMDA receptors (Davies 

and W atkins, 1983) which corresponds to the antinociceptive 

behaviour effects observed with NMDA antagonists (Cahusac et 

a l . , 1984). While it is probable th a t most polysynaptic pathw ays 

involve the NMDA receptors, Evans and Long (1989) have 

provided evidence for the concept th a t the PADs m ediated by GLU 

are in fact resistan t to NMDA antagonists and sensitive to non- 

NMDA antagonists.

Using microdialysis techniques. Skilling and Larson (1993) found 

th a t neonatal capsaicin trea tm en t decreased the SP-induced 

release of EAAs while dorsal rhizotomy enhanced the SP effect on 

ASP release only. They thus postulated th a t the intrinsic neuronal 

pool of EAAs is also involved in m ediating nociceptive responses 

and th a t ASP may be more im portant th an  GLU a t th is level of

actions are
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signal processing. This concurs with earlier associations of ASP 

with neurotransmission from interneurones (Davidoff et al, 1967).

(d) Peptides

There is some indication th a t w ithin the superficial dorsal horn, 

the  source of SP is not limited to the term inals of the prim ary 

afferents (see Ruda et al., 1986 and references therein) since it has 

been located in the cell bodies and terminals of some of the lam inae 

I and II intrinsic neurones (Hokfelt et al., 1975, 1976; H un t et al.y 

1981). In fact, it appears th a t the am ount of SP in the 

intem eurones and the descending system represent about 30-40% 

of the  to tal SP content in the dorsal horn (Jessell et at., 1979; 

N agy et al. y 1981). Intrathecally adm inistered SP has been 

reported  to induce hyperalgesia (Yakshpal et a/., 1982) while 

iontophoretic adm inistration of SP elicits a slowly developing and 

prolonged depolarisation of the dorsal horn neurones (Henry, 1976; 

Murase and Randic, 1984). These observations coupled w ith those 

from superfusion release studies by Bourgoin et al. (1993) therefore 

suggest tha t SP outflow from the intrinsic system  m ay participate 

in  the processing of nociceptive information.

SP has been dem onstrated in rodents and cats to co-localise with 

the enkephalins in a considerable num ber of neurones and axonal 

varicosities (Senba et a/., 1988, Ribeiro-da-Silva et a l . y  1991a,b). 

In reality, almost all SP-immunoreactive neurones in the ra t  dorsal 

horn co-exist with enkephalin while approxim ately 50% of the 

enkephalin-imm unoreactive neurones co-localise w ith SP (Senba 

et a l . y  1988; Ribeiro-da-Silva a l . y  1991a,b). I t  would thus appear 

th a t these two substances could regulate the m odulatory effects 

exerted by each other on the prim ary afferent barrage.
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(e) O ther Neuro transm itter Candidates

CCK is also present in the interneurones and current evidence 

indicates th a t it is the CCKg receptor th a t participates in  the 

m odulation of painful information. S tanfa and Dickenson (1993) 

have observed th a t CCK interferes w ith m orphine-induced 

analgesia while CCK antagonists are able to reverse the reduction 

in  opioid sensitivity (Stanfa et al., 1994).

Neurotensin is another potential dorsal horn neuro transm itte r 

candidate. This substance is present only in  the dorsal horn 

intem eurones (Price et al., 1984) and anatomical evidence suggests 

th a t it  is co-localised with GLU (Todd et al., 1993).

1.4.3 D escen d in g  N eurones

(a) Monoamines

(i) 5-Hydroxytryptamine (5-HT aka  serotonin)

The descending serotonergic fibres represent about 40-80% of the 

raphespinal neurones (Besson and Chaouch, 1987). M any of the 

raphespinal cells release 5-HT in  the dorsal horn. This possibly 

excites the intrinsic GABA- and opioid-containing neurones which 

then mediate antinociception (Alhaider al., 1991; Evans, 1989). 

Electrophysiology (Jordan et al., 1978) and imm unocytochem istry 

(Hoffert et al., 1983) indicate that the segmental activities of the 5- 

HT neurones are postsynaptic in  nature  bu t it is possible th a t 5- 

HT could also mediate PAD (Proudht et al., 1980). However, it is 

likely th a t this presynaptic action would not be selective for the 

nociceptive afferents and would sim ilarly influence the Aa P cells.
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Several workers have previously reported th a t hyperalgesia is 

produced upon intrathecal adm inistration of 5-HT antagonists 

(Proudfit and Hammond, 1981; Howe and Yaksh, 1982) or after 

selective neurotoxin-destruction of the descending 5-HT-containing 

tracts (Berge et a l ,  1983; Fasm er et al., 1983). While the converse 

has been demonstrated by other investigators for the la tte r  model 

(Howe and Yaksh, 1982; W atkins et at., 1984), the data  obtained 

from the former studies suggest th a t the serotonergic fibres th a t 

are projected from the higher centres are capable of exerting some 

form of tonic antinociceptive effect.

I eg. m ethysergide and phentolam ine
(ii) Noradrenaline (NAdr)

Anatomical studies have shown th a t the descending noradrenergic 

fibres tend to terminate in laminae I, II, IV and V of Rexed as well 

as in some regions of the ventral horn (W estlund et al., 1983) 

where they exert both presynaptic (Jeftinija et al., 1981) and 

postsynaptic (Willcockson et al., 1984) influences. Both 

iontophoretic application (Headley et al., 1978) and in trathecal 

administration (Howe and Yaksh, 1982) of NAdr appear to dampen 

nociceptive signals while behavioural da ta  support the presence of 

an  inhibitory noradrenergic tone (Proudfit and Hammond, 1981; 

Sagen and Proudfit, 1984).

Bourgoin et al. (1993) and Kam isaki et al. (1993), working 

respectively on spinal cord dorsal horn wedges amd synaptosomes, 

found th a t  the potassium-evoked release of GLU and SP but not 

GABA, ASP or CGRP was inhibited by NAdr and clonidine. 

Taken together, these data  therefore suggest th a t the 

antinociceptive effects elicited by in trathecal NAdr (Yaksh, 1985) 

may be acting on the GLU and SP release systems bu t not the ASP
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or CGRP circuitry. This is interesting in view of the reports on 

the ir co-existence in  the various spinal neurones.

(b) Endogenous Opioids

In itial investigations on the endogenous opioid system  suggested 

th a t the supraspinal sites were crucial in  the processing of the 

antinociceptive signals in itiated by exogenously applied opiates 

and th a t this effect was receptor-mediated (see Yaksh, 1988). In 

addition, it appeared that activation of the opioid sites in  the PAG 

and NRM would initiate antinociceptive signals in  the descending 

inhibitory noradrenergic and serotonergic tracts (see Yaksh, 1988). 

W hilst most of the enkephalins within the dorsal horn appear to 

originate from the intrinsic neurones, immunohistochemical 

stud ies by Todd and Spike (1993) have indicated the presence of 

these neuropeptides in the cell bodies of neurones which run  from 

the brain  stem  to the spinal cord.

Co-administration of morphine and clonidine results in potentiated 

analgesic responses which would suggest a possible synergistic 

relationship between the ccg noradrenergic and p opiate receptor 

systems (see North, 1989 and Dickenson, 1991b). Interestingly, 

both these receptors share similar ionic mechanisms and are found 

pre- and post-synaptically within the CNS which could help to 

explain the co-operative pharmacological interactions observed.

(c) O ther Neuro transm itte r Candidates

SP-LI has been reported to occur in the cell bodies of the 

descending m p/ic-originating pathways where it co-localises with 

5-HT (Chan-Palay aZ., 1978; Hokfelt al., 1978). GLU and ASP

61



Chapter 1 : General Introduction

are apparently  also found in some of the descending spinal 

projection pathways (Rustioni and Cuénod, 1982; Potashner and 

Tran, 1985; Potashner and Dymzyk, 1986; Giuffrida and Rustioni, 

1989). However, the roles played by these neurotransm itters in 

these descending systems is still unclear.

1.5 Aims of Thesis

Although the roles of the EAAs in the transm ission and  m odulation of 

painfu l information in the spinal cord are still heavily debated, it is 

generally  accepted th a t both EAAs, especially GLU, are am ongst the 

primary neurotransm itter candidates responsible for the m anifestation 

of both physiological and pathological pain. One school of thought 

suggests th a t the extent of pain produced and experienced m ight be 

alleviated if not eliminated by the reduction of GLU (and ASP) outflow 

from nociresponsive nerve endings. A likely neuro transm itte r 

candidate system for the implementation of th is inhibitory action is the 

in trinsic  GABAergic circuitry which has in tim ate contact w ith the 

primary sensory fibres. M anipulation of the cutaneous signals via this 

system  has good potential as it could evoke general inhibition of the 

ou tpu t information from the incoming nociceptive cells. This is 

especially attractive since, as described above, m any neurones tend to 

store more than  one type of neurotransm itter. As such, a more 

universal inhibitory strategy m ight ultim ately prove to be more 

effective than  the application of more selective and specific drugs.

In  view of the nociceptive/antinociceptive responses associated with 

GABAg antagonists/agonists and the recent suggestions for GABAg 

receptor subtypes within the ra t CNS, most of the work described in 

th is  thesis has pivoted around the characterisation of the GABAg 

receptors in the dorsal horn of the ra t  spinal cord. W ith the steady
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emergence of novel potent and selective GABAg antagonists in  recent 

years, it is now possible to contemplate efficiently dissecting the 

pharmacological profile of the GABAg receptor(s). In the p resent study, 

an  a ttem pt has therefore been made to determ ine if  there are indeed 

pharmacological differences between the GABAg heteroreceptors on the 

glutamatergic terminals and the GABAg autoreceptors in the superficial 

regions of the ra t spinal cord. This has been achieved by studying the 

effects th a t established and novel GABAg ligands have on the 

electrically-evoked release of GLU and GABA from an in  vitro 

superfusion model of hemisected adult ra t isolated dorsal horn spinal 

cord slices with attached dorsal roots. As there have been anatomical 

indications tha t GABAg receptor binding sites in  the CNS can undergo 

plastic changes, additional investigations have been carried out on the 

spinal cords of rats chronically treated  with the GABAg agonist, (-)- 

baclofen, and the GABAg antagonists, CGP36742 and CGP56999A. The 

aim  of this p a rt of the work was to ascertain  the possible exhibition of 

functional plasticity by the spinal cord GABAg system.

To date, the available litera tu re  records th a t noxious stim ulation of 

dorsal roots results in the enhanced release of both ASP and GLU. 

However, due to the ubiquitous distribution of these amino acids, there 

have been conflicts as to their origin(s) upon such stim ulations. 

Superfusion release studies have therefore been carried out on the 

spinal cords of ra ts neonatally treated  with capsaicin to determ ine the 

contribution th a t the unm yelinated prim ary afferent fibres m ay have 

on the  observed elevated EAA outflow during such noxious strength 

stim ulations. While anatomical studies have reported th a t EAA 

receptor binding sites are highly concentrated w ithin the substantia  

gelatinosa region of rodent and hum an spinal cord dorsal horn, little  is 

know n of their synaptic localisation although there has been some 

indication of presynaptic NMDA and KA receptors in the ra t  spinal
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cord. As such, autoradiographic studies have also been performed on 

the spinal cords of these neonatally capsaicin-treated ra ts  to determ ine 

i f  NMDA and non-NMDA receptor binding sites are present 

presynaptically on the terminals of capsaicin-sensitive prim ary afferent 

fibres. As a  m eans of comparison, parallel work has been carried out 

w ith tritia ted  GABA to detect the GABAg receptor binding sites.

Morphine sulphate is a well-established and widely used drug which is 

often used as a yardstick for all potential analgesics. Lamotrigine 

(LTG) is a novel anticonvulsant th a t has been reported to exert 

antinociceptive and analgesic activities in both rodents and man. As 

the antiepileptic effects of LTG have been a ttribu ted  to its depressive 

actions on GLU release, it is plausible th a t its antinociceptive effects 

could be mediated via a similar mechanism in the spinal cord. This 

hypothesis has therefore been tested in the final section of the present 

work. The responses obtained with LTG from in vitro superfusion 

release  studies have then been compared and contrasted w ith those 

observed w ith morphine sulphate in  the same preparation.

In  sum m ary, this thesis has focused on expanding the understanding 

of the  putative roles th a t ASP, GLU and GABA as well as their 

receptors may play in the transmission and/or modulation of nociceptive 

inform ation  a t the level of the ra t  lum bar spinal cord. The proposed 

heterogeneity and plasticity of the GABAg system  w ithin the ra t  spinal 

cord have also been investigated to better understand  the potential 

clinical applications of drugs which are active a t the GABAg receptors.
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Chapter 2
METHODS AND MA TERIALS
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2.1 Animals

2.1.1 E nvironm ent

Adult male W istar rats were either obtained from B antin  and Kingman

(Aldborough, Hull) or the Animal U nit in the School of Pharm acy,

London. Animals were housed in sawdust lined solid polypropylene 

cages in groups of five. W ater and food pellets were available ad  

libitum . The anim al room was artificially illum inated from 07 OOh to 

19 OOh and m aintained a t a tem perature of 22 ± 2°C with hum idity 

rang ing  between 45-55%. Rats were allowed a m inim um  of 5 days to 

acclimatise to the environm ent before being culled.

2.2 In vitro Release from Rat Isolated Lumbar Dorsal
Horn Spinal Cord Slices

2.2.1 T issu e P rep aration

Adult male W istar rats (200-300g) were stunned and decapitated. Each 

lumbosacral spinal cord segment (-2cm long) was excised with the dura 

removed and then  fixed onto a cutting block w ith cyanoacrylate 

adhesive (RS Components, Corby, N orthants, U.K.). This was 

hemisected along the longitudinal axis in oxygenated (95% oxygen, 5% 

carbon dioxide) ice-cold Krebs'-bicarbonate solution using a vibroslice 

(Model 752M; Campden Instrum ents, Loughborough, U.K.) to yield a 

200-300pm  thick dorsal horn slice. Each slice, w ith a  pair of in tact 

dorsal roots attached to either side of the cord, was placed dorsal side 

facing downwards, in the central division of a three-com partm ent 

perspex chamber (see Figure 2(a)). The roots were led into the lateral 

com partm ents and positioned on bipolar platinum  electrodes and 

im m ersed in m ineral oil (Aldrich Chemical Co. Ltd., Dorset, U.K.).
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High vacuum grease (Dow Corning Corp., Midland, U.S.) was applied 

liberally  to the 1mm partitions to provide electrical isolation and to 

prevent free diffusion of applied drugs between the com partm ents. The 

m ineral oil kept the roots moist throughout the experim ent and lim ited 

the conduction of current to the lateral compartments.

2.2.2 Sam ple C ollection

The slices were allowed to incubate for one hour a t room tem perature 

(-2 0  ± 2°C) while being continuously superfused a t Im l/m in with 

aerated  (95% oxygen, 5% carbon dioxide) Krebs'-bicarbonate solution. 

This bathing medium was of the following composition (mM) : NaCl, 

124; KCl, 4; KH^PO^, 1.2; NaHCOg, 26; MgSO^, 1.2; CaCl^, 2.5 and 

glucose, 10. After the incubation period, a fraction collector (Model 202, 

Gilson Medical Electronics, WI, U.S.) was used to collect consecutive 

three-m inute samples of superfusate prior to, during and after drug 

application and/or electrical stim ulation of dorsal roots. Superfusate 

samples were kept in aliquots a t -80”C to reduce degradation un til they 

were chemically analysed.

In the chronic study experiments, following the incubation period, the 

superfusion medium was substituted with a modified Krebs'- 

bicarbonate solution which contained 20pg/ml bacitracin, lOOpM 

captopril, 0.1% bovine serum albumin (BSA), IpM phosphoram idon and 

6pM dithiothreitol. These modifications were necessary to prevent 

degradation of the undecapeptide, substance P and to facilitate 

detection of substance P-like imm unoreactivity (SP-LI) in  the 

superfusate samples (Malcangio and Bowery, 1993). In  these 

experiments, eight minute (8ml) fractions were collected in  1ml of O.IN 

acetic acid. At the end of the experiment, 1ml of each fraction was 

removed and kept a t -80°C for biochemical analysis.
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Ud

Barriers

stim ulus
Krebs out

nerves

cord

Krebs In

Figure 2(a) P hotograph and p ictograph  o f the th ree-com partm ent ch am b er hath  
u sed  for the in  v itro  su p erfu sion  re lea se  stu d ies .

Each hemisected lumbar spinal cord slice was placed in the central division of the 
three-compartment chamber bath. The attached dorsal roots were draped over 
the bipolar platinum electrodes in the lateral compartments and covered with 
mineral oil. The compartments were separated with grease-proof barriers so that 
the superfusion medium only flowed over the tissue slice and electrical conduction 
was limited to the lateral divisions.
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(a) Electrical Stim ulation

Following collection of the in itial three fractions in  each 

experiment, a 20V, 0.5msec stim ulus a t IH z was applied for three 

minutes. This was repeated after an  interval of nine m inutes. The 

voltage and the other param eters were so selected to activate the 

low threshold fast-conducting myelinated (Ap) fibres as well as the 

high-threshold slower conducting m yelinated (Aô) fibres and 

unm yelinated (C) fibres (Kangrga et al., 1990; K angrga and 

Randic, 1991).

Only one eight-minute stimulation (all other param eters as above) 

was applied during collection of the fourth of seven fractions in  the 

experiments concerned with the chronic treatm ent. E arlie r studies 

have shown th a t the electrically-evoked release of substance P 

cannot be repeated and th a t the extended stim ulation period is 

necessary for consistent detection of SP-LI (Malcangio and Bowery, 

1993).

(b) Chemical Stim ulations

Potassium  (K^) or veratridine stim ulation was used as an 

alternative to electrical stim ulation in  some studies. Here, during 

collection of the fourth and eighth fractions, the superfusion 

medium was substituted m anually w ith one containing a high 

concentration of KCl (50mM) or veratrid ine (50pM). This 

manoeuvre was achieved by moving the superfusion m edium  filled 

polythene tubing from one reservoir to another. Tonicity of the 

bath ing  solution (for elevated K^ studies) was m ain tained  by 

removal of the appropriate am ount of NaCl.
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(c) Drug Application

Drugs were dissolved in the bathing medium and delivered to the 

central division of the experim ental cham ber via the superfusion 

system. The changeover from one solution to another was 

performed m anually as described in Section 2.2.2(b).

2.2.3 B ioch em ica l A nalysis

Amino acid concentrations in the superfusate samples were determ ined 

by reversed-phase high performance liquid chrom atography (HPLC) 

coupled with fluorescence detection (Lindroth and Mopper, 1979). 

Amino acids in their active forms are generally weak chromophores and 

do not possess electrochemical activity. Hence, they m ust first be 

chemically modified (derivatised) before the product can be recognised 

by some liquid chromatography detectors. In th is case, pre-column 

derivatisation of amino acids was achieved by using an o- 

phthaldialdehyde (OPA) - P - m ercaptoethanol reagent. This reagent 

reacts with prim ary amines to form highly fluorescent isoindole 

derivatives which may be separated and quantified by HPLC (see 

Figure 2(b)).
'CHO

+ H jN  - R

CHO

2 - mercaptoethanol pH = ‘̂5

+ 2 H , 0
SCH,CH,OH

NR

F ig u re  2(b) R ea ctio n  o f  prim ary am in es w ith  O P A -p -m ercap toeth an ol to  p ro d u ce  

iso in d o le  d er iv a tiv e s  w h ich  flu o resc e  (S im o n s and  J o h n so n , 1976).
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(a) OPA Reagent

Stock solutions of OPA were made up by dissolving 250mg of OPA 

(Fluka Biochemika, Derbyshire, U.K.) in  5ml of absolute ethanol. 

This could be kept for up to a week. W orking solutions of OPA 

were freshly made up for each run  twenty-four hours prior to use. 

This working solution was obtained by mixing 500pl of the OPA 

stock w ith 5ml of O.IM borate solution and 50pl of p- 

m ercaptoethanol (both from BDH Chemicals Ltd., Poole, U.K.). 

Both the OPA reagent and the working solution were stored a t 

+4°C in darkened vessels as they are light-sensitive.

(b) HPLC System and Gradient

All separations were performed a t 37”C and a t a  flow ra te  of 

Im l/m in on a reversed-phase Microsorb™ column (150 X 4.6mm) 

prepacked ^vith Ĉ g 5pm beads in conjunction w ith the appropriate 

guard  column (both from Dynamax, Ranin Instrum ents Co. Inc., 

U.S.). The rest of the HPLC apparatus (Gilson Medical 

Electronics, WI, U.S.) consisted of two metering pumps (models 302 

or 303) with 5ml or 10ml heads, a model 231 autosam pling injector 

(ASI), a fluorometer (model 121), a  model 401 dilutor, a model 811 

mixer and a manometric module (model 802C). All the hardw are 

I was controlled from a Dell personal computer using the Gilson 

model 712 controlling software and a keypad connected to the ASI 

un it. Two gradient cycles, one lasting 9 m inutes and another 40 

m inutes were used for elution of amino acids. The shorter run  

provided satisfactory separations of ASP and GLU only, while the 

longer run served to detect a wider range of amino acids including 

GABA (see Figures 2(c) and 2(d)). Typical retention times for 

aspartate and glutamate in the 9 minute run  were 2.6 m inutes and

71



0io£ter^j^M ethod^

3.6 m inutes respectively while those for ASP, GLU and GABA in 

the 40 m inute run  were respectively 5 m inutes, 8 m inutes and 28 

minutes.

The mobile phase consisted of 80% 50mM NaHgPO^ : 20% 

methanol adjusted to pH 5.5 with lOM NaOH while the stationary 

phase was 100% HPLC-grade m ethanol w ith pH = 5.5 (Rathburn 

Chemicals, U.K.). Both solvents were filtered under vacuum  using 

millipore 0.2pm nitrocellulose mem brane filters (Anachem, Luton, 

Bedfordshire, U.K.) before being pumped through the system. The 

solvents were continuously degassed w ith helium  to prevent 

bubbles from forming in the pump heads and in  the detector flow 

cell. This minimises spikes and baseline drifts th a t could occur in 

the mobile phase. Degassing also reduces fluorescence quenching 

and hence increases the sensitivity of detection. Prior to each run, 

the system was conditioned by raising the phosphate buffer 

concentration in the column a t a rate of 20%/min. The system was 

allowed to equilibrate for about an  hour before in itia ting  a run.

(c) Chromatographic Procedure

A standard mixture was prepared from the following commercially 

available amino acids : L-aspartic acid, L-glutamic acid, L-serine, L- 

glutam ine, glycine, L-threonine, taurine, L-alanine and GABA 

(Sigma, U.K.). The amino acids in  the resu lting  m ixture were 

diluted to a final concentration of 2.5pM and th is stock was kept 

in  1ml aliquots a t -20°C for up to a period of 2 m onths. Working 

standards for each run  were freshly prepared by dilution of this 

stock solution.
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(i)

100  -1
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F ig u r e  2(c) B io ch em ica l a n a ly s is  o f  A SP  an d  GLU co n ce n tra tio n s
(i) P ro file  o f  th e  HPLC g ra d ien t
(ii) T yp ica l ch rom atogram  o b ta in ed  fo r  a 10pm ole/20pl am in o  acid  

so lu tio n
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(i)
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(viii)
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Retention Time (minutes)

F ig u r e  2(d) B io ch em ica l a n a ly sis  o f  am in o  a c id  co n ce n tra tio n s
(i) P ro file  o f  th e HPLC g ra d ien t
(ii) T yp ica l chrom atogram  o b ta in ed  for  a 10pm ole/20pl a m in o  ac id  

so lu tio n
Peaks shown are (i) aspartate, (ii) glutamate, (iii) serine, (iv) glutamine, 
(v) threonine, (vi) glycine, (vii) taurine, (viii) alanine and (ix) GABA.
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Derivatisation of amino acids was performed in 0.7ml am ber glass 

crimp top vials with crimp caps and seals (Chromacol, Anachem, 

U.K.) using the refrigerated (+3”C) autosam pler unit. For studies 

concerned with GLU only, the derivatising solution (lOpl) was 

added to the standard  and superfusate samples (40pl). Complete 

m ixing was achieved by twice taking up 45pl of the resulting 

solution and emptying the syringe. After a reaction time of exactly 

2 m inutes, 45pl of th is m ixture was injected into a 20pl sample 

loop. A similar procedure was used for studies involving the longer 

run. In these experiments, equal volumes (15pl) of the derivatising 

solution and the standard or sample were mixed by repeatedly 

pipetting 25pl of the resulting m ixture. The whole volume of this 

mixture was injected into the loop a t the end of the reaction time.

As the samples from the chronic study experim ents were collected 

in acetic acid, they had to be buffered with lOM NaOH prior to the 

derivatisation process. This was carried out by adding 8pl of 

NaOH to lOOpl of each sample. This m ixture was vortexed and 

15pl removed for HPLC analysis.

Upon injection of each derivatised sample, the AST would trigger 

the initiation of the gradient. Fluorescence was detected w ith the 

fluorom eter which contained an  excitation filter selecting the 

305-395nm wavelength and an emission filter removing light not 

in  the 430-470nm  range. The inform ation from the fluorometer 

was directed to a D atam aster in tegrator (model 310) where the 

analyses and evaluation of the raw  data  were carried out before 

being stored on the hard disk of the personal computer. 

Simultaneously, a hard  copy of the chrom atogram  together with a 

lis t of peaks detected, their retention tim es and areas were 

obtained from the prin ter (model FX800, Epson, U.K.).
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(d) Quantification of Amino Acid Standards and D ata M anagem ent

In each experiment, a range of standard amino acid m ixtures were 

analysed a t the beginning, after every ten  samples and a t end of 

each run. The peak areas of the amino acid standards (2 -  

25pmoles/20pl) were integrated and linear relationships between 

the  areas and the concentrations of each amino acid in  each 

standard  were obtained. Figure 2(e) shows typical calibration 

curves for some of the amino acids m easured. Duplicate samples 

of each superfusate fraction were analysed together with two 

'blank' vials containing the superfusion solution only. The am ount 

of each amino acid in  the individual samples was calculated from 

the slope of the standard curves using the Instat2 , G raphpad 

software. The concentration of amino acid in  each fraction was 

taken  as the m ean of the two values obtained like-so m inus the 

concentration of these amino acids in the blank' vials.

On occasions, the GABA peak was difficult to detect or distinguish 

as the lim it of detection for GABA in th is set-up was about 

100fmol/20pl. To ensure th a t the correct peak was used for 

analysis, the samples were 'spiked’ with a  known concentration of 

GABA and re-analysed twice on the HPLC system. Two samples 

containing only this known concentration of GABA in the 

superfusion medium were also analysed. The differences in  the 

concentrations obtained from the 'spiked’ sam ples and the 'pure’ 

ones were used as the final values for analysis.
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F ig u r e  2(e) T yp ica l HPLC ca lib ra tio n  cu rv es o b ta in ed  fo r  v a r io u s  a m in o  a c id s.

The standards were mixed thrice with o-phthaldialdehyde. After a reaction time 
of exactly 2min, this mixture was injected into the sample loop. The area under 
the peak for different known concentrations of amino acids were integrated and 
a linear relationship obtained. Values are expressed as mean ± s.e.m. (n = 3).
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(e) Shutting-Down Procedures

At the end of each run, the system was shut-down in  a two-step 

fashion. First, the concentration of pure m ethanol in  the column 

was increased a t a rate  of 20%/min to 100%. Second, pure 

m ethanol was flushed through both pum ps and the flow was 

reduced to a rate of 0.05ml/min till the next ru n  took place. In the 

event tha t the system would not be used for a  long period of time, 

the salt solutions on the pump heads were rinsed off with deionised 

w ater after the shut-down process was completed to prevent 

precipitation of phosphate salts in  the pumps.

2.2.4 D ata and S ta tistica l A nalyses

In all studies, the m ean concentration of the individual amino acids in 

the first three samples were taken as the basal level. Amino acid 

concentrations in all subsequent fractions were expressed as a 

percentage of this basal level. Except for the chronic studies, the first 

stimulated response was always identified as S i  and the second as 82. 

The relationship between them  was expressed by the 82/81 ratio (in 

term s of % increase over basal release levels). S tatistical differences 

were determ ined with the M ann-W hitney 'U ’ test and significance 

between groups were deemed a t p < 0.05. Unless otherwise stated, all 

mathematical data represented in  the graphs and tables are expressed 

as m ean ± s.e.m.
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2.3 Radioligand Binding and Autoradiography of Rat 
Lumbar Spinal Cord Sections

2.3.1 T issue P reparation

A dult W istar ra ts  (240g-260g) were decapitated and the lum bar 

enlargement of the spinal cords removed. These were frozen rapidly by 

im m ersion in iso-Pentane (BDH Chemicals Ltd., Poole, Dorset, U.K.) 

cooled in liquid nitrogen to prevent structural damage caused by the 

form ation of ice-crystals. The tissues were kept a t -80°C for no more 

than  three weeks before use. Prior to cutting, the cords were allowed 

to equilibrate a t -20°C for at least an hour. Tissue-Tek® O.C.T. 

(10.24% w/w polyvinyl alcohol : 4.26% w/w polyethylene glycol : 85.5% 

w/w nonreactive ingredients) from Miles Inc., E lkhart, U.S. was used to 

mount the tissues onto microtome chucks. The in ternal environm ent of 

the cryostat used (model 2800, Frigocut N., Reichert-Jim g, Leica 

Cambridge Ltd., Cambridge, U.K.) was maintained a t -20°C throughout 

the  cutting process. Three transverse sections (10pm thick) were cut 

emd thaw-m ounted onto each cold acid-washed microscope slide (BDH 

Chemicals Ltd., Poole, Dorset, U.K.) th a t had been subbed (0.5g gelatin 

and 50mg chrome alum in 100ml of water). Slides were stored for a 

minimum of 48 hours a t -2 0 ”C to improve adhesion before radioligand 

binding assays were carried out.

2.3.2 B in d in g  P rocedures

Frozen sections were brought to ambient tem perature for an hour before 

washing in 50mM Tris buffer, adjusted to pH=7.4 a t room tem perature, 

w ith e ither hydrochloric acid (HCl) or acetic acid. This step was 

repeated for another 20 m inutes with fresh buffer to remove any 

rem aining endogenous GABA, GLU and ions th a t would otherwise
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interfere with the binding studies. The slides were then  dried under a 

stream  of cool air. Unless otherwise stated, the buffer used in th is pre

incubation stage was always the same as th a t used in the subsequent 

binding experiments and in the final rinse cycles.

Binding was initiated by covering the sections with 200pl of the 

appropriate  buffer solution containing the appropriate ligands and 

optimising agents. In all of the experiments, the binding reaction was 

term inated by aspiration of the labelled solution followed by two washes 

in  buffer and then a short rapid rinse in distilled water to remove buffer 

sa lts . The rem aining fluid was aspirated to reduce background 

readings and the slides left to dry overnight a t room tem perature.

2.3.3 Q u an tita tive  A utoradiography

(a) Preparation of Emulsion-coated Coverslips

K5 emulsion (Ilford, U.K.) was diluted in  2% glycerol (6g/9ml) 

under safelight conditions a t 43 ± 1”C with a 15W bulb. Coverslips 

(24mm X 76mm, Raymond Lamb, U.K.) were coated by dipping 

them  into the molten emulsion for 1-2 seconds. Excess emulsion 

was removed by lightly touching the lower edge of the coverslip on 

damp tissue paper. The end-products were allowed to dry over 

desiccants for a minimum of 72 hours a t around 20°C in  light-proof 

boxes. These emulsion-coated coverslips were used w ithin 7 days.

(b) Generation of Autoradiograms

The dried emulsion-coated coverslips were apposed to the sections- 

bearing slides under safelight conditions using a cyanoacrylate 

adhesive (RS Components, Corby, N orthants, U.K.). W hen the
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glue had  dried, four such assemblies were placed on top of each 

other separated by similarly-sized pieces of paper. This set-up was 

sandwiched between two microscope slides and secured with elastic 

bands and "bull-dog" clips at both ends. The "sandwiches" were 

stored desiccated a t 20°C in light-proof boxes sealed w ith black 

tape  for varying amount of times depending on the type and 

specific activity of the radioligand used.

(c) Photographic Processing and Staining

A fter the required exposure period, the "bull-dog" clips, elastic 

bands and pieces of paper were removed under safelight 

conditions. The coverslips were gently bent away from the tissue 

sections and kept separated from the slides by rubber spacers. The 

em ulsion coatings were developed with Kodak D19 developer 

(20°C, 4 minutes), rinsed in distilled w ater for a m inute and then  

fixed for 3 m inutes (Unifix, Kodak).

The assemblies were washed in running w ater for no less th an  30 

m inutes before the sections were stained w ith 0.1% cresyl violet 

(Sigma Chemicals Co. Ltd., U.K.) solution for 4 m inutes. Excess 

s ta in  was removed by dipping the assemblies in distilled water. 

The sections were then  dehydrated in graded alcohols (30%, 50%, 

70%, 90% and 100%) and finally cleared with two rounds of xylene. 

The spacers were removed after the sections had  dried and the 

coverslips perm anently apposed to the slides w ith DePeX (BDH, 

Chemicals Ltd., Dorset, U.K.). When the DePeX had set, xylene 

was used to further clarify the slides. The slides were then  cleaned 

in O.IM NaOH and rinsed in distilled water to remove the gelatine- 

emulsion residue. A schematic illustration of this in  vitro labelling 

technique is shown in Figure 2(f).
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F ig u re  2(f) S ch em a tic  illu stra tio n  o f  th e  in  v itro  a u to ra d io g ra p h ic  te ch n iq u e .
(R edraw n  from  Y ou n g and  K uhar, 1979).

(1) Acid-washed slides were subbed in a gelatine-chrom alum mixture and 
air-dried.

(2) Coverslips were coated with Ilford K5 liquid-gel emulsion; dried and 
stored over desiccants.

(3) Spinal cord sections (10pm) were thaw-mounted on subbed slides and 
stored at -20°C for at least 48 hours. Sections were allowed to dry after 
binding procedures were carried out.

(4) Slides were apposed to coverslips and sets of four such assemblies, 
separated by pieces of paper, were held together by binder clips and 
elastic bands. These were kept over desiccants in a light-proof box sealed 
with black tape.

(5) The photographic image was developed and fixed after the required 
exposure time.

(6) Tissue sections were stained with 0.1% cresyl violet, dried and reapposed 
to the coverslip with DePeX.
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2.3.4 H isto logy

Figure 2(g) depicts a typical image of a  stained tissue section ( 16pm) as 

observed under the light microscope. The sections were obtained and 

stored as for autoradiographic studies. After they were brought to room 

temperature, the sections were taken to water for 2 minutes. They were 

then stained with 1% cresyl violet for 8 m inutes before being washed in 

running water to remove the excess stain. Dehydration was performed 

in  graded alcohols (30 seconds each in  30%, 50% and 70% alcohol 

followed by 15 seconds in 90% and two sessions of absolute alcohol). 

The sections were cleared in two rounds of xylene and the excess fluid 

b lo tted  off. Finally, the sections were mounted w ith DePeX and 

overlaid with the coverslip.

2.3.5 D en sitom etric  A nalysis o f A utoradiogram s

Autoradiographic images were analyzed by com puter-assisted 

densitometry. The stained spinal cord sections were first visualised in 

the bright-field mode under a Reichert-Jung Polyvar microscope (Leica 

Cambridge Ltd., Cambridge, U.K.). The images were captured by a 

cam era (Campden Instrum ents, Loughborough, U.K.) and projected 

onto a  monitor. Autoradiographic silver grains were apparen t under 

transm itted dark-field optics. The autoradiograms were analyzed using 

a Q uantim et 970 Image Analyzer (Cambridge Research Instrum ents, 

U.K.). A specially written programme was used to calculate the num ber 

of grains per un it area in a region defined by a light pen cursor. The 

data were stored on the hard  disk of the computer while hard  copies of 

the m easurem ents were obtained from a p rin ter (Epson model FX800, 

U.K.). Total and non-specific binding were quantified by counting the 

silver grains overlying the different lam inae in  the dorsal horns of each 

spinal cord section. This was carried out with the aid of the a tlas of
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Paxinos and W atson (1986). The am ount of ligand bound (fmol/mg 

tissue), as represented by the num ber of grains per un it area, was 

determined with [^H]-microscales (Amersbam bitem ational pic., Bucks., 

U.K.), wbicb bad been co-exposed w ith the spinal cord sections. The 

autoradiogram s generated by these [^H]-microscales were developed 

and fixed concurrently with the other autoradiogram s. The num ber of 

silver grains overlying each tritium  labelled polymer section of the 

m icroscales was obtained as described above. The tissue equivalent 

tritium  concentration (nCi/mg) values were converted to finol/mg 

according to the equation :

UCii-
spec.act. (Ci/mmot)

A standard curve was then  calibrated whereby the population of silver 

g rains per lOOOpm^ was plotted against the concentration of ligand 

bound per mg of tissue. Typical examples of these standard  curves Eire 

shown in Figure 2(b).

2.3.6 D ata  and S ta tistica l A nalyses

Specific binding of radioligemds to the various binding sites was taken 

to be the difference between the total and non-specific values. Three 

read ings were taken for the individual lam ina of each dorsal bom  

section. As there was no significant difference between the readings 

from both sides, the results were pooled emd the m ean of these values 

w as taken  as the reading for th a t section. The averaged reading for 

eight sections per ra t was tEiken as a  single value for statistical analysis 

(S tudent's t  test). Unless otherwise stated, all m athem atical data  

represented in the graphs and tables are expressed as m ean ± s.e.m.
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V

F igure 2(g) P hotom icrograph  o f a cresy l v io let sta in ed  lum bar sp in a l cord section .

The lumbar portion of the rat spinal cord was excised and frozen in cold iso- 
Pentane. Transverse sections (16pm) were cut and thaw-mounted onto acid- 
washed microscope slides. The frozen sections were brought to ambient 
temperature and then taken to water. They were then stained with 1% cresyl 
violet for 8min and dehydrated in graded alcohols.

(i) A whole section. (Scale Bar = 450pm)
(ii) Dorsal horn of the same section. (Scale Bar = 12pm)
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Figure 2(g) P hotom icrograph  of a cresy l v io let sta in ed  lum bar sp in a l cord  section .

The lumbar portion of the rat spinal cord was excised and frozen in cold iso- 
Pentane. Transverse sections (16pm) were cut and thaw-mounted onto acid- 
washed microscope slides. The frozen sections were brought to ambient 
temperature and then taken to water. They were then stained with 1% cresyl 
violet for 8min and dehydrated in graded alcohols.

(i) A whole section. (Scale Bar = 450pm)
(ii) Dorsal horn of the same section. (Scale Bar = 12pm)
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F igu re 2(h) T ypical ca lib ra tio n  cu rv es  o b ta in ed  fo r  a u to ra d io g ra p h ic  g ra in  d en s ity  
ve rsu s  t is su e  eq u iv a le n t tr itiu m  co n ce n tra tio n  from  m ic r o sc a le s

[^]-microscales were co-exposed with tritiated-ligand bound tissue sections. All 
autoradiograms generated were developed and fixed at the same time. The 
autoradiographic grain density overlying each of the tritium-labelled polymer 
section was determined by an image analysis system (Quantimet 970, Cambridge 
Research Instruments, U.K.) and related to the estim ated tissue equivalent 
tritium concentration as given by Amersbam International pic., U.K.
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2.3.7 D isp lacem en t o f [^H]-GABA from  GABAg B in d in g  S ites on

Sections o f Spinal Cord by  N ovel GABAg R eceptor A n tagon ists

(a) Binding Procedure

Tris-HCl (50mM) with 2.5mM CaCl2  added was used in th is study. 

The binding of [^H]-GABA to GABAg sites isj dependent on the 

presence of divalent cations and th is concentration of CaClg has 

been reported to produce optimum binding (Hill and Bowery, 

1981). Sections were incubated for 20 m inutes a t room 

tem perature  (-20 ± 2“C) with 50nM [^H]-GABA (spec. act. = 

75.3-95.0 Ci/mmol). Isoguvacine (40pM) was present in all the 

incubating solutions as th is concentration of the GABA^ ligand 

causes saturation of the GABA^ sites (Hill and Bowery, 1981). 

Non-specific binding was carried out in the presence lOOpM (-)- 

baclofen which binds to the GABAg sites. For the displacement 

studies, varying concentrations of the novel GABAg antagonists, 

CGP52432 and CGP56999A (O.lnM-lOOpM) were added to the 

incubation solutions. Following term ination of the incubation 

period, the slides were washed in two rounds of buffer (4 sec, 3 sec) 

which was m aintained a t room tem perature and then  rapidly 

dipped in a beaker of distilled water. Any excess fluid th a t 

rem ained on the slides was aspirated.

(b) Q uantitative Autoradiography

Dried sections were apposed to emulsion-coated coverslips as 

described in  Section 2.3.3(b). The photographic processing and 

staining procedures were carried out between 10 and 17 days after 

the sections had been laid.
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2.3.8 D eterm ination o f [®H]-CGP56999 B inding S ites in  th e  R at Sp inal

Cord

(a) Optim isation Studies

As CGP56999 has only recently been radiolabelled, there was no 

prior information regarding its binding kinetics to in tact tissue 

sections when this study was carried out. Hence, before 

autoradiographic studies with this radioligand could commence, 

the optimum binding conditions bad to be determ ined.

To begin with, the binding procedures described in Section 2.3.7(a) 

were followed with [^H]-CGP56999 replacing [^H]-GABA in the 

incubation solution. The following param eters were studied with 

lOnM PH]-CGP56999 : wash time, wash tem perature, incubation 

time, incubation tem perature and the pH of the buffer. Once dry, 

the  slides were cut and placed individually into 20ml plastic 

scintillation vials (Grifftbs and Nielsen Plastics Ltd., B illingsburst, 

Sussex, U.K.). Scintillation fluid (10ml of'O ptipbase', Pbarm acia- 

LKB, U.K.) was added to each vial. The individual vials were then  

capped and vortexed for 30 seconds. The degree of radioactivity 

p resen t in each vial was determined for 3 m inutes by liquid 

scintillation spectrometry in a beta-counter (model 1219-001, LKB- 

W allac, U.K.). The results obtained for the various binding 

conditions are shown in Figure 2(i). Table 2(a) compares and 

contrasts the initial and final parameters used in the actual study.

(b) Binding Procedure

The binding procedure followed th a t set-out in Section 2.3.2 and 

the  binding param eters are as shown in Table 2(a). The specific
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activity of our source of [^H]-CGP56999 was 58.6Ci/mmol and the 

concentrations of the radioligand used were 2, 10 and 20nM. Non

specific binding was obtained in the presence of lOOpM (-)- 

baclofen.

(c) Q uantitative Autoradiography

The emulsion-coated coverslips were exposed to these radiolabelled 

sections for 25 days after which they were processed for 

densitometric analysis.

B ind in g  Param eters In itia l F in a l

W ash

C onditions

Time 3 sec, 4sec 2 X 10 sec

Temperature 23°C 23 °C

Incubation

C onditions

Time 20 m in 5 min

Temperature 23°C 23°C

pH o f Buffer 7.4 7.4

T able 2(a) In itia l and  fin a l b in d in g  co n d it io n s  p r a c t ise d  fo r  th e  b in d in g  o f  

[^H]-CGP56999 in  th e  ra t sp in a l cord .

These parameters were investigated with lOnM [^H]-CGP56999. Non
specific binding was obtained in the presence of lOOpM (-)-baclofen.
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F ig u re  2(1) O ptim um  b in d in g  co n d it io n s  for  th e b in d in g  o f  [®H]-CGP56999 to  
CG P56999 s ite s  in  ra t lum bar sp in a l co rd  sec tio n s .

R esults were obtained by the method of liquid scintillation spectrometry (see 
Section 2.3.8(a) for details). The specific activity of PH]-CGP56999 was 
58.6Ci/mmol. Total (A ....A ) and non-specific binding (▼—T ) are expressed as 
disintegrations per minute (d.p.m.) for three sections: Experiments were carried 
out in triplicate (n = 3). Specific binding ( • —# )  was calculated as the difference 
between these two values and is expressed as a percentage of total binding.

(i) Wash Time
Specific binding peaked at the wash time of 20s (2 X 10s) and appeared 
to plateau thereafter.

(ii) Wash Temperature
There was little difference between the specific binding readings obtained  
at the two temperatures.

(iii) Incubation Time
Specific binding appeared to plateau after an incubation time o f 5min.

(iv) Incubation Temperature
The higher temperature yielded greater specific binding values.

(v) Buffer pH
pH 7.4 provided the best degree of specific binding.
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2.3.9 A lteration s in  GABAg and G lutam ate B in d in g  S ites R esu ltin g  

from  N eonata l C apsaicin  T reatm ent

(a) GABAg Sites

(i) Binding Procedure

As described above, 50mM Tris-HCl + 2.5mM CaClg (pH=7.4 at 

room tem perature) was used. Binding was carried out a t room 

temperature (-20 ± 2°C) for 20 m inutes w ith 40pM isoguvacine (to 

block GABAa sites) and [^H]-GABA (50-200nM; spec. act. = 

87.3Ci/mmol). Non-specific binding was done in the presence of 

lOOpM (-)-baclofen (to block the GABAg sites). The wash 

procedure followed was as described in Section 2.3.7(a).

(ii) Q uantitative Autoradiography

Following fourteen days of exposure, the photographic images on 

the emulsion coated coverslips were developed and the tissue 

sections stained as described in Section 2.3.3(c).

(b) G lutam ate Sites

(i) Optimisation Studies

The binding parameters cited in the literature for autoradiographic 

studies of the ionotrophic glutam ate sites are extremely varied. 

Compared to the brain, there have been relatively few reports on 

intact spinal cord sections. Therefore, binding studies were carried 
out on the spinad cords from naïve ra ts  to determ ine the optimum 

binding conditions.
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Initial binding conditions (see Table 2(b)) used were based on those 

previously reported (Monaghan et al., 1984; Bowery et al., 1988; 

S h a w al., 1991,1994; Henley al., 1993; Shaw and Ince, 1994). 

Essentially, the procedures for determ ining the best binding 

conditions for these ligands are as described in  Section 2.3.8(a). 

The results obtained from the various investigations are shown in 

Figures 2(j), 2(k) and 2(1).

(ii) Binding Procedure

Binding studies were carried out as described in Section 2.3.2. The 

binding parameters and incubation solutions used for the study of 

the three glutam ate binding sites were as outlined in Table 2(c).

AMPA receptor binding sites were studied with Tris-HCl (50mM 

+ 2.5mM CaClg) containing [^H]-AMPA (10-200nM; spec. act. = 

53.0Ci/mmol) and lOOmM KSCN. The chaotropic ion, SON’, 

appears to shift the receptor to a high affinity sta te  (Nielsen et al., 

1988; Honoré et al., 1989; W atkins et al., 1990) so facilitating the 

binding  process. Non-specific binding was carried out in  the 

presence of lOOpM quisqualic acid.

The incubation solution used for the dizocilpine binding sites was 

Tris-HCl (50mM + 2.5mM CaClg) with lOmM glutam ic acid and 

lOmM glycine added. The pre-incubation washing solution did not, 

however, have any glutamic acid or glycine added. [^H]-dizocilpine 

(10-40nM ; spec. act. = 22.5Ci/mmol) was added to all the 

incubating solutions while lOOpM of the 'cold’ ligand was used to 

quantify non-specific binding.
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Tris-acetate (50mM) was used instead of Tris-HCl + CaClg when 

the  KA receptor binding sites were studied. Calcium shifts the 

receptor to its low afihnity state (Honoré et al., 1989 and W atkins 

et al., 1990) and hence inhibits binding a t the high affinity sites 

(Beaumont et al., 1979; B raitm an and Coyle, 1987; Krosgaard- 

L arsen et al., 1991). Studies were carried out in  the  presence of 

10-200nM [^H]-kainic add  (spec. act. = 58.0Ci/mmol). Non-specific 

binding was determined with lOOpM kainic acid.

(iii) Quantitative Autoradiography

Dried sections were apposed to emulsion-coated coverslips as 

described in Section 2.3.3(b). The photographic images on the 

emulsion coated coverslips were developed and fixed after 12 to 13 

days (AMPA and KA) or 15 to 16 days (dizocilpine) of exposure.
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F ig u re  2(j) O ptim um  b in d ing  con d itions for th e b in d ing o f  [^H]-AMPA to  AM PA s ite s  
in  ra t lu m b ar sp in a l cord  sec tio n s .

Results were obtained by the method of liquid scintillation spectrometry (see 
Section 2.3.8(a) for details). The specific activity of PH]-AMPA was 53.0Ci/mmol[ 
Total (▲....▲) and non-specific binding (T—T) are expressed as disintegrations 
per minute (d.p.m.) for three sections. Experiments were carried out in triplicate 
(n = 3). Specific binding (#—#) was calculated as the difference between these 
two values and is expressed as a percentage of total binding.

(i) Wash Time
Specific binding peaked at 10s and appeared to level off at longer wash 
times.

(ii) Wash Temperature
The specific binding obtained at the two temperatures were similar.

(iii) Incubation Time
Specific binding for incubation times of 40min yielded the highest degree 
of specific binding.

(iv) Incubation Temperature
The specific binding obtained at the two temperatures were similar.

(v) Buffer pH
pH 7.4 produced the best degree of specific binding.
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F ig u re  2(k) O ptim um  b in d in g  co n d itio n s  for th e  b in d in g  o f  [^H]-Kainate to  K a in ate  
s ite s  in  ra t lu m b ar sp in a l cord  sec tio n s .

Results were obtained by the method of liquid scintillation spectrometry (see 
Section 2.3.8(a) for details). The specific activity of [̂ H]-KA was 58.0Ci/mmol. 
Total (▲....▲) and non-specific binding (T—▼) are expressed as disintegrations 
per minute (d.p.m.) for three sections. Experiments were carried out in triplicate 
(n = 3 to 9). Specific binding ( • —#) was calculated as the difference between 
these two values and is expressed as a percentage of total binding.

(i) Wash Time
The specific binding obtained at wash times of 20s was highest for the 
range of times studied.

(ii) Wash Temperature
Specific binding readings obtained at the lower temperature were greater 
than those obtained at the higher temperature.

(iii) Incubation Time
The incubation time of 60min yielded the highest extent of specific 
binding.

(iv) Incubation Temperature
Specific binding achieved at the higher temperature was greater.

(v) Buffer pH
pH 7.4 provided the best degree of specific binding.
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F ig u re  2(1) O ptim um  b in d in g  co n d itio n s  for  th e b in d in g  o f  [^H ]-D izocilp ine to  
D iz o c ilp in e  s ite s  in  ra t lum bar sp in a l cord  sec tio n s .

Results were obtained by the method of liquid scintillation spectrometry (see 
Section 2.3.8(a) for details). The specific activity of PH]-Dizocilpine was 
22.5Ci/mmol. Total (A....A) and non-specific binding (T—T) are expressed as 
disintegrations per minute (d.p.m.) for three sections. Experiments were carried 
out in triplicate (n = 3). Specific binding ( • —#) was calculated as the difference 
between these two values and is expressed as a percentage of total binding.

(i) Wash Time
The specific binding at the wash time of 60s (2 X 30s) was the highest 
obtained for the time points investigated.

(ii) Wash Temperature
Specific binding was higher at the lower temperature studied.

(iii) Incubation Time
Specific binding peaked at incubation times of 30min and did not increase 
with longer periods of incubation.

(iv) Incubation Temperature
There appeared to be no difference between the specific binding values 
obtained at the two temperatures.

(v) Buffer pH
pH 7.4 provided the best degree of specific binding.

(vi) Optimising Agents
Glutamate and glycine produced concentration-dependent increases in 
specific binding).

Key : = control
□ lOpM 
H IpM 
■ O.lpM
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R eceptor AMPA K ainate D izocilp in e

®H-ligand lOOnM AMPA lOOnM kainate 40nM dizocilpine

C om peting L igand lOOpM quisqualate lOOpM kainate lOOpM dizocilpine

W ash Tim e 10 seconds 20 seconds 2 X 20 seconds

W ash T em perature 23 °C 23 "C 23 °C

Incubation  T im e 40 m inutes 40 m inutes 20 m inutes

Incubation  T em perature 23 "C 23 °C 23 °C

pH 7.4 7.4 7.4

O ptim ising A gents lOOmM KSCN None None

T ab le  2(b) In itia l b in d in g  c o n d it io n s  p ra ctised  fo r  g lu ta m a te  recep to r  a u to ra d io g ra p h y  in  th e  rat sp in a l cord .
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R eceptor AMPA K ainate D izocilp in e

% -ligand lOOnM AMPA lOOnM kainate 40nM dizocilpine

C om peting L igand lOOpM quisqualate lOOpM kainate lOOpM dizocilpine

W ash Tim e 1 second, 10 seconds 1 second, 20 seconds 2 X 30 seconds

W ash T em perature 23 "C 4 “C 4°C

Incubation  Tim e 40 m inutes 60 m inutes 30 m inutes

In cu bation  T em perature 23 °C 23 “C 23 °C

pH 7.4 7.4 7.4

O ptim ising A gents lOOmM KSCN None lOpM glutamic acid 

lOpM glycine

T a b le  2(c) F in a l b in d in g  co n d it io n s  p ra c tised  for  g lu tam ate  recep to r  a u to ra d io g ra p h y  in  th e  ra t sp in a l cord.
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2.4 Dosing Regimes

2.4.1 C hronic D rug A dm in istration

male
For the chronic study, animals (140-220g) were randomly separated intoA
four groups. These anim als were injected intraperitoneally  (i.p.) once

* A
a day for 21 days, with saline (0.9% NaCl; control group), (-)-baclofen 

(lOmg/kg), CGP36742 (lOOmg/kg) or CGP56999A (0.5mg/kg). Release 

studies were carried out on these anim als twenty-four hours after the 

la s t injection to perm it clearance of the drugs.

2.4.2 C ap saicin  T reatm ent

Two day old neonates were weighed and randomly divided into two

groups. One group was injected subcutaneously (s.c.) with 50mg/kg
•

capsaicin while the other was injected likewise with an equal volume^of 

the vehicle (1:1:8 = ethanol : Tween 80 : saline). The health  of the 

neonates and their identification m arkings (colour strokes done with a 

m arker pen on the neck or tail) were checked daily. H andling was kept 

to a  m inim um  to reduce the chances of rejection by the mothers. All 

these  anim als were culled a t the age of three m onths and the lum bar 

sp inal cords used for either superfusion release or autoradiographic 

studies.

*  j (between 09 OOh and 10 OOh)

*  0.2ml 

(0.1ml)
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2.5 Materials

Bacitracin, (-)-bicuculline methobromide, bovine serum  albumin, 

capsaicin (8-methyl-N-vanillyl-noneamide), captopril, dithiothreitol 

ethylene glycol-6is(P-amino-ethyl ether) N ,N,N ',N '-tetraacetic acid 

(EGTA), y-aminobutyric acid (GABA), glutamic acid (monosodium salt), 

glycine (aminoacetic acid. Ultragrade), kainic acid, naloxone 

hydrochloride, phosphoramidon, polyoxyethylenesorbitan monooleate 

(Tween 80), potassium thiocyanate, quisqualic acid, tetrodotoxin (TTX), 

Trizm a base and veratridine were from Sigma Chemicals Co. Ltd., 

Poole, Dorset, U.K. Isoguvacine.HCl was from Cambridge Research 

Biochemicals, Cheshire, U.K. and morphine sulphate was from 

M acFarlane Robson, Edinburgh, U.K. Dizocilpine (MK-801 hydrogen 

m aleate) was obtained from Research Biochemicals Incorporated, 

Herts., U.K. Tritiated AMPA, GABA, kainic acid and dizocilpine (MK- 

8 0 (+)-5-methyl-10,1 l,dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine 

maleate) were purchased from New England Nuclear, Herts., U.K. The 

following were gifts of CIBA-Geigy, Basel, Sw itzerland : (+)- and (-)- 

baclofen, CGP36742 (3-aminopropyl-n-butyl phosphonic acid), 

CGP55845A (3-[l-(S)-(3,4-dichlorophenyl) ethyl] amino- 

2(S)hydroxypropyl-P-benzyl-phosphonic acid), CGP52432 ([3-[[(3,4- 

dichlorophenyl)methyl]amino]propyl]diethoxymethyl phosphonic acid), 

CGP56999A ([3-{[l-(R)-(3-carboxyphenyl)ethyl]amino}-2-(S)-hydroxy- 

propyljcyclohexyl-methyl-phosphonic acid), CGP57250A ([3-(l-(R)-[[3- 

(diethoxymethyl)hydroxyphosphinyl]-2-(S)-hydroxypropyl]amino]ethyl]- 

benzoic acid) and pH]-CGP56999. Lamotrigine (3,5-diamino-6-(2,3- 

dichlorophenyl)-l,2,4-triazine) was a gift from the Wellcome 

Foundation, London, U.K. All other chemicals were of AnalaR grade 

from BDH Chemicals, Poole, U.K.
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Chapter 3
ELECTRICALL Y- AND CHEMICALL Y- 

EVOKED RELEASE OF ENDOGENOUS 

AMINO ACIDS FROM THE RAT SPINAL CORD
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Chapter 3 : Evoked release of endogenous amino acids

3.1 Introduction

3.1.1 The R estin g  M em brane P o ten tia l

The resting mem brane potential of a neurone is m aintained a t around 

-70mV. This resting mem brane potential is essentially sustained by 

two groups of transport proteins -  the sodium-potassium pumps (Na^-K^ 

ATPases) and the leak channels. Any disturbance in  the ionic 

equilibrium across the neuronal membrane would therefore resu lt in an 

alteration in  the excitability of the neurone as it  is so when a nerve is 

stimulated physiologically or pathologically. Increasing the voltage to 

a more negative value causes the neuronal m em brane to become less 

excitable while a  decrease in the voltage renders the neurone more 

excitable.

3.1.2 E xtern al stim uli u sed  in  in vitro  and in vivo m odels

There are three 'conventional ’ stim uli which are used both in  m  vitro 

and in vivo models to study the release of neuroactive substances from 

neurones. They are the passing of an electrical current through a 

nerve, increasing the [K ]̂g and application of veratridine. The 

m echanism s of action for each of these stimuli are very different and 

are discussed briefly in the section th a t follows.

3.2 Aim of the Study

The aim  of th is p a rt of the study was to determ ine how electrical 

stim ulation  of the dorsal roots, elevation of [K^Je and application of 

veratridine would alter the release of endogenous amino acids from the 

hemisected ra t  spinal cord preparation. At the same time, the source 

of the enhanced amino add  release observed upon electrical stim ulation
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was investigated. The findings from these experim ents served to 

provide prelim inary information for the studies th a t are described in 

the  subsequent chapters of this thesis.

3.2.1 E lectr ica l

W hen an electrical current is artificially induced through a nerve, it can 

e ith e r excite (cathodal current) or inhibit (anodal current) the nerve 

fibre. Application of a cathodal current (i.e. stim ulated a t the negative 

electrode) reduces the electrochemical gradient across the neuronal 

m em brane hence opening the Na^ channels. This causes an  influx of 

Na^ ions which then leads to the generation of an action potential. 

Conversely, an  anodal current creates a state  of hyperpolarisation by 

increasing the voltage difference between the inside and outside of the 

cell. This therefore inhibits the initiation of an action potential.

3.2.2 E leva ted  E xtracellu lar P otassium

The concentration of in the extracellular space is about th irty  times 

less th an  th a t in the intracellular space of a neurone. Increasing the 

reduces the concentration gradient of this ion across the neuronal 

j m embrane. The Na'^-K"' pumps therefore become less efficient a t

helping to m aintain the negative in ternal environm ent of the cell 

resu lting  in a decrease in the resting m em brane potential.

If  the  increase in  [K̂ Jg reduces the resting m em brane potential of the 

neurone by less than  7mV, the cell is rapidly repolarised by the 

concomitant efflux of ions and influx of Cl ions. However, deviations 

of more than  7mV cause the Na^ channels to undergo a conformational 

change and become activated. This increases the in tracellu lar content 

of Na^ ions and results in the generation of an  action potential.
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3.2.3 V eratrid ine

V eratrid ine is a member of the veratrum  alkaloid family. These 

substances occur naturally  in plants of the Veratrum y Schoenocaulon 

and Zygadenus species. Although m uch is known about the chemistry 

and pharmacology of these substances, only some of them  are used as 

pharmacological tools because the full spectrum  of their mechanisms of 

action is still not understood (for reviews see N arahashi, 1974 and 

M inchin, 1980). However, three effects exerted by some of these 

alkaloids have been uncovered and have proven these drugs to be useful 

research tools : -

#  some alter the transien t conductance to increase the 

depolarising after-potential;

#  some increase the resting permeability of sodium ions which 

then results in a depolarisation of the m em brane and

#  some block impulse conduction by inhibiting the increase in 

the transien t and steady-state conductance.

V eratrid ine is easily available and the m echanism s behind its potent 

depolarising activity are well documented. This agent is believed to 

induce action potentials by selectively increasing the resting 

perm eability of Na^ ions on neuronal m em branes resulting in  a  net 

influx of Na^ ions into the cell. Proof for th is m echanism  stems from 

studies showing the antagonistic effects exhibited by tetrodotoxin on the 

actions of veratridine (Ohta et aL, 1973; N arahashi, 1974; also see 

Section 3.4).
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3.3 Results

3.3.1 E voked A m ino A cid R elease  by E lectrica l S tim u lation

B asal levels of asparta te  (ASP), glutam ate (GLU), serine (SER), 

glutam ine (GLN), threonine (THE), glycine (GLY), tau rine  (TAU), 

a lan ine  (ALA) and y -aminobutyric acid (GABA) in the superfusate 

sam ples are shown in Table 3(a). Electrical stim ulation of the dorsal 

roots provoked a voltage-dependent increase in the release of most of 

the amino acids (Table 3(a)). These enhanced outflows re turned  rapidly 

to basal levels and the second stim ulation produced a sm aller response 

th an  the first in most cases. Mean S2/S1 ratios for ASP, GLU and 

GABA were respectively 0.53 ± 0.03%, 0.72 ± 0.08% and 0.66 ± 0.02% 

when a voltage of 20V was applied (n = 10-13). The mean pulse current 

passing during the stim ulation period was 11.47 ± 1.6mA (n = 15).

(a) Tetrodotoxin (TTX) sensitivity

Addition of TTX (IpM) to the superfusing solution during collection 

of the  sixth to the n inth  fractions produced no effect on basal 

release of any of the amino acids measured. There was, however, 

a significant decrease in the electrically-stimulated release of all 

the amino acids. Hence, there was corresponding reductions in the 

82/81 ratios (-36-83%  inhibition; n = 3-6; Table 3(b)).

(b) Calcium Dependence/Independence

Replacing CaClgin the superfusing solution with ImM  EGTA two 

fractions before the 82 period failed to a lter the spontaneous 

outflow of the amino acids but m arkedly reduced the stim ulated 

release of the majority of the amino acids (n = 3-6; Table 3(c)).
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A m ino

A cid

B a sa l R e lea se  

(nM  )
5V lOV 20V

S I S2 S I S2 S I S2

A SP 349.83 ± 38.6 153.60 ± 6.7 129.60 ± 5.2 181.6 ± 11.6 147.87 ± 3.8 219.73 ± 20.4 163.13 ± 9.0

GLU 280.52 ± 25.4 176.17 ± 14.5 156.27 ± 11.9 194.48 ± 6.4 175.49 ± 9.1 218.48 ± 10.8 185.64 ± 3.0

SER 976.41 ± 53.0 150.41 ± 8.9 120.39 ± 8.4 175.93 ± 4.3 139.76 ± 7.4 193.84 ± 13.9 153.41 ± 11.4

GLN 1810.41 ± 98.3 108.94 ± 4.9 102.45 ± 3.1 110.52 ± 5.7 101.93 ± 2.8 115.21 ±4.5 103.00 ± 2.4

TH R 95.30 ± 13.4 119.44 ±7.5 108.54 ± 6.4 134.10 ± 3.6 117.43 ± 6.3 146.33 ± 7.6 124.36 ± 5.7

GLY 843.56 ± 75.4 134.94 ± 6.9 119.08 ± 3.8 148.76 ± 8.5 127.04 ± 5.2 164.20 ± 18.4 143.13 ± 7.0

TAU 134.53 ± 20.1 139.56 ± 7.4 125.31 ± 9.2 149.64 ± 2.9 131.89 ±4.1 168.11 ± 6.8 137.87 ± 2.4

ALA 114.25 ±3.0 101.34 ± 3.9 100.51 ± 3.9 114.82 ± 2.9 104.42 ± 0.6 118.87 ±6.2 109.32 ± 1.9

GABA 175.23 ± 38.4 132.73 ± 2.7 116.00 ± 3.0 144.17 ± 11.0 124.53 ± 0.7 164.53 ± 15.8 142.85 ± 6.4
Co

I
I
i

I
g
i
|-

I

T ab le  3(a) V o lta g e -d ep en d en t r e le a se  o f  en d o g en o u s am in o  acid s from  th e  ra t iso la ted  sp in a l co rd  p rep a ra tio n .

The other parameters used were IHz, 0.5msec and 3min. SI and 82 values are expressed as % of basal release. All values shown are 
mean ± s.e.m. (n = 16-25).
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A m ino S2/S1
A cid

C o n tro l 
(n  = 10-13)

l)iM  TTX d u r in g  82 
(n  = 3-6)

ASP 0.53 ± 0.03 0.14 ±0.02**

GLU 0.72 ± 0.08 0.12 ± 0.03**

SER 0.58 ± 0.03 0.26 ± 0.10**

GLN NE NE

THR 0.53 ± 0.02 0.34 ± 0.08**

GLY 0.67 ± 0.04 0.23 ±0.19**

TAU 0.53 ± 0.08 0.18 ± 0.02 **

ALA NE NE

GABA 0.66 ± 0.02 0.22 ± 0.08**

T ab le  3(b) E ffec t o f  IpM TTX on  th e  e lec tr ic a lly -e v o k e d  r e le a se  o f  en d o g en o u s  
am in o  acid s.

All values shown are mean ± s.e.m. Statistical analysis was carried out with the 
Mann-Whitney 'IT test. ** p < 0.01. NE = no electrically-evoked release under 
control conditions.
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A m ino
A cid

S2/S1

C o n tro l 

(n = 10-13)

Im M  EGTA 
d u r in g  S2 
(n  = 3-6)

Im M  EGTA 
d u r in g  S I 
(n  = 3-6)

ASP 0.53 ± 0.03 0.30 ± 0.03** 5.71 ± 0.74**

GLU 0.72 ± 0.08 0.19 ±0.06** 3.91 ± 0.67**

SER 0.58 ± 0.03 0.64 ± 0.13 0.53 ±0.17

GLN NE NE NE

THR 0.53 ± 0.02 0.67 ± 0.23 0.42 ± 0.03**

GLY 0.67 ± 0.04 0.40 ±0.18** 2.16 ±0.04**

TAU 0.53 ± 0.08 0.24 ± 0.03** 2.97 ± 0.64**

ALA NE NE NE

GABA 0.66 ± 0.02 0.28 ± 0.02** 2.56 ± 0.37**

T ab le  3(c) E ffe c t  o f  Im M  EGTA on  th e e lec tr ica lly -ev o k ed  r e le a se  o f  en d o g en o u s  
a m in o  acid s.

All values shown are mean ± s.e.m. Statistical difference between the effects of 
EGTA on the evoked responses and the control responses were determined with 
the Mann-Whitney 'IT test. ** p < 0.01. NE = no electrically-evoked release 
under control conditions.
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W hen the tissues were bathed in the Ca^^-free medium during 

collection of the first four fractions and w ith the norm al Krebs - 

bicarbonate solution thereafter, the first response was almost 

abolished while the second was restored in  most cases (n = 3-6; 

Table 3(c)).

3.3.2 E vok ed  Am ino Acid R elease by E levated  E xtracellu lar  

P otassium

Basal concentrations of ASP, GLU and GABA m easured in  the 

superfusate samples were respectively 342,83 ±9.9nM, 274.91 ± 13.7nM 

and 146.41 ± 21.5nM (n = 12). Superfusion of high solutions 

(10-50mM) through the system^m in  prior t e -and during th e 82-period 

increased the release of all three amino acids in  a concentration- 

dependent m anner (Figure 3(a)). Basal levels were rapidly re-achieved 

and the second stim ulated response was sm aller th an  the first in  all 

cases. Mean S2/S1 ratios for ASP, GLU and GABA were respectively 

0.68 ± 0.07%, 0.83 ± 0.06% and 0.74 ± 0.01% when a pulse of 50mM 

was used (n = 3).

3.3.3 E voked Am ino A cid R elease by V eratrid ine

Veratridine (50pM) was introduced to the slices Im in  before and during 

th-e second stim ulation period. This concentration of the veratrum  

alkaloid significantly enhanced the release of ASP, GLU and GABA 

with the first response always larger than  the second. Both responses 

were notably limited to a single collection period (Figure 3(b)). Mean 

S2/S1 ratios for ASP, GLU and GABA were respectively 0.57 ± 0.08%, 

0.74 ± 0.02% and 0.62 ± 0.04% (n = 3).

during collection of the fourth and eighth fractions
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F igu re 3(a) evok ed  re lea se  o f en d ogen ous (i) ASP, (ii) GLU and (iii) GABA from  
the rat iso la ted  sp inal cord preparation .

Potassium pulses (solid bars) caused concentration-dependent release of all three 
amino acids. The basal concentrations of ASP, GLU and GABA in the 
superfusates were 342.83 ± 9.9nM, 274.91 ± 13.7nM and 146.41 ± 21.5nM 
respectively. Data are represented as mean % basal concentration ± s.e.m. (n = 
3 in each case). Potassium pulses applied were 50mM (O), 35mM (# ) , 20mM (□) 
and lOmM (■).
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F ig u r e  3(b) V era tr id in e -ev o k ed  r e le a se  o f  en d o g en o u s am in o  a c id s  from  th e  rat 
iso la ted  sp in a l cord  p rep aration .

Basal levels of ASP, GLU and GABA in the superfusates were 262.93 ± 31.9nM, 
249.41 ± 23.5nM and 121.74 ± 13.5nM respectively. Data are represented as 
mean % basal level ± s.e.m. (n = 3 in each case). The solid bars define the period 
during which 50pM veratridine was passed through the superfusion system.
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3.3.4 A cute A dm in istration  o f C apsaicin

In some experiments, capsaicin (IpM) was added to the bathing 

medium for 2min. This produced increases in  ASP and GLU release (n 

= 5; Table 3(d)). GABA levels were not, however, affected by the 

presence of capsaicin (Table 3(d)). Capsaicin was also applied after 

slices were electrically or chemically stim ulated according to the 

protocol described above. In all cases, capsaicin still evoked increases 

in the release of the EAAs although th is enhancem ent was less evident 

th an  when no prior stim ulation of any form had been applied (Table 

3(d)).
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A m ino

A cid

B asal 

C oncentration  

(nM )

IpM C apsaicin  (% B asal R elease)

no previous  

stim ulation

(n = 5)

p ost

e lectr ica l 

stim ulation  

(n = 5)

post-K*

stim u la tion

(n = 3)

post- 

veratrid in e  

stim u lation  

(n = 3)

ASP 276.65 ± 20.1 288.88 ± 29.4 165.42 ± 15.6 198.72 ± 16.4 176.82 ± 18.6

GLU 296.21 ± 22.0 318.98 ± 24.4 194.23 ± 23.5 209.44 ± 27.4 184.61 ± 17.4

GABA 148.32 ± 18.1 115.42 ± 15.6 105.93 ± 12.3 121.52 ± 16.3 112.83 ± 14.7

T ab le  3(d) E ffec t o f  acu te  a d m in istra tio n  o f  ca p sa ic in  o n  th e  r e le a se  o f  en d o g en o u s a m in o  a c id s.

Capsaicin (IpM) was superfused through the system for 2min. Data are expressed as mean ± s.e.m.
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3.4 Discussion

The basal levels for ASP, GLU, SER, THR, GLY, TAU, ALA and GABA 

in  the superfusates were lower than  those quoted in the lite ra tu re  for 

dorsal spinal cord superfusates in vitro (Kangrga and Randic, 1990,

1991), in the extracellular fluid from dorsal spinal cord in  vivo (Skilling 

et a i ,  1988; Smullin et al., 1990) and in the bathing solution of dorsal 

root ganglion organotypic cultures (Jeftinija et at., 1991). Another 

notable difference was the general trend for basal ASP levels in  the 

cu rren t experiments to be higher than  those for GLU. This is in  

contrast to the ratios reported for the afore mentioned studies on naïve 

rats but agrees with those obtained by Sorkin et al. (1992) who worked 

w ith monkeys.

The discrepancy in values between the two in vitro slice preparations 

was probably due to differences in flow rates (Im Pm in versus 

0.4-0.5m l/m in) and collectionj periods (3min versus 5min) which 

would ultimately influence the extent of uptake and release. However, 

i t  is also probable th a t the different incubation and collection 

tem peratures used could have been im portant factors. In general, the 

levels of all amino acids in  the superfusates obtained from the current 

se t of experiments tended to be higher on days when the am bient 

tem peratures were higher.

The greater amino acid contents reported for dialysates (Skilling et al., 

1988; Sm ullin et al., 1990) is not surprising considering th a t these 

concentrations reflect the actual extracellular levels while those 

obtained from the hemisected slice are essentially m easures of amino 

acid overflow. Tem perature differences between the environm ents of 

the tissues during collection could also be a reason. It should be noted, 

however, th a t although functional integrity of synaptic activity is
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believed to be retained in  in vivo microdialysis experiments, in  vitro 

conditions could arise in situ  because of the procedures th a t have to be 

im plem ented for collection of the dialysates. There is evidence th a t 

glial cells are able to release amino acids under certain conditions 

(Szatkowski et al, 1990; Dutton, 1993; P arpura  et al., 1994) and since 

gliosis can occur around the dialysis probe (Lehm ann et al., 1983), it  is 

possible tha t these 'supporting’ cells could in fact contribute to the final 

outflow of amino acids in  the dialysates.

The differences in tissue preparations and methods of collection appear 

to be the only plausible factors th a t could account for the variations 

betw een the results of Jeftinija  et al. (1991) and those described in 

Section 3.3. Since the experiments on the organotypic cultures were 

carried out a t 36°C while those on the current study were carried out a t 

around 20“C, this variation in tem peratures could have some bearing 

on the differences observed.

The obvious advantage of carrying out an experim ent w ith electrical 

stim uli as opposed to chemical stimuli, is th a t the param eters of the 

electrical stim ulus may be selectively m anipulated to activate specific 

neuronal populations or pathways. Electrical stim ulation of the dorsal 

roots in  this isolated hemisected ra t  spinal cord preparation increased 

the efflux of ASP, GLU, SER, THR, GLY, TAU and GABA. In all cases, 

the S2 response were smaller than the S i  responses. This could reflect 

e ith e r a depletion of stores in the cells or an insufficient lag time 

betw een stim ulations for the regeneration of new substrates. The 

concentrations of GLN and ALA in the stim ulated and basal fractions 

did not differ significantly. This lends credence to the concept th a t 

these amino acids do not, a t least in  the dorsal horn of the spinal cord, 

act as neurotransm itters.
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Since threshold voltages vary from one group of nerves to another, a 

given electrical stimulus would only excite those fibres w ith thresholds 

less th a n  or equal to the voltage applied. As such, increasing the 

voltage of the stim ulus would result in the recruitm ent of nerve fibres 

with correspondingly higher threshold voltages and hence production 

of a more intense response. This concept is supported by the voltage- 

dependent responses observed. Indeed, Randic and colleagues have 

previously reported th a t voltages of 5-12V would selectively activate 

the  fast-conducting myelinated (Ap) fibres (Kangrga et aL, 1990; 

K angrga and Randic, 1991). Thus, voltages in  excess of 12V were 

expected to not only stim ulate the Ap fibres but also the slower 

conducting myelinated (Aô) and unm yelinated (C) fibres (Kangrga et 

al. y 1990; Kangrga and Randic, 1991; Malcangio and Bowery, 1993; 

Malcangio et ai., 1995). As a stim ulation voltage of 20V gave the most 

significant release with the least variation between preparations, this 

voltage was used in all subsequent experiments.

TTX is the active constituent of the ovary and liver of a  Japanese puffer 

fish called Fugu and is also present in the eggs and embryos of the 

California newt (Mosher et aL, 1964). This agent blocks action 

potentials by selectively inhibiting the increase in  transien t sodium 

conductance (Mosher et aL, 1964; N arahashi, 1974). Although it is 

often used to block nerve conduction, caution should be exercised when 

interpreting the data obtained as some types of nerves {eg. those of the 

newt Taricha torosa and the Atlantic puffer fish Spheroides maculatus) 

have been reported to be TTX-insensitive (N arahashi, 1974). In this 

study, TTX was used to determine if  the enhanced release observed 

during  electrical stim ulation was indeed a consequence of synaptic 

activity in itiated  by the dorsal afferents.

EGTA is a Ca^  ̂chelating agent (Schmid and Reilley, 1957). I t was used
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here  to ascertain if a Ca^^-dependent exocytosis process was 

rudim entary in the release of amino acids following the arrival of nerve 

impulses a t the nerve term inal.

A significant proportion of the electrically-evoked release of ASP, GLU, 

GLY, TAU and GABA was TTX-sensitive and Ca^^-dependent. This 

enhanced release was reproducible and recovery of control levels was 

apparen t and rapid. On the one hand, these results indicate th a t the 

evoked release of these amino acids was not the consequence of non

specific electropermealisation of the neuronal membrane. On the other, 

they suggest th a t the enhanced release observed was in fact the result 

of some form of spike activity leading to a Ca^^-dependent exocytosis 

process. Hence, it would appear that, a t least in th is preparation, the 

prim ary release sources of these amino acids during electrical 

stimulation of dorsal afferents were excitable tissues. Nevertheless, the 

contribution of glial cells to this release cannot be ignored (Parpura et 

aL, 1994) but this would seem to play a m inor role in the current 

preparation (see Sections 4.3 and 4.4). Unfortunately, these da ta  do not 

indicate exactly how much of the potentiated outflow observed was due 

to activation of the intrinsic neurones where some of these amino acids 

have been detected (Rustioni and Cuénod, 1982; Magoul e t al, 1987; 

Todd and McKenzie, 1989; W estlund et aL, 1989a,b).

The ability of dorsal root stim ulation (with electrical pulses) to evoke a 

Ca^^-dependent, TTX-sensitive in vitro release of GLU is in agreem ent 

w ith  earlier reports on in vitro preparations of spinal cords from the 

frog (Takeuchi et aL, 1983; Giovannini et aL, 1991), the neonatal 

(Kawagoe et aL, 1986) and the adult (Kangrga and Randic, 1990, 1991) 

rat. The findings by the Japanese group (Takeuchi et aL, 1983; 

Kawagoe et a l., 1986) suggested th a t GLU is the principal tran sm itte r 

released upon electrical stim ulation of the dorsal afferents. This was
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on the basis tha t evoked release of ASP, a t least in their hands, was less 

regu larly  detected than  GLU and statistically insignificant. This 

contradicts the results of the present study and those of Giovannini et 

aL (1991) and Kangrga and Randic (1990, 1991). In view of the data  

from the latter studies and the localisation of ASP-immunoreactivity in 

the  L4 dorsal root axons of normal rats (W estlund et al., 1989b), it 

would not be unreasonable to postulate th a t ASP, although not as 

widely acclaimed as GLU (Roberts, 1974; Schneider and Perl, 1988) as 

a neurotransm itter, m ight play an im portant role in  the transm ission 

of synaptic impulses in the spinal dorsal horn. Additional support for 

th is comes from the localisation and activation of the spinal ASP- 

selective NMDA glutamate receptors (see Mayer and Westbrook, 1984). 

Recently, Liu et al. (1994) have dem onstrated with electron 

immunocytochemistry that a population of NMDA autoreceptors appear 

to be present on the term inals of prim ary afferent fibres. They 

suggested th a t these autoreceptors could expedite the transm ission of 

incoming information by promoting neurotransm itter release from the 

term inals of the prim ary afferents. Electrophysiology studies with 

NMDA agonists and antagonists have also dem onstrated th a t NMDA 

receptors are involved in  the m ediation of certain sensory afferent 

inform ation (Davies and Lodge, 1987; Dickenson and Sullivan, 1987, 

1990; Gerber aL, 1991; Song and Zhao, 1993).

Elevated [K^Je and veratridine also significantly increased the release 

of ASP, GLU and GABA above basal levels. The S I and S2 responses 

observed with these two stimuli were significantly greater th an  those 

obtained with electrical stim ulation of the dorsal roots suggesting th a t 

certa in  neurotransm itter pools affected by these chemical stim uli are 

not sensitive to electrical stim ulation . However, sim ilar to electrical 

stim ulation, the responses evoked with the chemical stim uli were 

immediate and the concentrations of amino acids in the superfusate fell
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rapidly to basal levels upon removal of the stimuli.

Although it  has been suggested th a t K"^-stimulated release m ay not be 

exclusively related to transm itter function (H am m erstad et aL, 1979), 

elevated [K^le rem ains a popular form of stim ulation for in  vitro 

superfusion release studies {eg. Kam isaki et aL, 1983; Donnerer, 1991; 

G iovannini et al., 1991; Jeftin ija et al., 1991; Bonanno and Raiteri, 

1993a; Fassio et al., 1994). This effect is insensitive to TTX (N arahashi, 

1974; Del Bianco et al., 1991) since the action potential which is 

generated by the influx of Na^ is irrelevant in th is phenomenon.

Szatkowski et al. (1994) have reported th a t both the excitatory amino 

acids (EAAs), ASP and GLU, are released by glial elem ents in  a Ca^^- 

independent m anner when the extracellular concentration of is 

raised, suggesting the involvement of a non-vesicular process. 

Depolarisation caused by elevated [K Ĵg has also been reported to 

release G ABA from both central and peripheral glial cells (Sellstrom 

and Hamberger, 1977; Neal and Bowery, 1979; Jaffé and Cuello, 1981). 

However, there is still much conflict as to w hether G ABA released from 

glial cells in this manner is dependent or independent of Ca^^ (Roberts, 

1974; Minchin, 1975; Sellstrom and Hamberger, 1977; Neal and 

Bowery, 1979; Jaffé and Cuello, 1981).

Under norm al conditions, the  m em brane potential of glial cells varies 

w ith  the external concentration. The [K^]j of glia, especially 

astrocytes, rise during neuronal activity so unsurprisingly, these cells 

are considered to play critical roles in the buffering of [K^jg (Coles and 

Tsacopoulos, 1979; Ballanyi et al., 1987). However, under extreme 

conditions, EAAs are released from cultured astrocytes th a t m anage to 

retain a functional membrane (see Dutton, 1993 and references therein) 

indicating th a t th is response is not due to electroperm ealisation of the
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cells. Although the concentration of GLU in glia is relatively low due 

to rap id  conversion by glutam ine synthetase to GLN (Nicholls and 

Attwell, 1990), the possibility th a t elevated m ight evoke the release 

of GLU (and ASP) from glial cells in the experim ents described in 

Section 3.3 cannot be dismissed. In contrast, studies by Neal and 

Bowery (1979) have suggested th a t glial release of GAB A by 

depolarisation is probably not physiologically im portant.

Veratridine is considered to be a more specific agent to elicit the release 

of putative transm itters than  elevated (H am m erstad et a i ,  1979) as 

unlike the latter, it does not cause general depolarisation of neurones 

and glia. However, TTX-sensitive Na^-channels have been detected in 

norm al hum an glial cells in tissue cultures (Munson et aL, 1979) and 

Bowman et al. (1984) have reported tha t some rodent cultured glial cells 

do have Na"^-channels which can be opened. It is therefore possible th a t 

the results obtained in Section 3.3.4 actually include release from glia. 

Indeed, glial cells of the olfactory nerve layer responded to low 

concentrations (5pM) of veratridine (Jaffé and  Cuello, 1981) but this 

Na^-channel opener failed to affect the release of [^H]-GABA from 

certain  peripheral and central glial cells (Minchin, 1975; Neal and 

Bowery, 1979; Jaffé and Cuello, 1981). However, according to the 

review by Minchin (1980), the actions of veratridine, a t least a t the 

spinal level, appear to be confined to the neuronal population.

Bath application of capsaicin significantly enhanced the outflow of ASP 

and GLU but not G ABA. This suggests that a significant am ount of the 

EAAs detected here arose as a consequence of excitation of capsaicin- 

sensitive endings. This in agreem ent with previous accounts in the 

litera ture  (Jeftinija et a i ,  1991; Kangrga and Randic, 1991). 

Consequently, it would appear th a t the G ABA detected in the 

superfusate samples originated from either second or th ird  order
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neurones in the dorsal horn. These observations concur with 

anatomical localisations of these amino acids in the neurones of the 

spinal cord (Rustioni and Cuénod, 1982; Magoul et al, 1987; Todd and 

McKenzie, 1989; W estlundc^ aL, 1989a,b).

Based on the evidence available, there are two m ain mechanism s of 

action involved in the evoked-release of neurotransm itters from the 

capsaicin-sensitive primary afferents. One is Ca^^-independent and the 

other is Ca^^-dependent (see Maggi, 1993 and references therein). The 

former mode of action is TTX-insensitive (Marsh et aL, 1987; Dray et aL, 

1990; Maggi, 1991) and is in itiated by the activation of the vanilloid 

receptors or the corresponding non-selective cation channels. The la tte r 

m echanism  involves the voltage-operatedi Ca^^ channels (VOCC). 

Release of neuroactive substances through this mode of action is subject 

to presynaptic inhibition. This second mode of release may then  be 

subdivided into two groups. One is TTX-sensitive and transm itter 

release in this form is in response to electrical and veratrid ine pulses. 

The other is TTX-insensitive and the release of neurochemicals via this 

mode of action is evoked by -depolarisation (Maggi, 1991).

I t would appear, therefore, th a t although the three 'classical’ stimuli 

did release ASP and GLU from capsaicin-sensitive afferents, the 

neuronal pools from which these EAAs originated could in  fact be 

different from the ones activated by capsaicin itself. Using the concept 

of in  vitro desensitisation, Jeftinija  et aL (1991) have already 

dem onstrated th a t - and capsaicin-induced release of EAAs could 

arise either via different mechanisms or from different neuronal pools. 

These observations are in agreem ent with the data  obtained in the 

cu rren t study (Table 3(d)). After electrical and chemical stim ulation, 

capsaicin was still able to evoke a release of the EAAs which was 

greater than  the basal outflow. However, th is enhancem ent was
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evidently lower than when no prior stim ulation was applied suggesting 

th a t  there  are two or more pools of EAAs in capsaicin-sensitive 

neurones. One pool being activated by capsaicin itse lf and the other by 

other stimuli.

Overall, the data obtained from this series of experim ents indicate th a t 

electrical and chemical stimulation of sensory nerves results in  the 

enhanced release of the EAAs as well as the inhibitory amino acid, 

GABA from neuronal sources in the dorsal horn. This model therefore 

appears to provide a satisfactory mean for m easuring the release of 

neurotransm itters from the dorsal horn of the spinal cord (see 

Malcangio and Bowery, 1993; Malcangio et al., 1995). However, fu rther 

studies need to be carried out in order to establish exactly how much of 

the enhanced release observed with all three stimuli actually originated 

from not only the active primary, secondary and tertia ry  neurones of 

the dorsal horn pathways but also from the glia cells in  the dorsal grey 

m atter. Another question th a t cannot be satisfactorily answ ered with 

the  available information is w hether part of the stim ulated outflow 

could in  fact be a reflection of reduced uptake by the presynaptic 

term inals and/or glial cells.

The ease of obtaining two peaks perm its the establishm ent of an 

in te rnal control so reducing the variability of results betw een slices.

The da ta  so obtained are more viable and more statistically reliable 
analysis may be attem pted than  if control and drug-induced responses 

were to be obtained from different tissue slices. This is therefore an 

exceedingly attractive set-up for the screening of novel drugs as it is 

possible to simultaneously characterise several neuronal release 

system s in  the dorsal spinal slice. The additional advantage of this 

preparation, like all other in vitro set-ups, is th a t known equilibrium  

concentrations of the test drugs may be applied to the system. Finally,
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the  m aintenance of synaptic integrity  w ithin the slice (Light et aL, 

1979; Woolf and Fitzgerald, 1983) coupled w ith electrical stim ulation 

of the attached dorsal roots is also believed to be more sim ilar to an  in  

situ  condition than  the widely used model of elevated on chopped 

m icroprism s of tissues {eg. Donnerer, 1991; Bonanno and Raiteri, 

1993a; Fassio et aL, 1994).
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Chapter 4
EFFECT OF NEONATAL CAPSAICIN 

TREATMENT IN THE RAT
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4.1 Introduction

4.1.1 H istory  o f the Study o f C apsaicin

Capsaicin (8-methyl-N-vanillyl-6-noneamide) is the pungent agent 

present in capsicum peppers. This substance was first described in  the 

century by Christopher Columbus who noted th a t hot chilli peppers 

were widely eaten by the New World natives. However, i t  was not until 

the 19̂  ̂century tha t the pharmacology of capsaicin was published and 

the  1970s when capsaicin was finally recognised as a useful tool for 

neuropharmacological purposes (see Szolcsanyi, 1984 for a full 

historical review). In view of its almost specific actions on the 

nociceptive polymodal C fibres, much of the work concerned w ith this 

substance has revolved around the transm ission of pain and 

nociception. Indeed, it has been most useful in the anatom ical mapping 

of the small diam eter unm yelinated prim ary afferents and in 

investigations involving peripheral nerve injuries (Dickenson, 1991a).

4.1.2 E ffects o f C apsaicin

(a) Immediate Actions on Afferent Neurones

(i) Excitation of Afferent Term inals

Contact of the skin, the mucosal m em branes and the  viscera with 

capsaicin excites afferent nerve endings which results in  an 

irritatingly 'hot’ sensation. In general, only the polymodal C- 

afferent term inals respond to capsaicin stim ulation, while the 

high- and low-threshold mechanoreceptors, the cold-sensitive 

therm oreceptors, the Ap fibres and most of the Aô fibres are 

relatively immune (Bevan and Szolcsanyi, 1990; Lynn, 1990).
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(ii) Depolarisation of Afferent Fibres and Cell Bodies

While capsaicin appears to j depolarise selectively most of the 

prim ary afferent fibres in dorsal roots (Ault and Evans, 1980) as 

well as the somata of m atured (Marsh et aL, 1987) and cultured 

embryonic (Wood et aL, 1988) prim ary afferent C type neurones, 

there have been reports th a t a  sub-population of these C-afferent 

fibres and ganglia are in  fact capsaicin-resistant (Hayes et aL, 

1984; Heyman and Rang, 1985; M arsh et al, 1987). C urrent 

evidence confirms th a t the membrane depolarisation observed 

upon acute capsaicin application is due to the occupancy of a 

pharmacologically active receptor site present on sensory neurones. 

D ata  contributing to th is school of thought have arisen from 

binding studies with [% -RTX (Acs and Blumberg, 1994) and 

electrophysiological experiments with the selective and competitive 

antagonist, capsazepine (Dickenson and Dray, 1991; U rban and 

Dray, 1991). Activation of the receptor is believed to open non- 

selective cation channels in the mem brane which then  leads to an 

influx of Na^ and Ca^ .̂ However, it appears tha t the depolarisation 

is primarily due to the increase in Na^ conductance, as the absence 

of Ca^^ not only does not inhibit but instead enhances the 

excitatory reaction elicited (M arsh et aL, 1987; Dray et aL, 1990). 

U ptake studies with further suggest th a t the ability of

capsaicin to concentrate Ca^^ in the prim ary sensory afferents 

(Wood et a l., 1988) causes th is Ca^^-independent response which 

contributes ultim ately to the u ltrastructu ral damages observed 

with electronmicroscopy (Joo et aL, 1969; M arsh et aL, 1987).

(iii) D esensitisation of Neurones

It is widely accepted, a t least in m am m alian neurones, th a t
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following the initial depolarising action, capsaicin desensitises the 

neurones to itself as well as to other noxious stim uli (M arsh et al. , 

1987; Holzer, 1991). This conduction block appears to be limited 

to the C-fibre polymodal nociceptors which have cell bodies in the 

dorsal root ganglia. Similar effects have been observed in  vivo in  

several m am m alian species following the application of high 

concentrations of the neurotoxin to cutaneous nerves (see Lynn 

1990 and references therein).

(b) Long-term Functional Changes

(i) Anatomical Alterations

W hen capsaicin (>50mg/kg) is injected subcutaneously into 

neonatal ra ts between the ages of 1 and 14 days, it prevents the 

formation of most dorsal root ganglia and unm yelinated prim ary 

afferent C-fibres in the adult anim als (Jancso et at., 1977; Lawson 

and  Nickels, 1980; Jancso and Kiraly, 1981; Nagy et al, 1983; 

Arvidsson and Ygge, 1986). This phenomenon does not seem to be 

restricted to the fine polymodal C-fibres since the relative ratio of 

the different types of C-afferents does not a lter w ith the treatm ent 

(Lynn, 1984). In the adult anim al, however, non-nociceptive C- 

fibres have been reported to be more resistan t to capsaicin 

trea tm en t (see Lynn, 1990 and references therein) although the 

reasons as to why this is so rem ain elusive.

Since the unm yelinated efferent fibres of the autonomic system 

(Cervero and McRitchie, 1982) and the rest of the CNS (Jancso and 

Kiraly, 1980; Fitzgerald, 1983) are relatively unaffected by 

neonatal capsaicin treatm ent, it would appear th a t the actions of 

th is  substance, a t least in the neonatal phase, are specific to the
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nociceptive sub-population of the prim ary afferent fibres (see 

references in Fitzgerald, 1983). Further anatom ical investigations 

have, however, demonstrated th a t neonatal capsaicin treatm ent 

m ay not compromise all of the C-fibres, and th a t m yelinated Aô 

afferents are also susceptible a t high concentrations of the 

neurotoxin (Jancso et al, 1977; Lawson and Nickels, 1980; Nagy et 

al, 1983). In fact, most investigators concur th a t approximately 5% 

of the C-fibre afferents in the dorsal roots are capsaicin-insensitive 

{eg. Lawson and Nickels, 1980; Nagy et al., 1983; Ren et al., 1994) 

although there have been discrepant accounts {eg. Lynn, 1984; 

Arvidsson and Ygge, 1986). These observations concur w ith the 

electrophysiological data mentioned in Section 4.1.2(a)(ii). At 

p resen t, there seems to be no consensus on the capsaicin- 

vulnerability  of the Aô fibres but it has been reported th a t less 

than  35% of these myelinated afferents are affected by the 

neonatal capsaicin procedure (Lawson and Nickels, 1980; Nagy et 

al., 1983). Nagy al. (1983) demonstrated th a t despite increasing 

the dose of capsaicin administered, the population of Aô fibres did 

not fall beyond the 35% m ark and suggested th a t this could be 

because the animal requires a certain proportion of intact Aô fibres 

for survival. The contradictions in capsaicin-sensitivity reported 

in the literature can only be explained by and are m ost probably a 

resu lt of the different doses used coupled w ith the dissim ilar 

dosing regimes practised by the various groups of investigators.

The morphological changes {eg. mitochondrial swelling; 

degenerating boutons, on-site gliosis) triggered by neonatal 

capsaicin-treatment in the susceptible afferent fibres are observed 

w ithin  30min of adm inistration (Fitzgerald, 1983) with 50mg/kg 

being the saturating  dose for axon term inal degeneration (Jancso 

and Kiraly, 1981). The degree of damage atta ined  is also age-
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dependent (Jancso and Kiraly, 1980) with less evidence in the 

m atured anim al (Jancso et al, 1985). This is probably due to the 

incomplete differentiation and developmental s ta tu s of the CNS in 

the  neonate. However, it has been reported th a t the small 

d iam eter nociceptive afferents of adult ra ts  treated  systemically 

w ith capsaicin do undergo u ltrastructu ral changes which are 

appairent even months after the injection (Joo et at., 1969; Jancso,

1992). High concentrations of this drug applied to the adult ra t 

peripheral nerve also cause discrete graded degenerations of the C- 

fibre axon endings which term inate prim arily in  the substantia  

gelatinosa (Jancso and Lawson, 1990; Jancso, 1992).

Besides exerting neurotoxic effects, neonatal capsaicin treatm ent 

also alters the topographical distribution of nerve fibres within the 

spinal cord and in parallel with this, atypical connections i.e. 

synapses arise, the functions of which rem ain undeciphered 

(Shortland et at., 1990; Hammond and Ruda, 1991; W intered al.,

1993). However, it has been suggested by Cervero et al. (1984) 

th a t adm inistration of capsaicin a t the neonatal stage could 

ultimately lead to a shift in the type and location of neurones able 

to effect the 'wind-up' phenomenon.

The rewiring of the neuronal network probably results because the 

levels of neurotrophins in the CNS are a t their peak during the 

developmental period (see Cuello et al., 1993). Following the 

neuronal insult, these neurotrophic factors are hence capable of 

prom oting axonal growth and elongation of the developing 

capsaicin-insensitive neurones into the synaptic sites vacated by 

their capsaicin-sensitive counterparts. The poor regenerative 

ability of the capsaicin-sensitive neurones is possibly indirectly due 

to the lack of growth-promoting environs as the axonal transport
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mechanisms of these damaged neurones are im paired, so lim iting 

the delivery of neurotrophic factors to initiate neuronal regrowth 

and re-connection activities (Wintered al., 1993).

(ii) Neurochemical Alterations

As reviewed by Maggi and Meli (1988) and Holzer (1988), there are 

as m any as ten neuropeptides associated with the capsaicin- 

sensitive prim ary afferent neurones. Since a decrease in  the 

population of C-afferents would correspond to a fall in  the num bers 

of the C-fibre axon term inals w ithin the substantia gelatinosa 

(Jancso et al., 1977; Ribeiro-da-Silva et al., 1986; Jancso and 

Lawson, 1990; Jancso, 1992), neonatal capsaicin-treatm ent would 

be expected to sim ultaneously reduce the levels of these 

neuropeptides in the dorsal horn of the spinal cord. Indeed, in 

neonatally capsaicin-treated animals, depleted contents have been 

reported for substance P (SP; Gamse et al., 1980, 1981; Cuello et 

al., 1981; Nagy et al., 1981), calcitonin gene-related peptide 

(K ashiba et al., 1990; Hammond and Ruda, 1991), som atostatin 

(Hokfelt et al., 1976; Nagy et al, 1981), vasoactive in testinal 

peptide and cholecystokinin (Jancso et al, 1981; G iuliani et al., 

1991), all of which are associated with prim ary afferent term inals, 

dorsal root ganglia and dorsal horn. While less severe depletions 

of these neuropeptides occur when capsaicin is adm inistered 

systemically to the adult animal, the loss is recoverable to different 

degrees in various regions (Jessell et al., 1978; Gamse et al., 1981).

According to Gamse et al. (1982), direct application of this 

neurotoxin on the adult peripheral sensory C afferents does not 

cause neurodegeneration but results in the reversible depletion of 

SP and som atostatin. Data from Lynn and colleagues do not
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concur and instead indicate th a t such direct adm inistration  of the 

neurotoxin does cause some degeneration of the C-fibres (see 

references in Lynn, 1990). This neurochemical loss is not apparent 

in  motor fibres and seems to be specific to the fine unm yelinated 

fibres. The initial loss in peptide content is therefore believed to 

be due to an interruption of the axonal transport system  (resulting 

in  the  inhibition of axonal neuropeptide delivery) and/or a 

destruction of neuronal term inals (due to lack of protection by the 

perineurium; Gamse et al., 1982; Chung ef al., 1990). On the other 

hand, the delayed reductions are probably the resu lt of the direct 

cytotoxic effects inflicted by capsaicin itse lf (Jancso et al, 1985).

(iii) Sensory Alterations

In general, adm inistration of capsaicin to neonatal ra ts  results in 

a perm anent destruction of nociceptive chemical transm ission 

(Jancso et al, 1977; Fitzgerald, 1983; Campbell et al., 1993) with 

less reduction in noxious thermal (Hammond and Ruda, 1991; Ren 

et al., 1994) and no depression of noxious m echanical (Jancso et al, 

1977; Lynn, 1984; Ren et al., 1994) sensitivity. Based on these 

reports, it has been suggested tha t the hypoalgesic effects observed 

following neonatal capsaicin treatm ent may be due to the fall in 

the  fibre population and not diminished sensitivity of the 

cutaneous receptors (Lynn, 1984). It should be noted th a t long

term  sensory alterations in adult ra ts  are only apparen t after they 

|(s.c.) have been systemically^dosed with >50mg/kg of the neurotoxin 

while acute doses (1-lOmg/kg) elicit brief durations of 

antinociception which do not last beyond a few hours (Gamse et a l., 

1981; Campbell et al., 1993). This therefore parallels the 

depolarisation-desensitisation phenomenon described above.
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4.1.3 T h erapeutic  P oten tia l o f C apsaicin

Although capsaicin selectively exerts its effects on C-sensory fibres, and 

to a certain extent Aô neurones, its therapeutic potential is by no 

means constrained to the field of pain and nociception. In fact, i t  may 

be clinically useful in any condition th a t involves im paired C-afferent 

function(s) and these include amongst others p ruritus, bladder hyper- 

reflexia and asthm a (see Campbell et a l. , 1993).

In rodent models, acute systemic adm inistration of capsaicin causes 

hypothermia, a fall in blood pressure and potentiation of ulceration in 

the gastric mucosa (see references in Lynn, 1990 and Campbell et at.,

1993). The small therapeutic window between the induction of 

analgesia and these responses coupled with the poor systemic 

bioavailability therefore limits the potential clinical application of 

capsaicin via this route of adm inistration (Campbell et al. , 1993).

More promising therapeutic indications have come forth from topical 

applications of the vanyllilnoneamide. Application of capsaicin onto the 

skin of ra ts results in vasodilation and increased or no change in the 

nociceptive thresholds; this latter effect being dependent on the vehicle 

in  which the neurotoxin is adm inistered in (see Lynn, 1990 and 

Campbell et al., 1993 as well as references therein). However, in those 

models which have dem onstrated an  a lteration in  nociceptive 

sensitivity, capsaicin evokes an initial axonal flare response which ends 

in a period of desensitisation so m irroring the electrophysiological data 

already  discussed (Lynn, 1990; Campbell et al., 1993). Sim ilar 

desensitising phenomena have been observed with topical applications 

of capsaicin on the skin of feline anim als and on repeated exposure of 

the oral mucosa to the neurotoxin (Lynn, 1990).
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For a long time, the data  for local capsaicin trea tm en t in neuropathic 

I conditions were irreconcilable possibly due to the different aetiologies

(Dubner, 1991). Recently, however, there has been increasing evidence 

from clinical trials supporting the use of topical capsaicin in a  range of 

neuropathies eg. trigeminal neuralgia, diabetic neuropathy, post

herpetic neuralgia, phantom limb pain, etc. (see Campbell et al., 1993). 

A lthough work in this area is still in the prelim inary stages, it is 

exciting to know tha t capsaicin analogues could provide a m eans of 

analgesia for certain conditions which still pose as prim ary clinical 

problems. Nevertheless, much research is required before any final 

conclusions m ay be made. In particular, the issues of the  undesirable 

side-effects, the poor systemic bioavailability and the in itial 'burning ' 

sensation need to be addressed.

4.2 Aims of the Studies

In Chapter 3, it was shown th a t electrical and chemical stim ulation of 

sensory nerves in the in vitro model can evoke the release of ASP, GLU 

and GABA. It was also mentioned briefly th a t the neurotransm itter 

pool activated by capsaicin itself could be different to those stim ulated 

by the three conventional forms of stimulation. The work described in 

th is chapter was an attem pt to determine the neuronal origin of ASP, 

GLU and GABA in this dorsal horn slice preparation by studying the 

characteristics of evoked amino acid release from the spinal cords of 

ra ts  treated  neonatally with vehicle and capsaicin. At the same time, 

we sought to ascertain the synaptic localisation of the GLU and GABAg 

receptor binding sites in the spinal cord by using autoradiographic 

m ethods. The molecular structures of the tritia ted  ligands used to 

identify the four receptor binding sites (AMPA, kainate, dizocilpine and 

GABAg) are shown in  Figure 4(a).
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F ig u r e  4(a) M olecu lar s tru c tu res o f  [®H]-GABA, [^H]-AMPA, [^H]-KA a n d  [®H]- 
D izoc ilp in e .

The above chemical structures indicate the location of the tritium element (*) on 
the radiolabelled ligands used in the present study.
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4.3 Results

4.3.1 Su perfusion  R elease S tu d ies

(a) Evoked Amino Acid Release by Electrical Stim ulation

B asal concentrations of the three amino acids m easured in the 

superfusates did not differ significantly between the vehicle- and 

capsaicin-treated anim als (see Table 4(a)). In vehicle-treated 

animals, electrical stim ulation evoked significant increases in  the 

levels of ASP, GLU and GABA (n = 3-6; Figure 4(b)). These 

resu lts  were sim ilar to those observed with spinal cord slices of 

naïve rats (see Section 3.3.1). The evoked release of ASP and GLU 

were significantly lower in the spinal cords obtained from the 

capsaicin-treated ra ts  (n = 6 ). By comparison the stim ulated 

release of GABA in these treated anim als was not statistically 

different from the control results (n = 3).

(b) Evoked Amino Acid Release by Elevated Extracellular Potassium

Elevation of extracellular significantly increased the

concentrations of all three amino acids in the superfusate samples 

collected from the vehicle control anim als (n = 3; Figure 4(c)). 

These results m irror those illustrated  in Figure 3(a). W hen the 

sam e stim ulus was applied to the cords from capsaicin-treated 

anim als, the stim ulated levels of both EAAs were significantly 

lower than  those from the control cords (n = 3 for each group). 

However, GABA release was not^affected (n = 3 for each group; 

Figure 4(c)). significantly
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Figure 4(b) Effect of neonatal capsaicin treatment on the electrically evoked release
of endogenous amino acids.

Equal volumes of vehicle (□ ) or 50mg/kg capsaicin (■ ) were injected 
subcutaneously into 2-day old neonates. Rats were sacrificed at the age of 12 
weeks and release studies were carried out. Basal levels of ASP, GLU and GABA 
were 253.25 ± 32.6nM, 236.72 ± 24.1nM and 139.45 ± 12.4 nM respectively (n = 
3 to 6). Values are expressed as mean % basal concentration ± s.e.m. Statistical 
comparisons were carried out with the Student's t test on raw values. *p < 0.05.
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Figure 4(c) Effect of neonatal capsaicin treatment on the K*-evoked release of 
endogenous amino acids.

Equal volumes of vehicle (□) or 50mg/kg capsaicin (■ ) were injected 
subcutaneously into 2-day old neonates. Rats were sacrificed at the age of 12 
weeks and superfusion release studies carried out on the spinal cords. Basal 
levels of ASP, GLU and GABA in the superfusates were 227.5 ± 37.3nM, 234.75 
± 29.45nM and 146.13 ± 10.6nM respectively (n = 3). Values are expressed as 
mean % basal concentration ± s.e.m. Statistical comparisons were carried out 
with the Student's t test on raw values. *p < 0.05.
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(c) Evoked Amino Acid Release by V eratridine

The results obtained with electrical and elevated stim ulation
I  were

were reflected when 50pM veratridine pulse ̂ applied  to the spinal 

cord slices (Figure 4(d)). As with the other two stimuli, only the 

evoked release of ASP and GLU, and not GABA, was affected by 

the neonatal capsaicin treatm ent (n = 3 for each group of animals).

(d) Evoked Amino Acid Release by Capsaicin

W hen capsaicin (IpM) was added to the superfusing medium for 

5 minutes, the levels of ASP and GLU in the superfusates collected 

from control spinal cords rose significantly above basal levels (n = 

5; Table 4(a)). Capsaicin also enhanced the outflow of ASP and 

GLU from the spinal cords of the capsaicin-treated group bu t this 

increase was insignificant when compared to the basal outflow 

levels. Similarly, capsaicin had no significant influence on the 

release of GABA from the cords of control or capsaicin-treated 

anim als (Table 4(a)).

143



Cha^iter^^^Neonata^Ca^^

80 0  -I

i  6 0 0 -

4 0 0  -
CL

m 2 0 0 -

0 3 6 9 12 15 18 21 24 27  30

TIM E ( m i n u t e s )

1 0 0 0 -1

7 5 0 -

5 0 0 -

m 2 5 0 -

0 3 6 9 12 15 18 21 24  27 30

TIME (minute*!

2 0 0 0  -I

1 0 0 0 -

9 12 15 18 21 24 27  300 3 6

TIME ( m i n u t e s )

Figure 4(d) Effect of neonatal capsaicin treatment on the veratridine-evoked release 
of endogenous ASP, GLU and GABA.

Equal volumes of vehicle (□ ) or 50mg/kg capsaicin (■ ) were injected 
subcutaneously into 2-day old neonates. Rats were sacrificed at the age of 12 
weeks and superfusion release studies carried out on the spinal cords. Basal 
concentrations of ASP, GLU and GABA in the superfusate were 245.85 ±29.2nM, 
234.55 ± 25.4nM and 136.06 ± 16.3nM respectively (n = 3). Values are expressed 
as mean % basal concentration ± s.e.m. Statistical comparisons were carried out 
with the Student's t test on raw values. *p < 0.05.

144



A m ino B asal R elease  (nM) C ap saicin -evoked  R elease

A cid (% B asa l R elease)

C ontrols N eonata l C ontrols N eonata l

C apsaicin -treated C ap saicin -treated

(n = 9-12) (n = 9-12) (n = 5) (n = 5)

ASP 269.51 ± 29.1 246.51 ± 32.5 313.72 ± 26.0** 139.48 ± 9.4##

GLU 248.32 ± 14.9 225.51 ± 23.1 321.90 ± 19.0** 132.08 ± 4.5##

GABA 156.12 ±21.6 148.73 ± 16.2 121.35 ±8.3 105.61 ± 4.6

T a b le  4(a) E ffect o f  a c u te  a d m in istra tio n  o f  IpM  ca p sa ic in  on  th e  r e le a se  o f  e n d o g en o u s  am in o  acid s.

I
I
§

Capsaicin (IpM) was added to the superfiising medium for 5 minutes. This concentration of the neuro toxin enhanced the 
outflow of both ASP and GLU but not GABA. All data shown are expressed as mean ± s.e.m. ** p < 0.01 when raw data 
were compared with the basal outflow levels (Student’s t test). ## p < 0.01 when raw values were compared with the 
corresponding control values.

Î
o
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4.3.2 A utorad iograph ic S tu d ies

(a) A lterations in the Kinetics of GABAg Binding Sites

Binding of [^H]-GABA to the GABAg receptor binding sites in the 

r a t  spinal cord sections occurred across the lam inae w ith the 

highest density located in  the substantia gelatinosa  (n = 4; Figure 

4(e)). Total, non-specific and thus specific binding w ithin the 

substantia gelatinosa was concentration-dependent as illustra ted  

in  Figure 4(f). At all concentrations of the tritia ted  ligand, specific 

binding was found to comprise >85% of total binding. Scatchard 

analyses indicated th a t only a single binding site was present 

under the experimental conditions used (Figure 4(f)). The 

estim ated Kj and B^^ values obtained for the control spinal cord 

slices from saturation studies in the substantia gelatinosa  are 

given in Table 4(b). Capsaicin treatm ent significantly reduced the 

density of GABAg receptor binding sites in th is area  by 46% but 

failed to affect the affinity between the ligand and the receptor 

binding site (see Table 4(b)).

(b) A lterations in the Kinetics of G lutam ate Binding Sites

(i) AMPA

AMPA receptor binding sites appeared to he p resent in all lam inae 

of the spinal cord sections. Although less evident th an  [^H]-GABA 

binding, [^H]-AMPA binding was also localised in  the substantia  

gelatinosa  (Figure 4(g)). Specific [^H]-AMPA binding in  the 

substantia  gelatinosa increased correspondingly w ith the 

concentration of the tritiated ligand used. D ata obtained from the 

saturation studies indicated tha t neonatal capsaicin-treatm ent had
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no significant effect on the density and binding properties of the 

AMPA receptor binding sites (Figure 4(h); Table 4(b)). On the 

o ther band, Scatchard analyses suggested th a t both the and 

B^ax values were affected by the neonatal in su lt (Figure 4(b)).

(ii) Kainate

As with GABAg and AMPA binding sites, kainate  receptor binding 

sites were apparent across the spinal cord w ith higher occurrences 

in the dorsal born. W ithin the dorsal born, however, the greatest 

am ount of binding was observed in the region of the substantia  

gelatinosa (Figure 4(i)). Binding in this region was concentration- 

dependent and appeared to follow a one-site binding pattern  

(Figure 4(j)). Specific binding in all cases was in the range of 62.72 

± 1.1% of total binding. There was a significant reduction in the 

density, but not the affinity, of kainate receptor binding sites in 

the  capsaicin-treated group (Table 4(b)). Sim ilar statistical 

significance was obtained with Scatchard analysis.

(iii) Dizocilpine

[^H]-Dizocilpine binding sites were present in all the lam inae of 

the tissue sections but were highly localised in  the substantia  

gelatinosa (Figure 4(k)). Specific binding as a percentage of total 

binding always exceeded 50% in this region. While neonatal 

capsaicin treatm ent failed to alter the value, the  B^^ value was 

significantly depressed (n = 4 for each group of anim als; Figure 

4(1); Table 4(b))
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(i)

F igure 4(e) D ark-field  autoradiographs sh ow in g  the d istr ib u tion  o f  [ 'H]-GABA
b in d in g  in  the dorsal horn o f rat lum bar sp in a l cord  sectio n s.

(i) Total binding observed in the dorsal horn of a control section with 200nM 
PHl-GABA. (Scale Bar = 200pm).

(ii) Non-specific binding observed in the dorsal horn of a control section with 
200nM [^H]-GABA. (Scale Bar = 200pm).

(iii) Total binding observed in the dorsal horn of a capsaicin-treated section 
with 200nM [^Hj-GABA. (Scale Bar = 200pm).

(iv) Non-specific binding observed in the dorsal horn of a capsaicin-treated 
section with 200nM f *H]-GABA. (Scale Bar = 200pm).
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F igure 4(f) S atu ration  and Scatchard  P lots d eterm ined  from  [^H]-GABA b in d in g  to  
GABA,, s ite s  in  the su b s ta n tia  g e la tin o sa  o f  ra t lum bar sp in a l cord  
sectio n s.

Two-day old rats were injected (s.c) with either vehicle (□ ) or 50nig/kg capsaicin 
(■). Binding studies using [Tî]-GABA (spec. act. = 87.3Ci/mmol) were carried out 
on the lumbar cords of these rats after 12 weeks (n = 4 for each group). Specific 
binding as a percentage of total binding was calculated to be >85% at all 
concentrations of the tritiated ligand. Statistical analysis on both the saturation 
and Scatchard data indicated that there were no significant differences between 
the Kj values from the two groups of animals. However, the values differed 
significantly (p < 0.01; paired Student's t test) suggesting a down-regulation of 
receptor binding sites after neonatal capsaicin treatment.
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mm

Figure 4(g) D ark-field  autoradiographs sh ow in g  the d istr ib u tion  o f [’Hl-AMPA
b in d in g  in  the dorsal horn  o f rat lum bar sp in a l cord  sectio n s.

(i) Total binding observed in the dorsal horn of a control section with 200nM 
PHl-AMPA. (Scale Bar = 200pm).

(ii) Non-specific binding observed in the dorsal horn of a control section with 
200nM f'Hl-AMPA. (Scale Bar = 200pm).

(iii) Total binding observed in the dorsal horn of a capsaicin-treated section 
with 200nM [^H]-AMPA. (Scale Bar = 200pm).

(iv) Non-specific binding observed in the dorsal horn of a capsaicin-treated 
section with 200nM f'^H]-AMPA. (Scale Bar = 200pm).
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F igure 4(h) Saturation and Scatchard  P lo ts d eterm ined  from  [‘*H]-AMPA b in d in g  to  
AMPA s ite s  in  the s u b s ta n tia  g e la tin o sa  o f  rat lum bar sp in a l cord  
section s.

Two-day old rats were injected (s.c) with either vehicle (CD or 50mg/kg capsaicin 
(■). Binding studies using [%1-AMPA (spec. act. = 53.0Ci/mmol) were carried out 
on the lumbar cords of these rats after 12 weeks (n = 4 for each group). Specific 
binding as a percentage of total binding was calculated to be >50% at all 
concentrations of the tritiated ligand. The saturation curves suggest that both 
and values had not altered with neonatal capsaicin treatment.
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F igu re 4(i) Dark-field autoradiographs sh ow in g  the d istr ib u tion  o f [’Hl-KA b in d in g
in th e dorsal horn o f rat lum bar sp in al cord section s.

(i) Total binding observed in the dorsal horn of a control section with 200nM 
PHl-KA. (Scale Bar = 200pm).

(ii) Non-specific binding observed in the dorsal horn of a control section with 
200nM |'^H]-KA. (Scale Bar = 200pm).

(iii) Total binding observed in the dorsal horn of a capsaicin-treated section 
with 200nM f'Hl-KA. (Scale Bar = 200pm).

(iv) Non-specific binding observed in the dorsal horn of a capsaicin-treated 
section with 200nM L’H]-KA. (Scale Bar = 200pm).
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F igure 4(j) S a tu ra tio n  and Scatchard  P lots d eterm in ed  from  [^H]-KA b in d in g  to 
K ainate s ites  in  the su b s ta n tia  g e la tin o sa  o f  rat lum bar sp in a l cord  
section s.

Two-day old rats were injected (s.c) with either vehicle (□ ) or 50mg/kg capsaicin 
(■). Binding studies using PH]-KA (spec. act. = SS.OCi/mmol) were carried out 
on the lumbar cords of these rats after 12 weeks (n = 4 for each group). Specific 
binding as a percentage of total binding was calculated to be >55% at all 
concentrations of the tritiated ligand. Both the saturation and Scatchard plots 
suggest that after neonatal capsaicin treatment, the affinity of the ligand for the 
receptor does not alter but there is a reduction in the density of kainate binding 
sites, (p < 0.01; paired Student's t test).
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F igure 4(k) Dark-field autoradiographs sh ow in g  the d istr ib u tion  o f  [^H]-Dizocilpine
b in d in g  in  the dorsal horn o f rat lum bar sp in al cord  section s.

(i) Total binding observed in the dorsal horn of a control section with 40nM 
[^Hl-Dizocilpine. (Scale Bar = 200pm).

(ii) Non-specific binding observed in the dorsal horn of a control section with 
40nM ['^Hl-Dizocilpine. (Scale Bar = 200pm).

(iii) Total binding observed in the dorsal horn of a capsaicin-treated section 
with 40nM |^H]-Dizocilpine. (Scale Bar = 200pm).

(iv) Non-specific binding observed in the dorsal horn of a capsaicin-treated 
section with 40nM [^H]-Dizocilpine. (Scale Bar = 200pm).
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F igure 4(1) Satu ration  and Scatchard  P lo ts d eterm in ed  from  ['^Hl-Dizocilpine 
b in d in g  to D izocilp ine s ites  in  the s u b s ta n tia  g e la tin o sa  o f  rat lum bar  
sp in al cord  section s.

Two-day old rats were injected (s.c) with either vehicle (□ ) or 50mg/kg capsaicin 
(■ ). Binding studies using pH]-Dizocilpine (spec. act. = 22.5Ci/mmol) were 
carried out on the lumbar cords of these rats after 12 weeks (n = 4 for each group). 
Specific binding as a percentage of total binding was calculated to be >50% at all 
concentrations of the tritiated ligand. Both the saturation and Scatchard plots 
suggest that after neonatal capsaicin treatment, the affinity of the ligand for the 
receptor does not alter but there is a reduction in the density of dizocilpine 
binding sites, (p < 0.01; paired Student’s t test).

155



Ligand K j(nM ) Bmax (finol/mg)

V eh ic le  C ap saicin V eh ic le C ap sa icin

%-GABA 164.0 ± 30.5 158.9 ± 49.4 256.0 ± 13.9 137.9 ± 11.6*»

%-AMPA 44.6 ± 16.1 41.4 ± 14.1 315.5 ± 27.4 262.1 ± 22.0

%-KA 21.1 ±3.9  18.7 ±4.9 637.4 ± 26.0 387.3 ± 16.5**

^H-Dizocilpine 8.3 ± 2.8 6.7 ± 0.2 170.8 ± 4.9 148.9 ±0.3**

T a b le  4(b) Com parison o f  and  v a lu es  ob ta ined  for GABAg and  EAA recep tor b in d in g  s ite s  in  th e  su b s ta n tia  

g e la t in o s a  o f  v eh ic le -  and  ca p sa ic in -tre a ted  rats.

Two-day old rats were injected (s.c.) with either 50mg/kg capsaicin or an equal volume of vehicle. Three months 
later, the lumbar spinal cords were removed and autoradiographically studied. The Kj and values shown in 
this table represent the values obtained from saturation studies of the 4 receptor binding sites in the substantia 
gelatinosa of vehicle- and capsaicin-treated rats (n = 4 for each group). Statistical difference for the two receptor 
binding properties between the groups was tested with the Student's t test. ** p < 0.01.
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4.4 Discussion

The electrically-enhanced release of ASP, GLU and GABA in this model 

has been shown in naïve ra t spinal cords to be TTX-sensitive and Ca^^- 

dependent (see Section 3.3.1). These data  therefore indicate th a t a 

proportion of the excitatory amino acids (EAAs) detected following 

electrical stim ulation arise from an  excitable source via exocytosis. In 

control slices, elevated and veratridine also significantly increased 

the  release of these amino acids above basal levels supporting the 

concept th a t these amino acids originated from a neuronal source. S I 

£md S2 values for the EAAs were dram atically lower for the capsaicin- 

treated  ra ts  regardless of the stim ulus applied. On the other hand, 

there was little difference between the stim ulated responses for GABA 

and  hence the S2/S1 ratio between the two groups of anim als. If the 

source of released ASP and GLU was not the primary afferent fibres, we 

would have expected to see no reduction in  the or veratridine- 

m ediated  release in the capsaicin-treated rats. Since neonatal 

capsaicin-treatm ent resulted in a significant fall in  the stim ulated 

outflow of both ASP and GLU from the dorsal half of the ra t spinal cord, 

it would not be unreasonable to conclude th a t the EAAs released from 

the  spinal cords of control anim als prim arily originated from the 

capsaicin-sensitive prim ary afferent fibres. Acute adm inistration of 

capsaicin to the slices from the capsaicin-treated group increased the 

outflow of both EAAs but this was significantly less th an  th a t in the 

control slices suggesting the absence of a sub-population of capsaicin- 

sensitive neurones. This hence lends further support to the conclusion 

made on the results obtained with the three conventional stimuli.

The data a t hand suggest tha t the capsaicin-sensitive prim ary afferent 

fibres may be potentially im portant sources for the release of ASP and 

GLU during noxious stimulation. This concurs with certain in  vitro

157



Cha^tei^^N eonatal^a^sawi^^

(Kangrga and Randic, 1990, 1991; Jeftin ija  et al., 1991) and in vivo 

(Skilling and Larson, 1993; Sorkin and McAdoo, 1993) studies but 

contradicts tha t by Donnerer (1991) who suggested th a t the EAAs arise 

from capsaicin-insensitive nerve structures in the ra t dorsal spinal cord. 

At the spinal level, both ASP and GLU are neurotransm itter candidates 

for neurones other than  the prim ary afferents (Rustioni and Cuénod, 

1982; Potashner and Tran, 1985; Potashner and  Dymzyk, 1986), Both 

EAAs can also be released from glial elements by a Ca^^-independent 

m echanism  when the extracellular concentration of is raised 

(Szatkowski et al, 1990) and in a Ca^^-dependent m anner by bradykinin 

(Parpura  et a l., 1994). Hence, the roles played by these non-primary 

afferent cell types in the release of EAAs m ust be taken  into account to 

different degrees in all the preparations mentioned.

In  neuronal cultures such as th a t used by Jeftin ija  et al. (1991), it is 

often assumed th a t the ultim ate system yielded is physiologically 

functional and th a t the mechanisms by which neuro transm itters are 

released in vitro are as those in situ. However, the prim ary advantage 

of this type of preparation is th a t it perm its the isolation of the various 

cell types so reducing the inter-cell 'cross-talk’ processes th a t are 

present in whole slice and in vivo arrangem ents. Conversely, it may be 

argued th a t the in vitro slice preparation and the in  vivo set-ups 

resem ble the in situ  conditions more closely and th a t the results 

obtained would therefore be more physiologically accurate.

Both Jeftin ija  et al. (1991) and Donnerer (1991) stim ulated their in  

vitro  preparations by elevating the extracellular concentration of K"̂ . 

As mentioned in Section 3.4, high extracellular causes the release of 

neurotransm itters by altering the electrochemical gradient and is hence 

not specific to any one cell population. In the former study, however, it 

is unlikely tha t non-primary afferent neurones would have contributed
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to either the spontaneous or stim ulated outflow of ASP and GLU since 

the work was carried out on organotypic cultures of DRG. In  addition, 

these investigators reported th a t there was no difference in  the overall 

results when the experiments were repeated on co-cultures of neurones 

and glia . On the other hand, Donnerer's experiments were carried out 

on transversally chopped dorsal horn slice microprisms. Although this 

m ethod of tissue preparation ensures th a t the outflow of 

neuro transm itters detected in the superfusate samples is limited to cells 

of the dorsal horn, it does not take into account the contributory roles 

of the non-primary afferent cell types. In addition, the aggravation 

inflicted by the cross-chopping actions would undoubtedly cause the 

tissues to enter a hyperexcitable state  resulting in an  imm ense efflux 

of the EAAs which could complicate the in terpretation of the results.

The cu rren t preparation and the one used by Kangrga and Randic 

(1990, 1991) selectively stim ulated the prim ary afferent fibres so 

reducing the possible effect(s) contributed by the different intrinsic cells 

found in the dorsal part of the lum bar spinal cord. However, in both 

these preparations, it is possible th a t a proportion of the amino acids 

detected in the superfusates could have been of glial origin or derived 

from secondary and tertiary  neurones in the polysynaptic pathways. 

Based on in vivo studies carried out on rhizotomised rats. Skilling and 

Larson (1993) have suggested th a t an im portant source of EAAs is the 

intrinsic interneurones and th a t neonatal capsaicin trea tm en t might 

in terfere with the normal development of the EAA interneurones 

innervated by the SP-containing primary afferent C-fibres. This line of 

thought is shared by Sorkin and McAdoo (1993) who also suggested the 

descending fibres as a potential source of EAA release. Based on their 

data , these workers fu rther proposed th a t while GLU may be an 

important prim ary afferent transm itter, ASP could be more im portant 

for neurotransm ission within the intrinsic network and/or the

159



Chapter 4 : Neonatal Capsaicin Treatment

descending inhibitory systems. While the present results do not 

disprove these theories, it seems likely th a t since trea tm en t with the 

neurotoxin caused a substantial fall in the stim ulated release, th a t a 

significant proportion of the EAAs measured in the superfusate samples 

in the present preparation originated from the capsaicin-sensitive small 

diam eter prim ary afferents. The dem onstration th a t the electrically- 

evoked release of SP-LI, in this model, is sim ilarly depressed following 

neonatal capsaicin-treatment (Teoh et al. , subm itted) complements the 

anatom ical evidence for the co-localisation of EAAs with SP in  the 

prim ary  afferent fibres (W anaka et al. y 1987; B attaglia and Rustioni, 

1988; De Biasi and Rustioni, 1988; W estlund et al. y 1989a,b; Tracey et 

al., 1991).

Je ftin ija  et al. (1991) and Kangrga and Randic (1991) have also 

repo rted  th a t direct stimulation of naïve DRG cells w ith capsaicin 

( 1 -lO pM  for 5-lOmin) significantly elevates the outflow of ASP and 

GLU so supporting the concept th a t some capsaicin-sensitive prim ary 

sensory neurones do release EAAs upon noxious stim ulation. A sim ilar 

phenomenon was observed in the present study when tissue slices were 

superfused with IpM capsaicin for 5 m inutes. However, in  th is model, 

the possibility tha t a proportion of the enhanced release arose from non- 

cutaneous sensory neuronal cell types cannot be dismissed since the 

whole tissue slice was exposed to the neuro toxin although th is is remote 

considering the specific actions of capsaicin. These in vitro results have 

suppo rt from the in vivo data of Sorkin and McAdoo (1993) who 

reported elevation of EAA levels in spinal cord dialysates upon injection 

of capsaicin into either the ipsilateral or the contralateral paw. 

Donnerer (1991), on the other hand, failed to evoke any release of the 

EAAs w ith either 1  or 5pM of capsaicin and suggested th a t th is was 

because the amount of ASP and GLU th a t can be released by capsaicin 

is sm all compared to the total transm itter release pool present in the
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dorsal horn. This seems unlikely in view of the results obtained, in the 

present experiments and Jeftinija et al. (1991), by way of the method of 

in  vitro  desensitisation. In these studies, capsaicin was still able to 

enhance the efflux of both EAAs following prior stim ulation with 

electrical or chemical pulses; albeit a less evident increase in the 

concentrations when compared to tha t obtained when capsaicin was the 

prim ary stimulus.

It would appear, therefore, from the in vitro desensitisation studies th a t 

there are two pools of EAAs which may be released from the capsaicin- 

sensitive primary afferents -  one th a t is evoked by capsaicin itself and 

another by all other stimuli. This concurs w ith the previously defined 

modes of release believed to be effected by the capsaicin-sensitive fibres 

i.e. a receptor-mediated response and one th a t is directly related to the 

electrical balance of the excitable m em brane (see Section 4.1). 

However, the data presented only support the involvement of C-fibres 

in the release of ASP and GLU and do not indicate w hat proportion of 

the EAAs detected derive from other neuronal cell types. Conversely, 

it would appear that the increased release of GABA observed originated 

from the intrinsic interneurones and is not involved in the first-order 

transmission of noxious and innocuous impulses. This is in  agreem ent 

with Donnerer (1991) and Todd and McKenzie (1989). Instead, GABA 

probably plays a modulatory role a t the spinal level by regulating the 

outflow of various neurotransm itters (Raiteri et aZ., 1989; Kangrga et 

al, 1991; Benoliel et al., 1992; Bonanno and R aiteri, 1993a; Malcangio 

and Bowery, 1993) released from both the prim ary afferents and the 

intrinsic interneurones.

Autoradiographic studies using ra t and hum an tissues have shown th a t 

while the GABA^ sites are evenly distributed throughout the lam inae 

of the spinal cord, GABAg sites appear to be highly localised within the
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substantia  gelatinosa (Price et at., 1984; Waldovogel et al., 1990; 

Malcangio et al., 1993). The dispersion of GABAg receptor binding sites 

observed in the current study is in accord with the literature. The 

reduction in the density of GABAg receptor binding sites in capsaicin- 

treated anim als also m irror earlier observations (-50%; Price et al., 

1984). Since there was no significant difference in the values 

between the two groups of animals, this study further indicates th a t the 

decreased binding observed in rats treated  neonatally with capsaicin is 

due to a reduction in the density of GABAg receptor binding sites and 

not a change in the binding affinity of the receptors.

Dorsal rhizotomy has also been reported to reduce the density of GABAg 

receptor binding sites in  the ra t substantia gelatinosa to the same 

extent (about 40-50%; Price et al, 1987) which supports the concept 

that about half of the GABAg receptor binding sites detected are located 

on the small diam eter capsaicin-sensitive prim ary afferent nerve 

term inals. However, these receptors are also present on astrocytes 

(Hosli et al., 1990), the term inals of monosynaptic la  fibres (Davies, 

1981) and possibly the descending inhibitory systems. The function of 

the GABAg receptors on the descending fibres have been questioned as 

concentrations of the prototypical GABAg agonist, baclofen, th a t inhibit 

the release of neurotransm itters from the prim ary afferents are unable 

to affect the activities of the descending tracts (Curtis and Malik, 1985). 

Therefore, the present results cannot discount the fact th a t the 

rem aining 50% of the receptors are not presynaptic.

The high densities of the three EAA receptor binding sites -  NMDA, KA 

and AMPA -  in the superficial laminae of the dorsal horn concur with 

earlier reports {eg. Greenamyre et al., 1984; M onaghan and Cotman, 

1985; Jansen et al., 1990; Henley et al., 1993). These observations also 

parallel those reported for sim ilar experiments carried out on hum an

162



Chapter 4 : Neonatal Capsaicin Treatment

spinal cord (Jansen et al.y 1990; Shaw et a l ,  1991,1994; Chinnery et al., 

1993; Shaw and Ince, 1994). Although immunohistochemical 

techniques have previously dem onstrated th a t there is a high content 

of EAA localised in vesicles (Broman and Adahl, 1994) w ithin the 

primary afferent term inals (Westlund et a l., 1989a,b), there  have been 

few reports about the synaptic localisations of these receptor binding 

sites.

N eonatal capsaicin treatm ent reduced the degree of binding a t the 

NMDA as well as the non-NMDA sites. Like the GABAg receptor 

binding sites, this difference was also due to an alteration in  the density 

of the binding sites (B^^x) and not the affinity (Kj) of the receptors. 

However, only the decrease in NMDA and KA binding sites reached 

statistical significance. These data  therefore support previous 

suggestions th a t a t least a proportion of the spinal EAA receptors are 

located presynaptically on primary afferent fibres (Davies and W atkins, 

1983; Agrawal and Evans, 1986; Liu et al, 1994). The results also 

concur with the electronmicroscopic data  of Tachibana et al. (1994) 

which indicated th a t AMPA receptors are postsynaptic and the 

electrophysiogical evidence of Pook et al. (1993) which showed th a t the 

only non-NMDA receptor present on the prim ary afferent C fibres was 

of the KA subtype.

A high density of EAA and GABAg receptors in the substantia  

gelatinosa  of the spinal cord complements the concept th a t EAAs and 

GABA are primary neurotransm itter candidates of the dorsal horn and 

suggest th a t these receptors are im portant in  the m ediation and/or 

modulation of peripheral sensory information. The highest density of 

these  receptor binding sites] is located in the substantia  gelatinosa 

w here the majority of the nociceptive prim ary afferent term inals are 

found (Cervero and Iggo, 1980; Brown, 1982). On the basis of these
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data, it would not be unreasonable to suggest th a t the release of EAAs 

from capsaicin-sensitive prim ary afferents following noxious 

stim ulation is modulated not only by GABA from the intrinsic 

in terneurones a t presynaptic GABAg receptors bu t also by the EAAs 

them selves a t the NMDA and KA receptors located on the afferent 

terminals. In addition, the regulation of ASP and GLU release probably 

also occurs , to a certain extent, a t the level of the secondary or tertiary  

order neurones since some presynaptic GABAg receptors are found on 

the la  afferents and the descending fibres and other neuronal term inals 

of thej polysynaptic circuitry.

In conclusion, the present study provides fu rther evidence to support 

the idea tha t ASP amd GLU, but not GABA, are released from the small- 

diameter capsaicin-sensitive prim ary afferent fibres following noxious 

stimulations. These data also suggest th a t th is release is to a certain 

extent, under the control of the presynaptic EAA and GABAg receptors 

which appear to be present on capsaicin-sensitive prim ary afferent 

fibres. The overall conclusion therefore complements the concept of 

ASP, GLU and GABA having prim ary roles in the regulation of 

nociception (Salt and Hill, 1983; Sawynok, 1987) and the involvement 

of the EAA and the GABAg receptors in nociception {eg. Cutting and 

Jo rdan , 1975; Cahusac et al., 1984; Hammond and Drower, 1984; 

A anonsen and Wilcox, 1987; Malcangio et al., 1991; Mao et al., 1992; 

N âsstrôm e^a/., 1993).
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5.1 Introduction

5.1.1 GABA R eceptors and th eir  M echanism s o f A ction

Ganuna-aminobutyric acid (GABA) is the major inhibitory transm itte r 

in  the  CNS and it has been implicated in both pre- and post-synaptic 

transm ission in the spinal cord (see Bowery, 1993). GABAergic 

neurones appear to be present in all the lam inae (except lam ina DC) of 

the spinal cord with the highest concentration of GABAergic synaptic 

te rm ina ls occurring in lam inae II and III (Barber et al., 1982). This 

inhibitory  amino acid exerts its actions via GABA^ and GABAg 

receptors (Hill and Bowery, 1981; Bowery et al., 1983) although other 

subtypes eg. GABA^ have been postulated (Johnston, 1994).

(a) GABAa Receptors

W ithin the spinal cord, GABA^ sites are present on capsaicin- 

sensitive prim ary afferent fibres (Singer and Placheta, 1980; 

Désarm enien et al., 1984); the activation of which results in the 

opening of chloride channels, providing the basis for PAD and 

presynaptic inhibition (Curtis et al., 1971; Curtis and Lodge, 1982). 

The GABAa receptor mediated effects are regulated by several 

therapeutic groups eg. barbiturates, benzodiazepines and steroids 

(Bowery et al., 1990). The prototypical GABA^ receptor agonist 

and antagonist are respectively isoguvacine and bicuculline.

(b) GABAg Receptors

Morphological studies indicate that, w ithin the spinal cord, 

intrinsic GABAergic neurones impinge on the term inals of the 

incoming prim ary Aô and C afferents (Barber et al., 1978; see
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Figure 1(b)). GABAg receptor binding sites are highly localised in 

the substantia gelatinosa whereby a substantial proportion (-50%) 

occur on the term inals of capsaicin-sensitive prim ary afferent 

fibres (Désarmenien et al., 1984; Price e t al., 1987).

GABAg receptors are linked to guanine-nucleotide binding proteins 

(G-proteins) and mediate an increase in potassium  (Newberry and 

Nicoll, 1985) or a decrease in calcium conductance (Cherubini and 

North, 1984, Dolphin and Scott, 1986), e ither of which could 

produce a decrease in neurotransm itter release {eg. Bowery et al., 

1980; Conzelmann et al., 1986; P ittaluga et al., 1987; W aldmeier 

et al., 1988a,b; Bonanno et al., 1991; Benoliel et al., 1992; Bonanno 

and Raiteri, 1992; Malcangio and Bowery, 1993; Santiago et al., 

1993). Activation of afferent fibres, however, also in itiates slow 

inhibitory postsynaptic potentials which are m editated by 

postjunctional GABAg receptors (Dutar and Nicoll, 1988a; Allerton 

et al., 1989; Kangrga et al., 1991; Olpe et al., 1993).

5.1.2 D evelop m ent o f GABAg R eceptor A gon ists and A n tagon ists

Based on the work by Bowery and colleagues, GABAg receptors were 

in itia lly  described as being of a bicuculline-insensitive, baclofen- 

sensitive nature  (Hill and Bowery, 1981; Bowery et al., 1984). For a 

long time, however, due to the lack of GABAg-selective antagonists, the 

physiological roles of the GABAg receptors were ill-understood as 

studies were severely limited to compounds which also acted a t the 

GABA^ site.

The phosphonic and sulphonic derivatives of baclofen, phaclofen (3- 

amino-2-(4-clilorophenyl)-propylphosphonic acid) and 2-hydroxysaclofen 

(3-amino-2-(4-chlorophenyl)-2-hydroxy-propylsulphonic acid; 2 -OH-S)
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respectively, were the first selective and potentially useful GABAg 

antagonists to be synthesised (Kerr a/., 1987, 1988). While phaclofen 

successfully antagonised the effect that (-)-baclofen had on the la  fibres 

associated monosynaptic excitatory response, its therapeutic uses were 

lim ited because of its extremely low potency and inability to cross the 

blood-brain barrier (Kerr et al., 1987; 1990). In comparison, 2-OH-S 

was ten-tim es more potent than  phaclofen (Curtis et al., 1988; K err et 

al., 1988) but also had poor access to the CNS (Kerr et al., 1990).

potentiated 

inhibition of

The most exciting event in the study of GABAg antagonism was perhaps 

the introduction of p-3-aminopropyl-p-diethoxymethyl-phosphonic acid 

(CGP35348). Despite the fact th a t CGP35348 had a potency sim ilar to 

th a t of 2-OH-S (IC5 0  = 34pM in a ra t cortical m em brane binding assay), 

it  was the first GABAg antagonist dem onstrated to be able to penetrate 

the blood-brain barrier (Olpe et al., 1990; see B ittiger et al., 1990, 1993 

for reviews). Although this drug is inactive when adm inistered orally, 

it has been reported to reverse the following baclofen-induced effects — 

hyperpolarisation of hippocampal and spinal neurones, activation of 

adenylate cyclase by NAdr, muscle relaxation, evoked dorsal root-
A

ven tra l root potential, antagonism  of dorsal horn inw ard synaptic 

cu rren ts, antinociceptive response in  several behavioural models and 

inhibition of stim ulated ^H-NAdr, GLU, SRIF- and SP-like 

imm unoreactive release (Olpe et al., 1990; Aley and K ulkarni, 1991; 

Bonanno et al., 1991, 1992; Bonanno and Raiteri, 1992; Malcangio et 

al., 1991; Fiore et al., 1992; Hammond and W ashington, 1993; Maguire 

and  Bowery, 1992; Blake et al., 1993; Malcangio and Bowery, 1993; 

McGowan and Hammond, 1993). CGP35348, on its  own, causes

hyperm otility (lOpg) and seizures (25pg) in mice (Malcangio et al.,

1991), facilitates LTP in the CAl region of the hippocampus (Olpe et al.,

1992) and induces epsps (Blake et al., 1994) so suggesting th a t an 

intrinsic GABAergic tone is exerted by GABAg receptors.
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The next GABAg antagonist to make an im pact was 3-aminopropyl-n- 

butyl-phosphonic acid (CGP36742) which is orally active and well 

tolerated  in  hum ans (For reviews, see B ittiger et a l. , 1992 and Olpe et 

al. y 1993). CGP36742 is as potent as CGP35348 and exerts sim ilar 

effects (see references for CGP35348). Since then, a  string of GABAg 

antagonists have been synthesised resulting in  a second generation of 

novel antagonists with nanomolar affinities (see B ittiger et al. y 1993). 

Some examples of these novel potent GABAg antagonists are CGP52432 

([3-[[(3,4-dichlorophenyD methyl] amino] propyl] diethoxymethyl 

phosphonic acid; Froestl et al. y 1992), CGP55845A (3-[l-(S)-(3,4- 

dichlorophenyl) ethyl] amino-2(S)hydroxypropyl-P-benzyl-phosphonic 

acid; Froestl et al. y 1992), CGP56999A ([3-{[l-(R)-(3-carboxyphenyl) 

ethyl]amino)-2 -(S)-hydroxy-propyl]cyclohexyl-methyl-phosphonic acid; 

Bemasconi et al.y 1994; Waldmeier a/., 1994) and CGP57250A ([3-(l- 

( R ) - [ [ 3 - ( d i e t h o x y m e t h y l ) h y d r o x y p h o s p h i n y l ] - 2 - ( S ) -  

hydroxypropyl]amino]ethyl]-benzoic acid). Figure 5(a) illustra tes the 

m olecular structures of GABA and selected GABAg ligands.

5.1.3 T h erap eu tic  A pplications/P oten tia ls o f GABAg L igands

D ue to the lack of selective GABAg antagonists, the therapeutic 

applications of the GABAg receptors have revolved around baclofen. 

Baclofen was initially synthesised as a GABA mimetic and used as a 

muscle relaxant but is now also prescribed for trigem inal neuralgia (see 

Bowery and P ra tt, 1992; Fromm, 1994). The site of action of baclofen- 

induced muscle relaxation is believed to be the mono- and poly-synaptic 

pathways of the spinal cord. Here, a modification in  the motor inpu t to 

the  CNS probably reduces the transm ission of inform ation related to 

the tension within the muscle fibres. The analgesic actions observed in 

trigem inal neuralgia could similarly result from a decrease in  the 

excitatory input a t the trigeminal nerve.
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W ith increased understanding of the mechanisms and effects of the 

GABAg system, however, other potential therapeutic applications for 

this compound and related substances have gradually emerged. These

include the relief of asthm a, pain and possibly ethanol withdrawal
^  % symptoms. While baclofen decreases the release of certain  substances

eg. bradykinin
which give rise to airway resistance and bronchial hyperreactivity (see 

references in Bowery, 1993), it is not sufficiently soluble to be made into 

an effective aerosol. Hence, a more aqueous analogue is required before 

th is  property may be fully investigated and possibly exploited. 

Evidence for the antinociceptive properties of baclofen in rodents is 

extensive (eg. Cutting and Jordan, 1975; Levy and Proudfit, 1977; 1979; 

W ilson and Yaksh, 1978; Liebman and Pastor, 1980; Hwang and 

Wilcox, 1989; Hammond and Drower, 1984; Giuliani et a i ,  1988; Aley 

and Kulkam i, 1991; Malcangio et a l ,  1991; Hammond and W ashington,

1993) bu t the role of the GABAg receptor in physiological and 

pathological pain has recently been questioned (see Sawynok, 1987). 

In  addition, the only painful condition in m an th a t has successfully 

responded to baclofen treatm ent is trigem inal neuralgia (see Fromm, 

1994 and references therein). Unfortunately, the reasons behind these 

inter-species differences have not been elucidated. Following chronic 

ethanol adm inistration, ra ts were shown to display anxiogenic and 

aggressive behaviours. Baclofen, a t concentrations which did not 

produce muscle relaxation or sedation, reduced the incidence of these 

responses (File et al., 1991) suggesting yet another therapeutic 

possibility. Essentially, baclofen has shown lim ited central effects and 

th is  has been ascribed to its relatively poor ability to penetrate the 

blood-brain barrier.

Considering the physiological activities tha t GABA has been implicated 

in  and the responses obtained with baclofen, it would not be 

unreasonable  to postulate tha t GABAg antagonists could also be
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potential therapeutic agents. However, these compounds have yet to be 

clinically tested although CGP36742 has been reported to be well- 

to lerated  in hum an volunteers (Bittiger et al., 1992). Amongst the 

possible clinical uses are cognition, depression and epilepsy.

Mondadori et al. (1992) have shown th a t cognition can be enhanced in 

mice, ra ts  and Rhesus monkeys with CGP36742. In support of the 

cognitive role of GABAg receptors is the dem onstration th a t baclofen 

induced memory loss in animals (Swartzwelder et al., 1987). W ithin the 

C A l region of the hippocampus, CGP35348 and CGP36742 have also 

been reported to facilitate LTP, a phenomenon associated w ith learning 

and  memory retention (Olpe and Karlsson, 1990; Davies et al., 1991; 

Olpe et al., 1992). Davies et al. (1991) have fu rther suggested th a t 

activation of GABAg autoreceptor^ is crucial for the production of high 

frequency induced LTP. This is because they cause fatigue of synaptic 

inhibition  resulting in the depolarisation of postsynaptic m em branes 

and hence a reduction in the block exerted by Mg^^ ions on the NMDA 

receptors which mediate LTP.

It has also been postulated tha t the neurochemical basis for depression 

could reside in the dysfunction of the catecholamine and serotonin 

systems. In brain slices, the evoked release of these monoamines were 

reduced by GABAg agonists (Bowery et al., 1980), suggesting the 

antidepressant potential of GABAg antagonists. Both upregulation of 

(Lloyd et al., 1985; P ra tt and Bowery, 1993) and no a ltera tion  in  (Cross 

and Horton, 1988) GABAg receptor binding sites have been reported in 

the  cerebral cortices of rats treated chronically w ith antidepressants. 

Thus, further investigations need to be carried out before any firm 

conclusions can be made about the possible an tidepressan t effects of 

GABAg antagonists.
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Chapter 5 : M ultiplicity of GABAn Receptors

The anti-epileptic profile of GABAg antagonists has perhaps received 

the  most attention in recent years. In  vitro and in vivo as well as 

hum an studies of epilepsy have all demonstrated conflicting convulsant 

responses to baclofen (see references in Bowery, 1993). Results 

obtained from animal models do, however, suggest th a t GABAg 

antagonists show most promise in the trea tm ent of non-convulsive 

absence epilepsy. This is because both CGP35348 and CGP36742 can 

concentration-dependently suppress the absence behaviour and typical 

spike and wave discharge (see references in B ittiger et a l. , 1993 and 

Bowery, 1993).

5.1.4 M ultip lic ity  o f  GABAg R eceptors

Ever since the introduction of phaclofen, evidence for GABAg receptor 

heterogeneity has been accumulating {eg. K err a/., 1987; D utar and 

Nicoll, 1988; Bonanno and Raiteri, 1992, 1993a; Olpe et at., 1994). 

Surprisingly, the concept of GABAg receptor m ultiplicity was first 

derived from electrophysiological studies ra th e r th an  the more 

traditional pharmacological methods.

The data by Kerr and colleagues (1987) provided the in itial evidence for 

a t least two forms of GABAg receptors. Working on an in vivo cat spinal 

cord preparation, this group reported th a t one of these receptors was 

phaclofen-sensitive and presynaptically located on prim ary sensory 

afferents while the other was phaclofen-insensitive and present on 

in trinsic neurones . On the other hand, D utar and Nicoll (1988b) who 

studied hippocampal neurones in vitro, found th a t while the 

presynaptic receptors were insensitive to phaclofen and pertussis toxin 

(PTX), the postsynaptic receptors appeared to be sensitive to both 

compounds. These observations have since been confirmed by other 

groups {eg. Calabresi et al., 1990; Bonanno and Raiteri, 1992).
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Another paradigm often used for determ ining receptor heterogeneity is 

the post-receptor effector mechanism(s) or second m essenger system(s). 

E arlie r investigations had indicated th a t GABAq receptor-activation 

triggered a G-protein-adenylate cyclase reaction (Hill, 1985). Based on 

the PTX data  mentioned above, however, it appeared th a t some 

centrally  located GABAg receptors might not effect their actions via 

PTX-sensitive G-proteins as traditionally believed for all GABAg 

receptors. This observation therefore lent credence to the  idea th a t an 

array  of GABAg receptors might actually exist w ithin the CNS.

U nfortunately, the structure of the GABAg receptor has eluded 

m olecular biologists. While GABAg receptors have been successfully 

expressed inXenopus oocytes (Sekiguchi et <%/., 1990; Taniyam a et aL, 

1991), many appeared to initiate conductances different from th a t of the 

native receptor (Sekiguchi et al., 1990). In another study, the incidence 

of thecomplementary associated ion channel in the expressed receptors 

was very low (-5%; Taniyam a et al., 1991), suggesting th a t the second 

m essenger system might be a lim iting factor for the appropriate 

functional expression of the GABAg receptor. Using bovine cerebral 

cortices, Kuriyama's team  have managed to obtain a partially  purified 

GABAg receptor, to which a monoclonal antibody has been raised

: 80kDa

(Ohmori and Kuriyama, 1991; N akayasu et al., 1993). Biochemical 

studies carried out with the 8 Ghd- GABA-binding protein obtained from 

the immunoaffinity eluate have indicated th a t it possesses properties 

sim ilar to those of the GABAg receptor (Nakayasu et al., 1993). The 

presence of multiple protein bands in  the same eluates fu rther support 

the possibility of multiple GABAg receptor subtypes.

The existence of a heterogeneous population of GABAg receptors 

suggests tha t there may be a division of function between the different 

receptor types w ithin the CNS. This could augur well for therapeutic
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developments since distinct populations of receptors would allow for 

selective activation/inactivation so limiting the incidence of interference 

with unrelated neuronal systems.

(a) Heteroreceptors

Initially, it was expected th a t with the availability of the novel 

potent GABAg antagonists, the conflicting issues surrounding 

GABAg receptors would be rapidly resolved and th e ir physiological 

functions better understood. However, these compounds have 

instead  brought about much confusion and realisation th a t 

perhaps a more complicated story lies behind the GABAg receptors.

R aiteri’s and W aldmeier's groups have been the m ain leaders in 

the research on the multiplicity of GABAg receptors. While! m any 

of their fundamental data concur (Baum ann et al. y 1990; Bonanno 

and Raiteri, 1993a,b; W aldmeier at., 1993a,b, 1994), these two 

groups have been unable to agree on the activities th a t are exerted 

by the novel GABAg antagonists on the GABAg autoreceptor and 

the GABAg heteroreceptors (see Bonanno and Raiteri, 1993b; 

Gemignani et al.y 1994; W aldmeier a/., 1994).

Since 1992, Raiteri and colleagues, working prim arily  on ra t 

cortical synaptosomes, have claimed to have identified a t least 

th ree  distinct GABAg heteroreceptors -  GABAg^p, G A B A g a n d  

GABAgig (Bonanno and Raiteri, 1992, 1993a; Lanza et al. y 1993; 

Gemignani et a i ,  1994). GABAg^p receptors appear to be present 

on glutamatergic term inals and are sensitive to CGP35348 and 3- 

aminopropylphosphonic acid (3-APPA) but not phaclofen (Bonanno 

and Raiteri, 1992, 1993a). These observations are in agreem ent 

w ith the hippocampal data of D utar and Nicoll (1988b) bu t
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contradict those of K err et al. (1987) who worked on the spinal 

cord. The GABAgheteroreceptors are apparently located on SRIF 

term inals. While the affinity of (-)-baclofen for th is receptor was 

similar to that for the glutam atergic heteroreceptor (Bonanno and 

Raiteri, 1992), the G A B A grecep to r was sensitive to phaclofen, 

CGP35348 and CGP52432 (Bonanno and Raiteri, 1992; Gemignani 

et al., 1994). Recently, based on experiments carried out with 

CGP52432 and 3-aminopropyl(difluoromethyl)phosphonic acid 

(CGP47656 ; a partial GABAg agonist/antagonist), th is group has 

reported that the GABAg receptor found on the CCK term inals also 

differs from the two previously described heteroreceptors. This 

has been termed the GABAg^g receptor (Gemignani et al., 1994). 

W hile CGP52432 was found to be 30 times less potent on SRIF 

release than tha t of CCK, the evoked release of SRIF but not CCK 

was inhibited by CGP47656. The (-)-baclofen-induced effect on 

evoked SRIF release was also reversed by CGP47656 but this 

antagonism  was not apparent in the CCK system.

(b) Autoreceptors

It was speculated in the 1970s th a t the autoreceptor for the 

GABAergic system belonged to the GABA^ class as muscimol, a 

GABAa agonist decreased endogenous G ABA release from 

synaptosomes and cortical slices (Mitchell and M artin, 1978; 

M any A rbilla et al., 1979; B rennan et al., 1981). Recent studies have,
A

however, failed to reproduce these results and in  line with the 

observations of Anderson and Mitchell (1985), indicate instead th a t 

I may the  G ABA autoreceptors -afe-members of the GABAg group (eg.

P ittaluga et al., 1987; Bonanno et al., 1989a,b; W aldmeier et al., 

1988b, 1989, 1993a, 1994; Bonanno and Raiteri, 1993a; B aum ann 

et al., 1990; Davies et al., 1991). Data from studies on hum an
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cortical synaptosomes have further indicated th a t there is little 

difference between the autoreceptor of the ra t  and the hum an 

(Bonanno et al., 1989a; Fassio et al., 1994).

Based on superfusion release studies, it has been suggested th a t 

the GAB Ay autoreceptors in different regions of the  CNS, a t least 

in  the rat, are pharmacologically distinct (Bonanno and Raiteri, 

1993a; Lanza et al., 1993). As with the heteroreceptors, 

differentiation of the autoreceptors has been based on studies with 

(-)-baclofen, phaclofen, CGP35348, CGP52432 and 3-APPA. It 

should be noted tha t although the last drug was in itially  reported 

to be a selective GABAy agonist (Dingwall et al., 1987), it has 

recently been suggested th a t it m ight only act as a partia l agonist 

a t certain GABAy sites (see references in Bowery and P ra tt, 1992).

G ABA, itself, concentration-dependently inhibited the electrically- 

and K^-stimulated release of its tritia ted  form from ra t cortical 

slices, cortical synaptosomes and spinal cord synaptosomes 

(Pittaluga et al., 1987; Bonanno et al., 1989b; Raiteri et al., 

1989a,b; Baumann et al., 1990; Bonanno and Raiteri, 1992, 1993a; 

Lanza et al., 1993; W aldmeier et al., 1994). However, the 

synaptosomal preparations indicated tha t while cortical and spinal 

GABAy autoreceptors were equally sensitive to G ABA, they 

exhibited very different resistances to other GABAy ligands 

(Bonanno and Raiteri, 1992, 1993a). Those of cortical origin 

appeared to be (-)-baclofen - and 3-APPA-sensitive. Together with 

the  heteroreceptors th a t dem onstrated sim ilar sensitivities, they 

were hence classified under the GABAyi group m entioned above. 

As the putative cortical GABAy autoreceptor was phaclofen- 

sensitive and CGP35348-insensitive, it was term ed the GABAy 

receptor. On the other hand, while the spinal GABAy
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autoreceptors were also responsive to 3-APPA, (-)-baclofen 

appeared to have a low affinity for these receptors. This group of 

receptors therefore came under the GABAgg subtype. In addition, 

it was reported th a t spinal GABAg autoreceptors were phaclofen- 

insensitive and CGP35348-sensitive. F u rthe r experiments carried 

out by the same group of workers on both ra t  and hum an cerebral 

cortices not only confirmed these results but also provided an 

additional dimension to the classification system (Lanza et al. y 

1993; Fassio et al.y 1994; Gemignani et al.y 1994). These latter 

studies indicated th a t CGP52432 was an extremely active 

antagonist a t the cortical GABAg autoreceptor, w ith -70 times the 

potency of phaclofen a t antagonising the (-)-baclofen response 

(Fassio et al. y 1994). Moreover, the affinity of th is drug for the 

GABAg autoreceptor was respectively forty- and a hundred-fold 

g rea ter than  for the heteroreceptors on the SRIF and GLU 

term inals.

In summary, the results of Raiteri and colleagues suggest th a t the 

autoreceptor found in the ra t cortex is sensitive to phaclofen and 

CGP52432 but insensitive to CGP35348 while th a t in the spinal 

cord is of a baclofen- and phaclofen-insensitive, CGP35348- 

sensitive nature (Raiteri et al. y 1989b; Bonanno and Raiteri, 

1993a,b; L a n z a a / . ,  1993; Fassio et al.y 1994). According to their 

definition, it would appear, therefore, th a t the GAB A autoreceptor 

present in  the ra t spinal cord is a non-GABA^, non-GABAg 

receptor. Perhaps the most in teresting and surprising feature in 

th is system  of classification is the existence of a baclofen- 

insensitive receptor within the spinal cord. This is unexpected in 

view of the fact that the antispastic activities of baclofen have long 

been attributed to its actions within the spinal cord (see references 

in Bowery, 1993) and th a t intrathecally  adm inistered baclofen
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evokes antinociceptive responses in rodents (Wilson and Yaksh, 

1978; Hwang and Wilcox, 1989; Aran and Hammond, 1991; 

Hammond and W ashington, 1993).

W hilst this concept of multiple GABAg receptor types w ithin the 

CNS is an extremely exciting feature in  the research of GABAg 

receptor pharmacology, a recent report by W aldmeier et al. (1994) 

was unable to corroborate the work of R aiteri's group. Contrary to 

the reports by Raiteri and colleagues (Bonanno and Raiteri, 1992, 

1993a; Lanza et al., 1993), Waldmeier's team  dem onstrated th a t 

both CGP35348 and CGP52432 were equally potent a t 

antagonising the effects tha t (-)-baclofen had on the stim ulated 

release of GLU and G ABA. In essence, the group a t CIBA-Geigy 

failed to find any evidence to support the suggested differences 

betw een the GABAg autoreceptor and the GABAg heteroreceptor 

on the glutam atergic term inals.

Although it has been suggested th a t GABAg autoreceptors may 

play a role in the development of LTP (Davies et al., 1991), there 

is still doubt as to whether these receptors are physiologically 

functional. In fact, Waldmeier and colleagues have provided 

evidence disputing their importance. These workers reported th a t 

while GABAergic neurones characteristically fire a t high 

frequencies, the stim ulated release of G ABA was inhibited by 

GABAg autoreceptors a t low ra ther th an  high frequencies 

(Waldmeier et al., 1988b; Baum ann et al., 1990). In  addition, the 

K""-evoked release of G ABA in the striatum  of conscious ra ts  was 

not significantly affected by the presence of CGP35348 (Waldmeier 

et al., 1992). This, the authors felt, indicated th a t a t least in  the 

s tria ta l region of the brain, GABAg autoreceptors m ight not be 

crucial in the control of G ABA release.

179



Çha^ter^ôj^Iulti^lœit^

5.2 Aims of the Studies

In  the  current study, various established and novel GABAg receptor 

ligands of varying affinities have been used in an attem pt to 

characterise the presynaptic GABAg receptors p resent in  the ra t  spinal 

cord. To do so, the effects of these ligands on the basal and electrically- 

stim ulated  release of G ABA and GLU have been studied. 

Concomitantly, the potencies of these novel antagonists a t the 

presumptive GABAg heteroreceptor on glutamate term inals and GABAg 

autoreceptor were compared. Following on from earlier anatomical 

observations th a t receptor plasticity is evident after prolonged 

treatm ent with GABAg ligands (P ra tt and Bowery, 1993; Malcangio et 

al. y 1993), studies have been carried out to determ ine if  sim ilar 

trea tm en t procedures would effect comparable changes in GABAg 

receptor function. Displacement studies were also performed to 

ascertain  the binding affinity of CGP52432 (the apparen t selective 

autoreceptor antagonist reported by Gemignani et al. (1994)) and 

CGP56999A (the most potent of the antagonists studied) for GABAg 

receptor binding sites under autoradiographic conditions. Finally, the 

distribution of CGP56999 binding sites within the ra t  superficial dorsal 

horn  was determined with autoradiography using ^H-CGP56999 (see 

Figure 5(b)).

COOH

F ig u re  5(b) S tru ctu re  o f  [®H]-CGP56999

The * denote the locations of the tritium elements.
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5.3 Results

5.3.1 Su perfu sion  R elease S tu d ies

(a) Effect of Exogenous G ABA on the Electrically-evoked Release of 

Glutam ate

Exogenous G ABA (lO-SOOpM) had no obvious effects on the basal 

outflow of GLU. However, the electrically-evoked release of GLU 

was inhibited in a concentration-dependent m anner (Figure 5 (c)). 
At SOOpM, the S2/S1 ratio was 0.25 ± 0.08% while the calculated 

IC5 0  value for this dose range of GAB A was 78.38pM.

(b) Effect of GABA^ Receptor Ligands on the Electrically-evoked 

Release of G ABA and G lutam ate

The GABAa agonist, isoguvacine (1-lOOpM), appeared to decrease 

the 82/81 ratio for both GAB A and GLU. However, th is effect only 

reached statistical significance for G ABA a t lOOpM and not a t all 

for GLU (Figure 5(d)). Concomitant adm inistration of the GABA^ 

antagonist, bicuculline (lOOpM), reversed the effect th a t 

isoguvacine had on the stim ulated release of G ABA. This 

concentration of bicuculline alone did not significantly affect the 

82/81 ratio for either G ABA or GLU.
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F ig u re  5(c) C oncentration-dependent e ffec t o f  ex o g e n o u s  GABA o n  th e  e lec tr ica lly -  
ev o k ed  r e le a se  o f  en d o g en o u s GLU.

GABA was introduced into the superfusion medium Imin prior to and during the 
collection of the eighth and ninth fractions. Control outflow for GLU was 269.51 
±48.32nM (n = 6). Values are expressed as mean S1/S2 ± s.e.m. (n = 3-6 in each 
case). The Mann-Whitney 'U* test was used to compare the effect of each 
concentration of GABA with the control values. * p < 0.05; ** p < 0.01.
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F igu re 5(d) Effect o f isoguvacine, in the absence and p resen ce  o f b icu cu llin e , on the  
re lea se  o f en d ogen ous GLU and GABA.

Isoguvacine was superfused through the system Imin prior to the second 
stimulation period. When bicuculline was used, it was added 6min before the S2 
response was evoked. Basal level of GLU was 274.57 ± 50.3nM and that for 
GABA was 159.35 ± 13.2nM (n = 21). Values are expressed as mean ± s.e.m. (n 
= 3 in each case). The effects of isoguvacine and bicuculline alone were compared 
with the control values. The isoguvacine + bicuculline response was assessed 
against the isoguvacine effect. The Mann-Whitney 'U’ test was used in both 
cases. * p < 0.05.
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(c) Effect of Baclofen on the Electrically-evoked Release of GABA and 

Glutam ate

(-)-Baclofen (O.l-lOOOpM), the GABAg agonist, concentration- 

dependently inhibited the evoked, but not basal, release of GABA 

and  GLU (Figure 5(e)). These effects of baclofen were 

stereospecific as the S 2 /S 1  ratios obtained w ith sim ilar 

concentrations of the (4 -)-enantiomer did not differ appreciably 

from the control values. (-)-Baclofen (30pM) produced S 2 /S 1  ratios 

of 0.41 ± 0.03 (GABA) and 0.46 ± 0.02 (GLU). As these responses 

were ju s t submaximal, this concentration was used subsequently 

for studying the effects of antagonists.

(d) Effects of Selected GABAg Receptor A ntagonists on the 

Electrically-evoked Release of GABA and G lutam ate

None of the five novel GABAg antagonists studied had  any effect 

on the basal outflow of GABA or GLU. CGP36742, CGP52432, 

CGP55845A and CGP57250A (1 -lOOpM) significantly increased 

the evoked release of GABA and GLU as well as reversed the 

inhibitory effect th a t 30pM (-)-baclofen had  on the ir outflow 

(Figures 5(f)-(k), 5(n) and 5(o)). CGP56999A (O.l-lOpM ) had no 

significant effect on the stimulated release of GLU in  the presence 

or absence of (-)-baclofen (Figure 5(1)). However, it  did enhance 

the evoked outflow of GABA and concentration-dependently 

reversed the inhibitory effect th a t (-)-baclofen had on this 

stim ulated release(see Figure 5(m)).
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F ig u r e  5(e) S ter e o sp e c if ic  e ffec t o f  b a c lo fen  on  th e  e lec tr ic a lly -e v o k e d  r e le a se  o f  
en d o g en o u s GLU and  GABA.

Spontaneous outflow of GLU and GABA detected in the superfusates was 259.13 
± 30.4nM and 168.21 ± 20.3nM respectively ( n = 21-36). Both isomers of baclofen 
were added to the bathing solution Imin prior to the second stimulation (n = 3-6 
for each concentration). The (+)-isomer (O) failed to produce a response that was 
different to the control effect (n = 6). The (-)-isomer (•), however, concentration- 
dependently inhibited the endogenous release of both GLU and GABA. * p < 0.05; 
** p < 0.01 (as determined by the Mann-Whitney *U* test).
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F igu re 5(f) E ffect o f CGP36742, in the p resen ce and a b sen ce o f (-)-b aclo fen , on  the  
e lec tr ica lly  evoked  re lease  o f GLU.

(i) CGP36742, on its own, caused a concentration-dependent increase in the 
S2/S1 ratio (n = 6-7 for each data point). This enhancement was 
significant at concentrations 3pM and greater when compared with the 
control values (n = 6).

(ii) The inhibitory effect of 30pM (-)-baclofen (n = 7) was sequentially 
reversed by increasing concentrations of the antagonist (n = 6 for each 
concentration). The responses obtained with the antagonist were 
statistically compared with the effect observed with (-)-baclofen.

All values are expressed as mean ± s.e.m. Statistical analyses were carried out 
with the Mann-Whitney 'U’ test. * p < 0.05, ** p < 0.01.
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F igu re 5(g) Effect o f CGP36742, in the p resen ce and a b sen ce  o f (-)-b aclofen , on the  
elec tr ica lly  evoked  re lease  o f GABA.

(i) CGP36742, on its own, caused a concentration-dependent increase in the 
S2/S1 ratio (n = 3 for each data point). This enhancement was significant 
at concentrations lOpM and greater when compared with the control 
values.

(ii) The inhibitory effect of 30pM (-)-baclofen (n = 3) was sequentially 
reversed by increasing concentrations of the antagonist (n = 3 for each 
concentration). The responses obtained with the antagonist were 
statistically compared with the effect observed with (-)-baclofen.

All values are expressed as mean ± s.e.m. Statistical analyses were carried out 
with the Mann-Whitney 'IT test. ♦  p = 0.05.
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F igure 5(h) Effect o f  CGP52432, in  the p resen ce  and ab sen ce o f (-)-b aclofen , on  the  
electrica lly -evoked  re lea se  o f GLU.

(i) CGP52432, on its own, caused a concentration-dependent increase in the 
S2/S1 ratio (n = 6 for each data point). This enhancement was significant 
at concentrations lOpM and greater when compared with the control 
values.

(ii) The inhibitory effect of 30pM (-)-baclofen (n = 7) was sequentially 
reversed by increasing concentrations of the antagonist (n = 6 for each 
concentration). The responses obtained with the antagonist were 
statistically compared with the effect observed with (-)-baclofen.

All values are expressed as mean ± s.e.m. Statistical analyses were carried out 
with the Mann-Whitney 'U’ test. * p < 0.05, ** p < 0.01.
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F igu re 5(i) E ffect o f CGP52432, in the p resen ce and ab sen ce o f (-)-b aclofen , on  the  
electrica lly -evoked  re lease  o f GABA.

(i) CGP52432, on its own, caused a concentration-dependent increase in the 
S2/S1 ratio (n = 3 for each data point). This enhancement was significant 
at concentrations 3pJVI and greater when compared with the control 
values.

(ii) The inhibitory effect of 30pM (-)-baclofen (n = 3) was sequentially 
reversed by increasing concentrations of the antagonist (n = 3 for each 
concentration). The responses obtained with the antagonist were 
statistically compared with the effect observed with (-)-baclofen.

All values are expressed as mean ± s.e.m. Statistical analyses were carried out 
with the Mann-Whitney 'IT test. ♦  p = 0.05.
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F igure 5(j) Effect o f CGP55845A in the presence and  a b sen ce  o f (-)-baclofen , on the  
electr ica lly -evoked  re lea se  o f GLU.

(i) CGP55845A, on its own, caused a concentration-dependent increase in 
the S2/S1 ratio (n = 6 for each data point). This enhancement was 
significant at concentrations 3pM and greater when compared with the 
control values.

(ii) The inhibitory effect of 30pM (-)-baclofen (n = 7) was sequentially 
reversed by increasing concentrations of the antagonist (n = 6 for each 
concentration). The responses obtained with the antagonist were 
statistically compared with the effect observed with (-)-baclofen.

All values are expressed as mean ± s.e.m. Statistical analyses were carried out 
with the Mann-Whitney 'U’ test. * p < 0.05, ** p < 0.01.
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F igu re 5(k) Effect o f CGP55845A, in the presence and ab sen ce o f (- )-baclofen , on the  
electrica lly -evok ed  re lea se  o f GABA.

(i) CGP55845A, on its own, caused a concentration dependent increase in 
the S2/S1 ratio (n = 3 for each data point). This enhancement was 
significant at concentrations 3pM and greater when compared with the 
control values.

(ii) The inhibitory effect of 30pM (-)-baclofen (n = 3) was sequentially 
reversed by increasing concentrations of the antagonist (n = 3 for each 
concentration). The responses obtained with the antagonist were 
statistically compared with the effect observed with (-)-baclofen.

All values are expressed as mean ± s.e.m. Statistical analyses were carried out 
with the Mann-Whitney 'IT test. ♦  p = 0.05.
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F igu re 5(1) Effect of CGP56999A, in the presence and ab sen ce o f (- )-baclofen , on  the  
elec tr ica lly  evoked  re lease  o f GLU.

(i) CGP56999A, on its own, did not have any effect on the electrically-evoked 
release of GLU (n = 6 for each data point).

(ii) The inhibitory effect of 30pM (-)-baclofen (n = 7) was insensitive to this 
antagonist even at lOpM. The responses obtained with the antagonist 
were statistically compared with the effect observed with (-)-baclofen.

All values are expressed as mean ± s.e.m. Statistical analyses were carried out 
with the Mann-Whitney 'U’ test.
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F igu re 5(m) Effect o f CGP56999A, in the p resence and a b sen ce o f (-)-baclofen , on the  
electrica lly -evoked  re lease  o f GABA.

(i) CGP56999A, on its own, caused a concentration-dependent increase in 
the S2/S1 ratio (n = 4 for each data point). This enhancement was 
significant at concentrations IpM and greater when compared with the 
control values (n = 3).

(ii) The inhibitory effect of SOpM (-)-baclofen (n = 3) was sequentially 
reversed by increasing concentrations of the antagonist (n = 4 for each 
concentration). The responses obtained with the antagonist were 
statistically compared with the effect observed with (-)-baclofen.

All values are expressed as mean ± s.e.m. Statistical analyses were carried out 
with the Mann-Whitney 'IT test. * p < 0.05.
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F igu re 5(n) Effect o f CGP57250A, in the presence and ab sen ce o f (-)-baclofen , on the  
electr ica lly -evok ed  re lease  o f GLU.

(i) CGP57250A, on its own, caused a concentration-dependent increase in 
the S2/S1 ratio (n = 6 for each data point). This enhancement was 
significant at concentrations IpM and greater when compared with the 
control values (n = 6).

(ii) The inhibitory effect of 30pM (-)-baclofen (n = 7) was sequentially 
reversed by increasing concentrations of the antagonist (n = 6 for each 
concentration). The responses obtained with the antagonist were 
statistically compared with the effect observed with (-)-baclofen.

All values are expressed as mean ± s.e.m. Statistical analyses were carried out 
with the Mann-Whitney 'LT test. * p < 0.05, ** p < 0.01.
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F igu re 5(o) Effect o f CGP57250A, in the presence and a b sen ce  o f ( - )-baclofen , on the  
electrica lly -evoked  re lease  o f GABA.

(i) CGP7250A, on its own, caused a concentration-dependent increase in the 
S2/S1 ratio (n = 3 for each data point). This enhancement was significant 
at concentrations 3pM and greater when compared with the control 
values (n = 3).

(ii) The inhibitory effect of 30pM (-)-baclofen (n = 3) was sequentially 
reversed by increasing concentrations of the antagonist (n = 3 for each 
concentration). The responses obtained with the antagonist were 
statistically compared with the effect observed with (-)-baclofen.

All values are expressed as mean ± s.e.m. Statistical analyses were carried out 
with the Mann-Whitney 'IT test. ♦  p = 0.05.
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(e) Functional Changes in GABAg Receptor Pharmacology following 

Chronic Treatment with (-)-Baclofen, CGP36742 and CGP56999A

Basal concentrations of ASP, GLU and GABA per fraction from the 

spinal cords of ra ts injected with saline were 306.26 ± 13.4nM, 

283.14 ± 11.4nM and 150.72 ± 12.5nM respectively. Electrical 

stimulation markedly increased the levels of all three amino acids 

in the superfusates to 176.73 ± 6.4% (ASP), 178.37 ± 5.0% (GLU) 

and 162.68 ± 5.6% (GABA) of basal outflow. At lOOpM, (-)- 

baclofen inhibited the release of ASP, GLU and GABA by 47.25 ± 

16.2%, 74.64 ± 1.78% and 47.08 ± 16.8% respectively (Figure 5(p)). 

The sensitivity to (-)-baclofen (1-lOOOpM) appeared to be reduced 

for all the amino acids in the spinal cords of ra ts  chronically 

trea ted  with the agonist (Figure 5(p); Table 5(a)). Conversely, 

CGP36742 pre-treatment enhanced the sensitivity of the tissues to 

(-)-baclofen with IpM (-)-baclofen producing inhibitions of 55.45 

± 14.2%, 55.45 ± 13.0% and 48.62 ± 15.0% for ASP, GLU and GABA 

respectively (Figure 5(p); Table 5(a)). The profile obtained with 

CGP56999A was different to those obtained with (-)-baclofen and 

CGP36742. Chronic treatm ent with CGP56999A appeared to only 

affect the GABAergic system (Figure 5(p); Table 5(a)).

5.3.2 P h ysio log ica l and B ehavioural S tu d ies

(a) A lterations in W eights of Animals following Chronic T reatm ent 

with (-)-Baclofen, CGP36742 and CGP56999A

Figure 5(q) illustrates the weight fluctuations of the anim als 

during  the experiment. The weight gained by those anim als 

treated  with (-)-baclofen was always less than  those in the other 

three groups. At the end of the dosing regime, the weights of these
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animals had risen by 31.14 ± 3.8% compared with 53.57 ± 5.6% for 

the control animals; these differences were statistically  significant 

(p < 0.05). In contrast, the weight gained by the anim als treated  

with CGP36742 (57.07 ± 5.8%; p < 0.67) and CGP56999A (44.40 ± 

3.5%; p < 0.18) were not significantly different from th a t of the 

controls animals.

(b) Behavioural Effects elicited by Chronic T reatm ent with (-)- 

Baclofen, CGP36742 and CGP56999A

Five anim als from each group were random ly chosen a t the 

beginning of the experiment for behavioural analysis. Every th ird  

day, these anim als were observed 2 0 min prior to and Ih  after 

injection of the drugs. Table 5(b) sum m arises the collective data  

obtained over the treatm ent period.

Animals treated with saline always m aintained a norm al healthy 

status. Those injected with (-)-baclofen became more lethargic as 

the treatm ent continued. The coats of these anim als generally 

lacked the lustre th a t the other anim als possessed and their eyes 

were duller. Rats dosed with CGP36742 were, in  general, more 

active than those from the control group. They groomed constantly 

and  exhibited much exploratory activities. The CGP56999A- 

trea ted  anim als were the most active and aggressive. They were 

constantly alert and resistan t to being handled.
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F igu re 5(p) E ffect o f (-) baclofen  on the e lec tr ica lly  evok ed  re lea se  o f en d ogen ous  
ASP, GLU and GABA from the sp in al cords o f ch ron ica lly  treated  
rats.

Rats (140 -  220g) were injected (i.p.) daily for 21days with saline (□), lOmg/kg 
(-)-baclofen ( \ \ ) ,  lOOmg/kg CGP36742 (■ ) or 0.5mg/kg CGP56999A (//). 
Superfusion release studies were carried out 24 hours after the last injection. 
Basal release of ASP, GLU and GABA were determined to be 306.26 ± 13.4nM, 
283.14 ± 11.4nM and 150.72 ± 12.5nM respectively. Data are expressed as mean 
± s.e.m. for 3-5 animals. * p < 0.05 (Mann-Whitney 'U  test).
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T re a tm e n t ICsoCpM)

A SP GLU GABA

S a lin e 6.39 ± 2.3 8.08 ±4.6 1.10 ±1.3

lO m g/kg (-)-B aclo fen 31.98 ± 24.5 48.62 ± 22.7 68.62 ± 1 .0 1 **

lOOmg/kg CGP36742 3.07 ± 3.48 0.91 ±0.2 1.00 ± 0.94

0.5m g/kg CGP56999A 4.81 ± 3.05 6.50 ±3.2 0.98 ±  0.81

T a b le  5(a) ICg@ v a lu e s  fo r  th e  (-)-b aclo fen  e f fe c t  on  ASP, GLU and GABA r e le a s e  from  th e  sp in a l co r d s  o f  ch ro n ica lly -  

tr ea te d  ra ts.

Rats were chronically administered with saline, lOmg/kg (-)-baclofen, lOOmg/kg CGP36742 or 0.5mg/kg CGP56999A for 

21 days before superfusion release experiments were carried out on the lumbar section of their spinal cords. The 

sensitivity of these spinal cord slices to (-)-baclofen (1-lOOOpM ) was investigated. Data from each group were statistically 

compared with the corresponding control value. Values are expressed as mean±s.e.m. (n =3-5 for each value) and were 

analysed with the Student’s t test. * * p <  0.01.
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Figure 5(q) Effect of chronic treatment with GABAg ligands on the weights of animals.

Rats were injected (i.p.) daily with saline (O—O), lOmg/kg (-)-baclofen 
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T ab le  5(b) B e h a v io u r a l e f fe c ts  e lic ite d  by ch ro n ic  trea tm en t w ith  sa lin e , (-)- 
b a c lo fen , CG P36742 an d  CGP56999A.

Rats were injected (i.p.) daily with saline, (-)-baclofen (lOmg/kg), CGP36742 
(lOOmg/kg) or CGP56999A (0.5mg/kg) for 21 days. Animals were observed 20min 
prior to and lb  after injections. Five rats from each group were randomly chosen 
at the beginning of the experiment and observed throughout the 21 days.

+ Bright eyes, well-groomed, active, relaxed on being handled.
++ Dull eyes, less groomed, placid, relaxed on being handled.
++4- Alert eyes, well-groomed, very active, tense on being handled.
++++ Alert eyes, well-groomed, extremely active, very tense on being handled.

Numbers indicate animals exhibiting the characteristics on each third day.
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DAY SALINE (-)-BACLOFEN CGP36742 CGP56999A

Before After Before After Before After Before After

0 5+ 5+ 5+ 5+ 5+ 5+ 5+ 3+
2+++

3 5+ 5+ 2+
3++

5++ 5+ 4+
1+++

4+
1+++

5+++

6 5+ 4+
1++

5++ 5++ 5+ 5+ 1+
4+++

3+++
2++++

9 5+ 4+
1++

5++ 5++ 5+ 3+
2+++

5+++ 3+++
2++++

12 5+ 5+ 5++ 5++ 3+
2+++

5+++ 3+++
2++++

1+++
4++++

15 5+ 5+ 5++ 5++ 2+
3+++

1+
4+++

1+++
4++++

5++++

18 4+
1+++

5+ 2+
3++

5++ 3+
2+++

5+++ 5++++ 5++++

21 5+ 5+ 5++ 5++ 1+
4+++

5+++ 5++++ 5++++
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5.3.3 A utoradiographic S tu d ies

(a) Displacem ent of [% -GABA from GABAg Binding Sites in Rat 

Spinal Cord Sections by GABAg Receptor Antagonists

The ability of CGP52432 and CGP56999A to displace ["HJ-GABA 

from GABAg receptor binding sites in the substantia  gelatinosa  of 

ra t  lum bar spinal cord slices was investigated. U nder control 

conditions, specific binding of [^H]-GABA accounted for 91.65 ± 

0.9% of total binding in this region. Both CGP52432 and 

CGP56999A completely reduced the specific GABAg binding in a 

concentration-dependent manner (Figure 5(r)). The calculated IC 5 0  

values for these GABAg antagonists were 50.97 ± 19.3nM 

(CGP52432) and 17.35 ± 7.3nM (CGP56999A).

(b) D istribution of GABAg Antagonist Binding Sites in  the Dorsal 

Horn of the Rat Spinal Cord

[^H]-CGP56999 binding was apparent across the lam inae of the 

spinal cord sections. As with GABAg receptor binding sites (see 

Section 4.3.4), CGP56999 binding sites were highly localised in  the 

superficial dorsal horn and especially in  the  region defined as the 

substantia gelatinosa (Figure 5(s)). At 20nM, specific binding 

obtained for laminae I, II, III and IV were respectively 84.36 ± 5.3, 

143.53 ± 14.6, 110.71 ± 21.2 and 57.02 ± 8.4fmoVmg tissue which 

accounted for 68.5%, 77.5%, 72.6% and 71.9% of total binding 

respectively (Figure 5(t)).
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F igure 5(r) D isp la cem en t o f [’HJ-GABA b in d ing  to GABA,; s ites  in the su b s ta n tia  
g e la tin o sa  o f rat lum bar sp inal cord  sec tio n s by CGP56999A and  
CGP52432.

Rat spinal cord sections were incubated for 20min with 50nM f'^Hl-GABA (specific 
activity = 87.3 to 95Ci/mmol) in the presence of 40pM isoguvacine and 2.5mM 
CaCl.2, with or without the addition of increasing concentrations of CGP56999A 
( # —# )  or CGP52432(0....0). Non-specific binding was defined with lOOpM (-)- 
baclofen. The binding of these antagonists to the GABA^ receptor binding sites 
was determined by autoradiography. The reduction in specific GAJBÂ  binding at 
each concentration of the putative antagonists is expressed as a % of [%1-GABA 
bound, (n = 3 or 4 performed in triplicates).
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(i)

(ii)

A

F igu re 5(s) D ark-field  autoradiographs sh ow in g  the d istr ibu tion  o f [^H]-CGP56999 
b in d in g  s ites  in  th e rat lum bar sp inal cord.

(i) Total binding observed in the dorsal horn of a spinal cord section with 
20nM [’H1-CGP56999. (Scale Bar = 200pm).

(ii) Non-specific binding observed in the dorsal horn of a spinal cord section 
with 20nM rH]-CGP56999. (Scale Bar = 200pm).
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Figure 5(t) Distribution of [^H]-CGP56999 binding sites in laminae I to IV of the rat lumbar spinal cord.

Spinal cord sections (10pm) were prepared as described in Section 2.3.1. Autoradiographic binding studies were carried out 

using the parameters shown in Table 2(a). The specific activity of [^H]-CGP56999 was 58.6Ci/mmol. Non specific binding 

was determined in the presence of lOOpM (-)-baclofen. Sections were exposed to the emulsion-coated coverslips for 25 days 

before development and fixing. Data are expressed as mean ± s.e.m. for 8 sections per rat (n = 4).
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5.4 Discussion

The inhibitory effect th a t GABA had on the evoked release of 

endogenous GLU mirrored th a t observed in ra t  cortical synaptosomes 

(Pende et a i ,  1993). Isoguvacine had no significant effect on the basal 

or evoked release of GLU suggesting th a t the inhibitory actions which 

GABA exerted on the evoked-release of GLU was probably not m ediated 

via the GABA^ receptors. Although the increase in the 82/81 ratio for 

GLU observed with bicuculline alone was insignificant in comparison 

to the control response, the possibility of this drug exerting a 

disinhibitory effect cannot be dismissed since such a phenomenon has 

been documented for neurones of the substantia gelatinosa  (M agnuson 

and  Dickenson, 1991). In contrast, isoguvacine significantly reduced 

the  82/81 ratio for the stim ulated release of GABA bu t th is was only 

apparen t when lOOpM of the agonist was used. This effect was 

bicuculline-sensitive, suggesting th a t GABA release in the dorsal horn 

of the spinal cord is in p a rt modulated by the GABA^ receptors.

Both enantiomers of baclofen failed to affect the basal release of GABA 

or GLU. (-)-Baclofen mimicked the effect tha t exogenous GABA had on 

the  stim ulated  release of GLU and appeared to be more potent than  

GABA itself. A similar observation has been reported by Malcangio and 

Bowery (1993) who measured the electrically-stim ulated outflow of 8 P- 

LI in  the same preparation. These findings are not unexpected since 

the GABA analogue would not, unlike exogenous GABA, be affected by 

GABA uptake mechanisms present physiologically on both neurones 

and  glia. Hence, for the same exogenously applied concentration of 

GABA and (-)-baclofen, the synaptic concentration of the la tte r  would 

be higher a t any given time and therefore more active.

Using a similar horizontal slice superfusion preparation, K angrga et al.
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(1991) reported th a t IpM  (-)-baclofen completely abolished the 

electrically-evoked release of GLU. In the cu rren t study, full inhibition 

w ith the agonist was not observed even a t a concentration of ImM. 

Kangrga and colleagues carried out their experim ents in  the presence 

of both bicuculline methiodide and L-aspartic acid- P -hydroxymate. The 

former compound, as mentioned above, blocks any GABA^ influence 

th a t may be present while the la tte r was added to prevent glial and 

neuronal uptake of the EAA. Since the results obtained in the present 

study indicate th a t bicuculline has negligible effects on the stim ulated 

release of GLU in the preparation used, it is surprising th a t (-)-baclofen 

failed to elicit full inhibition in the absence of any EAA uptake 

inhibitors. The reasons for these discrepant observations are unknown.

The electrically-stimulated release of endogenous GABA in the current 

preparation was also concentration-dependently reduced by (-)- 

baclofen. Raiteri's group have reported th a t their GABA and (-)- 

baclofen inhibition curves for the K^-evoked release of [^H]-GABA from 

ra t cortical synaptosomes were alm ost superimposable {eg. P ittaluga et 

al., 1987; Raiteri et al., 1989; Bonanno and Raiteri, 1993). It was not 

practical in the current study to determ ine the effects th a t exogenous 

GABA might have on the release of endogenous GABA. In addition, it 

was beyond the scope of this project to determ ine the effects th a t 

exogenous GABA would exert on slices pre-loaded w ith [^H]-GABA. 

Hence, i t  is not possible to correlate the da ta  collected to those of 

Raiteri's team or to compare the potencies of GABA and (-)-baclofen on 

the electrically-evoked outflow of GABA in th is preparation.

The d a ta  a t hand suggest th a t the actions of baclofen were 

stereospecific since sim ilar concentrations of the (-k)-enantiomer were 

unable to significantly a lter the S2/S1 ratios. In both cases, the active 

isomer was a t least 2  orders of magnitude more potent th an  the inactive
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isomer. Similar activity ratios have been reported in  both behavioural 

(W ilson and Yaksh, 1978) and electrophysiological (Kangrga et al. y 

1991) studies although greater differences have also been documented 

(Fromm, 1992; Malcangio and Bowery, 1993). The results from the 

cu rren t study therefore concur with and support previous indications 

th a t the actions of (-)-baclofen are probably receptor-mediated.

In  the  absence of (-)-baclofen, the S2/S1 ratios for GLU were 

potentiated by four of the GABAg antagonists studied -  CGP36742, 

CGP52432, CGP55845A and CGP57250A — and suggest th a t under 

physiological conditions, the GABAg heteroreceptors in  the spinal cord 

may be activated by some form of endogenous inhibitory tone. This is 

in  agreem ent with the reports by Blake et al. (1994) who showed th a t 

the GABAg antagonists, CGP35348 and CGP55845, enhanced the K^- 

stim ulated inw ard synaptic currents from dorsal root neurones. 

However, during electrical stim ulation of dorsal roots in this 

preparation , the enhanced release of GABA produced was less than  

lOpM while concentrations of more than  lOOpM appear to be required 

to suppress evoked GLU release. This suggests th a t any increase in  

evoked GLU release produced by the GABAg antagonists m ight not be 

due to blocking the effect of any endogenous GABA although th is also 

seem s unlikely as they are reported to be inert a t a variety of 

tran sm itte r and enzyme systems (Drs. W. Froestl and H. Bittiger, 

personal communication to Prof. N. G. Bowery). It seems more probable 

th a t the local concentration of endogenous GABA in  the imm ediate 

vicinity  of the GABAg receptor is much greater th an  lOpM after 

prim ary  afferent stimulation. The receptor-mediated action of (-)- 

baclofen on GLU release is further substantiated by the full antagonism  

of these same four GABAg ligands on the response elicited by (—)- 

baclofen.
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All the novel antagonists examined not only potentiated the electrically- 

evoked release of GABA but also reversed the response obtained with 

a submaximal concentration of (-)-baclofen. This would seem to suggest 

th a t there is also some form of inhibitory tone exerted on the intrinsic 

GABAergic system and th a t it is m ediated a t least in  p art by the 

GABAg type of receptors.

Since the effects of (-)-baclofen a t the spinal level appear to be 

predom inantly presynaptic (Dickenson et al., 1985; K angrga et al., 

1991), the reversal of its response by these antagonists would seem to 

suggest th a t the release of GLU from the prim ary afferent fibres are 

regulated by presynaptic GABAg heteroreceptors (Kangrga et al., 1991; 

Bernasconi et al., 1992). It is hence plausible th a t the antinociceptive 

n a tu re  of (-)-baclofen may partially  arise from its actions a t the 

presynaptic heteroreceptors resulting in the reduction of GLU outflow 

from the afferent term inals. This may be in conjunction with or in 

additional to the reduction in evoked SP-LI release from the same 

term inals (Kangrga et al., 1991; Malcangio and Bowery, 1993).

There is evidence that GABAg receptors are heterogeneous (Kerr et a l., 

1987; D utar and Nicoll, 1988) and th a t the autoreceptor belongs to the 

^  -GABAg class {eg. P ittaluga et al., 1987; Bonanno et al., 1989a,b;

^^Bi«/G A BA g 2  Waldmeiere^ al., 1988b; B a u m a n n al., 1990). R aiteri and  colleagues 

have postulated tha t not only are the GABAg autoreceptors in different 

pa rts  of the ra t  CNS different (Raiteri et al., 1989a; Bonanno and 

Raiteri, 1993a) but th a t the presynaptic GABAg heteroreceptors on 

GLU, SRIF and CCK term inals are also unique (Bonanno and Raiteri, 

1992; Lanza et al., 1993; Gemignani et al., 1994). In contrast, 

Waldmeier al. (1994) failed to distinguish between the various groups 

of receptors when they studied a range of structurally  rela ted  drugs in 

both mem brane binding and superfusion slice preparations.
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CGP36742, CGP52432, CGP55845A and CGP57250A did not, in  the 

superfusion release model used, dem onstrate any selectivity for the 

GABAg sites controlling the release of GABA or GLU in  the ra t  dorsal 

horn. The data obtained with CGP52432 is therefore in contrast to 

those described by Raiteri and colleagues (Bonanno and Raiteri, 1992; 

L a n z a al., 1993) who found th a t th is antagonist was about 1 0 0  -fold 

more potent a t the GABAergic term inals than  a t the heteroreceptors 

controlling GLU release. CGP56999A, on the other hand, antagonised 

the (-)-baclofen-induced inhibition of GABA release w hilst not affecting 

th a t  of GLU. This finding thus supports the possible distinction 

between the GABAg autoreceptor and the GABAg heteroreceptor which 

modulates GLU release in the superficial regions of the dorsal horn. It 

is important, however, to note tha t the classification of GABAg receptors 

into subtypes (see Gemignani et at., 1994) did not involve CGP56999A 

and tha t Waldmeier and colleagues (1994) were unable to differentiate 

between the effects th a t CGP56999A had on the GABAergic and 

glutamatergic systems. The reasons behind the discrepancies between 

the present results and those reported previously are not known. It is 

possible tha t the different tissue preparations (slices versus 

synaptosomes and spinal cord versus cerebral cortex) and stimuli 

applied (electrical versus elevated K^) could be of fundam ental 

importance. These results fu rther support earlier reports th a t 

CGP56999A is a potent GABAg antagonist (Bernasconi et at., 1994; 

Waldmeier al., 1994) and th a t w hilst i t  is active a t the autoreceptor, 

i t  appears to lack any influence on the control of GLU release.

W hen ra ts  were chronically dosed with either a GABAg agonist ((-)- 

baclofen) or a GABAg antagonist (CGP36742), sub- or supersensitivity 

of the  GABAg receptor was observed with regards to the release of 

endogenous amino acids. Parallel work showed th a t the electrically- 

evoked release of SP-LI from the spinal cord and the orthodromically-
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stimulated epsps in layer I of the olfactory cortex were similarly affected 

(Malcangio et al., 1995). This is in line with previous reports indicating 

th a t the density of GABAg receptors in certain brain  regions (P ra tt and 

Bowery, 1993) and the spinal cord (Malcangio et al., 1993) may be 

modulated following such chronic treatments. The results of Malcangio 

et al. (1995) and the present work dem onstrate th a t th is prolonged 

regime induces functional plasticity w ithin the spinal cord. These 

alterations may be ascribed to either an a lteration in receptor num bers 

or receptor affinity. Although the latter possibility cannot be dismissed, 

the  former would seem more probable in view of the anatomical data  

th a t  has already been reported by Malcangio et al. (1993). The 

antinociceptive effects of (-)-baclofen have been partially  a ttribu ted  to 

the inhibition of neurotransm itter release from the capsaicin-sensitive 

primary afferent terminals (Kangrga and Randic, 1991; Malcangio and 

Bowery, 1993). It is hence plausible th a t the reduction in  GABAg 

receptor sensitivity observed with prolonged exposure to (-)-baclofen 

could form the basis of the reported tolerance to the agonist-induced 

antinociceptive responses (Malcangio al., 1992).

Interestingly, chronic administration of CGP56999A appeared to affect 

only the GABAergic and not the EAA system of the spinal cord dorsal 

horn. This agrees well with the data  obtained in  the acute studies 

described above and supports the proposal for distinct GABAg 

autoreceptor and heteroreceptor populations. These results fu rther 

suggest th a t it may be possible to selectively m odulate the different 

subtypes of GABAg receptors by prolonged adm inistration of potent and 

selective GABAg ligands. Autoradiographic studies dem onstrated th a t 

the distribution pa ttern  of pH]-CGP56999 in the dorsal horn was very 

sim ilar to th a t of [^H]-GABA (Price et al., 1984). It is thereforeA
tem pting  to suggest th a t a subpopulation of the intrinsic GABAergic 

eurones which receive inputs fro

at GABAg receptor binding sites

neurones which receive inputs from the cutaneous prim ary afferents
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might possess CGP56999-sensitive GABAg receptors. Initially, i t  would 

seem tha t this would augur well for therapeutic advances in  analgesic 

m echanism s but this seems to be ham pered by observations th a t this 

drug, when adm inistered to ra ts  either intraperitoneally  or 

intracerebroventricularly, has a tendency to induce convulsive activities 

(Dr. D. Richards, personal communication).

The decrease in physical activity observed w ith the anim als chronically 

treated  with (-)-baclofen was not unexpected in  view of the muscle 

relaxant effect associated with this drug (see references in Bowery and 

Pratt, 1992). However, it  has been previously reported th a t  tolerance 

may be developed to (±)-baclofen-induced muscle relaxation (Penn et al. , 

1989). The relative reduction in grooming observed w ith th is group of 

ra ts  could therefore in part have arisen because of thej increased 

languidness of the anim als as the trea tm en t progressed.

Intraperitoneally adm inistered baclofen has been reported to increase 

both w ater and food intake and it was suggested th a t th is involved a 

central mechanism (Ebenezer, 1995). While it is noted th a t these 

param eters were m easured after acute adm inistration (versus chronic 

dosing) of the GABAg agonist, these results appear to contradict those 

observed in the present study i.e. a significantly lower increase in 

weight gain compared to control rats. There are two other differences 

in  the  experim ental set-ups used. Firstly, a  very low dose of the 

racemic form of baclofen was used in Ebenezer's experiments. Secondly, 

the diet in the acute study comprised of a palatable liquid food, m alted 

food powder and sucrose. Since (-)-baclofen is the active isomer, it 

would be expected that, in comparison, the racemic form would be less 

potent. It is interesting therefore that conflicting resu lts were obtained 

when the concentrations of (±)-baclofen used by Ebenezer were 2.5-5 

fold less than  the (-)-baclofen doses adm inistered in  the present work.
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Although weight gain is by no means an index of the eating and 

drinking habits of an animal, it is expected th a t increased consumption 

would ultim ately result in an  increase in the weight of the anim al. It 

has been dem onstrated th a t chronic (-)-baclofen trea tm en t down- 

regulates the num ber of GABAg binding sites in the spinal cord 

(Malcangio et a i ,  1993) and that the plasticity observed is of functional 

significance (Malcangio et al., 1995; present study). Conversely, 

following repeated adm inistration of the agonist, th is phenomenon of 

down-regulation was not observed in the frontal cortex, a region of the 

b ra in  implicated in phagic and dipsic behaviour (P ra tt and Bowery,

1993). The reasons behind these discrepant observations are a t present 

unclear and can only be attributed to the different dosing regimes used.

It has previously been reported that the binding affinities for CGP52432 

and CGP56999A are respectively in the region of 50nM and 2nM 

(Brugger et al., 1993; Waldmeier et at. , 1994). In the cu rren t study, the 

Kj values calculated from the ICgo's by m eans of the Cheng-Prusoff 

equation (Cheng and Prusoff, 1973) were 27.8nM and 9.5nM 

respectively for CGP52432 and CGP56999A. These correspond to pK  ̂

values (the negative logarithm s of the values) of 7.6 for 

CGP52432 and 8.0 for CGP56999A. W hilst the pKj value for 

CGP52432 obtained via autoradiographic analysis was sim ilar to th a t 

from cortical membrane binding studies (7.35 .; W aldmeier et at.,

1994), the binding affinity of CGP56999A calculated from 

autoradiography was about four fold lower th an  th a t from m em brane 

binding work (pK  ̂= 8.70 .; Waldmeier et at. , 1994). I t is possible th a t

the incongruity between the results obtained for CGP56999A from the 

two types of studies could be due to the different methodologies used 

although this seems unlikely in view of the da ta  obtained for 

CGP52432. Alternatively, it could suggest th a t CGP56999A has 

different affinities for the GABAg receptors in the spinal cord and in the
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brain . This would lend some support to the proposal pu t forth by 

R aiteri and colleagues th a t there are differences between GABAg 

receptors w ithin the CNS (Bonanno and Raiteri, 1993a,b; Gemignani 

et a l. , 1994). However, further studies with a wider range of selective 

ligands will need to be carried out before any firm conclusions m ay be 

made.

In  conclusion, this part of the project has dem onstrated th a t the 

electrically-evoked release of ASP and GLU from capsaicin-sensitive 

prim ary afferents (see Chapter 4) may be m odulated by GABAg 

receptors. This could partially help to explain the antinociceptive and 

nociceptive properties of GABAg agonists and antagonists. The outflow 

of GABA following sim ilar stim ulations appeared however to be under 

the regulation of both the GABA^ and the GABAg systems. Work with 

the  novel antagonist, CGP56999A, further suggests th a t the GABAg 

receptors which control the release of these three amino acids may be 

pharmacologically different and concur with the available literature. 

Finally, this present study has also dem onstrated th a t the GABAg 

receptors w ithin the dorsal horn of the ra t  spinal cord are capable of 

undergoing functional plasticity alterations. This agrees well with 

previous anatomical and functional studies carried out both in  the 

sp inal cord and the brain. The collective data  could therefore help to 

explain the tolerant reactions to prolonged trea tm en t w ith (-)-baclofen 

th a t  has been reported as well as help predict the potential problems 

th a t  could arise with chronic adm inistration of putative therapeutic 

GABAg antagonists.
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Chapter 6
LAMOTRIGINE AND MORPHINE SULPHA TE 

ON THE ELECTRICALLY-EVOKED RELEASE 

OF ENDOGENOUS AMINO ACIDS FROM
THE RAT SPINAL CORD
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Chapter 6 : Lamoti'igine and Morphine

6.1 Introduction

6.1.1 H istory o f L am otrigine

Lamotrigine ([3,5-diamino-6-(2,3-dichloro-phenyl)-l,2,4-triazine]; 

Lamictal®, LTG) was registered in  1991 and is the resu lt of an 

erroneous hypothesis made in the late 1960s concerning the 

mechanisms of actions of anticonvulsant drugs (see Peck, 1992). I t was 

noticed then tha t the commonly prescribed antiepileptic drugs (AEDs), 

phenobarbitone, phenytoin and primidone, reduced the levels of folate 

in serum which on occasions caused megaloblastic anaemia. Hence, the 

concept th a t antifolates might be potential therapeutic agents for 

epilepsy was born. This was supported by in vivo observations th a t 

folates adm inistered directly into the brain or parentally  could induce 

convulsions while several antifolates were anticonvulsant in 

established anim al models (Baxter al., 1973). However, it was soon 

evident th a t not only were the side-effects of antifolates undesirable but 

tha t their actions were also unnecessary for anticonvulsant outcomes.

LTG was synthesised in 1978 and was one of a series of phenyltriazines 

th a t resulted from selective modification of the antifolate chemical 

structure (see Peck, 1992). Despite the fact th a t th is drug has virtually 

no antifolate properties, its anticonvulsant effects appear to be more 

po ten t w ith longer lasting results than  its predecessors (Lamb et al., 

1985; M iller et al., 1986a; Binnie, 1992; M eldrum and Leach, 1994; 

U pton, 1994). LTG produces less psychomotor im pairm ent th an  the 

more established AEDS, phenytoin (PHT) and carbam azepine (CBZ) 

and  unlike PHT, it is not teratogenic in laboratory anim als (Miller et 

al., 1986a). Pharmacokinetically, this novel AED exhibits linear 

kinetics and thus far, no enzyme induction or drug interaction activities 

have been reported (Miller et al., 1986a; Goa et al., 1993; Rambeck and

-  —   217



Cha^tei^^^am otri^in^

Wolf, 1993). These features therefore make LTG an attractive drug and 

a possible replacement for the currently prescribed medications.

6.1.2 P harm acology o f L am otrigine

As shown in  Figure 6 (a), LTG is not chemically related  to any of the 

established anticonvulsant drugs. However, it does display sim ilar 

pharmacological characteristics to those of CBZ and PHT (Leach et a l. , 

1986,1991; Miller et at., 1986b) which are believed to exert their 

anticonvulsant effects by affecting amino acid release via reduction in 

Na^-fluxes (Upton, 1994). Hence, it  was suggested th a t LTG m ay have 

a sim ilar mode of action to these two AEDs.

LTG is believed to exert its anticonvulsant activities by inhibiting the 

release of GLU via blockade of voltage-operated sodium channels 

(VOSCs; see Figure 6 (b)). Evidence for this m echanism  first arose from 

in vitro neurochemical studies which showed th a t LTG concentration- 

dependently inhibited the veratrine-evoked release of GLU from 

cortical slices but not th a t by elevated (Leach et at., 1986). D ata 

from electrophysiological studies carried out on cell lines (Lang and 

Wang, 1991; L a n g at., 1993), spinal cord neuronal cultures (Cheung 

et al., 1992) and rodent cortical cultures (Lees and Leach, 1993) 

concurred with this hypothesis. These same studies fu rther 

dem onstrated th a t LTG, like PHT and CBZ, acted on the VOSCs in a 

tonic, voltage- and use-dependent m anner.

Ligand binding experiments on brain  m em branes and  synaptosomes 

also appeared to support the LTG-Na^ channel relationship (Leach et 

a i ,  1991; Cheung al., 1992; Meldrum and Leach, 1994). LTG did not 

demonstrate any significant affinity for the following receptor binding 

sites in vivo -  adenosine Â  and Ag, adrenergic a^, «g and p.
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dopaminergic Dj and Dg, muscarinic and opioid o. However, the in  vivo 

b inding  of [^H]-quipazine to the serotonergic SHTg sites and PH]- 

batrachotoxin A 20-a-benzoate ([^H]-BTX) to a site on the Na"^-channels 

involved in the generation of action potentials, were significantly 

displaced (Leach et al., 1991). Studies carried out on in vitro 

preparations indicated insignificant binding of LTG to Na^-channel, 

Ca^^-channel, glutam atergic AMPA and NMDA, muscarinic, opiate 

naloxone and opioid k binding sites. On the other hand, LTG inhibited 

binding to serotonergic 5HTg, opioid o and pH]-BTX sites (Cheung et 

al., 1992; Meldrum and Leach, 1994). The significance of the affinity 

of LTG for the SHT^ and a binding sites is a t present unknown 

although it should be noted that the o sites are actually associated with 

the NMDA receptor binding sites ra th e r than  the opioid binding sites.

In 1991, Leach and colleagues reported th a t the formation of cyclic 

guanylate monophosphate (cGMP) th a t follows the activation of GLU 

receptors, mainly of the NMDA type (Garthw aite et al, 1988), was not 

inh ib ited  by LTG in the im m ature ra t cerebellum in  vivo. They 

therefore suggested that LTG was not an NMDA antagonist. However, 

a recen t study which was carried out on ra t  forebrain slices showed 

LTG inhibiting the veratrine-induced release of EAAs and the 

consequent rise in cGMP (Lizasoain et al., 1995).!
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E xcessive glutam ate release
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Figure 6(b) Proposed mechanism of action of lamotrigine. (Adapted from Peck, 1992)

In a convulsive situation, an excess release of GLU from the nerve terminals 
causes over-activation of the postsynaptic terminal(s). In the presence of 
lamotrigine, voltage-activated sodium channels are inactivated so reducing the 
amount of GLU release to normal levels which then results in a normal degree of 
stimulation at the postsynaptic level.
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6.1.3 T herapeutic  P oten tia ls  o f  L am otrigine

(a) Epilepsy

LTG produces anticonvulsant effects in clinical and anim al models 

of epilepsy (Lamb et a i ,  1985; Miller et al., 1986b; W heatley and 

Miller; 1989; Stew art et al., 1992; Timmings and  Richens, 1992; 

Panayiotopoulos et al., 1993; Pisani et al., 1993; M essenheim er 

al., 1994; Schlumberger al., 1994). Behavioural studies carried 

out with rodents and mammals have indicated th a t this 

anticonvulsant has potential for tonic-clonic, partial and 

generalised seizures (Lamb et a i ,  1985; M iller et al., 1986; 

W heatley and Miller, 1989). Although its favourable therapeutic 

window and wide spectrum of actions would seem to indicate its 

potential as a drug for front-line m onotherapy, m ost of the clinical 

studies to date have focused on i t  being an  adjunct drug (Stew art 

et al., 1992; Goa et al., 1993; Panayiotopoulos et al., 1993; Pisani 

et al., 1993; Messenheimer, 1994; M essenheim er et al., 1994; 

Schlumberger et al., 1994). Clinical tria ls m aking use of LTG as 

a  m onotherapeutic drug have, however, provided promising 

inform ation especially in the area of generalised epilepsies, 

including absence epilepsy and the drug-resistant Lennox-Gastaut 

Syndrome (Timmings and Richens, 1992; Goa et al., 1993; 

Schlumberger al., 1994).

(b) Pain

The first indications th a t LTG m ight also be useful for painful 

conditions were reported by N akam ura-Craig and Follenfant. 

These workers demonstrated th a t orally adm inistered LTG 

produced antinociception in an  acute model of prostaglandin Eg-
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induced hyperalgesia in ra ts and was also effective in a 

neuropathic model in diabetic rats (N akam ura-Craig and 

Follenfant, 1992a,b). The time-scale for LTG-induced 

antinociception (20 or 40mg/kg, p.o.) in the diabetic ra ts  was 

comparable to th a t for morphine (Img/kg, s.c.). Using the same 

models, Klamte^ al. (1994) found tha t in trathecal injection of LTG 

produced antinociception for a t least 5h post-adm inistration of the 

AED in the acute model; antinociception was also apparent a t least 

24h after LTG injection in  the neuropathic model. Morphine 

(2.5pg) adm inistered via the same route also induced 

antinociception but the opiate effects did not las t as long as those 

of LTG in either model . Hence, these workers concluded th a t LTG 

could be an effective epidural analgesic. Orally and intrathecally  

administered LTG have recently been reported to produce therm al 

antinociception in peripheral neuropathy following ligation of the 

ra t sciatic nerve (Neale et al., 1995). These workers further 

showed th a t the hyperalgesia observed post-surgery could be 

alleviated if  the anim als were dosed with LTG (10 and 20mg/kg, 

p.o.) an hour prior to surgery. These findings not only provide 

fu rther support for the potential of LTG as an analgesic agent in 

neuropathic conditions but also suggest tha t it could be an effective 

prophylactic drug. Studies carried out on hum ans using the cold 

pain test as a form of measurement have since indicated th a t LTG 

is an effective analgesic in m an (Agrawal et al., 1995; Lamb et al.,

1995). However, these same workers have reported th a t high 

doses of the anticonvulsant did give rise to significant subjective 

sedation.
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(c) O thers

Since it is generally accepted th a t LTG exerts its effects by 

inhibiting neuronal release of GLU, there have been m any studies 

on its therapeutic potentials in  pathological conditions believed to 

be concerned with dysfunctional GLU biochemistry. One of the 

a reas looked into is movement disorders as it is believed th a t an  

excess of glutam atergic activity could play a causal role in  these 

conditions (Robertson et aL, 1989; Carlsson and Carlsson, 1990). 

During an open clinical trial to test the antiparkinsonian activities 

of LTG, of the five patients treated  with LTG ( 1 0 0  or 200mg/day), 

th ree  reported improvements while one noticed transien t 

improvements (Zipp et al., 1993). However, these same four 

subjects also reported th a t the transien t dystonia and dyskinesia 

induced by L-dopa therapy were augm ented following LTG 

trea tm en t. In parallel with these findings, R ichter et at. (1994) 

dem onstrated tha t LTG (5 or lOmg/kg, i.p.) exerted prodystonic 

effects in m utant dystonie hamsters. These workers suggested th a t 

th is could be due to the non-selectivity of LTG for GLU release 

since it also reduced G ABA release in ra t  cortical slices (Leach et 

al., 1986). If indeed these observations hold true, i t  would m ean 

th a t  LTG cannot be given to individuals who are predisposed to 

dystonie attacks. This was the first report of any undesirable 

clinical response th a t LTG m ight have.

McGeer and Zhu (1990) found th a t LTG (8-16mg/kg i.p.) was 

protective against KA neurotoxicity in the stria tum  of rats. This 

KA-induced neurotoxicity is dependent on the release of neuronal 

GLU. These workers also showed that LTG was ineffective against 

ibotenic acid-induced neurotoxicity, the m echanism  of which is 

independent of GLU release. These findings therefore lend
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support to the hypothesis th a t LTG produces its effects by 

modulating the release of GLU.

During focal ischaemia, the extracellular levels of amino acids, 

including GLU, are elevated and these increases were reduced by 

2 0 mg/kg (i.v.) LTG (Meldrum and Leach, 1994). LTG has also 

been reported to be cerebroprotective in  middle cerebral artery 

occlusion-induced focal ischaemia even though the 'tim e window’ 

for effective therapy is less than  2 h (Sm ith and M eldrum, 1994).

Another potential use of LTG is as an  anxiolytic (Critchley, 1994). 

Sim ilar to diazepam and ±[3-(carboxypiperazin- 1-yl)- 

propyllphosphonic acid (CPP), a competitive NMDA receptor 

antagonist, LTG (lO^Omg/kg, p.o.) was reported to dose- 

dependently increase punished drinking in the Vogel test of 

anxiety. LTG also did not seem to exhibit benzodiazepine-like 

effects (Critchley, 1994) m aking it a potential anxiolytic without 

the  undesirable effects of benzodiazepines and phencyclidine 

(Leach a/., 1991).

6.1.4 H istory o f M orphine

Morphine was first isolated in the early years of the 19̂ *̂  century as the 

major active component of opium. Due to its euphoric and dream-like 

effects, it was named after Morpheus, the God of dream s in Roman 

mythology. However, centuries before its discovery, th is drug was 

already used for medicinal purposes in ancient Greece and the Roman 

Empire. Many morphine-containing compounds {eg. opium, laudanum , 

paregoric and theriaca) were commonly used for centuries in W estern 

medicine before it became a recreational and pleasure-giving m eans in 

countries like Arabia, China, India and Turkey.
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A lthough it is common knowledge th a t morphine is an  extract of the 

poppy plant, Papaver somniferum, endogenous morphine and 

morphine-like compounds have been detected in  ra t  brain  (Donnerer et 

a l ,  1987), hum an cerebrospinal fluid (Cardinale et al., 1987) and milk

(Hazum et al., 1981). However, the endogenous concentrations of the 
opioid are so low tha t it is debatable if it actually exerts any effects

physiologically (Benyhe, 1994).

6.1.5 P harm acology o f M orphine

The pharmacology of morphine is extremely complex and dependent not 

only on the dose, route of adm inistration and site of action b u t on the 

species concerned as well (see Section 6.1.6(a)). M orphine is the 

prototypical agonist of the opioid p receptor which is widely distributed 

in  the  central and peripheral nervous systems (see Section 1.4). Its 

actions are stereoselective and reversible by the recognised opiate 

antagonist, naloxone.

As mentioned before, anatomical studies have indicated th a t the opioid 

receptors are highly localised in the superficial regions of the dorsal 

spinal cord (Lamotte et al., 1976; Atweh and Kuhar, 1977; Gamse et al., 

1979; Jham andas et al., 1984; Stevens and Seybold, 1995), of which 

about h a lf are located presynaptically (Lamotte et al., 1976; Ninkovic 

et al., 1981; Stevens and Seybold, 1995). C urrent estim ates suggest 

th a t  the  p receptors form about 70% of the total opioid receptor 

population in  the ra t  spinal cord (Dickenson, 1991b) and th a t around 

70% of these are located presynaptically (Dickenson, 1994).

Activation of the p receptors (by morphine) ultim ately results in the 

hyperpoleuisation of either nerve terminals or neurones via an increase 

in conductance. When a nerve term inal is hyperpolarised, synaptic
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transmission is inhibited presynaptically by a reduction in  the release 

of neurotransm itters (Duggan and North, 1984; Besson and Chaouch, 

1987; McFadzean, 1988; Dickenson, 1991b). On the other hand, 

neuronal hyperpolarisation is a postsynaptic effect which results in  the 

inhibition of firing or tonic activity (Cherubini and N orth, 1985; North 

et a i ,  1987; Grudt and Williams, 1994). In addition to these inhibitory 

effects, morphine has also been reported to cause neuronal excitation 

in the spinal cord (Woolf and Fitzgerald, 1981; Dickenson and Sullivan, 

1986; Magnuson and Dickenson, 1991; Craig and Serrano, 1994) via an 

indirect postsynaptic action. This is believed to be due to a 

disinhibitory effect involving the impingement of opioid neurones on 

the inhibitory intrinsic GABAergic neurones (M agnuson and 

Dickenson, 1991).

6.1.6 T herapeutic  U ses o f M orphine

(a) Pain

M orphine is characteristically used for the m odulation of pain 

perception. It is the most popularly used narcotic analgesic 

substance and is unchallenged as the standard  by which all other 

analgesic drugs are m easured against. There is m uch evidence, 

however, th a t the analgesic properties observed in  vivo (Cutting 

and Jordan, 1975; Levy and Proudfit, 1977, 1979) are partially  

exerted by its major metabolites although the concentration of 

m orphine in the spinal cord has been reported to increase in 

arth ritic  ra ts  (Donnerer et al., 1987).

The two products of morphine glucoronidation are m orphine-3-0- 

glucoronide (M3G) and morphine-6 -O-glucoronide (M6 G). M 6 G 

has been reported to be a potent agonist a t the p opioid receptors
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(Pasternak et al. y 1987; Paul et al. y 1989). It has also shown potent 

antinociceptive effects in rodents (Abbott and Palm our, 1988; Paul 

et al. y 1989) and proven to be analgesic in hum ans (Osborne et al. y 

1988). Several other morphine metabolites, m orphine sulphate 

(sulphation), codeine (0-m ethylation) and norm orphine (N- 

demethylation) similarly evoke antinociceptive and analgesic 

responses to different degrees (Benyhe, 1994).

I t  should be noted th a t the analgesic/antinociceptive effects of 

m orphine do vary between species. Prim ates, rodents and dogs 

experience pain relief upon administration of this opioid bu t horses 

become excitable under the same trea tm en t (Benyhe, 1994). The 

situation with feline animals is less clear-cut (Benyhe, 1994; Craig 

and Serrano, 1994 and references therein). However, th is classic 

drug does not produce universal pain relief in  m an as it is 

ineffective in neuropathic and idiopathic conditions (A m ér and 

Meyerson, 1988; Dickenson, 1991b; Kupers et al. y 1991).

(h) O thers

Although morphine is primarily recognised as an analgesic, it also 

has other clinical uses. It is a cough suppressant a t doses lower 

th an  those th a t produce analgesia and m any over-the-counter 

antitussives contain a small percentage of th is opioid. Morphine 

has also long been recognised as an  anti-diarrhoea agent and is 

effective in most non-infectious types of diarrhoea. Intravenously 

administered morphine relieves acute pulmonary oedema although 

the exact mechanism behind this effect is not understood.

Despite its many undesirable contra-indications, morphine is most 

valuable as a prem edicant before anaesthesia and surgery. This
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is a ttribu ted  to its sedative, anxiolytic and analgesic properties. 

A lthough it is frequently used intra-operatively as an  adjunct 

anaesthetic, it is quite often the primary anacathctie agent used in 

h igh-risk surgeries which are concerned w ith m inimising 

cardiovascular depression. In such situations, mechanical 

respiratory and therm oregulatory assistance m ust be provided to 

combat the other effects elicited by the drug.

6.2 Aims of the Study

The EAAs and G ABA are believed to be involved in the transm ission 

and  m odulation of nociceptive information (See Section 1.4). Taking 

into account the reported effects th a t LTG had on the release of these 

amino acids in  ra t  cortical slices, this study attem pted to determ ine if 

a sim ilar mechanism might be responsible for the 

antinociceptive/analgesic responses observed in anim al and hum an 

models of pain. As a means of comparison, the actions of morphine 

sulphate in the same preparation have also been investigated.
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6.3 Results

6.3.1 E ffect o f L am otrigine on the E lectr ica lly -evok ed  R elease  o f  

E ndogenous Am ino A cids

LTG (0.1-300]aM) did not affect the basal release of any of the amino 

acids studied (n = 3-6). However,^within this concentration range, the 

anticonvulsant did reduce the S2/S1 ratio of ASP (p < 0.05 a t 30pM and 

above), GLU (p < 0.05 a t 3pM and above) and G ABA (p < 0.05 a t lOOpM 

and above) in a significant and concentration-dependent m anner when 

present during the S2 period (Figure 6 (c)). IC5 0  values of 24.56 ± 

2.9pM, 20.33 ± 3.1pM and 44.00 ± 7.2pM were respectively obtained for 

ASP, GLU and G ABA. The electrically-evoked release of the SER, TAU 

and THE also decreased in the presence of LTG w ith IC5 0  values of 

20.35 ± 2.3pM, 17.57 ± 1.9pM and 24.19 ± 2.2pM respectively (Figure

I with regard to electrical stim ulation

6.3.2 Effects o f M orphine Sulphate and N aloxon e on  th e  E lectrically- 

evok ed  R elease o f E ndogenous Am ino A cids

Spontaneous outflow of all the amino acids m easured was not affected 

by the presence of morphine sulphate (O.OOl-lOpM) in the superfusing 

medium (n = 15). The S2/S1 ratios for ASP and GLU increased when 

the  two lowest concentrations of morphine sulphate were superfused 

over the slices one m inute prior to and during the second stim ulation 

period (p < 0.05; n = 6 ; Figure 6 (e)). At higher concentrations of the 

I opiate, the S2  response for these two amino acids and hence the S2/S1 

ratios decreased in a concentration-related m anner. The S 2  effects 

were almost completely abolished a t lOpM (n = 3; Figure 6 (e)). The IC 5 0  

values obtained for ASP and GLU release were 0 . 2 1  ± O.OlpM and 0.26 

± 0.08pM respectively. Evoked GABA, GLY and TAU release were
A I

W ith regard to electrical stim ulation, the
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inhibited  by this range of morphine sulphate in a concentration- 

dependent m anner (n = 15; IC5 0  = 0.09 ± 0.04pM, 0.10 ± 0.05pM and 

0.08 ± O.OSpM respectively; Figure 6 (e) and Table 6 (a)). All the other 

amino acids were not significantly affected by morphine sulphate even 

a t the higher concentrations (n = 15). The responses of ASP, GLU and 

GABA to the largest concentration of morphine sulphate used ( lOpM) 

were reversible in the presence of IpM naloxone present in the 

superfusion system 6 min prior to the second stim ulation period (n = 6 ; 

Table 6 (a)). This concentration of naloxone, on its own, did not affect 

the 82/81 ratios of any of the amino acids (n = 3; Table 6 (a)). Adding 

lOpM of morphine sulphate to the bathing medium Im in  prior to the 

first stim ulation significantly inhibited the 81 response. The 82 

response was recoverable when IpM  naloxone was superfused through 

the  system 6 min prior to and during the second stim ulation (Figure 

6 (f)).
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F ig u r e  6(c) E ffect o f  LTG on the e lec tr ica lly -ev o k ed  re le a se  o f  A SP, GLU a n d  GABA.

LTG (0.1-300pM) was superfused through the system 6min prior to the second 
stimulation period (n = 3-6). Statistical difference was determined with the 
Mann-Whitney 'IT test by comparing the responses obtained at each 
concentration of LTG with the control values (n = 6). * p < 0.05. All data are 
expressed as mean ± s.e.m.
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F ig u re  6(d) E ffect o f  LTG on  th e e lec tr ica lly -ev o k ed  r e le a se  o f  SER , TAU an d  THR.

LTG (0.1-300pM ) was superfused through the system 6min prior to the second 
stim ulation period (n = 3-6). Statistical difference was determined with the 
Mann-Whitney 'LT test by comparing the responses obtained at each 
concentration of LTG with the control values (n = 6). * p < 0.05. All data are 
expressed as mean ± s.e.m.
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F ig u re  6 (e) C o n cen tra tio n -d ep en d en t e ffec t o f  m o rp h in e  su lp h a te  o n  th e  r e le a se  o f  
en d o g en o u s A SP, GLU and  GABA.

Morphine sulphate (O.OOl-lOpM) was introduced into the superfusion system  
Imin prior to and during the second stimulation period (n = 3 for each data point). 
The effect of each concentration of the opioid was compared with the control 
values (n = 6) using the Mann-Whitney 'U’ test. * p < 0.05. All values are 
presented as mean ± s.e.m.
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A m ino

A cid

8 2 /SI

C ontrol 

(n = 10-13)

lOpM m orphine  

(n = 6)

IpM 

naloxon e  

(n = 3-6)

lOpM m orphine+  

IpM  naloxone  

(n = 6)

ASP 0.53 ± 0.03 0.27 ± 0.02 ** 0.50 ± 0.02 0.57 ± 0.08**

GLU 0.72 ± 0.08 0.15 ± 0.04 ** 0.63 ± 0.07 0.75 ± 0.01**

GLY 0.67 ± 0.04 0.31 ±0.10 ** 0.71 ±0.03 0.63 ± 0.09**

TAU 0.53 ± 0.08 0.24 ± 0.03 ** 0.54 ± 0.05 0.48 ± 0.11**

GABA 0 . 6 6  ± 0 . 0 2 0.29 ± 0 . 0 2  ** 0.59 ± 0.04 0.56 ± 0.07**

Table 6(a) Effect of morphine sulphate and naloxone on the electrically-evoked release of endogenous amino acids from 
rat dorsal horn slices.

Morphine sulphate (lOpM) and naloxone (IpM) were superfused over the slices alone and in combination prior to the 

second stimulation period. Values are expressed as mean ± s.e.m. The effects of morphine sulphate and naloxone alone 

were assessed against the control values. Those of morphine sulphate + naloxone were compared with the effect of 

morphine sulphate alone. Statistical analyses were carried out with the Mann-Whitney 'U’ test. ** p < 0.01.
to
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F igu re 6(f) E ffects  o f m orphine su lp h ate and n a loxon e on the electrica lly -evoked  
re lease  o f  ASP, GLU and GABA.

Morphine sulphate (□; lOpM) was superfused through the system Imin prior to 
the first stimulation while naloxone (B; IpM) was added to the bathing medium 
6min prior to the second stimulation (n = 3). O and #  respectively denote control 
and experimental conditions. All data are presented as mean ± s.e.m.
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6.4 Discussion

As mentioned and discussed in C hapters 1  and 4, GLU is increasingly 

being hailed as the prim ary synaptic excitatory tran sm itte r (W atkins 

and Evans, 1981; Fagg and Foster, 1983; Mayer and Westbrook, 1987) 

and  there is accumulating evidence suggesting its importance in the 

transmission of pain a t the spinal level. GLU is present in dorsal root 

ganglia, dorsal roots and prim ary afferent fibres (Duggan and 

Johnston, 1970; Miller et al., 1988; W estlund et al., 1989a). There is 

also substantial evidence for the presence of GLU receptor binding sites 

in the superficial dorsal horn (Greenamyre et a l., 1984; M onaghan and 

Cotman, 1985; Jansen al., 1990; Henley al., 1993; see also Section 

4.3.5). It has been shown in spinal cord slice preparations (Kangrga et 

al., 1990; Giovannini et al., 1991; Kangrga and Randic, 1991), dorsal 

root ganglion cultures (Jeftinija et al., 1991), chopped spinal cord 

m icroprisms (Donnerer, 1991) and in vivo microdialysis of the spinal 

cord (Skilling et al., 1988) th a t electrical and chemical stim ulations of 

sensory nerves evoke the release of GLU. Substance P also potentiates 

the  outflow of GLU both in vivo and in vitro (Kangrga and Randic, 

1990; Smullin et a i ,  1990). Centrally and peripherally adm inistered 

GLU receptor agonists provoke nociceptive responses (Aanonsen and 

Wilcox, 1987; Follenfant and Nakam ura-Craig, 1992). Conversely, 

GLU receptor antagonists produce antinociceptive reactions (Cahusac 

et al., 1984; Follenfant and Nakam ura-Craig, 1992; Coderre and Van 

Empel, 1994) and antagonise the effects exerted by noxious stimuli 

directed a t dorsal horn neurones (Dickenson and Sullivan, 1990). 

Therefore, these previously reported data  coupled w ith the findings of 

Sections 3.3.4 and 4.3.5, suggest th a t the inhibition of evoked GLU 

release in the spinal cord may play a  role in the antinociceptive and 

analgesic effects of LTG.
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Chapter 6 : Lamotrigine and Morphine

Leach et al. (1986) reported th a t only the release of ASP, GLU and 

GABA evoked by veratrine and not potassium  was sensitive to LTG. 

This led the authors to suggest that LTG exerts its effects by stabilising 

neuronal membranes via voltage-sensitive Na'^ channels. They also 

proposed th a t the therapeutic effect of LTG could be due to an 

inhib ition  of GLU release since this EAA is believed to play a causal 

role in  the generation of epileptic seizures. This theory seemed 

plausible since the LTG concentration achieved in the ra t  brain  after 

adm inistration  of anticonvulsant doses of the drug (>10pM) 

corresponded well with the IC5 0  values obtained for LTG on the release 

of the EAAs (ASP -  2 1 pM and GLU -  21pM; Leach et at., 1986).

V eratrine  is a mixed alkaloid preparation comprising veratridine, 

cevadilline, sabadine and cevadine. The m echanism s of action for the 

individual constituents are, however, not fully understood (N arahashi,

1974) and some do not in fact exert depolarising effects on excitable 

tissues (Ohta et at., 1973). Hence, caution needs be exercised when 

in terpreting  data  obtained with this compound. Findings from 

experim ents carried out with elevated K^, likewise, m ust be treated  

carefully as this is not a very specific form of stim ulation (see Section 

3.4). As discussed previously, the preparation and paradigm s used in 

th is  study were deemed tcj resemble closely the in situ  situation of C- 

fibre activation. Therefore, it seemed an  appropriate set-up to 

sim ultaneously determine if the actions of LTG in  the spinal cord 

m irrored those observed in the brain and if  a sim ilar mechanism  of 

action could be involved in  eliciting the antinociceptive/analgesic 

actions reported in the literature.

Surprisingly, despite the different tissues and param eters used, the 

resu lts  obtained from this study concur w ith those of Leach et al. 

( 1986). In addition, the IC5 0  values calculated for ASP and GLU (25pM
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and 20pM respectively) and also for inhibition of GABA release (44pM 

in  both studies) are rem arkably sim ilar to those reported by these 

authors. The IC5 0  value reported for the lim itation of sustained 

repetitive firing of Na^-dependent action potentials in spinal cord 

neuronal cultures is also within the same range as th a t for the release 

of GLU (IC5 0  = 2 0 pM, Cheung et al., 1992). These data  therefore 

suggest tha t analgesia due to inhibition of GLU (and ASP) release could 

be exerted a t anticonvulsant concentrations of the drug. Interestingly, 

the calculated relevant levels for anticonvulsant effects is in the range 

of 2-18pM (Lang et at., 1993) which corresponds well to the IC 5 0  values 

reported and found in the current study.

The work by Lang and Wang (1991) and Lang et al. (1993) on cell lines 

supported the concept th a t the effects of LTG were m ediated via Na^ 

channels ra th e r than  Ca^^ or channels. L ater studies, however, on 

prim ary  ra t cortical neuroglial cultures indicated th a t this 

anticonvulsant might also affect Ca^^ conductance (Lees and Leach,

1993). It had originally appeared th a t LTG has a sim ilar mechanism 

of action to th a t of PHT and CBZ. However, PHT has been 

dem onstrated to be equipotent a t inhibiting the veratrine- and K^- 

evoked responses (Leach et at., 1986). Bearing in m ind the different 

clinical profiles tha t these three drugs have, it would not be 

unreasonable to assume th a t LTG m ight have another mode of action 

in addition to that suggested. It would seem appropriate a t this point, 

to recall tha t although the actions of LTG were initially a ttribu ted  to its 

inhibitory effects on GLU release, the overflow of GABA and several 

other amino acids were also affected by LTG (Leach et a t. , 1986). This 

general inhibitory action was evident in the present study and Lees and 

Leach (1993) have reported th a t lOOpM LTG, but not lOpM LTG, 

significantly inhibited both excitatory and inhibitory events in ra t 

cortical cultures. These findings concur w ith the present. Although
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only two concentrations of LTG were tested in the la tte r  study, the 

active concentration range is in fact in  agreem ent w ith the findings of 

Leach et al. (1986) and the work described in th is chapter.

I t  would seem plausible, therefore, tha t this unselective inhibitory 

effect of LTG could be behind the prodys tonic effects observed in 

hum ans ( Zipp et al., 1993) and m utan t dystonie ham sters (Richter 

al., 1994), Indeed, it has been suggested th a t a reduction in  GABA 

activity caused by the adm inistration of LTG could be responsible for 

th is unexpected finding (Richter et al., 1994) and th a t LTG m ight not 

be as specific as originally perceived.

In  th is hemisected spinal cord preparation, m orphine sulphate 

appeared to have a biphasic effect on the electrically-evoked release of 

ASP and GLU. At concentrations of 1 and lOnM, the opioid 

significantly increased the 82/81 ratios while higher concentrations 

concentration-dependently inhibited the electrically-evoked release of 

both EAAs. This finding is in accord with observations previously made 

on ra t  C-fibre and cat spinothalamic neuronal responses (Dickenson 

and Sullivan, 1986, 1990; Dickenson et al., 1987; Craig and Serrano,

1994). Work carried out by M axiner and colleagues has indicated th a t 

m orphine also exerts a m ultiphasic presynaptic effect on K^- and 

capsaicin-elicited substance P release from the trigem inal nucleus 

caudalis  (Suarez-Roca et al., 1992; Suarez-Roca and Maxiner, 1992; 

M axiner et al., 1994). Since both substance P and GLU have been 

demonstrated to be co-localised in the term inals of the small diam eter 

prim ary afferents (De Biasi and Rustioni, 1988; Merighi et al., 1991), 

i t  would not be improbable for their release to be regulated by the 

endogenous opioid system in a sim ilar m anner.
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This excitatory effect of morphine has also been observed in vivo in  the 

superficially located neurones of spinalised ra ts  (Woolf and Fitzgerald, 

1981) and in vitro in substantia gelatinosa neurones of norm al ra ts 

(Magnuson and Dickenson, 1991). In contrast, th is facilitatory 

response was not evident in transverse (Yoshimura and North, 1983) 

or horizontal (Jeftinija, 1988) spinal cord slices. The additional 

synaptic connections present in the transversely cut slices could account 

for the absence of the morphine-induced enhanced responses observed 

in  the  presently described slice preparation although th is excitatory 

opioid effect has been reported in another sagittal spinal cord slice 

preparation (Magnuson and Dickenson, 1991). The data  reported by 

Jeftinija (1988) were based on studies carried out on the spinal cords of 

12-15 days old rats. Since the spinal cords used in the present study 

were obtained from adult rats, the dissim ilar findings could be due to 

the  different degrees of neuronal m aturation and connections in the 

tissues used in the two studies.

D isinhibition of GABAergic neurones is believed to be the cause of 

opioid facilitation observed in the hippocampus (Duggan and North, 

1984). Electrophysiology studies carried out on sagittal spinal cord 

slices have suggested that a similar mechanism could be responsible for 

the excitatory opioid effect observed in spinal cord tissues (Magnuson 

and  Dickenson, 1991). It would seem probable, therefore, th a t under 

physiological conditions, a GABAergic tone is exerted on the neurones 

of the substantia gelatinosa (see Section 5.4). Hence, in  the presence 

of a  low concentration of endogenous or exogenous opioid, the activities 

of the inhibitory GABAergic interneurones would be inhibited so 

potentiating the responses elicited by excitation of the prim ary 

afferents. The presynaptic opioid receptors present on the prim ary 

afferents and the postsynaptic opioid receptors therefore appear to be 

activated only a t the higher concentrations of m orphine to provoke an
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inhibitory effect. These inhibitory responses are concentration- 

dependent and receptor-mediated since they are naloxone-sensitive.

The data from this study indicate th a t LTG, although not as potent as 

m orphine sulphate, also inhibits the electrically-evoked release of 

endogenous amino acids in the dorsal horn of the ra t  spinal cord. 

However unlike morphine sulphate, the anticonvulsant has a 

monophasic profile. Using the same preparation, fu rther studies have 

been carried out to investigate the effect of LTG on the stim ulated 

release of substance P. The overflow of substance P-like 

im m unoreactivity was not affected by the presence of the highest 

concentration of LTG (300pM) used (Teoh et a i ,  1994). In parallel with 

the  report by Leach et al. (1986), these experim ents support the 

previous suggestion th a t LTG is a  selective inhibitor of GLU release 

and  suggest th a t this could be one of the m echanism s by which LTG 

exerts its antinociceptive and analgesic effects.

Since LTG appears to act via a m echanism different from th a t of the 

opioids, it is possible tha t it could be a useful analgesic in those cases 

which are resistan t to morphine treatm ent. Indeed, one of these 

morphine-resistant conditions is neuropathic pain  which has proven in 

animal models to be responsive to LTG (see Section 6.1.3(b)). There is 

also of course the potential for LTG to be an  adjunct drug in  opioid 

treatments. Co-administration of LTG and an  opiate m ight help to not 

only reduce the dose of the opiate needed for pain relief in  the clinical 

situation, but also reduce the level of tolerance and side-effects since 

LTG is reported to have a low incidence (8 %) of such responses (Betts, 

1992). However, a recent report using the cold pain  test model in 

hum ans has failed to show any potentiation of an  opioid-induced 

response by the anticonvulsant (Lamb et al. , 1995).
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It has been suggested th a t the NMDA receptors m ight have a role in 

the  m echanism  of morphine tolerance (Trujillo and Akil, 1991; Ben- 

Eliyahu et al., 1992; Dunbar et al., 1994) and dependence (Tanganelli 

et a i ,  1991; Trujillo and Akil, 1991). Although systemic adm inistration 

of the NMDA channel blocker, dizocilpine (MK-801), does not affect 

m orphine analgesia (Trujillo and Akil, 1991), and if  anything 

potentiates the opioid-induced effect (Ben-Eliyahu et al., 1992), the 

NMDA antagonist is capable of a ttenuating  the development of 

morphine tolerance (Trujillo and Akil, 1991; Ben-Eliyahu et al., 1992; 

D unbar et a l. , 1994). Modulation of NMDA receptors often results in 

phencyclidine (PCP)-like responses (see W illetts et al, 1990). This is 

therefore a lim iting factor in the use of NMDA receptor antagonists a t 

the clinical level.

As m entioned in Section 6 . 1 .2 , binding studies indicate th a t LTG has 

little  affinity for the NMDA receptor binding sites. However, 

investigations concerned with intracellular m essengers have produced 

conflicting evidence as to the involvement of the NMDA receptors in the 

effector mechanism of this AED. Moreover, LTG appears to bind 

significantly to the opioid o binding site which is associated with the 

POP site of the NMDA receptor. Hence, the relationship between LTG 

and the  NMDA receptors is still unclear. Behavioural studies in 

rodents have, however, indicated th a t LTG does not cause loss of 

memory, a common symptom of NMDA receptor m anipulation (Leach 

et al., 1991) or PCP-like behavioral effects (Baxter et al., 1990). To date 

neither have any of the symptoms associated with NMDA receptor 

activation been reported a t the clinical level (Betts, 1992). It would 

appear therefore th a t LTG is not only a pharmacologically and 

pharmacokinetically viable anticonvulsant, but th a t it  also holds great 

potential as an analgesic especially in opioid-resistant conditions.
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Concluding Remarks and Future Directions

The work described in Chapter 3 dem onstrated th a t electrical excitation of 

dorsal root afferents and chemical stim ulation (elevated extracellular and 

vera trid ine) of the hemisected ra t  dorsal horn spinal cord slice significantly 

increases the release of ASP, GLU and GABA above the levels of spontaneous 

outflow. These findings confirmed the transm itter roles of these amino acids 

and are  consistent with the evidence in the litera tu re  (Curtis and Johnston, 

1974; W atkins and Evans, 1981; Fagg and Foster, 1983; Salt and Hill, 1983; 

Besson and  Chaouch, 1987; Mayer and Westbrook, 1987; Bowery, 1993 and 

references therein).

The possibility that part of this enhanced release could have been of glial origin 

was not fu rther investigated and hence cannot be dismissed. However, an 

a ttem pt was made in the studies described in C hapter 4 to characterise the 

type(s) of neurones tha t m ight be activated during stim ulation to release these 

neuroactive substances. An obvious advantage of th is slice preparation is th a t 

the  origin of the neurotransm itters detected in the superfusate samples is 

limited to cells of the dorsal horn. Indeed, the da ta  obtained suggested, a t least 

in  th is  preparation, th a t a substantial proportion of the EAAs detected in the 

stim ulated  fractions originated from the sm all-diam eter, capsaicin-sensitive 

primary afferent fibres which predom inantly term inate in  the region known as 

the substantia gelatinosa (Cervero and Iggo, 1980; Brown, 1982). However, the 

enhanced levels of GABA th a t were also apparent in  the same superfusate 

sam ples appeared instead to be released from intrinsic neurones. These 

observations concur in part with previously reported neurochemical {eg. 

Takeuchi et al., 1983; Kawagoe et at., 1986; Kangrga and Randic, 1990, 1991; 

Donnerer, 1991; Giovannini et at., 1991; Jeftin ija et al.y 1991) and anatomical 

(eg. Magoul et al, 1987; Todd and McKenzie, 1989; W estlund et al, 1989a,b; 

Brom an and Adahl, 1994) studies.
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The possibility th a t the effects observed could have been due to a  reduction in 

up take  m echanism s was beyond the scope of this thesis. However, L-^ra^s- 

pyrrolidine-2,4-dicarboxylic acid (L-^ra/is-PDC), a restricted conformer of GLU 

might be a useful tool for solving this problem (Bridges et al., 1991). This drug 

potently inhibits the transport of GLU in synaptosomes (Bridges et at., 1991) 

and  cerebellar granule cultures (Griffths et al., 1994) which could possibly 

account for its enhancem ent of GLU-induced neurotoxicity in  both prim ary 

mixed brain (Robinson et al., 1993) and cortical neurone (Blitzblau et al., 1994) 

cultures. In the presence of h-trans-V'DC (lO-lOOOpM), the basal and evoked 

release  of GLU were significantly elevated in  ra t  cortical slices (W aldmeier et 

al., 1993b) and hippocampal dialysates from awake and freely moving as well 

as anaesthetized  ra ts  (Millan et al., 1993). It should however be noted th a t 

although L-^roAis-PDC has the structural features necessary for binding to the 

up take  system  (Bridges et al., 1991), its exact m echanisms and sites of action 

have yet to be elucidated. It has been proposed th a t L-^ra/is-PDC in fact acts as 

a competitive substrate for the Na^-dependent plasm a m em brane GLU 

transporter (Griffths et a l., 1994) and displaces GLU from the cytoplasmic pool 

in  a  heteroexchange m anner (Waldmeier et al., 1993b). It has also been 

suggested tha t the effects observed with this drug are in  fact due to the slowed 

clearance of extracellular GLU (Robinson et al., 1993). This conflict in 

observations indicates th a t L-^mns-PDC might have more th an  one mode of 

action and could account for the inhibitory effects it had on the K^-stimulated 

release of GLU from cortical synaptosomes (Waldmeier et a l., 1993b). The fact 

th a t the membrane transporter mentioned above is also utilised by ASP (Drejer 

et al., 1983) should be taken  into account since the h-trans-F'DC potentiation of 

ASP levels in  the extracellular fluid of the hippocampus were in fact more 

sign ifican t th an  those of GLU (Millan et al., 1993). ASP is becoming more 

recognised as a  neurotransm itter and it is possible th a t some of the responses 

detected in the studies reported could instead be attributed to the actions of ASP 

as opposed to GLU. Alternative drugs tha t could be used to determ ine the role 

of GLU uptake systems are D-aspartate and L-aspartate-P-hydroxymate (Drejer
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et al.y 1983). Indeed, Kangrga et al. (1991) found th a t in  the presence of the 

latter substance, (-)-baclofen produced full inhibition of electrically-stim ulated 

ASP and GLU release from an isolated ra t  hemisected dorsal horn slice 

preparation. This contrasts with results obtained in  the p resen t study, which 

were obtained in the absence of uptake inhibitors, whereby only 60% inhibition 

was ever obtained.

M any in vitro superfusion release studies revolve around cultured cells {eg. 

Jeftin ija  et at., 1991; Travagli et at., 1991), synaptosomes {eg. Bonanno et at., 

1992; Pende et al., 1993) or cross-chopped microprisms {eg. Del Bianco et al., 

1991; Donnerer, 1991). The anatomical networks in these preparations are often 

oversimplified and the synaptic integrity destroyed. The slice preparation 

described in this thesis retains most of its na tu ra l neuronal connections and 

would therefore seem to resemble the in situ  situation more closely. However, 

unlike work on cultured cells, it is possible th a t amino acids w ithin glial cells 

m ay have contributed to the enhanced release observed following chemical 

stimulation in  this preparation. I

As discussed in Section 4.1.2(b)(ii), the systemic adm inistration of capsaicin to 

neonatal ra ts selectively prevents the formation of most of the small diam eter 

sensory afferents {eg. Jancso et al, 1977; Lawson and Nickels, 1980; Jancso and 

Kiraly, 1981). The release and autoradiographic studies carried out in Chapter 

4 were based on the assum ption th a t this form of neuro-m anipulation would 

only affect the small-diameter, capsaicin-sensitive prim ary afferents. However, 

i t  is possible th a t loss of these prim ary afferents a t the neonatal stage, could 

affect the formation and development of secondary and tertia ry  neurones of the 

dorsal horn pathways as well as the receptors present on these nerve term inals. 

It would therefore be interesting to repeat the experim ents w ith ra ts  th a t had
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undergone either dorsal rhizotomy or peripheral nerve transection. In these 

cases, the secondary and tertia ry  neurones as well as the receptors present on 

these cells would have reached m aturity  before the neuronal insult. These 

procedures would therefore reduce the influence th a t postsynaptic events might 

have on the ultimate data  obtained. F u rther caution needs to be exerted when 

interpreting the results from Chapter 4 since it has eilso been dem onstrated th a t 

neonatal capsaicin treatm ent results in arborizations of the deeper located 

neurones into the more superficial regions of the dorsal horn {eg. Shortland et 

aL, 1990; W inter et al., 1993). Hence, concomitant electrophysiological and 

immunohistochemical studies could aid in determ ining not only the proportion 

of AMPA, KA and NMDA receptors th a t are located postsynaptically in  the 

dorsal horn and the influence tha t these 'invading’ neurones and their receptors 

could exert on the final results.

Interestingly, neonatal capsaicin treatm ent virtually abolished the stim ulated 

release of both EAAs suggesting th a t most if not all of the enhanced ASP and 

GLU outflow detected originated from the capsaicin-sensitive prim ary afferents. 

This is rather surprising since both of these putative neurotransm itters are also 

believed to be released upon stim ulation of the la  afferents. Moreover, there is 

evidence th a t they also mediate neurotransm ission between the higher order 

neurones and  those w ithin the dorsal horn (see C hapter 1). At th is point, it 

would seem appropriate to recall tha t while both the antinociceptive agents, (-)- 

baclofen and LTG, inhibited the evoked release of GLU in th is set-up, it  is only 

the former th a t has been reported to possess muscle relaxant activities. The

antispastic effects of (-)-baclofen have been a ttribu ted  to its activities a t the la  
afferents while nociception is believed to be prim arily m ediated by the Aô and 

C fibres. It is therefore possible th a t the two drugs m ay activate different sub

populations of glutam atergic neurones although it would seem likely th a t a 

certain degree of overlap exists since both drugs have been reported to be 

antinociceptive. Early work on (-)-baclofen suggested th a t its antinociceptive 

effects may be in p art due to its muscle relaxant effects (Cutting and Jordan,
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1975) although this concept was later disputed (Levy and Proudfit, 1977; Wilson 

and Yaksh, 1978; Aley and Kulkarni, 1991). It would be therefore be advisable 

to determine behaviourally if LTG also has any effects on muscle tone th a t could 

influence the nociceptive thresholds of the anim als studied in  behavioural 

models.

The experiments described in Chapter 5 provide further evidence for the role of 

the  GABAergic system, or more specifically the GABAg receptors, in  the 

modulation of neurotransm itter outflow from the prim ary afferent fibres. This 

could be one of the underlying reasons for the antinociceptive properties of 

baclofen. Together with previously reported work, the da ta  obtained also 

suggest th a t th is inhibitory network is capable of undergoing both anatom ical 

and  functional plasticity. This could have im portant implications in clinical 

term s since such modulation of the GABAq system by certain drugs could result 

in  tolerance or hypersensitivity after prolonged adm inistration. Although the 

re su lts  from studies using a range of novel GABA^ antagonists suggest th a t 

within the superficial regions of the spinal cord dorsal horn there  could be some 

pharm acological differentiation between the GABAg heteroreceptors on the 

g lu tam aterg ic term inals and the GABAg autoreceptor, the evidence is only 

derived from one drug, CGP56999A. This is contrary to the observations of 

Waldmeier al. (1994) who failed to distinguish between the GABAg receptors 

on these two types of term inals. However, it should be pointed out th a t these 

w orkers worked on brain cortical slices and synaptosomes. I t is therefore 

possible th a t there might be some pharmacological differences betw een GABAg 

receptors w ithin the ra t CNS as suggested by Bonanno and R aiteri (1993). 

Nevertheless, the data a t hand do not completely agree with the GABAg receptor 

classification scheme proposed by Gemignani et al. (1994). The most likely 

explanations for the discrepancies observed are the different tissue preparations 

and stim ulations used although it seems odd th a t these methodologies should 

yield such contrary data.
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Contrary to behavioural studies which have suggested th a t the antinociceptive 

potencies of baclofen and morphine are similar (Cutting and Jordan, 1975; Levy 

and  Proudfit, 1977), the current superfusion release results indicate th a t the 

latter is more effective a t inhibiting the outflow of GLU following stim ulation of 

the  prim ary  sensory afferents. Although p and GABAg receptors are highly 

localised within the substantia gelatinosa, the majority of the former are present 

presynaptically on the term inals of the incoming sensory afferents while only 

about half of the la tte r are similarly found. In addition, m orphine also acts on 

the  other opioid receptors albeit with less affinity. These could thus help to 

explain the more effective response observed with the narcotic drug although it 

is noted tha t GLU is not the only neurotransm itter involved in  the transm ission 

of nociceptive signals and should not be taken as an  index for the potencies of 

these analgesics. While both analgesics seem to affect a sim ilar neuronal 

assemblage (Levy and Proudfit, 1978), the post-receptor mechanism s in itiated 

by these drugs would appear to differ since naloxone did not antagonise the 

antinociceptive responses elicited by baclofen and cross-tolerance between 

m orphine and baclofen did not develop (Levy and Proudfit, 1977). Parallel 

comparisons between morphine and LTG have not been reported although it 

would not be unreasonable to postulate that a certain proportion of afferent cells 

would respond to all three antinociceptive agents. It is well documented th a t 

extended use of morphine results in tolerance and it  has been discussed above 

and in  C hapter 5 th a t prolonged adm inistration of baclofen causes a decrease 

in  GABAg receptor density and sensitivity. Hence, it may be worthwhile to 

determine how chronic use of LTG would affect the pharmacology of the various 

neuronal systems, in particular the glutam atergic circuitry.
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