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ABSTRACT

The aim of this thesis is to examine the role of the N-methyl-D-aspartate (NMDA) 
receptor complex in the development of spinal nociception within the spinal cord of 
the rat. In particular the dorsal horn is crucial in the transmission and modulation of 
nociceptive inputs and undergoes extensive postnatal maturation. In vivo 
electrophysiological responses to NMDA antagonists or nitric oxide synthase (NOS) 
inhibitors together with in vitro immunohistochemical assessment of postnatal receptor 
distribution were used to assess alterations in the NMDA receptor.

Immunocytochemical staining of the whole spinal cord revealed widespread NRl 
subunit expression from birth, whilst NR2 subunits underwent most postnatal 
alteration. NR2B was the predominant subunit at birth and underwent restriction to the 
adult distribution in lamina TL, whilst the NR2A subunit expression was low at birth 
and became the predominant subunit in the adult. The DRG revealed widespread 
expression of all the NMDA subunits from P14. In the dissociated cell culture the NRl 
positive neurones in the dorsal horn increased from 25-100% with an increase in 
staining intensity in contrast with the DRG where all the neurones remained NRl 
positive albeit with a reduction in staining intensity.

These alterations in expression of the NMDA receptor subunits could account for the 
difference in efficacy of spinally applied 2-amino-5 phophonopentoic acid (AP5) an 
NMDA receptor antagonist on the responses of convergent dorsal horn neurones. AP5 
was significantly more potent in pups compared with adults whilst ketamine, which 
binds equally to all the NR2 subunits displayed no age related alteration in efficacy. 
The application of 7NI (a specific nNOS inhibitor) and L-NAME (non-specific NOS 
inhibitor) revealed no age differences in post-synaptic evoked responses, but displayed 
a significantly greater inhibition of the primary evoked response at postnatal day (P)
14 compared with P21, 28 or adult.

The NMDA receptor has been shown to alter its subunit composition and receptor 
expression on primary afferents and post-synaptic dorsal horn neurones during 
development. This alteration may explain the developmental differences seen in 
convergent dorsal horn neurones to NMDA receptor anatagonist. However in contrast 
the role nNOS / NO pathway in nociception does not seem to be altered during 
development.
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INTRODUCTION

CHAPTER 1



1.1 Pain

Pain is a common, subjective experience involving a complex interaction between 

numerous peripheral and spinal nociceptive neuronal pathways and higher brain 

centres involved in emotion, memory, physiological regulation and inhibition. The 

original Descartesian model of a single unit of nociception triggering a unified, 

proportional conscious response has given way to a more complex view of pain 

perception. The modem pain paradigm incorporates a complex system of 

nociceptive transmission at peripheral levels, within the dorsal horn where inhibition 

plays a key role in modulating excitatory messages and at higher brain centres. In 

the lattercase a less defined modulation of pain occurs. This involves the emotional 

interpretation of the pain, recall of past pain, a perception of the meaning of the 

pain, expectations of relief, impact on other dimensions of life, all of which can 

enhance the sensation of pain and suffering or reduce it. In adults numerous 

measures have been devised to try and assess, catagorise and measure human pain, 

all of which involve active participation by the person in pain. At present the 

majority of human pains are treated empirically, however research into the 

complexities of nociceptive pathways, receptors and neurotransmitters have 

increased our understanding of the neuronal pathways involved and have yielded 

rationales for treatment.

Clinically two areas of complex pain control are neonatal / infant pain and adult 

neuropathic pain. Recent work would suggest that the two are linked, with some 

evidence that neuropathies can evoke re-expression of foetal receptors (Brain Type 

n i  sodium channel) and early postnatal natal primary afferent termination pattern 

Woolf et al, 1992; Cummins & Waxman 1997). Further expoloration of this 

intriguing effect requires a more extensive knowledge of the normal development of 

the nociceptive system. In particular the N-methyl-D-aspartate (NMDA) receptor is 

a pivotol receptor involved in both neuronal development as well as nociceptive 

transmission especially in the phenomum of windup and central sensitisation (as 

occurs in neuropathic pain). Whilst there is evidence that the NMDA receptor alters 

during development of the dorsal horn how this effects neonatal nociceptive 

transmission is not known, nor whether there is alteration in this receptor in chronic 

neuropathic pain.



In the subsequent pages a review of the evidence for the development of the 

nociceptive pathways, the structure, function and alterations of the NMDA receptor 

during development and the evidence for nitric oxide in nociception and 

development is presented.

1.2 Paediatric pain

Whilst there have been huge advances in the acknowledgement of adult pain and the 

need for active treatment the acknowledgement and treatment of paediatric pain has 

lagged behind. Until fairly recently it was held that neonates and non-speaking 

infants did not feel pain and thus did not require treatment (Schechter, 1989). This 

coupled with the fear of using opioid analgesics and the perception that a lack of 

recall and higher centre immaturity meant that neonates received little or no 

analgesia (Anand & Hickey, 1987).

The perception that neonates have essentially similar but smaller version of adult 

pain systems or 'pain' is merely a sensori-motor reflex, is being eroded. Work in 

human neonates has demonstrated that infants display an innate hypersensitivity in 

response to repeated noxious stimuli akin to adult hypersensitivity, although the 

neonates displayed a greater withdrawal response involving not only the tested foot 

but the whole limb (Andreev et al., 1994). The difference in clinical response to 

painful stimuli and possibly to treatment implies a fundamental difference in 

nociception transmission, which in time matures to the adult form. Increasingly pain 

in neonates and children is being recognised as a clinical challenge, and this has 

caused a need for further knowledge on the basic neurobiology of nociceptive 

pathways. Infant pain pathways are not merely an immature miniature of the adult 

nervous system, but appear to be fundamentally different and go through a series of 

complex changes throughout foetal and postnatal life before emerging as the ‘adult’ 

form (Fitzgerald, 1991b). As with any emergent system the normal pathway of 

development can be altered at crucial times. Over or under compensation within the 

system as a result of increases or decreases in stimuli (or receptor expression), the 

consequences of which may not become apparent for some while (Grunau et al., 

1994; Taddio et al., 1995; De Felipe et al., 1998).



It is now acknowledged that pain in infants and children is under-treated through a 

mixture of lack of assessment, poor appreciation of its importance, reluctance to 

prescribe analgesics, and a general misconception that infants neither feel pain nor 

can remember the sensation (Schechter, 1989). Behavioural responses such as 

crying, facial expression as well as physiological responses including sweating, 

increased heart rate and corticosteriod levels have been taken to indicate pain in 

infants, although these are non-specific responses to many stressful events (Anand 

& Hickey, 1987). Andrews and Fitzgerald measured cutaneous withdrawal 

thresholds in pre-term and full term infants (Andrews & Fitzgerald, 1994). 

Calibrated von Frey hairs applied to the sole of the foot evoked a flexion withdrawal 

which correlates with subjective pain in adults. Thresholds are very low in 

premature infants, with the withdrawal reflex involving the whole limb, not just the 

foot, below 30 weeks gestation. Repeated stimulation lead to sensitization at ages up 

to 35 weeks gestation thus indicating a relative lack of inhibition in these sensory 

pathways. In another study the application of local anaesthetic before repeated heel 

lances blocked the increased sensitivity (Fitzgerald et al., 1989). Thus infants 

demonstrated an innate hypersensitivity, which could be increased in response to 

injury, paralleling the adult post-injury hypersensitivity.

In order to study and understand the different transient functional states in the 

development of human pain pathways the rat foetus and pup have been used as a 

model. There are fundamental similarities between rat and human nociceptive 

pathways. A comparative developmental timetable can be compiled between the two 

species with respect to the development of sensory and motor fibres, spinal cord and 

descending pathways and the ontogeny of peptides (Marti et a l, 1987; Fitzgerald et 

al., 1988). In broad terms the prenatal development of the rat CNS from embyonic 

day (E)10 to birth corresponds to human gestation up to week 24. The rat postnatal 

period (P)0 -P14, corresponds to human gestational weeks (GW) 24 -40 

(Fitzgerald, 1991b). The rat appears to be ‘adult’ by p28 whilst in humans this is not 

achieved for 5-7 years and even then many other physiological parameters are not 

adult until late teenage years. The rat is an excellent model for neonatal and infant 

pain during the ‘sensory-motor’ stage of development, although the correlation



between species diverge as children develop an understanding of pain, the 

expression of suffering as well as recall, expectation and emotional contents of pain.

In rats extensive neuroplasticity as a result of injury has been identified in the 

developing peripheral and central nervous systems with alterations from the normal 

extending into adulthood. Reynolds and Fitzgerald demonstrated that a full 

thickness skin wound performed between PO-7, produced hyper-innervation by A 

and C fibres by up to 300%, which persisted long after healing (Reynolds & 

Fitzgerald, 1995). Mechanical hypersensitivity was still present 3 weeks afterwards, 

although this could be reduced by destruction of the majority of the C fibres. 

Wounding after P7 produced a much weaker response. Sectioning or crushing of the 

sciatic nerve earlier than P5 results in death of 75% of the axotomised neurones 

(compared to 30% in adults), as well as abnormal expansion of the remaining 

uninjured axons (Reynolds &Fitzgerald, 1995). This abberant sprouting formed 

inappropriate connections and permenantly distorted the architecture of the dorsal 

horn (Shortland & Woolf, 1993). The effects of this are transmitted further to post

synaptic cells and higher CNS connections (Kaas et al., 1983; Chimelli & Scaravilli, 

1985; Fitzgerald, 1985b; Fitzgerald & Shortland, 1988).

Thus a theoretical dilemma in neonatal and paediatric pain is that failure to treat 

pain could permanently alter the development of the emergent nociceptive 

pathways. Also that treatment (usually involves inhibition of an exciatory receptor 

ie: NMDA receptor block with ketamine, or activation of inhibitory sytems such as 

opioids acting at p opioid receptor) may alter development. In an emergent system 

the delicate balance of normal development is dynamic and plastic. However the 

extent to which any alteration by treatment of paediatric pain is functionally 

significant later is unknown.

In the following sections the development of the nociceptive pathways are examined 

with particular reference to the dorsal horn. The dorsal hom of the spinal cord acts 

as a hub for neuronal excitation and modulation (Dickenson, 1997). It receives all 

primary afferent evoked responses, transmits up to and receives descending 

inhibitory controls from the brain. Within the dorsal hom extensive modulation can



both increase excitation and inhibition and these changes can occur acutely and 

chronically allowing a huge variation in the perception of pain. Within the dorsal 

hom (as elsewhere) the NMDA receptor complex has a crucial role in enhancing 

excitation, whilst other systems such as the opioid or y-aminobutyric acid 

(GABA)ergic neurones are important inhibitors.

1.3 Development of the nociceptive pathway

The development of the nervous system involves complex interactions to support 

and direct embryological growth to peripheral and central targets and subsequent 

specialisation. This refinement and maturation continues into the postnatal period. 

The nociceptive pathway can broadly be divided into the peipheral nervous system 

including specialised peripheral terminals and the central dorsal hom termination 

pattems and the central nervous system. Within the latter the spinal cord / dorsal 

hom will be considered separately from the brain.

1.3.1 Peripheral development

During embryogenesis the neural crest develops rostro-caudally and ventro-dorsally. 

The processes controlling the developmental pattern centrally and outgrowth to the 

periphery have been intensely investigated over the last 50 years. Work by Levi- 

Montlacini lead to the discovery of a nerve growth factor in chick embryos (Levi- 

Montalcini & Angeletti, 1968). This factor has since been characterised, and found 

to be part of a wider family of tropic factors responsible for the selective maturation 

of sensory and motor neurones (Hohn et al., 1990; Lindsay et al., 1994).

Neurotrophins are poly-peptide neuronal growth factors, displaying 50% sequence 

homology between family members, and each member binding to specific tryosine 

kinase (Trk) receptors. Nerve growth factor (NGF) binds to the high affinity Trk A 

receptor and low affinity p75 receptor (a member of the tumour necrosis factor 

super-family receptors). Brain derived nerve growth factor (BDNF) binds to Trk B 

receptors, neurotrophins 3, 4/5 (NT-3, NT4-5) bind to Trk C and Trk B respectively 

(Lindsay et al., 1994). Neurotrophins exist as homodimers, leading to ligand 

induced dimérisation of the relevant receptors and activation of the tyrosine cascade. 

Splice variants of the Trk receptors with varying affinities for tryrosine kinase



activation are often co-expressed on the same neurone (McMahon et ah, 1994). In 

vivo and in vitro work has shown that neurotrophins are essential in maturation and 

survival of developing subclasses of sensory nerones, have paracrine and autocrine 

actions on neuroblast division and phenotypic différenciation, survival and 

regeneration of sensory neurones in the adult, and nociceptive signalling. NGF 

promotes survival of sympathetic nervous system neurones, 50 -70% of dorsal root 

ganglion (DRG) cells -  small myelinated axons and unmyelinated C fibres. Mutant 

null mice for NGF have no sensory afferents and >70% loss of DRG cells. There is 

some co-expression of BDNF Trk B receptor on the sensory neurones within the 

DRG (10-30%), but primarily BDNF appears to be involved with the regulation of 

the morphology and neurochemical phenotype of early sensory neurones and CNS. 

Trk C receptors (NT-3) are found on sensory ganglia of muscle afferents, mutant 

null mice lack type la  muscle spindle afferents, and NT-3 is involved in early DRG 

cell survival (Hory-Lee et ah, 1993).

By E4-5 the neural crest cells in contact with the CNS primordium begin to migrate. 

These form dorsal root ganglion cells, sympathetic, parasymapthetic, enteric 

neurones amongst others (Myers, 1998). These cells begin to leave the CNS as the 

somites in the paraxial mesoderm differentiate, each somite retaining strict rostral- 

caudal domains. Thus a somatotopic developmental pattern between the peripheral 

and CNS is established from the outset. Motor neurones are the pioneers followed 

later by the sensory neurones, although the latter can develop in the absence of 

motor axons (Scott, 1982).

By E l3 the peripheral nerves have reached the base of the hind limb bud, and 

innervation of skin and muscle continues. NGF is produced by kératinocytes, 

fibroblasts, Merkel cells and neurones themselves, but is independent of axonal 

arrival. It appears that the level of target tissue NGF and other local growth factors 

determines the final termination pattern of the primary afferents via complex 

interactions with the A and C fibres (Payne et ah, 1991). In the rat embryo NGF 

reaches peak expression at day 17 -18 (60pg/mg tissue), when the majority of 

cutaneous axons have reached their final destination. From E20 to birth the levels of 

NGF in the periphery fall by 66% probably due to retrograde axonal transportation



which in turn may be important in regulating C fibre cell death within the DRG. 

From birth (PO) the NGF levels rise to a peak at P I8 of 140pg/mg tissue and from 

then on falls to adult levels by P38 (20pg/mg tissue) (Constantinou et al., 1994). 

Partial denervation at PO leads to increase of NGF and a corresponding increase in 

terminal aborisation of AÔ and C fibres. Wounding in the early neonatal period has 

the same effect in part due to increased NGF expression and in part up-regulation of 

other growth factor levels (Whitby & Ferguson, 1991; Reynolds & Fitzgerald,

1995). NGF levels peak around E l8, which corresponds to the maturation of the 

sensory nervous system (SNS), completion of DRG cell death, maturation of AÔ and 

C fibres within the dorsal hom. Around this time NGF switches function from a 

trophic factor for embryological growth to a peripheral regulator of phenotype and 

nociceptive transmission (Fitzgerald & Gibson, 1984b; Fitzgerald, 1988a; Lewin et 

al., 1993; Fitzgerald, 1995). In the adult, axotomy resulting in DRG cell loss can be 

partially prevented by exogenous NGF (Oppenheim, 1991).

Developing peripheral neurones require support and guidance to reach their ultimate 

destination. Much of this is provided by Schwann cells, precursors of which travel 

great distances through the neural crest, laterally and dorso-ventrally and constitute 

up to 90% of endoneural cells. Myelin formation is a complex process dependent on 

interaction between both the Schwann cell’s basal lamina and the axons (Webster, 

1971). As myelination in all fibres begins at approximately the same time those 

destined to be small myelinated fibres attain their final number of lamellae earlier 

(Friede & Samaorajski, 1968).

In rats, myelination commences in foetal life and continues well after birth; at PO 

25% of bundles have 2-8 axons, and only 5% have more than 64. By P7 this 

changes to 80% of bundles having 2-8 axons and none having more than 29 

(Webster et al., 1973). By day P15 almost no foetal promyelin fibres remain in the 

rat sciatic nerve, the fibres now being mature myelinated or un-myelinated axons 

(Friede & Samaorajski, 1968). Thus at birth in the rat all afferents are essentially 

unmyelinated, however A and C afferents are distinguishable on cell body size, 

membrane properties, neuropeptide markers (substance P), and differing albeit slow 

conducting velocities (Semba et al., 1982; Fitzgerald, 1987a; Fulton, 1987). A



slower conducting group responding to noxious stimuli can be identified, which is 

absent following neonatal capsaicin treatment, thus corresponding to immature C 

fibres (Fitzgerald, 1988b).

1.3.2 Peripheral nociceptors

Peripheral nerves penetrate the skin in late embryonic life, around E l4-21 for rat 

hind thigh to foot, although maturation continues after birth. The initial dense 

epidermal plexus of primary afferents, withdraws postnatally to a predominant sub- 

epidermal position, during which time up to 50% of neurones are lost (Fitzgerald et 

al 1993). Specific end-organs such as Merkel cells and Meissner’s corpuscles 

appear within the first postnatal week. (Fitzgerald et at., 1993).

The array of sensory fibres transmitting both noxious and non-noxious stimuli from 

the periphery to the central nervous system is large and includes the autonomic 

nervous system as well as the sensory peripheral nervous system (somatic and 

visceral). Receptors within the skin include mechano-receptors, nociceptors, thermo 

and chemo-receptors. Mechano-receptors can be classified according to their 

adaptation rate to a maintained stimulus (fast or slow adapting), and are activated 

equally by non-noxious and noxious mechanical forces applied to the skin. (Willis 

& Coggeshall, 1978). The cutaneous nociceptors are usually free nerve endings that 

respond to a variety of stimuli that threaten or damage the tissue, including noxious 

mecho-receptors, thermal (hot and cold), chemoreceptors, and silent receptors 

capable of sensitization during damage or inflammation.

1.3.3 Primary afferents

Broadly the adult peripheral sensory fibres can be divided into three: AP, Aô and C 

fibres which transmit non-noxious (AP) and noxious stimuh to the dorsal hom 

(Table 1). Within the dorsal hom they terminate in a lamina specific pattem within a 

somatotopic organisation.



AP AÔ 0

Diameter large, 6-20pm small, 1-5pm small, 0 .2- 1.5pm

Myelin ++ + -

Conductance 80-120m /s 35-75m/s 0.5-2 m/s

Adequate non-noxious non-noxious Polymodal

stimulus - noxious noxiousphosphorylatio

n

70% are positive for Trk A receptors, are peptidergic and terminate in 

laminae I / Ho 

30% are positive for IB4 - isolectin, P2X3 are non-peptidergic releasing 

amino acids on activation and terminate in laminae llj /III.

Table 1.1:

The above table summarises the main characteristics of the 

three primary afferent fibres, Ap, AÔ and C fibres. (Martin & 

Jessell, 1991; Hunt & Mantyh, 2001).

In the rat, cutaneous receptive fields in the hindpaw can be observed from E l7 

onwards, with the number of impluses evoked by adequate stimuli increasing 

withgestational age. At this stage primary afferent fibres fall into rapidly adapting 

and slowly adapting mechano-receptors, followed later by a low threshold rapidly 

adapting receptor. These subgroups are still present at birth but have disappeared by 

P14, with the maturation of peripheral receptors (Fitzgerald, 1987a).

1.4 Dorsal horn development

The spinal cord develops rostro-caudally and ventro-dorsally. Thus initially the 

motor neurones develop, then intemeurones, deep dorsal hom neurones and finally 

the neurones of the substantia gelatinosa (SG) (Altman & Bayer, 1984). Axon 

outgrowth and synapses tend to follow the same retrograde pattem, afferent-motor 

reflexes being an exception, with la  fibres projecting directly into the motomeurone 

pool (Fitzgerald, 1991c). Projection neurones develop in advance of intemeurones.
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while inhibitory mechanisms are relatively slow in maturing. Synaptogenesis is 

maximal within the early postnatal weeks, with NT75 expressed in the deep dorsal 

hom at P4-5 and lamina II at P7-9 (Cabalka et a l, 1990). This developmental 

pattem can be traced with growth associated protein (GAP)43, a growth association 

protein which is transported to the growth cones of axons. In the rat GAP43 first 

appears in the spinal cord at E l l  and has virtually gone by P29. At E ll-14  it is 

densest in the DRG and ventral hom but this has changed to be highest in the dorsal 

hom by EI7, and then declines by P2. Postnatally it is found in corticospinal and 

pyramidal tract targets (Fitzgerald, 1991a).

The spinal cord in the adult is divided into grey and white mater, the former being 

further sub-divided into lamina 1 - IX from dorsal to ventral. In the adult, A5 

afferents terminate in lamina 1, the majority of C fibres terminate in lamina n  and 

A(3 fibres within the deeper dorsal hom lamina ni-lV.

Lamina 1 contains ascending projection neurones which convey noxious input into 

the para-brachial area of the mesencephalon (Bester et aL, 1997; Bester et al.,

2000). Two characteristic cells of lamina 11 are (a) stalk cells, with limited 

intraspinal projections and (b) islet cells which form clusters of dendritic trees. 

Lamina in contains AP primary afferents and is similar to laminas IV -V , the latter 

comprising larger cells and extensive local aborization and projection neurones. 

Lamina VI is transitional between dorsal and ventral roots and contains la muscle 

afferents (Willis & Coggeshall, 1978). The ventral laminae Vll -IX  contain 

motoneurones and muscle afferents.

In early postnatal life the dorsal hom termination pattem of AP and C fibres differ 

from that in the adult. The development of intemeurones, convergent neurones, 

projecting neurones , descending inhibition neurones, the production and localisation 

of local inhibitiory and excitatory neurotransmitters all leads to competition for 

space, cell expansion and death and substantial reorganisation. Nevertheless, 

afferent fibres grow in a strict somatotopical manner rostro-caudally and 

mediolaterally, for example the neonatal sciatic nerve terminal has the same ‘U ’ 

shape termination pattem in the neonatal lumbar spinal cord as in the adult (Smith,
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1983).The somatotopic organisation of the dorsal hom appears to be NMDA 

receptor dependent, as chronic embryological treatment with an antagonist such as 

MK801 can dramatically disrupt the pattems (Mendelson, 1994).

The centrally directed axons of DRG neurones grow towards the spinal cord by 

E13-14, but do not penetrate the grey matter until E15-16, which coincides with 

innervation of the periphery. These first fibres are la muscle afferents which grow 

directly into the motor neuronepool (Smith, 1983). By E16-17 low threshold 

cutaneous afferents (Ap fibres) penetrate through to lamina V, after the appearance 

of morphologically distinct intemeurones (Ozaki & Snider, 1997). Whilst their 

growth is restricted ventrally, dorsally they extend, terminating in all lamina I -V  

(Fitzgerald et al., 1991). Small primary afferent fibres (AÔ and C fibres) grow into 

the entry zones by E l9 but do not penetrate the dorsal hom at this stage. At birth 

their density has increased and AÔ fibres begin to reach their termination sites in 

lamina I /11  ̂(Fitzgerald, 1987b). C fibre maturation is predominately postnatal, 

with growth into lamina II commencing after birth but not reaching a final mature 

configuration until the third postnatal week (Fitzgerald et al., 1994; Coggeshall et 

al., 1996). By birth the C fibre terminals are immature and synaptic glomemli are 

not seenuntil P5 and the SG intemeurones only commence their axo-dendritic 

growth after PO (Bicknell & Beal, 1984; Fitzgerald, 1995). Thus in the first three 

postnatal week weeks A fibres (predominately Ap) form functional synaptic 

connections within lamina II and co-exist with maturing C fibres. As the C fibres 

mature, competition for the terminal sites within the SG leads to the slow 

withdrawal of the AP fibres.

Capsaicin treatment at birth destroys C fibres and allows the persistence of AP 

termination within the SG region (Shortland et al., 1990). In response to adult nerve 

injury a re-invasion of SG by Ap fibres has been reported (Woolf et al., 1992), 

although this has been disputed (Tong et al., 1999). Tong et al demonstrated that 

cholera toxin B-subunit (CTB) injected into the sciatic nerve which was then cut, 

revealed an increasing number of DRG and lamina II staining with CTB from 11% 

to73% (DRG) and 45% to 81% (DH). The CTB positive fibres were predominately
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small diameter indicating that post peripheral axotomy, CTB are markers for not 

only large (A(3) but also small (C or AÔ) fibres (Tong et aL, 1999).

1.4.1 Functional connections

Excitatory potentials can be observed in neurones before functional connections 

exist. The ventral root and motor neurones can produce long-latency excitatory post- 

synaptic potential (EPSP) by dorsal root stimulation presumably evoked via muscle 

afferents by E l4-15 in rats although monosynaptic reflexes are not observed until 

E17-18 (Saito, 1979; Kudo & Yamanda, 1987). A similar situation is reported in the 

cat foetus (Naka, 1964). Cutaneous afferents are capable of evoking spikes in the 

dorsal horn, to electical stimulation by E17, high intensity natural stimulation by 

E19, and low threshold stimulation by E20 (Fitzgerald, 1987c; Fitzgerald, 1991c).

The receptive fields are large in the neonatal rat and human and gradually become 

restricted with age. Electromyographic recordings of thermal withdrawal reflexes in 

rat pups PO-3 showed receptive fields to be widespread and chaotic, approaching the 

adult state by P21-25 (Holmberg & Schouenborg, 1996). Children also show more 

specific localisation of pain with age. Animals treated with the C fibre neurotoxin 

capsaicin at birth retain the immature pattern of large receptive fields (Fitzgerald,

1983).

In contrast to the slow maturation of C fibres, input from A fibre afferents appears 

to be enhanced, although synaptic linkage is weak, so that a single stimuli can evoke 

long lasting excitation. Cutaneous reflexes in newborn rats, kittens, and humans are 

often exaggerated when elicited by non-noxious light touch (Fitzgerald, 1987b). C- 

fos (an early gene marker for cell activation) can be stimulated by noxious and non- 

noxious skin stimulation in lamina I and II at P3. By PIO non-noxious C-fos was 

reduced to 27% and was gone by P21, thus paralleling the withdrawal of A|3 fibres 

from the SG region (Jennings & Fitzgerald, 1996). Repeated noxious pressure 

stimuli or repeated heel lances increase background activity, leading to sensitisation 

and generalised movements of limbs (Fitzgerald et aL, 1988). This period of 

sensitization declines after the first postnatal week in rats and after 30 weeks human 

gestation. An augmented pain response is seen for up to 6 weeks postnatally, in
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response to hindpaw formalin injection and there are lowered mechanical reflex 

thresholds (Fitzgerald et al., 1988; Guy & Abbott, 1992).

At birth noxious stimulation of C fibres produces long-lasting subthreshold 

depolarizations in the cord that can be blocked by substance P antagonists, 

capsaicin, and reduced by morphine. This may be due to a diffuse C fibre 

transmitter release (causing a generalised depolarisation), as specific synchronous C 

fibre action potentials are not seen until the second week postnatally (Fitzgerald, 

1985a; Fitzgerald, 1988b). Mustard oil (a C fibre specific irritant) can excite C fibre 

receptors from birth and leads to sensitization to subsequent stimuli but does not 

induce a limb withdrawal reflex until PIO (Fitzgerald & Gibson, 1984b). In contrast 

A fibre mono and poly-synaptic responses can be recorded from PC onwards 

(Fitzgerald et ah, 1987).

Thus in the neonatal period in the rat and the late third trimester in humans the 

nociceptive system is immature and stimulated by low threshold events. The 

receptive fields are large, potentially leading to increased activation of the dorsal 

horn to a given non-noxious stimulus. The responses in rats and humans are poorly 

co-ordinated and exagerated but mimic hypersensitivity seen at older ages. 

Therefore it would appear that neonates may process more stimuli as ‘pain’ rather 

than less as has been suggested in the past. Within the first 2 postnatal weeks in rats 

and by full-term birth in humans the peripheral nociceptive pathway is more mature 

however still appears to be pro-excitatory. Another aspect of the increased 

excitation of the neonatal nociception is the relative late development of inhibitory 

pathways.

1.5 Development of dorsal horn inhibition

The neonatal somatosensory system seems pro-excitatory allowing weak cutaneous 

inputs to be made more effective centrally. Inhibitory pathways, both local, 

contralateral and descending play a major part in modulating the dorsal horn 

afferent input and are on the whole late in maturing.
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At birth in rats there is evidence that local (Renshaw cell) and contralateral 

inhibitory systems are functional (Fitzgerald, 1985a). Local inhibitory controls in 

other sensory systems are secondary to excitatory connections (Mair, 1982) The 

dorsal horn intemeurone maturation, vital in the modulation of afferent pathways, 

coincides with the arrival and maturation of C fibres in lamina II (Bicknell & Beal,

1984). Development of the inhibitory systems may begin in the foetal period, but 

the majority of maturation is postnatal. Myelination of inhibitory fibres is not 

complete until P24 in rat, and the corticospinal tract does not connect until P6-9 

(West & Wolstencroft, 1977).

Descending axons from the brain stem grow into the peri-aquaductal grey and down 

to the cord in the dorsolateral funiculus (DLF) early in foetal life, although they do 

not form collaterals into the dorsal horn or functional synapses until P I5 (Gilbert & 

Stelzner, 1979; Leong et aL, 1984; Fitzgerald & Koltzenburg, 1986). 

Electrophysiological inhibition from the DLF is not apparent until PIO, requires 

higher stimulation by P I8 and is adult-like by P22 (Fitzgerald & Koltzenburg, 

1986), and behaviourally, spinalisation before P I5 has a less marked effect on 

withdrawal responses to noxious stimuli than in adult rats (Weber & Stelzner,

1977). This delay in maturation may in part be due to the lack of neurotransmitters 

serotonin (5-HT) and noradrenaline (NA) or their receptors (Commissiong, 1983; 

Bregman, 1987; Hughes & Barr, 1988).

Similarly activation of the peri-aquaductal grey (PAG) which in turn activates the 

DLF, is ineffective in producing analgesia until P14, requiring higher stimulation 

until P21 compared with the adult (Fields et aL, 1977; Van Praag & Frenk, 1991).

Diffuse noxious inhibitory control (DNIC) the inhibition of nociceptive neurones in 

the spinal cord produced by a noxious stimulus applied to a different receptive field, 

requires intact and functioning sensory and inhibitory systems. Comparing cFos 

levels in the rat spinal cord to hindpaw pinch alone or with forepaw formalin, gives 

a measure of DNIC and therefore an assessment of functional maturity. No 

difference was seen between in cFos expression in the spinal cord with single or 

dual stimuli at P I2. However the cFos levels to hindpaw pinch alone had fallen by
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P21 and with co-stimulation by forepaw formalin a further 17% reduction was seen. 

This had altered little by P42, except that cFos levels to pinch alone were by then 

half of P12 levels (Boucher et aL, 1999). No inhibition was seen until after the 

second week postnatally although fine maturation continued well into adulthood, 

with the maximal effect of DNIC seen by P21.

1.5.1 Cell death

A major feature of neuronal development is the vast over expansion of neurones 

which leads to competition and cell death on a massive scale, either by apoptosis or 

necrosis. The balance between stimuli for division and growth and for withdrawal 

and cell death, leads to the final product of a balanced functioning system 

(Oppenheim, 1991). In the corticospinal tract, at P5 small unmyelinated axons are 

visible with large growth cones, by P8-10 the density has increased to four times 

that in the adult, this density has declined to adult levels by P 14-16, with a 

concurrent 52% cell loss (Schreyer & Jones, 1988).

1.6 Development of the brain nociceptive pathways

The central nervous system undergoes extensive growth, development and folding 

around the cerebrospinal fluid ventricles to arrive at the adult form. It can be broadly 

divided into three regions, the forebrain, midbrain and hindbrain. Nociception is 

relayed from the spinal cord via three main direct nocieptive tracts to the brain stem 

(medulla), thalamus and forebrain / hypothalamus and within the CNS via an 

integrated relay system. This allows for complex modulation, conscious recognition, 

memory recall and motor action to be integrated.

The spinothalamic tract (STT) transmits nociceptive and thermal inputs arising from 

laminae I, IV, V and VU. Up to 90% of the tract fibres cross at the spinal level to 

ascend on the contralateral side, through the midbrain to terminate at the thalamus. 

This complex structure is somatotopically organised and has further connections 

within the forebrain for nociception integration (Craig & Dostrovsky, 1998).

The spinobulbar tract intergrates nociceptive activity with homeostasis, projecting 

from laminae I,V,Vn to the medulla. Within the medulla neurones terminate with
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catecholamine cells allowing for SNS reflex arcs, NA modulation and integrative 

connections with the forebrain. The brain stem reticular formation appears to relay 

motivation aspects of pain, whilst the PAG is involved with homeostatic control, 

limbic motor output and behavioural, nociceptive modulation via numerous 

connections throughout the raphe nuclei, reticular formation, hypothalamus, 

thalamus amongst others. The PAG and the rostral ventromedial medulla (RVM) 

have an intimate role in inhibition within the brainstem and medulla and via the 

descending pathways in the DLF.

The timetable of development of the neural networks involved in cortical and sub- 

cortical modulation, integration, enhancement and inhibition of nociception has not 

been defined. However it would appear that it is subtantially a postnatal event, 

suggested by the postnatal maturation of many CNS pathways, including 

descending inhibition (Fitzgerald & Koltzenburg, 1986; Boucher et aL, 1999), 

coordination of motor and sensory sensory systems and the higher cortical functions 

of speech, emotions, comprehension and so on.

In the rat at birth the nociceptive pathway from the periphery to the dorsal horn to 

the brain is immature. However as discussed it cannot be considered to be a 

minature version of the adult. The functional connections within the dorsal horn 

made by the primary afferent fibres and the descending inhibitory tracts are different 

from the adult, leading to a pro-excitatory situation. Low threshold, non-noxious 

stimuli from the large receptive fields are transmitted to the dorsal horn, where there 

is some inhibition this is not mature. The brain also undergoes extensive 

synaptogenesis and neuronal growth and it could be easy to extend the different, 

immature perhaps even pro-excitatory nature of the nociceptive pathways to include 

the higher brain centres. Whilst there are gross termination and tract differences 

between neonatal and adult pain pathways there is evidence that this difference 

extends to the receptors and neurotransmitters expressed. Some of these differences 

and maturational alterations are best explored within the dorsal horn.
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1.7 The dorsal horn

Pain pathways within the spinal cord are known to be a major site of nociceptive 

processing and modulation. Nociceptive stimuli transmitted to the dorsal horn can 

evoke a sensory-motor reflex response, be modulated and relayed to higher centres. 

As has been discussed extensive physical changes occur in the spinal cord 

throughout development and this is mirrored by equally significant alterations in the 

maturation of neurotransmitters and receptors. Agents that act as neurotransmitters 

in the adult, may also act as trophic factors in neuronal development. Of all the 

possible neurotransmitters and receptors within the dorsal horn a detailed discussion 

of glutamate receptors, nitric oxide (NO) will follow. A brief resume of two 

inhibitory systems namely GABAergic and opioid during development are also 

included.

1.8 The glutamate receptor family

Glutamate is one of the most widespread excitatory neurotransmitters in the 

peripheral and central nervous systems. The majority of peripheral sensory fibres 

terminating in the dorsal horn are positive for glutamate (and aspartate) where 

glutamate is released as a neurotransmitter (Miller et aL, 1988; Maxwell et aL, 

1990). Glutamate positive terminals form the core of Type I and II glomeruli in 

lamina II / III where it co-localises with excitatory neuropeptides (such as substance 

P) or in lamina Hi in non-peptidergic C fibres (Aimar et aL, 1998). The anatomical 

studies imply glutamate is important in high and low threshold evoked transmission 

and indeed increasing synaptic glutamate in the dorsal horn leads to increased 

nociceptive transmission (Bird et aL, 2001). Two classes of glutamate receptors 

have been cloned, ionotropic (ligand-gated ion channels) and metabotropic (G- 

protein coupled). Three subclasses of ionotropic glutamate receptors are described 

with sixteen functional subunits forming heteromeric complexes. The alpha-amino- 

3-hydroxy-5-methyl-4-isoxazole (AMPA) receptor is comprised of GluRl-4 

subunits, Kainate receptor of GluR5-7 and KAl-2, N-methyl-D-aspartate (NMDA) 

receptor from NRl, NR2A-D and NR3A-B subunits. Within a subclass the exact 

subunit composition strongly influences the pharmacological and biophysical 

properties of the receptors. The metabotropic can be divided into three groups each 

containing two or more individual receptor proteins: group I (mGluRl, mGluR5),
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group II (mGluR2, 3) and group III (mGLuR4, mGluRT, 8). These receptors appear 

to act as monomers or homodimers in contrast to the ionotropic receptors that 

assemble as heteromers.

The AMPA, Kainate and metabotropic receptors will be discussed below with a 

more detailed account of the NMD A receptor to follow.

1.8.1 AMPA receptors

Ionotropic glutamate receptors that respond to a-amino-3-hydroxy-5- 

methylisoxazole-4-propionic acid (AMPA) mediate most of the fast transmission in 

the central nervous system.

1.8.1.1 Structure of the AMPA receptor

Four genes GluR 1,2,3 and 4 encode heteromeric receptors with a high affinity for 

AMPA and are permeable to sodium and potassium ions (Hollmann & Heinemann, 

1994). The diverse pharmacological properties are imparted by relative gene 

expression, alternative splicing of the mRNAs and finally subunit assembly. 

Calcium impermeability is determined by the presence of GluR2, which has an 

arginine at position 586 as opposed to a neutral glutamine (Hume et aL, 1991; 

Bumashev et aL, 1992).

1.8.1.2 Distribution and development of the AMPA receptor

Within the brain AMPA receptors are found throughout the cortex and brainstem, 

GluR2 is expressed throughout the telencephalon, brainstem and cerebellum 

(Petralia et aL, 1997). Within the vestibular nuclei a clear variation in the 

distribution of the GluR subunits. All neurones which were NRl positive co

labelled with GluR2/3. Of the AMPA subunits, only 52% were GluRl positive and 

46% were GluR4 positive (Chen et aL, 2000).

In the spinal cord AMPA is expressed predominantly in the superficial dorsal horn, 

motor neurones, pre-ganglion autonomic neurones and amongst Renshaw and 

inhibitory cells (Tachibana et aL, 1994). The spinal cord reveals a close correlation 

between post-synaptic NMDA receptors and AMPA receptors although AMPA

19



receptors are also found on non-neuronal cells (Furuyama et aL, 1993; Nagy et aL, 

1994). GluR 1,2 and 4 mRNA are expressed at greater levels in the neonatal period 

compared to the adult, with developmental down regulation most pronounced for 

GluRl, less for GluR2,4 and minimal for GluR3 with the adult pattern present by 

P21(Jakowec et aL, 1995b). Expression in the ratios of the flip/flop sphce variants 

also undergoes postnatal change.

GluR2 mRNA shows the strongest expression in the dorsal horn; GluRl is 

moderately dense in lamina U and lamina lU, whilst GluR3 expression is scattered 

and GluR4 was low (Furuyama et aL, 1993). This corresponds well with [3H] 

CNQX binding (AMPA receptor antagonist) where the highest density of binding is 

in lamina II, but present throughout the spinal cord (Chinnery et aL, 1993).

However AMPA activated currents were similar between cultured embryonic, 

neonatal and adult indicating minimal postnatal changes (Smith et aL, 1991; 

Jakowec et aL, 1995a). In the ventral horn the developmental expression pattern 

altered such that in the adult GluR3 /4 were strongly expressed whereas moderate 

GluR2 and weak GluRl expression was seen (Furuyama et aL, 1993). AMPA 

GluR 1-4 subunits have also been demonstrated on rat dorsal root ganglion, with 

GluRl/ 2/3 expressed on small neurones and GluR2/3 on large (Sato et aL, 1993).

The distribution of GluR2 containing and excluding AMPA receptors alters during 

development, and whilst both mediate synaptic transmission the calcium permeable 

AMPA receptor, GluR2 excluded, provides a calcium flux that can increase synaptic 

strength (Gu et aL, 1996). Thus calcium permeable AMPA receptors may contribute 

to synaptic development and maturation. Calcium permeable AMPA receptors have 

been show N' to be highest in the immature brain, embryonic Xenopus neural plate 

(before NMDA receptor) and in immature dorsal horn (Pellegrini-Giampietro et aL, 

1994; Gu et aL, 1996; Gleason & Spitzer, 1998). It has been shown that up to 60% 

of embryonic dorsal horn cells in culture express calcium permeable AMPA 

receptors and synaptic transmission can be triggered via these receptors (Reichling 

& MacDermott, 1993; Gu et aL, 1996). The maximal expression in culture 

coincided with intense neurite outgrowth and synaptic development (Albuquerque et 

a/., 1999).
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coincided with intense neurite outgrowth and synaptic development (Albuquerque et 

aA, 1999).

Although calcium permeable AMPA receptors have been demonstrated on 

neurokinin 1 receptor (NKl) positive lamina I/IIo neurones, the majority appear to 

be on dorsal homGABAergic neurones at embryonic and adult ages (Spike et al, 

1998; Albuquerque et al, 1999; Engleman et a l, 1999). In agreement, 

immunocytochemical analysis indicated that within lamina I/II 87% of GluRl 

positive neurones were also G ABA positive (Kerr et al, 1998). In addition almost all 

GluR2/3 (calcium impermeable) positive neurones (97%) co-localised excitatory 

neurotransmitters neurotensin or somastatin (Kerr et al, 1998). Electron microscopy 

of the dorsal horn indicated that the distribution of GluRl differed from that of 

GluR2/3 with respect to the termination pattern of primary afferent fibres. The Cl 

terminals were predominantly GluRl positive whilst the C2 terminals were 

predominantly GluR2/3 (Popratiloff et al, 1996). Nitric oxide synthase (NOS) 

positive neurones were variable with half being GluRl and half GluR2/3 positive 

(Kerr et aL, 1998). Calcium permeable and impermeable AMPA receptors have 

been demonstrated on the same dorsal horn neurone (Golstein et aL, 1995) however 

some of the GABAergic or NKl positive neurones will lack GluR2 subunit and 

therefore will have significant calcium permeability. Electron microscopy showed 

that most of the gold-labelled GluR subunits were clustered over the post-synaptic 

density, although significant proportion originated from pre-synaptic afferents or 

intrinsic neurones (Popratiloff et aL, 1996). After sciatic nerve transection there was 

a significant upregulation of GluR2/3 at the primary afferent synapses, which may 

contribute to the hyperexcitability of the dorsal horn (Carlton et aL, 1998a; 

Popratiloff 1998).

1.8.1.3 Functional development of the AMPA receptor

AMPA receptors have a major role in the maturation of synaptic connections, 

increasing conductivity and playing a central role in long-term potentiation (LTP) 

and long-term depression (LTD). Some of the changes that occur in LTP serve as an 

example to the influence the AMPA receptor can have on synaptic transmission.

LTP has been shown to be accompanied by an increase in miniature (m)EPSCs
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shown to drive GluRl subunits into the post-synaptic membrane with a PDZ domain 

protein interaction (Hayashi et ah, 2000). In addition CaMKH has been 

demonstrated to increase GluRl subunit conductance via phosphorylation of 

serine^^\ conversely in LTD dephosphorylation occurs and a point mutation of 

serine blocks LTP generation (Malenka & Nicoll, 1997).

In GluR2 knock-out mice hippocampal neurones studied exhibited an increase in 

calcium permeability and increased kainate potency. However the mutants did not 

reveal any detectable alteration in AMPA distribution or expression, nor an 

increased excitotoxicity (lihara et ah, 2001). It has been proposed that GluR2 

impacts on neuronal function less by altering calcium permeability and more via 

alterations in scaffolding protein binding, and possible NMDA receptor coupling 

(lihara et ah, 2001). Consistent with this are the observations that GluR2 mutants 

with an increased calcium permeability exhibited reduced dendritic length and 

arborisation correlating with developmental delays and early mortality (Feldmeyer 

et ah, 1999). In nociceptive transmission the calcium permeable AMPA receptors 

appear to have a predominantly inhibitory role. At low dose AMPA receptor 

inhibition leads to facilitation, due to a presumed dis-inhibition via GABAergic 

dorsal horn neurones (Stanfa et ah, 2000).

AMPA receptor antagonists block fast excitatory responses of neurones in the dorsal 

horn elicited by low frequency stimulation, thermal or mechanical noxious stimuli 

(Dickenson & Sullivan, 1990a; Dougherty et ah, 1992). 2,3-dihydroxy-6-nitro-7- 

sulphamoyl-benzo(f)quinoxaline (NBQX) is a specific AMPA antagonist and has 

been shown to inhibit C fibre evoked response in the dorsal horn, but not windup 

(Long et ah, 1990; Stanfa & Dickenson, 1999). The less selective AMPA antagonist 

(also has NMDA antagonist action), CNQX (6-nitro, 7-cyano-quinoxalin-2,3 dion) 

inhibits dorsal horn neurones at PIO-14 to both high and low threshold inputs, which 

may indicate a role for AMPA in early postnatal nociceptive processing, or it may 

be due in part to NMDA receptor blockade (King & Lopez-Garcia, 1993). Similarly 

CNQX produced a dose-dependent reduction in inflammation induced hyperalgesia 

and reversed behaviours elicited by intrathecal injection of substance P or NMDA 

(Okano et ah, 1998).
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1.8.2 Kainate Receptors

Numerous splice variants of the Glu 5, 6 , and 7 subunits exist, which alter functions 

such as calcium permeability, although there appear to be no changes in ligand 

binding affinities (Kalb & Fox, 1997).

Kainate receptors are also widely distributed throughout the spinal cord from early 

embyonic life becoming restricted to the lamina II postnatally. Early postnatal motor 

neurones express mRNA for GluR5,6 and Kainate 2, but none in the adult (Stegenga 

& Kalb, 2001). Binding studies indicate that kainate receptors are present in the 

highest density in the cortex and superficial dorsal horn and low density in motor 

neurones of the brain stem, oculomotor nuclei and ventral horn (Shaw & Ince,

1994). In the spinal cord kainate receptors appear to be expressed throughout the 

cord on neuronal and glial cells, although GluR5 is more strongly expressed in the 

dorsal rather than ventral horn (Furuyama et a l, 1993; Nagy et al., 1994).

GluR5 immunoreactivity is found on small neurones in the rat dorsal root ganglia 

(Sato et aL, 1993), that potentially mediate nociception. A GluR5 agonist had no 

effect on thermal nociception in vivo. However GluR5 antagonists reduced 

nociceptive responses, but only at doses which exhibited AMPA receptor inhibition 

(Procter et al., 1998). This indicates that whilst kainate receptors are involved in 

nociception the antagonists are not analgesic in acute nociception.

1.8.3 Metabotropic glutamate receptors

Metabotropic glutamate receptors are G-protein linked receptors, with a widespread 

distribution throughout the brain and spinal cord. Eight mGLuRs have been 

described encoded by separate genes (Narahashi et al., 1992). These are divided into 

3 groups: group I (mGluI and mGlu5), activation leads to increased phospholipase 

C, group n  (mGlu2,3) and group III (mGlu 4,6,7,8) which inhibits adenylate 

cyclases (Pin & Duvoisin, 1995).

Electron microscopy of mGluR receptor distribution in the hippocampus and 

cerebellum revealed distinct locations at the synapse. Group I receptor expression
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occurs lateral to the post synaptic specialisation, group II are located in the pre- 

terminal membranes or extra-synaptically, whilst group IE are found in the pre- 

synaptic active zone consistent with their role as autoreceptors (Takumi et al.^

1999). The expression of mGluRs alters during development. In group I: mGlul 

expression is postnatal, low at birth rising to adult expression pattern by P21, mGlu5 

was high at birth and declined to adult levels by P30. Group II receptors are similar 

to group I in so much that mGlu2 is low at birth and then increases to peak 

expression by P14, before declining to adult levels, whilst mGlu3 is high at birth 

and declines. In group III; mGlu4 receptor was low throughout the whole post natal 

period (Catania et aL, 1994). The mGluRs may have a role in nociceptive 

processing during development as in vitro activation of spinal segmental reflexes in 

P I0-14 rat evoked by high intensity stimulation could be blocked by mGluR 

antagonist MCPG ((4-)-alpha-methyl-4-carboxyphenylglycine), which could also 

inhibit a low intensity evoked windup (Boxall et aL, 1996).

Group I exerts mainly excitatory effects and block of the receptor leads to inhibition 

of the dorsal horn neuronal response to mustard oil and knee joint pressure in an 

inflammed joint (Neugebauer et aL, 1994; Young et aL, 1994). However Stanfa and 

Dickenson demonstrated mixed facilitation and inhibition of dorsal horn cells in 

response to a selective group I antagonist, and a group I agonist inhibited peptide 

release from primary afferents (Stanfa & Dickenson, 1998; Cuesta et aL, 1999). The 

NMDA receptor forms complexes of receptors linked via various scaffolding 

proteins. The mGlul receptor has been shown to be part of the NMDA receptor 

complex involved in LTP induction in the hippocampus held together to enhance 

excitatory transmission via multiple scaffolding proteins (Husi et al., 2000).

Group II receptors are expressed on dorsal horn neurones and astrocytes and play an 

inhibitory role in nociception, especially after inflammation (Boxall et aL, 1998; 

Stanfa & Dickenson, 1998). The mGlu3 receptor inhibits pre-synaptic voltage- 

dependent calcium channels and reduces cAMP formation (Glaum & Miller, 1995) 

and is also upregulated in the dorsal horn after inflammation (Boxall et aL, 1998). 

An endogenous agonist to the mGlu3 receptor has been found, N-acetyl- 

aspartylglutamate (NAAG) (Wroblewska et aL, 1997). It is also a partial agonist at
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the NMDA receptor and can interfere with glutamatergic transmission (Puttfarcken 

et al., 1993). NAAG is localised widlely throughout the brain and spinal cord, 

localising with glutamatergic, GABAergic, cholinergic, noradrenergic and 

serotonergic neurones. It is stored and released in a calcium dependent manner, and 

removed from the synapse by direct uptake and degradation by NAALADase (N- 

acetylated-a-linked-acidic dipeptidase) (Williamson & Neale, 1988; Cassidy & 

Neale, 1993; Zollinger et aL, 1994). By direct binding to mGluR3, it confers a 

predominantly inhibitory action, however via degradation glutamate is hberated 

contributing to extra-synaptic glutamate and possible excitation (Slusher et aL,

1992; Fuhrman et aL, 1994). As NAAG and its degrading enzyme are present in the 

dorsal horn increasing NAAG levels would contribute to analgesia.

1.9 The NMDA receptor

The NMDA receptor subunit nomenclature depends on the orgin of the NMDA 

receptor described. The rat (human) nomenclature describes the main subunit 

families as NRl, NR2 and NR3. In contrast to mouse nomenclature in which NRl 

and NR2 are asigned NRA, NRe respectively. Within the NR2 family rat 

nomenclature the members are NR2A, NR2B, NR2C, NR2D whilst the 

corresponding mouse nomenclature is NRel, NRe2, NRe3, NRe4. NR3 is sub

divided into NR3A and NR3B, with no mouse equivalent (Moriyoshi et aL, 1991; 

Kutsuwada a/., 1992).

The NMDA receptors are comprised of unique combinations of subunits that 

determine receptor function. The number of in vivo subunit components required to 

form a functioning NMDA receptor is not known. Initially a dimer of NRl and one 

NR2 subunit was suggested, however evidence suggests a tetrameric or pentameric 

structure. Binding affinity studies for glycine suggested that two NRl subunits are 

required in an in vivo NMDA receptor complex (Clements & Westbrook, 1991). 

There is evidence for triheteromeric complexes of two different NR2 subunits or 

even NR2 and NR3 subunits suggesting at least a tetrameric structure (Clements & 

Westbrook, 1991; Sheng et aL, 1994; Cheffmgs & Colquhoun, 2000; Green & Gibb,

2001). Expression of tagged NRl, NR2A and NR2B subunits in a human embryonic 

kidney cell line, extraction and double-affinity labelling suggested the co-assembly
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of three NR2 subunits within some NMDA receptors (NR2A / NR2B / NR2B) thus 

suggesting the possiblity of a pentameric structure (Hawkins et aL, 1999).

Once activated NMDA receptors can profoundly influence the direction and 

strength of synaptic connections. Repeated stimuli can allow an incremental 

summation, to a maximal plateau, of the NMDA evoked EPSCs (Wang, 2000). This 

leads to a setting of a broad dynamic range of activity - dependent calcium flux that 

is proportionate to the occupancy levels of synaptic NMDA receptors.

1.9.1 NMiDA receptor subunits

1.9.1.1 The NRl subunit

The NRl subunit is comprised of 920 amino acids and can be expressed as eight 

splice variants, although in vivo only 7 have been identified. Within the NRl 

cassette there is a 21 amino acid (63 base pair) insertion point near the N’ terminal, 

and two possible deletion points at the C  terminal, the Cl exon cassette (37 amino 

acids) and C2 exon cassette (16 amino acids (Sugihara et aL, 1992; Hollman et aL,

1993). There are therefore eight possible combinations of insertions and deletions. 

The nomenclature indicates the exact variant form (Figure 1.2).

As the various forms of the NRl subunit confer differing properties on the overall 

NMDA receptor, the temporal changes in expression may be linked to the 

development and specialisation of the neural networks (Laurie & Seeburg, 1994). 

The N' terminal insertion alters the sensitivity to polyamines, zinc and proton 

binding (Durand et aL, 1992; Durand et aL, 1993; Hollman et aL, 1993), whilst the 

C  terminal exons alters channel opening and subcellular localization (Tingley et aL, 

1993; Ehlers et aL, 1995). The Cl cassette has become increasingly recognised as a 

site of functional regulation of NMDA receptors. It contains the high affinity 

binding site for calmodulin and overlaps with known phosphorylation sites (protein 

kinase C (PKC), protein kinase A (PKA)). CaMKII binds directly to the NRl C- 

terminal in a calcium dependent manner at two sites causing a four fold reduction in 

NMDA channel opening (Ehlers et aL, 1996). Phosphorylation however enhances 

both channel opening and intracellular influx of ions (Nakanishi, 1992; Sugihara et 

a/., 1992).
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Figure 1.1

A diagramatic representation of the splice variants of N R l, together with a 

summary of the nomenclature.

exon 5 exon 21 exon 22

 i______ i____ t_N terminal 
5' -

C terminal 

3'

Exon 5 Exon 21 Exon 22 NRl nomenclature

(Hollman) (Sugihara) (Durand)

- + + la RIA Oil

+ + + lb RIB 111

- - + 2a RIC 001

+ - + 2b F 101

- + - 3a D 010

+ + - 3b H 110

- - - 4a E 000*

+ - - 4b G 100

* - Not founc in vivo

The nomenclature used to denote the NRl subunits in the thesis follows 

Hollaman and Heinemann, and presented as subscript to N R l. Durrand et al 

Classification denotes a 'O' if the exon is abscent and 'T if its present. The 

exon 21 if present occurs as a duplicate. (Sugihara et al., 1992; Durand et 

al., 1993; Hollmann & Heinemann, 1994)
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1.9.1.2 The NR2 subunit

The NR2 subunit family comprises of 4 different subunits in rats NR2A,B, C or D 

and in mice el, e2, e3, and e4 (Moriyoshi et a l, 1991; Kutsuwada et al., 1992). 

Only the NR2D subunit has been reported to exist in two splice variants, Dj and D2 

(Ishii et al., 1993). The four subunits are composed of 1445, 1456, 1220 and 1296 

amino acids respectively with a 40-50% sequence homology within the NR2 family 

(Ikeda et al., 1992; Meguro et al., 1992). Homology between the NR2 family and 

NRl subunit is as low as 18%, similar to the homology to other glutamate receptor 

channels (Mishina et ah, 1991). The intracellular carboxy terminal is diverse and 

long (> 500 amino acids) in the NR2 subunits, with numerous phosphorylation sites 

which modulate opening times, and altered affinity for the localising cytoskeleton 

(Ikeda et ah, 1992; Kutsuwada et ah, 1992; Ishii et ah, 1993; Koranu et ah, 1995; 

Niethammer et ah, 1996). The extensive intracellular domain of NR2A subunit 

interacts with PSD-95 which regulates the retention, clustering and functional 

regulation of the NMDA receptor complex.

1.9.1.3 The NR3 subunit

A new member of the NMDA receptor family was described in 1995 by Ciabarra 

and Sucher and initially named %-l (Ciabara et ah, 1995; Sucher et ah, 1996). 

Subsequently the family was termed NR3 and contains two members: NR3A and 

NR3B (Das et ah, 1998; Nishi et ah, 2001). The NR3 subunits contain a sequence 

susceptible to redox modulation (thought to be unique to NMDA receptors) and a 

Q/R site in the second transmembrane region important for ion selectivity 

(Andersson et ah, 2001). In addition both NR3A and B contain glycosylation sites 

(10 putative sites in 3A, compared with 5 sites in 3B) and NR3B also appears to 

contain sites for PKC and CaMKII (Ciabara et ah, 1995; Sucher et ah, 1996; 

Andersson et ah, 2001).

NR3A and B subunits when expressed as part of an NMDA receptor have been 

reported to both convey a dominant-negative effect on the receptor conductance 

(Das et ah, 1998; Nishi et ah, 2001; Perez-Otano et ah, 2001). However the 

situation may be more complex as recent work has suggested that NR3 A or B when 

co-expressed with NRl alone forms an excitatory glycine channel (Chatteron et ah.
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2002). In cortico-cerebral neurones containing NR3, glycine triggered a burst of 

firing, thus implying a novel excitatory glycine channel, not an inhibited NMDA 

receptor (Chatteron et al., 2002).

NR3A contains 3345 base pairs (1115 amino acids), with the mature protein 

containing 1089 amino acids and is closely related to NRl (Andersson et ah, 2001). 

A 60 bp insertion in the intracellular domain of the C  terminal has also been 

described, with the 'long' variant appearing to be predominantly expressed (Sun et 

al., 1998). NR3A associates with both NR2A and NRl on the ER although co

expression with NRl is required for surfacemembrane expression (Perez-Otano et 

al., 2001). The presence of the NR3A subunit co-expressed with NRl / NR2A in 

Xenopus oocytes acts to reduce the conductance and as would be predicted, mice 

with disrupted expression of NR3A have enhanced NMDA responses (Das et al., 

1998). They were also noted to have an increased density of dendritic spines in 

cerebro-cortical neurones, indicating a role in the regulation of synaptic 

development (Das et al., 1998).

The NR3B subunit has recently been described and cloned in the mouse (Andersson 

et al., 2001 ; Nishi et al., 2001). A protein of 1003 or 901 amino acids has been 

proposed encoded by eight or nine exons and shows a 51% homology to the NR3A 

subunit (Andersson et al., 2001; Nishi et al., 2001). When co-expressed with NRl 

and NR2A it forms a functional receptor with similar properties to NR3A, acting as 

a negative regulator (Nishi et al., 2001). RT-PCR of exon 1 and 2 revealed a very 

restricted expression pattern to somatic motor neurones in the brain stem and spinal 

cord (in adult mice) (Nishi et al., 2001; Chatteron et al., 2002). In contrast in situ 

hybidization (against nucleotides in the putative exon 2 and 3) revealed labelling in 

most parts of the brain, especially cerebellum and hippocampus (Andersson et al., 

2001).

1.9.2 The NMDA receptor complex assembly

1.9.2.1 From transcription to membrane insertion

The transcription of mRNA coding for the NMDA receptor subunits and their

subsequent translocation to form functional NMDA receptors at the cell membrane
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is a complex process that is as yet not defined. It has been shown that the same 

neurone can express a variety of NMDA receptor complexes that have distinct 

distribution patterns, thus a complex mechanism to include or exclude particular 

NR2 or NR3 subunits with NRl and specific translocation mechanisms must exist 

(Tovar & Westbrook, 1999).

The NRl subunit appears to be constitutively formed and more than 50% is held 

within the endoplasmic reticulum (ER) before degradation (Hall & Soderling,

1997). In contrast more than 90% of the NR2B subunit is found at the cell surface 

(Hall & Soderling, 1997). NRl subunit can be expressed on the cell surface in 

mammalian expression systems and has been demonstrated in Purkinje cells that do 

not express NR2 subunits (Petralia et al., 1994b). Different splice varients of NRl 

appeared to be preferentially trafficked to the cell surface, which appeared to be 

determined by the presence or absence of exon 21 in the C  terminus. The splice 

variants containing exon 21 were held within the ER due to the presence of an ER 

retention signal, whilst the absence of exon 21 were trafficked to the surface 

membrane (Standley et a l, 2000; Xia et al., 2001). This retention signal could be 

overcome by the addition of a PDZ domain -binding motif contained in exon 22 

(Standley et al., 2000; Xia et al., 2001). Despite this all NRl splice variants can 

form functional surface receptors in Xenopus oocytes and ER retention is not 

required for assembly (Okabe et al., 1999). Whilst it is generally assumed that 

assembly of NMDA subunits occurs in the cell body there is some evidence for 

dendritic assembly. Golgi associated proteins and NRl have been identified in the 

dendrites that could potentially allow for rapid local synaptic modification (Misra et 

al., 2000a). The half life of NRl subunits varies considerably. Those held in the 

cytoplasmic pool are rapidly degraded with a half life of under 5 hours, whilst 

subunits assembled with NR2 at the surface had a half life of up to 34 hours (Huh & 

Wenthold, 1999). Post-transciptional maturation via addition of carbohydrate 

residues andphosphorylation lengthens the half-life and cell surface trafficking 

(Garcia-Gallo et al., 2001).

Whilst NRl subunits can be expressed on the cell surface the NR2 and NR3 

subunits require co-expression with NRl to be expressed (Mcllhinney et al., 1996;
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Das et al., 1998; Mcllhinney et al., 1998). The N' terminal residues of NRl are vital 

for oligomerization with NR2A and the subsequent transportation of NR2A to the 

cell surface (Mcllhinney et al., 1998; Meddows et al., 2001), where the half-life for 

NR2A or B appears to be approximately 20 hours (Huh & Wenthold, 1999). The C  

terminal end of the NR2A determines its trafficking into synaptosomes as a 

truncated form was not targeted into post-synaptic densities (Steigerwald et al.,

2000). No selective incorporation of NR2A and B with NRl splice variants were 

demonstrated, with both NR2 subunits similarly enriched at the synapse (Al-Hallaq 

et al., 2001).

Where the NMDA receptor assembly occurs, within the ER, cytosol or within the 

cell membrane (or combinations of all routes) is as yet unknown. In addition it is 

becoming apparent that the surface insertion of NMDA receptors alone does not 

yield an active synapse. The formation and structure of an active synapse is a new 

kind of signalling machine with multiple proteins involved: neurotransmitter 

receptors, cell-adhesion proteins, adaptor molecules, signalling enzymes and 

cytoskeleton proteins (Grant & O'Dell, 2001).

The spatial organisation of the NMDA receptor in relation to other receptors and 

secondary messenger / transducer systems depends on the array of scaffolding 

proteins such as PSD-95, and cytoskeletal proteins. These are arrayed in different 

layers on the intra-cellular side of the plasma membrane. Valtschanoff and 

Weinberg demonstrated that PSD-95 layer 2nm in from the plasma membrane, 

closely associated with NR2, C  terminal, neuronal (n) NOS layer a further 6nm 

deep with other scaffolding proteins deeper between 10-20nm (Valtschanoff & 

Weinberg, 2001). Interaction between the NMDA receptor and PSD-95 occurs 

through the NR2 and certain NRl subunits containing a consensus motif of three 

amino acids at the end of the C  terminal and PDZ domains (Koranu et al., 1995; 

Marsh gr a/., 2001).

All the PSD-95 / SAP-90 family of proteins have a similar structure with three 

tandem PDZ domains, a Src homology, and an inactive yeast guanylate kinase 

domain. PDZ domains, approximately 90 amino acids, mediate protein - protein
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interactions. The PSD-95 proteins are highly enriched around post-synaptic 

densities, drive synaptic formation and co-expression with NR2 subunits induces 

clustering (Niethammer et ah, 1996; El-Husseini et al., 2000). In addition PSD-95 

interacts with neuroligins, neuronal adhesion molecules, whose extra-cellular 

domain binds to the pre-synaptic p-neurexins, inducing tight adhesion between the 

two synaptic membranes (Irie et ah, 1997). The second domain of PSD-95 can bind 

to nNOS enabling a close association between NMDA and NO production, whilst 

the third PZD domain interacts with the mitogen-activated protein kinase pathway 

(O'Brien et ah, 1998). Linkage with the AMPA receptor appears to be via 

cytoskeleton interactions of the PSD-95 protein and GRIP (glutamate receptor 

interacting proteins) (O'Brien et ah, 1998).

One group investigated the assembly of individual glutamatergic synapses. Results 

indicated that a functional pre-synaptic active zone preceeded PSD-95 accumulation 

and NMDA and AMPA receptors at the post-synaptic site, although an active 

synapse was formed within 1-2 hours of the initial contact (Friedman et ah, 2000). 

The synapses contained large multimolecular complexes which may be formed from 

pre-fabricated complexes, although there is some evidence that NR2B is shuttled to 

the synaptic site in discrete transport vesicles (Ziv & Gamer, 2001). The interaction 

with PSD-95 has functional consequences. Co-expression of NR1/NR2A with PSD- 

95 reduced the receptor sensitivity of glutamate and enhanced expression of the 

NR2 subunits (Rutter & Stephenson, 2000).

1.9.2.2 Diheteromeric and triheteromeric assembly

The composition of the NMDA receptor alters throughout development and confers 

on the NMDA receptor changing properties. The complexity and diversity of the 

NMDA receptor is further increased with the expression of diheteromeric and 

triheteromeric synaptic receptors, combinations of NRl with NR2 subunits and / or 

NR3 subunits (Sheng et ah, 1994; Buller & Monaghan, 1997; Chazot & Stephenson, 

1997; Luo et ah, 1997; Das et ah, 1998; Tovar & Westbrook, 1999). Although most 

studies of in vivo NMDA receptors have identified either high or low conductances 

(NR2A or B or NR2C or D respectively) (Momiyama et ah, 1996; Cull-Candy et 

ah, 1998; Misra et ah, 2000b; Momiyama, 2000), co-expression of NR2A and
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NR2D produced three channel conductances (Cheffings & Colquhoun, 2000). The 

novel channel was postulated to contain triheteromer of NRl, NR2A and D giving 

unique conductance (30, 40 and 50pS) and increased glycine sensitivity (Cheffings 

& Colquhoun, 2000). In addition a novel NMDA receptor current in neonatal dorsal 

horn has been described (Green & Gibb, 2001). Whilst in vivo the expression of 

triheteromeric assembles could explain the discrepancies in Mĝ "̂  sensitivity and 

EPSCs in maturing neurones, most work has been done ex vivo and the implications 

of synaptically active triheteromeric channels has not been demonstrated (Cathala et 

al., 2000). In addition ex vivo expression can not be directly extrapolated to the in 

vivo situation. Xenopus oocytes can express functional (albeit low conductance) 

NMDA receptor complexes comprised solely of NRl subunits, which whilst 

interesting requires in vivo confirmation.

1.9.3 The structure of the NMDA receptor

The channel subunits have four hydrophobic segments M1-M4. Moriyoshi et al 

proposed a four transmembrane model with extracellular N' and C  terminals 

(Moriyoshi et al., 1991)(Moriyoshi 1991), however an intracellular location for the 

C  terminus was suggested by in vivo PKC phosphorylation and 

immunocytochemistry (Mori et al., 1993; Tingley et al., 1993). Mutational analysis 

suggested an extracellular glycine binding site between regions M3 and M4 

(Sullivan et al., 1994). A revised model proposed three true transmembrane regions 

(Ml, 3, 4), an intramembranous M2 region, an extracellular N' terminal and an 

intracellular C  terminal (Hollmann & Heinemann, 1994; Wo & Oswald, 1994; Wo 

& Oswald, 1995).

All the subunits of the NMDA receptor possess a conserved asparagine residue in 

the M2 segment, at a position that determines calcium permeablity in the AMPA 

channel (Hume et al., 1991; Mishina et al., 1991). Replacement of the asparagine 

with glutamate within the NRl subunit strongly reduces the sensitivity to the 

magnesium block (Bumashev et al., 1992). Magnesium is known to produce a 

voltage gated block within the ionophore, and thus the M2 region has been proposed 

as the channel forming region. Mutation of both the NRÇ and NRe2 M2 subunits are 

required to induce MK801 and Ketamine (both channel antagonists) resistance
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(Mori et al., 1992). In rats the mutation of the N R l subunit alone will reduce the 

sensitivity of the channel to ketamine and PCP (Yamakura et al., 1993). Zinc 

binding is only slightly affected by M2 mutations indicating a different binding site 

(Mori et al., 1992).

N' terminal
glycine binding 
site

Zn / H" / 
polyamines

NR1 voltaae
maanesium block

glutamate binding 
site

cell membrane

4 transmembrane 
in each subunit

C  terminal intracellular 
with calmodulin. PKC 
and PSD-95 /93 bindina

Figure 1.2:

Diagram representing the structure of NMDA receptor 

(only 3 subunits are shown, although the receptor may 

be a tetramer or pentamer, with two NR1 subunits and a 

combination of NR2A-D and / or NR3 subunits). Binding 

sites are illustrated either extracellular, 

transmembranous or intracellular. A line illustration of the 

4 transmembranous regions is also illustrated.
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Activation of the NMDA receptor requires not only the voltage dependent release of 

the magnesium block but also binding of both glutamate and glycine (Johnson & 

Ascher, 1987; Meguro et al., 1992). Site directed mutagenesis at M3 M4 regions 

have revealed sites for glycine, ethanol, redox, spermine and proton binding 

(Sullivan et al., 1994). The NR2 and NRl subunits contribute to the proton and zinc 

inhibition. NRl splice variants that lack exon 5 are less sensitive to inhibition by 

protons or zinc, at physiological pH NRl,,^ is partially blocked but potentiated by 

zinc, whilst NRl^^ is active and potentiated by PKC (Durand et al., 1992; Cull- 

Candy et al., 2001).

1.9.4 The modulation of the NMDA receptor

The NRl subunit can be expressed in Xenopus oocytes, following cDNA injection. 

Functional homomeric channels form, with responses to L-glutamate and glycine 

although the currents are small. Homomeric NRl receptors have not been expressed 

in a mammalian cell line. In adult mice Purkinje cells NR1Ç is expressed but no 

NRe subunits and no functional receptors have been identified (Brose et al., 1993; 

Watanabe et al., 1994b). In heteromeric NMDA receptors the overall function is 

modulated by the unit composition. The C  terminal of NRl unit confers differing 

calmodulin binding (increasing magnesium block), both NRl and NR2 terminals 

undergo varying degrees of phosphorylation (decreasing magnesium block) and 

modulate binding properties (Molinoff et al., 1994). TP A treatment of NMDA 

receptors in oocytes potentiated the response of NRÇ NRel or 2 clones but not the 

e3 or e4 clones (Durand et al., 1992).

Highly active NMDA receptor channels are produced when NRl^is expressed with 

one of the four NR2 subunits (Ikeda et al., 1992; Kutsuwada et ah, 1992; Meguro et 

al., 1992). The heteromeric channels were pharmacologically similar to in vivo 

receptors, with a high permeability to calcium, and inhibited by selective NMDA 

antagonists. The composition of the NMDA receptor from the various splice 

variants of NRl and NR2A-D subunits affects the function of the receptor with 

respect to its sensitivity to magnesium block, gating properties, affinity of binding 

ligands and modulation of activity (Table 1.3). The NMDA receptors containing
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single or multiple types of NR2 subunits have functionally different attributes 

(Brimecombe et ah, 1997; Buller & Monaghan, 1997).

Table 1.3

HETERO
MERIC
CLONE

Gluta
mate.
peak
currents

Condu
ctance

Mg^
Sensit
ivity

OFF
SET
DECAY
mSEC

PCK ZINC Ketam
ine

MK801

APV

7CK

N R l/ 1.7 38-50pS HIGH 118 Potent ++ ++ 4-4-4-4-
NR2A -iates ++ 4-
N R l/ 0.8 39-5 IpS HIGH 400 Potent +-I- 4-4- 4-4-4-
NR2B -iates 4-4- 4-4-
N R l/ 0.7 18-31pS LOW 382 No + 4-4- 4-4-
NR2C effect 4- 4-4-4-
N R l/ 0.4 17-35pS LOW 4,800 No + 4-4- 4-
NR2D effect 4- 4-

The table describes some of the characteristics of rat NMDA 
receptors expressed in the Xenopus oocyte system, although the 
same results have been demonstrated with mouse subunits. The 
NR2A and B subunits confer a high degree of sensitivity to 
magnesium block and AP5. NR2D was the most sensitive to 
glutamate and glycine. (Ikeda etal., 1992; Kutsuwada etal.,
1992; Meguro etal., 1992; Stern etal., 1992; Mori etal., 1993; 
Yamakura etal., 1993; Monyer etal., 1994; Wyllie etal., 1996).

The effects of extracellular calcium on NMDA- NR2A-D receptors expressed on 

oocytes also differs depending on the subunits. Leonard et al demonstrated the 

influx of calcium through the NR2A, C and D subunits was reduced in the former 

and increased in NR2B, whilst Monyer et al found no difference between constructs 

(Leonard & Kelso, 1990; Monyer et al., 1994). The off-set decay also varies 

between constructs, NR2A has the shortest whilst NR2D the longest, these 

properties appear to be of particular importance during development (Carmignoto & 

Vicini, 1992; Hestrin, 1992).

The relative sensitivity of binding of agonists and antagonists is also modulated by 

NR2 subunits. AP5 (a competitive glutamate antagonist) has an increased affinity 

for NR2A compared to the others. Ifendopril is approximately 400 times more
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specific for the NR2B subunit than NR2A, and has been used to demonstrate the 

emergence of the functionally active NR2B component of the NMDA receptor 

during development (Williams et ah, 1993; Nicolas & Carter, 1994).

1.9.5 The NMDA receptor neuronal localisation - synaptic and extra-synaptic

The composition of the NMDA receptors differ between synaptic and extra-synaptic 

expression during development. Within the visual cortex the NMDA receptors are 

associated along the plasma membrane prior to axons' arrival with contact 

promoting clustering (Aoki e ta l,  1994). Similarly synaptic sensitivity to NR2B 

antagonists decreased after the first postnatal week within the visual cortex, whilst 

extra-synaptic receptors were still sensitive (Stocca & Vicini, 1998). NMDA 

receptor activation or inhibition appears to influence synaptic clustering and 

expression. In cultured hippocampal cells, chronic blockade of NMDA receptors 

lead to a four fold increase in the number of NMDA receptors clusters and a shift to 

a synaptic distribution from an extra-synaptic dendritic localisation (Rao & Craig, 

1997; Oh era/., 2001).

These differences have also been reported in maturing cerebellar granule cells, 

Purkinje and stellate cells and within the dorsal horn (Cull-Candy et a l, 1998; 

Rumbaugh & Vicini, 1999; Momiyama, 2000). Within cerebellar granular cells 

foetal expression of NR2B was gradually replaced by increasing mRNA levels for 

NR2C and NR2A, which functionally formed a mixed population of high and low 

conductance channels. By P21 synaptic NMDA channels were observed with low 

sensitivity to Mg^  ̂(indicating NR2C) and fast decay times for the EPSC (matching 

NR2A) (Rumbaugh & Vicini, 1999; Cathala et a l, 2000). Extrasynaptic sensitivity 

to NR2B antagonists persisted even until the fourth postnatal week, whilst synaptic 

NMDA channels were unaffected by P14 (Rumbaugh & Vicini, 1999). In cerebellar 

Golgi cells NR2B receptors formed high conductance channels which were present 

on both synaptic and extrasynaptic sites. However NR2D low conductance channels 

appeared to be restricted to extrasynaptic sites alone (Misra et a l, 2000b)

The NR2D subunit confers a very long decay time when expressed in oocytes, and 

similar kinetics have been demonstrated extra-synaptically in cerebellar Purkinje 

cells during development, when they express predominately NR1/NR2D receptors
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(Misra et al., 2000b). These slow kinetics have also been reported only at extra- 

synaptic sites on several cell types (Momiyama et al., 1996; Cull-Candy et al.,

1998), although apparently excluded from the synapse, their high affinity for 

glutamate and slow decay kinetics may serve a novel function. However 

immunohistochemical data suggests that NR2D receptors may form triheteromeric 

assemblies (Dunah et ah, 1998) as these may not exhibit the slow kinetics of pure 

NR2D receptors and would explain the lack of slow synaptic kinetics.

NMDA, AMPA and kainate expression was mapped in early postnatal dorsal horn 

neurones in culture. Active channels were found throughout the neurone, with a 

higher dendrite rather than somatic membrane sensitivity to agonists. Also, points 

along the dendritic surface displayed increased agonist sensitivity corresponding to 

in vivo synapses (Arancio et ah, 1993). Patch -clamp recordings of adult lamina II 

neurones demonstated somatic NMDA channels corresponding to NR2D and NR2B 

and synaptic channels with NR2A containing subunits (Momiyama, 2000).

1.9.6 Intracellular actions secondary to NMDA receptor activation

The NMDA receptor is a ligand gated and voltage dependent ion channel. Both 

glutamate (or aspartate) and glycine are required to bind to the NMDA receptor 

prior to activation. In addition a prolonged depolarization of the cell is required to 

remove the magnesium block of the ion channel (Mayer et ah, 1984; Mayer & 

Westbrook, 1987). Once activated the NMDA receptor is highly permeable to 

calcium and sodium, and also allows an efflux of potassium. These unique gating 

properties are thought to underlie its complex role in nociceptive transmission, the 

instigation and maintenance of central hyperexcitability.

The effects of the extensive calcium influx are the key to the diverse range of effects 

seen with NMDA activation. The rise in intracellular calcium triggers several 

cascades leading to both immediate and prolonged cellular changes and positive 

feedback cycles. Activation of phospholipase C cascade leads to a further release of 

intracellular calcium stores, and activation of PKC. This kinase stimulates 

phosphorylation of the NMDA receptor, which alters it so as lessen the sensitivity to 

the Mĝ "̂  block and so allows further entry of calcium (Chen & Huang, 1992;
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Tingley et al., 1993). Raised intracellular calcium also activates phospholipase A 

cascade with release of arachidonic acid and enhanced glutamate release. Synthesis 

and release of NO is stimulated which in turn alters intracellular cyclic guanosine 3' 

5' monophosphase (cGMP) with numerous excitatory and inhibitory consequences. 

C-fos and other proto-oncogenes expression are stimulated, which could ultimately 

lead to an alteration in channels and receptors expressed. If the neurone continues to 

receive excessive afferent input, the concomitant rise in intracellular calcium can 

become toxic leading to excitatory cell death through altered intra-cellular osmotic 

pressure and generation of free radicals. In addition the persistent potassium efflux 

in chronic activation has been shown to initiate apoptosis (Yu et a l, 1999). 

Calmodulin binds to the NRl subunit in a calcium dependent manner, causing a 4 

fold reduction in the NMDA channel opening (Ehlers et al., 1996).

The NMDA receptor has numerous ligand binding sites that can modulate the gating 

mechanism including polyamines, arachidonic acid, phosphorylation, zinc and redox 

sites. The overall effects of binding at any of these sites and the length of the 

opening time of the NMDA receptor to calcium influx is a product of the subunit 

composition of the NMDA receptor (see Chapter 4 for further detail).

1.9.7 Synaptic Plasticity

1.9.7.1 Activation dependent alteration ofNMDAR subunits

Throughout the visual pathway there are developmental alterations in the NMDA 

receptor subunits along with increased expression of NRl, which have been 

demonstrated to be linked with the maturation of visual systems (Hofer & 

Constantine-Paton, 1994). The receptive visual fields of the visual cortex are 

bidirectionally modified by sensory (light) deprivation or exposure and this 

experience dependent plasticity has been linked to the replacement of NR2B by 

NR2A (Philpot et al., 2001). The NR2B subunit is widely expressed in the visual 

cortex during foetal development and within the first postnatal week. mRNA and 

protein expression reveals an increase in the NR2A:B ratio in the first few post natal 

weeks and that this can be delayed by dark-rearing, or exposure to NMDA 

antagonists (Swindale, 1981; Kleinschmidt et al., 1987; Nase et al., 1999; Quinlan 

et al., 1999b). Furthermore, dark reared animals show a heightened sensitivity to
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NR2B antagonists compared with light reared (Quinlan et al., 1999a). In cats short 

exposure of the visual cortical cells to the NMDA antagonist AP5 reduced the visual 

response by 75% during the critical postnatal period (P20-28) (Fox et al., 1989; 

Miller et al., 1989). The NMDA EPSC decay is slow and blocked by NR2B 

selective antagonist up to P5 (Stocca & Vicini, 1998). Visual experience is 

associated with decreased NR2B only receptors, and an increase in NR2A 

expression with shortening of the NMDA EPSC decay. However dark reared 

animals show an increase in NR2B expression and persistence of a longer EPSC 

decay time (Philpot et ah, 2001). Recently it has been demonstrated that sudden 

light exposure to dark reared animals results in a rapid insertion of NR2A resulting 

in a higher NR2A: NR2B ratio (Quinlan et al., 1999b). Relatively low levels of 

NR2A mRNA are required to alter the NMDA-EPSC, indicating that either NR2A 

is preferentially targeted to the synapse or co-assembles with NR2B to form 

receptors with fast kinetics (Flint et al., 1997; Cull-Candy et al., 2001). During 

maturation the NMDA receptors may exist as NR 1/2A or NR1/2B heterodimers or 

as NR1/2A/B heterotrimers (Sheng et al., 1994; Luo et ah, 1997). The insertion of 

NR2A may be integral to peak plasticity or may signify the end of ocular plasticity 

(Roberts & Ramoa, 1999) however one mechanism for modifying the activation 

threshold is the experience dependent modification of NMDA receptor subunit 

composition (Philpot et al., 2001).

1.9.7.2 Activation dependent alteration of synaptic NMDA receptor complex - 

Silent synapses

Silent synapses occur in some proportion in any given neuronal circuit. Their silence 

could reflect failure of pre-synaptic terminals to release neurotransmitters or lack of 

function in the post-synaptic membrane. Both types of synapses exist and can be 

converted into functional synapses by specific patterns of activity.

The typical silent synapse is one where only NMDA receptors and no AMPA 

receptor are expressed (Malenka & Nicoll, 1997). These appear to be the 

predominant form of NMDA receptors in developing hippocampal neurones, 

although they have been described in somatosensory cortex dorsal horn amongst 

other areas (Bardoni et al., 1998b; Conrad et al., 1999). The proportion of pure
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NMDA synapses appears to decrease during early postnatal development in 

response to activity dependent synaptic potentiation - an LTP like mechanism which 

may involve pre and post synaptic alteration. Post-synaptically the transformation to 

functionally mature synapses coincides with the insertion of AMPA receptor 

(Bardoni et al., 1998b; Li & Zhou, 1998).

Pure NMDA synapses have been described throughout the CNS but especially in the 

hippocampal neurones and in association with the induction of LTP / LDP and 

maturation of synaptic connections. During two weeks in culture the number of pure 

NMDA synapses continued to increase. This increase was dependent on the 

activation of metabotropic glutamate receptors whilst the parallel increase in AMPA 

receptors was dependent on NMDA activation (and formation of mixed synapses) 

indicating the complex interdependency of the glutamatergic receptor family in 

maturation (Gomperts et a l, 2000).

Maturation of Silent Synapses

The maturation of silent synapses appears to be determined by the insertion of 

functional AMPA receptors in the post-synaptic NMDA synapses in an activity 

dependent manner (Rumpel et al., 1998; Choi et al., 2000a; Montgomery et al., 

2001). Renger et al found that some silent synapses that contained post-synaptic 

NMDA and AMPA receptors but were functionally silent due to pre-synaptic 

immaturity and failure of transmitter release (Renger et al., 2001).

Within the hippocampus much attention has focused on the early expression of 

functional synapses containing only NMDA receptors (silent synapses) (Durand et 

al., 1996; Wu et al., 1996). In immature hippocampus pure NMDA synapses are 

important in activity dependent synaptic plasticity. Activation of the NMDA 

receptor leads to the insertion of AMPA receptors and strengthening of the 

connection in LTP whilst removal of AMPA receptors may occur in LDP (Carroll et 

al., 1999; Luscher et al., 1999; Petralia et al., 1999; Hayashi et al., 2000; Grosshans 

et al., 2002). Regulation of AMPA receptor endocytosis and membrane expression 

is calcium influx dependent via voltage dependent calcium channels (VDCC), 

NMDA or AMPA receptors (Beattie et al., 2000; Lin et al., 2000). In mature
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neurones the majority of synapses contain mixed NMDA and AMPA receptors.

Here the intensity of synaptic response during LTP appears to be more dependent on 

the increased insertion of NMDA receptor (Grosshans et al., 2002). In neonatal 

hippocampus (P5-7) GluR4 subunit of the AMPA receptor is abundantly expressed 

and rapidly inserted into the synapse upon activation of the NMDA receptor (Zhu et 

al., 2000). GluR4 is widely expressed immediately postnatally but decreases during 

development.

Within 36 hours increased AMPA dependent transmission was mediated by AMPA 

receptor containing GluR2, replacing homomeric GluR4 (Zhu et al., 2000). There is 

evidence for internalisation of the AMPA receptor and constituative cycling of GluR 

subunits in and out of the synaptic membrane (Malenka & Nicoll, 1997; Luscher et 

al 1999). The NMDA receptor appears to be more stable in part due to inhibition of 

internalisation by NR2B interaction with PSD-95 scaffolding protein (Roche et a l,

2001). The scaffolding proteins maintain a co-localisation of synaptic NMDA and 

AMPA receptors. Labelling each receptor revealed that NMDA receptor were 

concentrated in the centre of the synaptic apposition whilst the AMPA receptors 

were in an annulus away from the centre (Kharazia & Weingerg, 1997).

In contrast NMDA and AMPA receptors are evenly distributed along the dendritic 

membrane in the face of 'silent' synapses. Following synaptogenesis functional 

receptors were clustered with an increased density (approximately 400 

receptors/synapse) in a one: one ratio of NMDA receptor and AMPA receptor 

(Cottrell et al., 2000). However functional AMPA receptor clusters were found in 

NRl deleted neurones and independent of glutamate activation indicating that 

AMPA insertion is not necessarily NMDA dependent (Cottrell et al., 2000).

The existence of silent synapses in the dorsal horn were first suggested over twenty 

years ago and have been subsequently demonstrated in developing nociceptive 

pathways (Malenka & Nicoll, 1997). Within the first postnatal week silent synapses 

can be demonstrated within the dorsal horn and somatosensory cortex, but over the 

subsequent weeks are lost (Isaac et al., 1997; Li & Zhou, 1998). Based on excitatory
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post-synaptic currents from laminae I -  II, Bardoni et al suggested that these 

receptors are composed of pure NRl and NR2A subunits (Bardoni et ah, 1998b).

Maturation of the pure NMDA synapses occurs at the time of intense synaptogensis 

within the dorsal horn. Maturation of excitatory primary afferents and descending 

inhibitory pathways occur during the second - third postnatal week (Fitzgerald & 

Koltzenburg, 1986). Li observed that release of 5HT was able to induce expression 

of AMPA in NMDA pure synapses (Li & Zhou, 1998) and pre-synaptic activity 

leading to AMPA insertion has been well described (Malenka & Nicoll, 1997; 

Petralia et a l, 1999). Sensitisation of the dorsal horn by 5HT release from 

descending inhibitory fibres is in itself sufficient via PKC to trigger GluR2/3 

insertion into the post-synaptic density (Li et al., 1999). This in turn may contribute 

to sensory synaptic potentiation in chronic pain. However no pure NMDA receptors 

were found in normal adult cord nor after sciatic nerve transection. Thus indicating 

that they do not have a role in the hyperexcitabihty of neuropathic pain nor in adult 

receptive field plasticity (Baba et al., 2000).

1.9.7.3 Activation dependent role in nociception

The NMDA receptor has become an important target in nociception due to its role in 

windup, or facilitation of neuronal responses to noxious input. The NMDA receptor 

enhances the gain of nociceptive neurones, but leaves the threshold for activation 

unchanged, unlike AMPA which does decrease the threshold. Due to its complex 

structure and activation profile the NMDA receptor does not appear to be involved 

in acute fast, reflex nociception, but once activated by prolonged depolarisation the 

large influx of calcium allows for an enhanced excitability. Intra-thecal NMDA 

induces pain type behaviours such as scratching, biting licking and conversely 

NMDA antagonists have been shown to reduce hyperalgesia (Dickenson &

Sullivan, 1987a; Urea & Raigorodsky, 1988). The NMDA receptor appears to 

induce NO synthesis and opioid tolerance, both of which may further modulate 

neuronal excitability (Chapman & Dickenson, 1992).

Wind up is a progressive, frequency dependent facilitation of spinal cord neuronal 

responses mediated by afferent C fibres (Mendell, 1966). Blockade of the NMDA
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receptor inhibited the generation of windup (Dickenson & Sullivan, 1987a) and 

central sensitisation, which appear to be separate phenomena sharing a common 

mechanism (Woolf, 1996; Li et a l, 1999). Windup has been recorded in the dorsal 

horn neurones of many different species, evoked by cutaneous or somatic but not 

visceral afferents (Alarcon & Cervero, 1990; Herrero et al., 2000). Below the 

critical frequency of 0.2-0.3 Hz windup is not observed, and above 20Hz habituation 

can be evoked. Maximum windup is generated at 1-2 Hz (within this thesis a pulse 

of 0.5Hz, 2ms at three time C fibre threshold was used) (Schouenborg, 1984; Stanfa 

et al., 1992; Urch et al., 2001).

Post-synaptic mechanisms involve initial depolarisation by AMPA receptor, 

recruitment of NKl receptors for a prolonged depolarisation, which triggers the 

activation of NMDA receptor and massive influx of calcium (Davies & Lodge,

1987; Dickenson & Sullivan, 1987a). Pre-synaptic mechanisms may also be 

important, as might other post-synaptic calcium permeable receptors in the 

generation and maintenance of wind-up as spinal administration of AP5 could block 

most but not all deep dorsal horn wind-up. (Davies & Lodge, 1987; Dickenson & 

Sullivan, 1987a; Thompson et al., 1990; Jeftinija & Urban, 1994).

Peripheral infammmation evokes enhanced excitability from spinal neurones evoked 

by the inflammed primary afferents, and also from non-inflammed surrounding 

afferents (Dubner & Ruda, 1992). Windup was observed within dorsal horn 

neurones using a pulse duration that in non-inflammed tissue would not induce 

windup, thus indicating the inflammation can evoke an increased degree of windup 

and a reduction of the induction threshold (Herrero & Cervero, 1996). However 

Stanfa reported a complex bi-directional change in deep dorsal horn neurones, those 

that exhibited high windup prior to inflammation exhibited reduced windup after 

inflammation and vice versa (Stanfa et al., 1992). This may be due to an increased 

release of dynorphin (which can be excitatory or inhibitory) and / or an increased 

inhibitory response (Stanfa et al., 1992). However injection of complete Freund's 

adjuvant (CPA) into a unilateral hind paw lead to a significant and prolonged (over 

several days) down-regulation of NRl expression within the small and medium 

sized neurones in the DRG (Wang et al., 1999b).
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In neuropathic pain models, neurones after loose or tight sciatic nerve ligation show 

a normal windup response to electrical stimuli (Xu et al., 1995a; Xu et al., 1995b; 

Chapman et al., 1998). In humans with neuropathic pain several authors have shown 

a temporal summation / wind-up like pain in response to repeated von Frey hair 

stimulation in areas of de-afferentation as compared with normal sensory areas 

(Price et al., 1992; Eide et al., 1994; Felsby et al., 1996). However this effect was 

not seen in every patient, and often they were tested 1-2 years after the neuropathic 

injury and pain onset, rather than 1-2 weeks in animal models. Windup has been 

demonstrated in normal subjects occuring within 3-4 minutes and after relatively 

few stimuli (3-4) (Koltzenburg et al., 1994). Of interest is the observation that in 

hyperalgesic states, particularly when mechanical allodynia is present, Ap fibres can 

elicit windup (Herrero et al., 2000). A pre-synaptic interaction between AP and C 

fibres has been proposed (Cervero & Laird, 1996).

NMDA antagonists (dextromethorphan and ketamine) have been demonstrated to 

produce a dose dependent reduction in the temporal summation and a reduction in 

hyperalgesia in bum patients and neuropathic pain (Eide et al., 1994; Price et al., 

1994; Nikolajsen et al., 1996; Wamcke et al., 1997).

Neonatal neuropathic damage or NMDA receptor blockade significantly alters the 

normal development of the nociceptive pathways, indicating a role for the NMDA 

receptor in nociception, maturation and synaptic plasticity from an early age.

Animal with chronic MK-801 treatment to a L4/5 postnatally developed normal C 

fibre density but retained the foetal Ap fibre distribution in lamina n  (Mendelson,

1994)(Beggs and Fitzgerald, personal communication). Neonatal peroneal nerve 

crush on P2 lead to an increase in the ipsilateral (and to a lesser extent contralateral) 

NRl mRNA peaking at day 5 post cmsh. This increase corresponded with the time 

of maximal cell death, which may be NMDA mediated (Virgo & de Belleroche,

1995). In neonatal axotomy, MK-801 binding was reduced in the ventral horn but 

not dorsal horn where NR2D subunit expression was retained (Hughes et al., 1998). 

In adult sciatic nerve crush a NMDA binding densities increased bilaterally in the 

dorsal and ventral horns reaching a peak at 2 weeks post cmsh and returning to 

normal after 20 weeks (Croul et a l, 1998). Whilst in L1-S2 rhizotomy there was a
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slight but not significant rise in NMDA receptor density at 6 and 20 weeks, and in 

sciatic nerve transection NRl was down regulated in the ventral horn (Croul et al., 

1995; Piehl era/., 1995).

Within the dorsal horn in the adult rat NRl / NR2A / NR2B appear to be the 

predominant subunits involved in nociception. Ketamine a non-competitive 

inhibitor has been used with effect in neuropathic pain but is limited by its 

psychomimetic effects. It has been suggested that the NR2A subunitantagonism is 

critical for the production of ketamine CNS side-effects (Narita et al., 2001). The 

development of felbamate (an anti-convulsant) which exhibits modest increased 

affinity for NR2B, had a more favourable side-effect profile (Harty & Rogawski,

2000). Improved analgesia with fewer CNS side-effects may be attainable through 

the development of NR2B antagonists. Indeed two analogues of the NR2B selective 

ifenprodil, CP-101,606 and Ro25-6981 have shown increased NR2B affinity with 

pronounced anti-nociceptive activity and reduced motor side-effects (Boyce et al.,

1999). In pre-clinical trials CP-101,606 exhibited side-effects of amnesia, 

depersonalisation and confusion at high doses, but was well tolerated in nine out of 

eleven patients with severe head injury (Menniti et al., 1998).

1.9.8 NIMDA receptor development within the brain

NMDA receptors have a crucial role in a diverse array of events within the brain 

including synaptic transmission, plasticity and excitotoxicity. The diversity of 

involvement is reflected in the receptors unique features which include voltage 

gated Mg^^ block, permeability to calcium, slow deactivation kinetics, modulation 

of function via different subunit composition, endogenous ligands (protons, zinc, 

poly amines), and subcellular anchoring and secondary messenger activation. 

Biophysical, pharmacological, and molecular methods are providing useful insight 

in the effects of the NMDA receptor subunits within the NMDA receptor and the 

roles of the NMDA receptor within the brain.

The subunit composition and pattern of expression of the NMDA receptor changes 

throughout development. The functional importance of NMDA receptor activity in 

synaptogenesis and maturation has been demonstrated (Constantine-Paton & Cline,
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1998) and will be discussed below with reference to the brain and the spinal cord. 

mRNA for each subunit is expressed in the brain, although there is variation in the 

location of the different NRl splice variants, NR2 and NR3 subunits (Traynelis et 

al., 1995; Ito et al., 1997; Goebel & Poosch, 1999; Rumbaugh & Vicini, 1999; 

Misra et al., 2000a; Momiyama, 2000).

1.9.8.1 The NRl subunit expression

Through development of the rat brain and spinal cord the splice variant expression 

of the NRl subunit has been shown to alter (Riva et al., 1994). By E14 weak 

expression of NRl^ only occurs throughout the brain and ventral cord. However by 

E17 splice variants of NRl (mainly NRl^J and N R l2a are expressed in the dorsal 

root ganglia and spinal cord as well as within the thalamus and cortex. By birth 

NR lib is expressed throughout the cortex, thalamus, brainstem, together with weak 

expression of N Rlj and NRl^ (Laurie & Seeburg, 1994).

Postnatally NRlj^ is upregulated, together with a continued increase in NR In, 

expression. The increase in NRlj^ results in a concomitant loss in proton inhibition 

and faster inactivation times (if co-assembled NRlia/NR2B ) and greater 

potentiation by protein kinase C (Durand et al., 1992; Traynelis et al., 1995; 

Rumbaugh et al., 2000). By adulthood NRli^ is predominant within the forebrain in 

a ratio of 5:1 with NRln,. In contrast within the cerebellum the distribution is 

reversed with NRln, predominating (Nagahisa et al., 1992; Sugihara et al., 1992; 

Zhong et al., 1995). Alternate splicing of NRl and the difference in functional 

characteristics appears particularly important in the thalamus and cerebellum 

(Laurie 1994).

The overall abundance of NRl peaks between the second and third postnatal weeks 

within the rat and thereafter decreases (Riva et al., 1994). By adulthood a rostro- 

caudal variation in NRl splice variant expression has been established with 

predominant NRl^ expression in the forebrain and NRI4 in the midbrain (Laurie & 

Seeburg, 1994). Low levels of NRI3 are expressed in the cortex at birth which then 

declines rapidly (Laurie & Seeburg, 1994; Luque et al., 1994; Standaert et al.,

1994). By adulthood pH]-MK801 binding reveals a pattern in the density of NMDA
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receptor expression: hippocampal formation > cortex > striatum > thalamus (Sakurai 

et al., 1991). Ultrastructural localisation has shown that the majority of NMDA 

receptor expression in the cortex, hippocampus, and cerebellum is post-synaptic 

(Petralia et al., 1994b).

1.9.8.2a The NR2 subunit expression

Further developmental diversity can be demonstrated upon examination of the NR2 

(NRe) subunit expression. Evidence from mRNA expression and binding studies 

indicate that the NR2B subunit is found throughout most regions of the brain and 

spinal cord, whilst NR2D is confined to the diencephalon and the brainstem from 

early in embryonic life (Laurie et al., 1997; Cull-Candy et al., 2001). The level of 

NR2B expression continues to increase throughout the embryonic stage until it 

peaks at postnatal age P21 in rats (Watanabe et al., 1993b; Monyer et al., 1994;

Riva et al., 1994), after which it declines to adult levels.

NR2D mRNA is prominently expressed throughout the foetal brain and reaches 

maximal expression in the first week of postnatal life (Dunah et al., 1996). An 

exception is expression in the cortex and hippocampus which is evident only 

postnatally (Watanabe et al., 1993b). In the immature cerebellum in situ 

hybridisation indicated that NR2D alone is expressed in Purkinje, stellate or Golgi 

(GABAergic) neurones (Watanabe et al., 1994b). Although this is contradicted by 

functional evidence from patch clamping which demonstrated NR2B as well as 

NR2D on immature Golgi cells (Misra et al., 2000a). By the second and third 

postnatal weeks the expression of NR2D is reduced to the adult pattern of low 

expression within the midbrain leading to a shortening of evoked EPSCs (Hestrin, 

1992; Watanabe et al., 1993a; Monyer et ah, 1994; Watanabe et ah, 1994b).

Expression of NR2C is not detected during foetal stages, however weak mRNA 

signals appear at P7-10 within the cerebellum (Zhong et ah, 1995). By adulthood 

NR2C is expressed predominately in the cerebellar granular cells (Watanabe et ah, 

1993b; Monyer et ah, 1994).
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NR2A mRNA expression is barely detectable in the foetal brain. At birth expression 

within the hippocampus occurs and a rapid upregulation in expression within the 

first two postnatal weeks is noted throughout the CNS (Watanabe et al., 1993b). By 

adulthood it is the predominant NR2 subunit expressed throughout the CNS 

(Watanabe et al., 1993b; Watanabe et al., 1994b). Evidence from mRNA expression 

of NR2A correlates well with binding patterns of the high affinity NR2A agonist, 

[^H] 2, carboxypiperazine-4-yl-propyl-l-phosphonic(CPP) (Watanabe et al., 1993b; 

Duller et ah, 1994; Watanabe et al., 1994b).

In the adult NR2A is found throughout the brain, whilst the other NR2 subunits are 

more regionally expressed: NR2B primarily within the forebrain, NR2C within the 

cerebellum, and 2D within the midbrain (Nakanishi, 1992; Laurie et al., 1997; Sun 

et al., 2000). NR2B is the predominant subunit in the motor cortex, with expression 

levels of 135% compared to NRl, NR2A is also expressed (50% of NRl 

expression) and NR2C (25% of NRl expression) (Sun et al., 2000). Of interest is 

the olfactory bulb which uniquely continues to develop through adulthood and 

retains some features of immature NMDA receptors, namely NR2B expression 

(30% of NRl) and NR2D (3% of NRl expression) with a correspondingly long 

EPSC (Aroniadou-Anderjaska et al., 1997; Goldman, 1998; Sun et al., 2000). 

However other subunits are also expressed in this region in the adult: NR2A is the 

predominant subunit (50% of NRl expresssion), NR2C and NR3 (15% of NRl 

expression) (Sun et al., 2000).

1.9.8.2b The NR2 suhunit functional distribution

In the cortex the developmental switch from predominant NR2B to NR2A subunit 

expression is coupled with a functional alteration in the NMDA receptor. This can 

be demonstrated as the appearance of a low affinity receptor for ifenprodil, a 

shortening of the EPSCs, a decreased affinity for glycine binding and the 

appearance and augmentation of LTP (Ben-Ari et al., 1989; Morrisett et al., 1990; 

Carmignoto & Vicini, 1992; Williams et al., 1993; Price et al., 1994; Tovar & 

Westbrook, 1999). Furthermore the importance of NR2B subunit in neuronal 

development can be demonstrated by the targeted disruption of the NR2B subunit 

which is fatal in early neonatal life. The mice demonstrate impaired sensory
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development in primary afferent terminals, a lack of a suckling response, impaired 

whisker related barrelettes formation and synaptic NMDA responses and LTP is 

abolished in the hippocampus (Kutsuwada et al., 1996). Further work demonstrated 

a different distribution of NR2 subunits within a single cell. Targeted disruption of 

either the El (2A) or e2 (2B) subunit revealed reduced NMDA EPSCs and LTP in 

hippocampal pyramidal cells, however the EPSCs affected were in different 

afferents of the same cell (Ito et al., 1997).

NR2A subunit is predominately expressed in postnatal life with functional 

consequences including shortening the NMDA EPSCs. This has been demonstrated 

in numerous regions of the brain including the cortex, visual cortex, cerebellum, and 

brain stem (Hestrin, 1992; Farrant et ah, 1994; Flint et ah, 1997). In addition 

disruption of the El(2A) subunit is not fatal, but mice demonstrate a reduced spatial 

learning and reduced hippocampal LTP (Sakimura et ah, 1995).

Disruption of the NRe3 / 2C subunit results in the disappearance of a low 

conductance NMDA channel (<37pS) in cerebellar granular cells. In addition in 

vitro patch clamp demonstrated enhanced amplitudes but abbreviated duration of the 

NMDA current expression of higher conductance channels (Ebralidze et ah, 1996). 

The kinetic properties of cerebellar granular cells alter with postnatal maturation and 

switch from NR2B to NR2A / NR2C subunits. The ratio of NMDA to non-NMDA 

receptors remained constant from P7-P40, with peak expression at P I2. During the 

second postnatal week there was a clear decrease in ifenprodil sensitivity and a 

increase in the NMDA EPSC decay and by P21 the sensitivity to Mg^  ̂was threefold 

less, indicating a gradual incorporation of NR2C. Fully mature NR2C kinetics were 

not established until P40 (Cathala et ah, 2000).

Whilst NRe4 (2D) subunit is preferentially expressed in foetal and early postnatal 

life disruption of the NRe4 (2D) subunit expression results in normal brain 

histology, including barrelette formation, although the mice exhibited reduced motor 

co-ordination (Ikeda et ah, 1995). Neonatal Purkinje cells displayed an NMDA 

channel with opening time kinetics (38/18pS) which matched expression of the 

NR2D subunit, which was not present by P12 (Momiyama et ah, 1996). Similarly
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within the brain stem the early expression of NRe2 (2B) and e4 (2D)changes to 

NRel(2A) and e2 (2B) by adulthood with consequent shortening of the EPSCs 

(Hestrin, 1992).

Within the cerebellum radical alteration in NR2 subunit expression occurs with 

consequent alteration in EPSC decay times, and sensitivity to Mĝ "̂  block. Granular 

cells initially express NRe2 (2B) and change to NRel(2B) and e3 (2C), with 

corresponding shortening of the opening times and lowering channel conductance 

from 50/40pS to 33/20pS (Farrant et ah, 1994). Within the first postnatal week 

newly formed granular cell synapses were partially blocked by an NR2B specific 

antagonist, however this was lost by P14 (Rumbaugh & Vicini, 1999). This was 

accompanied by the expected fall in EPSC decay times in line with a synaptic 

switch between NR2B and NR2A / C. Extrasynaptic sites showed a more delayed 

switch, remaining partially sensitive to the 2B antagonist until P28 (Rumbaugh & 

Vicini, 1999). Purkinje cells initially express NRe2 (2B) and e4 (2D), but loose 

NMDA responsiveness during maturation and express no functional NMDA 

receptors in the adult (Watanabe et al., 1994b).

The lack of synaptic response in the neonatal hippocampus in NRe2 (2B) defective 

mice suggests that the NRl subunit can not form functional NMDA receptors in 

vivo (Kutsuwada et ah, 1992). Maturation of hippocampal NMDA receptors from 

NR2B to NR2A and B containing alters the receptors' sensitivity to Mĝ "'' as shown 

in cell cultures (Morrisett et al., 1990). With increasing age (from P25-75) neurones 

displayed a reduced response to NMDA and less sensitivity to Mĝ "'' (Morrisett et 

al., 1990). In the trigeminal nucleus early NRe2 (2B) expression on post-synaptic 

neurones is essential for synaptic refinement of the topographical sensory map, hut 

it decreases with the emergence of NRel (2A) and e3 (2C) subunits (Watanabe et 

al., 1993b; Scheetz & Constantine-Paton, 1994; Watanabe et al., 1994b).

1.9.8.3 The NR3 subunit expression

Both the NR3 subunits appear to act in a dominant negative manner when co

assembled with NRl and NR2 subunits, reducing the conductance of the channel 

(Das et al., 1998; Nishi et al., 2001). Mice with disrupted expression of NR3A have
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enhanced NMDA responses and to have an increased density of dendritic spines in 

cerebro-cortical neurones, indicating a role in the regulation of synaptic 

development (Das et al., 1998). NR3A is expressed ubiquitously during 

development reaching maximal expression within the first postnatal week before 

declining by P19 (Das et ah, 1998). By adult hood the level of NR3 expression was 

low, similar to NR2C, and limited.to thalamus, amygala, visual cortex, olfactory 

bulb and cerebellum (Ciabara et ah, 1995; Sucher et al., 1996; Sun et al., 1998; Sun 

et al., 2000). The role of NR3B in development and in modulation of mature 

NMDA receptors is not known. Adult mouse studies on NR3 yield conflicting 

reports of expression. A restricted expression pattern has been reported in somatic 

motor neurones in the brain stem and spinal cord and also an extensive expression in 

the brain, especially the cerebellum and hippocampus (Andersson et al., 2001; Nishi 

et al., 2001).

1.9.9 NMDA receptor development within the spinal cord

1.9.9.1 Distributions of the NRl suhunit
Within the spinal cord the expression of NMDA subunits varies not only between 

the dorsal and ventral horns but rostral-caudally between the cervical and lumbar 

segments. NMDA receptors are widely expressed throughout the cord from E l3, 

with postnatal restriction occuring (Watanabe et al., 1994a). NRl^ splice variants 

are expressed throughout development although by adulthood the NRlj^ is the 

predominant isoform throughout the spinal cord as in the brain (Tolle et al., 1993; 

Luque et a l, 1994). Within the superficial lamina NRlj^ and NRl^y are expressed, 

however NRl 2b. 4b and 3a have also been identified although at a lower signal (Tolle et 

al., 1993; Tolle et al., 1995). Some differences have been described between the 

cervical and lumbar regions in the wider expression of NRln,/2b outside the 

superficial dorsal horn in the former (Luque et al., 1994; Tolle et al., 1995). Within 

the deeper laminae 4,5,6, and 10, NRljg predominates with low expression of 

N R l2aÆ,4aÆ (Tollo et al., 1993; Tolle et al., 1995). In the ventral horn the motor 

neurones have been shown to express all isoforms but with a predominance of exon 

5 containing variant mRNA (NRl^J (Luque et al., 1994; Tolle et al., 1995). In situ 

hybridisation of adult spinal cord revealed a significantly greater quantity of NRl in 

the motor neurones as compared to the dorsal horn, but no difference between 

nociceptive pathways and those that relay touch and proprioception (Kus et al..
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1995). Similarly in human spinal cord, NRl has been described throughout all 

laminae (Virgo & de Belleroche, 1995).

1.9.9.2 Distributions of NR2 subunits in the spinal cord

The situation with NR2 subunit expression is more contradictory depending on the 

species investigated and the techniques used such as mRNA expression, 

immunocytochemistry, ligand binding studies or in vitro electrophysiology.

1.9.9.2a Evidence from NR2 mRNA expression

The levels of NR2 subunit mRNAs are relatively low which may explain some of 

the conflicting results. In the dorsal horn mRNA studies have indicated NRe2 (2B) 

and e4 (2D)are initially expressed (P1-P7) changing to predominately NRe2 (2B) in 

lamina II with background levels of NRe4 (2D), and widespread expression of 

NR2A in the adult (Luque et a l, 1994; Watanabe et a l, 1994a). Tolle et al 

described an unusual NR2 mRNA distribution in the adult rat lumbar cord, with 

only NR2C and D expressed (Tolle et ah, 1993). The lack of NR2A and B was 

notable in the superficial lamina. This may be explicable if NR2B/A were 

predominately pre-synaptic or had an extremely low turnover. However Tolle et al 

failed to demonstrate NR2A/B in the PAG where intense expression has been 

described (Tolle et a l, 1993; Watanabe et al., 1994a).

Watanabe et al showed no significant signal for NR2C subunit at any development 

stage and only a transient expression of NR2D in the ventral horn between E13-P1 

and the dorsal horn P1-P7 (Watanabe et al., 1994a). This is in contrast to Tolle and 

others who have described a low NR2C mRNA expression in glial cells (Watanabe 

et al., 1993b; Akazawa et al., 1994; Standaert et al., 1994). The reasons for these 

differences remain to be established.

In the ventral horn a similar development alteration in NR2 subunit expression 

occurs. Expression for NR2A is present unusually early from embryological day 13 

(Watanabe et al., 1994a). In early postnatal life expression of NR2A, 2B and 2C or 

2D has been described by various authors (Luque et al., 1994; Watanabe et al., 

1994a; Ikeda et al., 1995; Stegenga & Kalb, 2001). By adulthood however the
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predominant expression is NR2A (Ikeda et al., 1995; Stegenga & Kalb, 2001). 

NR2D appears to have some functional role, in that deletion leads to some decrease 

in locomotor activity yet normal growth (Ikeda et al., 1995).

Direct correlation between mRNA expression and functional protein production is 

not possible. Slowly denatured, stable proteins can be present in large amounts with 

low levels of mRNA and vice versa. Similarly studies have shown that cultured 

phaeochromocytoma PC 12 and neuroblastoma Y79 cells express NMDA mRNA 

but no encoded protein (Kopke et al., 1993; Sucher et al., 1993).

1.9.9.2b Evidence from NR2 protein expression

Adult cervical cord immunofluorescence demonstrated intense staining in lamina I- 

n i  for NRl, NR2B subunits and AMPA receptor although no NR2A or 2C were 

demonstrated (Yung, 1998). In agreement Boyce demonstrated NR2B localisation 

within lamina H, however in contrast abundant immunostaining of NR2A 

throughout the cord was seen (Boyce et al., 1999). Human spinal cord immunoblots 

revealed NRl, NR2A-D subunits to be present from the early embryogensis. By 

adulthood expression of NR2A and 2D was low with virtually no 2B or 2C (Laurie 

et al., 1997; Akesson et al., 2000). Further Sundstrom et al demonstrated no lamina 

differentiation in the expression NR2A, C or D subunits again with no NR2B 

detected (Sundstrom et al., 1997).

1.9.9.2c Evidence from NR2 subunit function

Alteration in the function of receptors during maturation is the final proof that 

subunit expression and variation has an effect on the activativity of a neurone. In 

vitro and in vivo pharmacological evidence to suggests that change in receptor 

function in part could be attributed to maturation and altered subunit composition.

In vitro assays of intracellular calcium in response to NMDA stimulation in the 

dorsal horn from P I-17 indicated that the response was highest during the first 

postnatal week corresponding to a peak in NMDA affinity which then subsequently 

declined (Hori & Kanda, 1994). Bardoni et al showed that the kinetics of the pure 

NMDA receptor synapses differed from the NMDA kinetics in the mixed
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(NMDA/AMPA) synapses (Bardoni et a l, 1998a). These differences in the first two 

postnatal weeks may be attributed to an alteration in the NMDA NR2 subunit 

composition. The conductance of the channels in the pure NMDA synapses 

corresponded to channels with only NR2A subunits. Whilst in the mixed synapses 

conductance suggestive of NR2A /B were found (Bardoni et ah, 1998a). In addition 

Momiyama demonstrated that in adult lamina II the main synaptic NR2 subunit 

exhibited NR2A kinetics and low affinity inhibition with ifenprodil, whilst NR2B 

and D had extra-synaptic expression (Momiyama, 2000).

In vitro embryonic DRG /DH neurones have the ability to synaptically evoke a 

calcium transient with physiological levels of magnesium and no coincidental 

depolarisation (Reichling & MacDermott, 1996). This may be due to the presence of 

NR2D confering low magnesium sensitivity, thus allowing calcium flux in the 

presence of glutamate release. As NR2D appears to be extra-synaptic this calcium 

'leakiness' may be a means to enhance potential synapse formations or increase the 

sensitivity of the neurone to extra-synaptic glutamate. Synaptic maturation triggered 

by NMDA dependent calcium influx, coincides with the developmental decline in 

NMDA calcium responsiveness and may be stimulated by functional primary 

afferents (Bicknell & Beal, 1984; O'Brien & Fischbach, 1986; Jansen et a l,  1990; 

Hori & Kanda, 1994). The calcium dependent influx also activates a negative 

feedback loop leading to NMDA receptor inactivation that appears to be strongly 

expressed in the maturing dorsal horn (Kyrozis et a l, 1996).

1.9.9.2d Evidence from NMDA Receptor Binding

In human spinal cord ^H-MK-801 - NMDA receptor binding is present from the 4* 

GW with a two fold increase in density during the first trimester (Akesson et a l,

2000). Characteristic distribution and developmental alterations have been 

demonstrated in rodents with NMDA-displaceable [^H]L-glutamate or MK801-[^H] 

binding studies. Dense early expression throughout the cord becomes restricted to 

predominately lamina II by adulthood (see Chapter 3). A similar restricted 

distribution of the NMDA, AMPA and kainate receptors have been found in human 

spinal cord (Jansen et a l, 1990).
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Whilst binding studies usually reflect NMDA receptor expression, some insight into 

subunit alteration can be obtained from changes in binding affinities. The binding 

affinity of ^H-glutamate for the NMDA receptor has been shown to be three-fold 

higher in foetal ventral horn compared with adult (Kalb & Fox, 1997). In additon 

^H-MK801 binding in neonatal rats revealed an overall decrease in K ,̂ in

the first two postnatal weeks (Kalb & Fox, 1997; Hughes et al., 1998). NR2 subunit 

substitution would account for these findings, such as replacement of NR2D by 

NR2A. This developmental alteration can be disrupted following axotomy, with 

persistence of the low affinity receptor with excessive death of the motor neurones, 

which can be protected by prior administration of MK801 (Hughes et al., 1998).

Spinal motor neurones undergo experience dependent development during early 

postnatal life. In the neonatal ventral horn NRl is expressed at higher levels than in 

the adult, together with NR2A/C whilst in the adult only NR2A is expressed 

(Stegenga & Kalb, 2001). Abdrachmanova et al reported both EPSCs, and RT-PCR 

which correspond to neonatal expression of NRl, NR2A-D and NR3A subunits 

(Abdrachmanova et al., 2000) in agreement with others (Watanabe et al., 1994a;

Das et ah, 1998). Kalb, in contrast, found only transient expression of NMDA 

receptors in the early postnatal period (Kalb et al., 1992).

1.9.10 Pre-synaptic NMDA expression

The presence of pre-synaptic NMDA receptors indicates an autocrine role in the 

regulation of transmitter release in glutamatergic transmission. The majority of 

NMDA receptors are preferentially located on the post-synaptic membrane within 

the hippocampus and cerebellum (Takumi et al., 1999). Pre-synaptic NMDA 

receptors have been described within the CNS, on DRG cell bodies, primary 

afferent synapses, in deep spinal cord laminae and on descending inhibitory 

synapses (Liu et al., 1994; Petralia et al., 1994b; Ye & Westlund, 1996; Morari et 

al., 1998; Sundstrom et al., 1998).

In adult rats lumbar cord electron microscopic staining for the NRl subunit of the 

NMDA receptor indicated that in one-third of the labelled synapses the NMDA 

receptor are located pre-synaptically and may act as an autoreceptor (Liu et al., 

1994). NRl mRNA has been demonstrated in all adult sensory and autonomic
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ganglia including the dorsal root ganglia (Shigemoto et al., 1992). Although some 

authors report that NMDA only activates a current in a small number or no DRG 

cells, others report the opposite (Agra^val & Evans, 1986; Lovinger & Weight,

1988; Huettner, 1990). The action of pre-synaptic NMDA receptor activation on 

axonal - reticulospinal synapses was to increase basal intracellular calcium 

sufficiently to enhance transmitter release from the axons (Cochilla & Alford,

1999).

In adult cervical spinal cord NRl immunostained within pre-synaptic glutamatergic 

containing primary afferents, and on all post-synaptic terminals (Aicher et a l,

1997). However calcitonin gene related peptide (CGRP) and NR2B double labelling 

was found in more than 90% of the primary afferents (Ma & Hargreaves, 2000). The 

extensive expression of NRl / NR2B on small diameter primary afferents indicates 

an NMDA modulation of neurotransmitter release. Dorsal root ganglion neurones all 

expressed NRl mRNA and the subunit, although there was some differentiation in 

AMPA subunit expression (GluRl, 2/3 on small and GluR2/3 only on large 

neurones) (Sato et a l, 1993). In contrast Watanabe failed to find any NR2(e) mRNA 

in mouse cervical dorsal root ganglia (Watanabe et al., 1994a).

NMDA and other glutamatergic receptors have been described on pre-synaptic 

membranes of pathways other than primary afferents. Sundstrom et al prelabelled 

noradrenegic terminals and demonstrated NMDA or AMPA stimulated release of 

NA (Sundstrom et al., 1998). Inhibition studies revealed a synergistic action of the 

receptors on the noradrenergic terminals that in vivo would evoke NA release 

(Sundstrom et al., 1998). In addition, immunostaining of NMDA and AMPA 

receptors in the spinothalamic tract revealed a widespread distribution on pre and 

post-synaptic membranes and in association with rough ER (Ye & Westlund, 1996).

NMDA receptors have been demonstrated on peripheral sensory axons in the skin 

(Carlton et al., 1998b). Unmyelinated axons in the dermal-epidermal junction 

demonstrated NMDA, non-NMDA and NKl receptors, which were shown to 

functionally interact inducing a mechanical and thermal hyperalgesia in response to 

local glutamate or peripherally administered agonists (Zhou et al., 1996; Carlton et
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al., 1998b). Peripheral NMDA receptors are active in vivo and are involved in the 

induction and maintenance of persistent dorsal horn firing in response to a 

peripheral bee venom injection (Chen et al., 1999). AMPA receptors in the same 

experiment appeared only to be involved in the initial induction of the dorsal horn 

response (Chen et al., 1999). Peripheral NMDA and non-NMDA receptors have 

been shown to contribute to the response to formalin (Davidson et ah, 1997). 

NMDA antagonists administered either at the site of peripheral injury or 

systemically have been shown to attenuate the nociceptive response to formalin and 

neuropathy indicating functionally active NMDA receptors (Qian et al., 1996; 

Davidson & Carlton, 1998; Leung et ah, 2001).

NMDA receptors appear to be more involved in the transmission of visceral as 

opposed to non-inflamed or non-neuropathic somatic pain stimuli (Cervero & Laird, 

1999; Olivar & Laird, 1999). Functionally active NMDA receptors have also been 

demonstrated on dorsal root gangha and peripheral afferent terminations innervating 

the colon, where they may provide a novel mechanism for visceral hyperalgesia 

(McRoberts et ah, 2001).

1.10 Neuronal nitric oxide synthase and nitric oxide
NO as a gaseous mediator was first described in 1987 as 'endothelium derived

relaxing factor' (Furchgott & Zawadski, 1980; Palmer et ah, 1987) and was soon 

identified as an active transmitter within the CNS (Garthwaite et ah, 1988). Since 

then NO has been implicated in numerous and diverse systems including: vascular 

endothelium relaxation, macrophage cytotoxicity, neurotoxicity, neuronal plasticity 

(LTP and LTD), non-adrenergic-non-cholinergic intestinal relaxation (Schuman & 

Madison, 1994). This section will predominately focus on the role of nNOS /NO 

within the CNS. Classically NO is considered an excitatory transmitter linked with 

the NMDA receptor complex, although its role within dorsal horn nociception may 

not be so simple.

1.10.1 NO production

NO is known to be produced as a result of the conversion of L-arginine to NO and 

L-citrulline via NOS. One physiological source of extracellular L-arginine is from
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release from glial cells. This release is dependent on glial cell ionotropic non- 

NMDA receptor activation that can be blocked by CNQX (Grima et al., 1998).

Three main isoforms have been described, type 1 neuronal nNOS, type 2 inducible 

(i)NOS (usually in immune active cells) and type 3 endothelial (e)NOS (Bredt et al., 

1991b; Lamas et al., 1992; Lowenstein et al., 1992; Sessa et al., 1992; Xie et al., 

1992). Structurally NOS enzymes are similar existing as tetramers (two NOS 

monomers and two calmodulins). All isoforms are related to the cytochrome-P450 

requiring several electon donors: flavin adeninedinucleotide (FAD), flavin 

mononucleotide (FMN), nicotinamide adenine dinucleotide phosphate (NADPH) 

and tetrahydrobiopterin. All three isoforms share approximately 50% sequence 

identity with a highly conserved C  terminal sequence. Deletion of this conserved 

region prevented NADPH binding and reduced NOS activity to undetectable levels 

(Xie et al., 1994). Several polymorphisms have been described which may affect 

cellular distribution and activation and some may play a role in human disease such 

as Huntington's Chorea, Duchenne muscular dystrophy and Alzheimer's (Brenman 

et al., 1995; Li et al., 1996; de la Torre & Stefano, 2000). Types 1 and 3 NOS are 

constitutive, found primarily in brain and blood vessels there are active for relatively 

short periods of time, producing small quantities of NO (in the nM range). In 

contrast type 2 NOS which can release NO in the uM range for extended periods 

(Stefano et al., 2000). Inducible NOS is primary found in immune active cells 

(macrophages, microglia and astrocytes) and following induction of protein 

synthesis by cytokines, large quantities of NO can be produced for long periods. 

Data from activated macrophages show that the rate of NO generation by iNOS is 

about 1000 fold higher than the maximal NMDA-evoked NO release rate in in vitro 

cerebellar cells (Le'wis et al., 1995). Although type 2 NOS binds calmodulin tightly 

it does not need raised calcium for activation, in contrast to type 1 and 3 calmodulin 

dependent enzymes (Cho et al., 1992). In nNOS the calmodulin binding has been 

shown to trigger electron transfer from the reductase domain to the heme domain, 

which is essential for NO formation (Sagami et al., 2001). In neuronal cells influx 

of calcium through the NMDA receptor and VDCC or release of calcium from 

intracellular stores via phosphoinositol hydrolysis (eg: via mGluR activation) have 

been implicated in nNOS activation (Bredt & Snyder, 1990).
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NOS knock-out mice have been used to explore the role of NOS isoforms. Although 

there are limitations in direct interpretation of knock-out work in emergent systems, 

some interesting features are seen. Targeted gene disruption to the point of none or 

virtually no functional expression (knock-out) is a powerful molecular tool to 

investigate the putative function of a given protein. Whilst agonist or antagonists 

may give some functional insight into a receptor there are always complications 

with respect to the mode of delivery, affinity, specificity, efficacy and concentration. 

Knock-out technology initially would appear to deliver the ultimate ‘antagonist’ -  

by delivering a specific removal of a protein, and more powerfully the ability to 

functionally delete one subunit of a protein complex. However problems arise in 

interpreting data from knock-out animals in emergent systems. These systems of 

which the nervous system is one example will alter and develop over time and in 

response to the mileau around the neurones. Thus the development of any aspect of 

the nervous system could be altered or aborted because of the presence or absence 

of one receptor. In addition some proteins are crucial to survival in embryonic 

stages or at birth but have a completely different function in the mature system. For 

example NGF is vital for trophic signalling for afferent fibres in the periphery, 

whilst it is involved in nociceptive processing in the adult. In this case a knock-out 

would not enable the adult function of NGF to be examined but rather would reveal 

its crucial role in the growth and development of the embryonic afferent pathways.

In addition the absence of one receptor or transmitter is compensated for by the up 

or down regulation of others thus in knock out animals the loss of one protein may 

not have such a profound effect as an antagonist to the same protein. Thus knock

out data whilst useful must be interpreted with caution in emergent systems.

Despite the above caveats knock-out animals can give interesting insight into what 

the loss of any one protein has and the resulting phenotype. General characteristics 

of type 1 nNOS knockout mice include memory and learning deficits, impaired 

motor co-ordination, increased male aggression and resistance to NMDA induced 

toxicity (Huang et al., 1994; Ayata et al., 1997; Nelson & Young, 1998; Elibol et 

al., 2001). Interestingly no alteration in nociception was noted. Type 2 knockouts 

show an increased susceptibility all infections and type 3 deficit is associated with 

altered cardiovascular physiology (Shesely et al., 1996; Shiloh et al., 1999).
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1.10.2 Neuronal NO actions

NO is an unconventional transmitter in that it diffuses from the site of production 

into the synaptic cleft and from there to any cell, either neuronal or non-neuronal -  

in an autocrine or paracrine fashion. Its short half-life of a few milliseconds limits 

its extent of action, although because it is extremely membrane permeable it by

passes the normal signal transduction processes. Thus, unlike other transmitters it is 

not stored in vesicles nor subject to uptake and regulation.

Many of the effects of NO are mediated via its actions on soluble guanylyl cyclase 

(sGC) (Schuman 1994). sGC belongs to the ferroprotopophyrin family but is not 

related to particulate (p)GC. It is a heterodimer that exists in two isoforms: the a  

ip i  isoform is widely distributed throughout the CNS and is confined to the cytosol 

(Gibb & Garthwaite, 2001), whilst the a2 p l isoform has a more limited distribution 

(primarily on cerebellar granular cells) and interacts with the scaffolding protein 

PSD95. It is recruited to the membrane bound synaptosomes, and more likely to be 

associated with nNOS (Russwurm et a i, 2001). Both forms of sGC are activated by 

NO via binding with the iron in the phorphoryin ring resulting in a conformational 

change and increased production of cGMP. The functional consequences of the 

heterogeniety are not known (Gibb & Garthwaite, 2001). It appears that cGMP is 

synthesised in cells different from those that express NOS, implying a paracrine 

action of the diffusible NO (Thippeswamy & Morris, 2001). Intracellular sGC 

undergoes a rapid desensitization within seconds of exposure to NO to a steady state 

eight fold lower, with recovery taking minutes (Bellamy et a l, 2000). This rapid 

alteration in sGC sensitivity coupled with variations of cGMP breakdown provides a 

mechanism for shaping an intracellular response to acute and repeated NO exposure 

(Baltrons et al., 1997). The downstream consequences of increased cGMP are 

numerous and diverse, including ion channel activation, activation of cGMP- 

dependent cyclic nucleotide phosphodiesterase or cGMP dependent protein kinase. 

The result is an increase in the responses of the cell to synaptic stimulation (Figure 

1.3).
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The above diagram represents a summary of the main actions of the three 
NOS isoforms in the production of NO. The subsequent effects of NO are 
produced mainly through its interaction with sSG and its main cellular 
effector cGMP. The actions of cGMP are numerous including direct action 
on ion channels and protein phosphorylation and indirect action via 
alterations in cAMP levels. Alternative routes of action for NO are also 
shown. Briefly interaction with an alternative gaseous transmitter carbon 
monoxide (CO) is illustrated.
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However other effects of NO have been described which can not be accounted for 

by cGMP activation (Figure 1.3). Direct NO inhibition of VDCC and L-type 

calcium channels and tetrodotoxin (TTX) sensitive sodium channels in dorsal root 

ganglia has been reported (Chaban et al., 2001). Also NO stimulation of ADP- 

ribosylation leading to alterations in transmitter release and activation of common 

signalling pathways leading to new gene transcription (Schuman & Madison, 1994; 

Dawson & Dawson, 2000).

S-nitrosylation of cysteine residues on a variety of endogenous proteins including 

metabolic, stuctural and signalling protein has been demonstrated to be dependent 

on NO production (Jaffrey et al., 2001). S-nitrosylation of proteins influences 

dendritic growth does not occur in mice with genomic deletion of nNOS and is 

implicated in NO-mediated cell death through reduced activity of a sodium pump 

(Jaffrey et al., 2001). S-nitrosylation has also been shown to occur at cysteine 

residues on the NMDA receptor 2A subunit inhibiting the receptor function (Lei et 

al., 1992; Choi et al., 2000b; Hess et al., 2001).

NO can combine with superoxide anions to form peroxynitrite that decomposes to 

hydroxide and NO2 free radicals. These may be beneficial, involved in tumouricidal, 

and bacteriocidal effects of activated immune cells, however they may also be 

neurotoxic by binding and inhibiting mitochondrial enzymes and DNA synthesis 

(Schuman & Madison, 1994). In excess NO displays neurotoxicity via induction of 

apoptosis through a cascade of events involving reactive oxygen species. Apoptosis 

can be induced in vitro by NO donors and attenuated by free radical scavengers 

(Wei et al., 2000). The nitroxyl anion has been shown to be produced in the brain by 

nNOS and may have a regulatory role in NMDA receptor activation by binding to 

the NMDA-redox site thus down regulating the receptor (Kim et al., 1999).

The effect of NO on cellular function either via cGMP or alternate pathways is 

diverse, far-reaching and often contradictory for example the role of NO in 

neurotoxicity. In ischaemia - perfusion injury NO may play a neuroprotective role in 

ischaemic preconditioning, whilst others have implicated NO in the glutamate 

mediated neuronal toxicity (Gonzalez-Zulueta et al., 1998; Colasanti & Suzuki,
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2000; Elibol et al., 2001). nNOS knockout mice are more résistent to neurotoxicity, 

whilst nNOS inhibition either had no protective effect or at high doses ofN® nitro-L- 

arginine-methyl ester (L-NAME) actually increased hippocampal death (Sancesario 

et al., 1994; Ayata et al., 1997). In contrast Ishid et al found that the selective nNOS 

inhibitor 7-nitroindazole (7-NI) significantly protected against cerebral hypoxic 

injury in postnatal day 7 rats in a dose dependent manner but only if it was given 

pre-ischaemia (Ishida et al., 2001). In peripheral nerve injury in adult rats,the 

reduction of nerve growth factor stimulated NO production which had a 

neuroprotective role. Blocking NOS in this system caused selective cell death of the 

NOS expressing DRG neurones (Thippeswamy & Morris, 1997).

NO either alone or via secondary messenger systems is involved in gene 

transcription and translation and also in the modulation of neurotransmitter release 

including acetylcholine, dopamine, GAB A (Kuriyama 1995). In cultured neurones 

NO evoked relaease via different mechanisms of dopamine or excitatory amino 

acids subsequent to the NMDA receptor activation, whilst G ABA release was 

dependent on calcium and sodium entry. (Hanbauer et ah, 1992; Montague et al., 

1994; Ohkuma er ûf/., 1996).

1,10.3 NO physiological and pathological regulation

In all parts of the body the level of NO is fluctuating constantly at low / basal levels 

until NOS are activated producing a rapid increase in local levels of NO (Stefano et 

al., 2000). The basal level of NO has been suggested to keep certain cells in a state 

of inhibition providing a threshold that activating signals need to overcome-however 

once NOS is activated, increased NO may play a pro-excitatory or inhibitory role 

(Stefano et al., 2000). The rise in NO levels can have profound and opposing 

effects, protective and harmful depending on the initial stimulus, the isoforms 

involved and level of NO production or inhibition (Colasanti & Suzuki, 2000; 

Deckel, 2001). NO can lead to physiological signal transduction for example 

through the cGMP pathways, but can also contribute to pathology by inhibiting 

mitochondrial respiration and promoting the generation of active free radicals 

(Clementi et al., 1998; Heales et al., 1999). The effects of NO are regulated in
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numerous ways, including inactivation of NO, as well as inhibitory feedback 

mechanisms modifying production of NO and activity of down stream pathways.

In order to function as a biological messenger NO needs to be inactivated. The rate 

of inactivation will govern how far NO spreads, at what concentrations and so 

determine whether NO acts as a physiological signal or as a toxin (Wood & 

Garthwaite, 1994). Several mechanisms for NO inactivation have been proposed 

including slow auto-oxidation of NO with O ,̂ a more rapid reaction with superoxide 

ion to produce peroynitrite and inactivation by haemaglobin (Kharitonov et aL,

1994; Beckman & Koppenal, 1996). But given the slow in vivo kinetics of the 

former, the toxicity and extent of peroynitrite formation, it would be unlikely for 

these to serve as the major in vivo mechanisms of inactivation (Kharitonov et al., 

1994; Beckman & Koppenal, 1996). Recently Garthwaite proposed an enzymatic 

inactivation of NO (Griffiths & Garthwaite, 2001). In vitro cerebellar cells from 8 

day old rats, revealed a consumption of NO that was independent of O2, superoxide 

or haemaglobin, and was able to convert constant NO production to low steady state 

NO. Higher rates of NO production saturated this mechanism, eventually cellular 

respiration was inhibited by toxic levels of NO. Calculations of the half life imposed 

by this clamp system were around 100ms, which correlated well with NO half-life 

estimates from other systems (Kelm et a l, 1988; Schuman & Madison, 1994; 

Bellamy & Garthwaite, 2001).

In addition a complex inhibitory feedback cycle has been described in vivo (Leiper 

& Vallance, 1999). Asymmetric methylarginines (N® monomethyl L-arginine (L- 

NMMA) and asymmetric dimethylarginine) are produced in vivo as part of the L- 

arginine by-pathway of protein synthesis and proteolysis. These asymmetric 

methylarginines can in turn inhibit NOS (by competing with L-arginine) and reduce 

NO synethesis. In turn this inhibitory feedback is prevented by a dimethylarginine 

dimethylaminohydrolase (DDAH) (Macallister et al., 1996). This enzyme converts 

the asymmetric methylarginines to citmlline. At present two isoforms of this 

enzymes have been described, DDAH 2 which is present in foetal tissue and adult 

tissue which expresses eNOS or iNOS and DDAHl which appears to be more 

confined to neuronal tissue (Tran et al., 2000). After axotomy the mRNA expression
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of DDAH and NO were increased in the affected motomeurones and so may 

contribute to neuronal survival and even regeneration (Nakagomi et al., 1999).

NO appears modulate its own production in a complex concentration dependent 

manner via direct negative feedback on NOS, and via cross-talk regulation of n, e 

and iNOS. The presence of the reduced ferrous-haem in the NOS enzyme can be 

inhibited by NO (Alderton et al., 2001). Abu-Soud observed that nNOS rapidly 

auto-inactivates, as 70-90% of nNOS enzyme was present in its ferrous-nitrosyl 

complex during NO synthesis (dependent on NADPH, L-arginine and oxygen) 

(Abu-Soud et al., 1995). In addition calcium activated calmodulin-kinases can lead 

to phosphorylation and down regulation of nNOS and eNOS, as well as activating 

sGC and reducing cGMP (Baltrons et ah, 1997; Alderton et al., 2001). In addtion 

nNOS-NO can nitrosylate the NR2Asubunit of the NMDA receptor and reduce its 

permeability to calcium and NO is able to inhibit the expression of iNOS gene. 

Stimulation of iNOS via cytokines or LPS leads to a rapid and sustained increase in 

NO, and an initial increase then decline in cGMP. In vitro sGC is degraded more 

rapidly (Pl unit) in a NO independent manner (Baltons & Garcia, 1999) and the pi 

sGC transcription is reduced and less stable in a NO dependent manner (Garcia, 

personal communication).

Pre-treatment of astrocytes with glutamate has been shown to upregulate nNOS 

activity and supress subsequent cytokine induced iNOS expression. Dexamethsone 

has been shown to inhibit iNOS and upregulate nNOS, whilst opiates (morphine) 

enhance eNOS and inhibit iNOS. lin contrast LPS induced iNOS and inhibited 

nNOS activity via tyrosine-phosphorylation nNOS (Baltrons, 1995; Lin & Murphy, 

1997; Colasanti et ah, 1999; Stefano et al., 2000).

The relative amounts of the precursor amino acid L-arginine can modify subsequent 

production of NO. Castellano found in substantia nigra cells that physiological 

concentrations of L-arginine together with glutamate co-stimulation resulted in 

raised NO. In the same system, co-infusion of the glutamate with low and moderate 

doses L-arginine resulted in a greater increase in NO. However co-infusion of the 

glutamate with high doses of L-arginine inhibited NO production (Castellano et a l.
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2001). This apparent contradiction may be explained inhibitory pathways stimulated 

by L or D- arginine. These include the activation of arginase n, which reduces the 

available arginine, and production of agmatine (by decarboxylation) which inhibits 

NOS and NMDA receptor (Galea et al., 1996; Castellano et al., 2001). The function 

role of nNOS within dorsal horn GAB Aergic neurones has yet to be fully 

elucidated. However it is possible that these neurones exhibit an alteration in their 

role since response to high or low levels of L-arginine. The contradictory effects of 

low, moderate and high L-arginine on subsequent NO production or on neuronal 

activation may account for some of the contradictory results seen in models of 

inflammatory pain. Exogenous L-arginine given intra-thecally at high doses 

(4500pg/50p,l) produced a profound inhibition, whilst at a lower dose (500|ig/50|xl) 

L-arginine had no inhibitory effect but reversed the action of 7NI (Haley et al.,

1992; Stanfa et al., 1996). This raises the intriguingly possibility that it is not the 

absolute amount of NO that produces an effect, but that changes in cellular NO 

allow activation or inhibition of different isoforms of NOS which will result in 

profoundly different consequences.

1.10.4 NOS visualisation

NADPH-diaphorase activity versus nNOS immunocytochemistry

The nNOS enzyme contains an NADPH dependent co-factor. It has been widely 

demonstrated that activity of the NDAPH cofactor persists in fixed tissues and can 

be visualised by a diaphorase reaction. It has also been demonstrated that NADPH 

diaphorase (NADPH-d) activity is a measure of NO production by a cell (Bredt et 

al., 1991a). However there is some controversy with regard to the specificity of 

NADPH-d activity correlating with nNOS presence / activity (Bredt et al., 1991a; 

Hope et ah, 1991; Abu-Soud et al., 1995).

Hope demonstrated that affinity chromatographic purified NADPH yielded a protein 

of 150Kda, which was identical to nNOS (I50Kda) known to be an NADPH 

dependent enzyme (Hope et al., 1991). Dawson also demonstrated co-localisation of 

nNOS and NADPH within specific CNS cells, also that transfected nNOS yielded 

NADPH activity identical to that of the sampled neurones (Dawson et al., 1991).
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However Wehby demonstrated that there were two types of NADPH-diaphorase 

activity only one of which (type 1) correlated with nNOS in the hampster cortex 

(Wehby & Frank, 1999). NADPH-d activity is also affected by the degree or lack of 

fixation, and may account for some of the discrepancies (Buwalda et ah, 1995; de 

Vente et a l, 1998). Other reports suggest that NOS-immunoreactivity may only 

label the dimer conformation, and active and inactive forms of NOS, whilst the 

NADPH-d stains the dimer and monomer conformation, and only the active NOS 

(Abu-Soud et al., 1995). The discrepancies are marked in visualisation of NOS / 

NADPH-activity in response to inflammatory or electrical stimuli. Carrageenan 

inflammation induced a rise in NADPH-diaphorase positive neurones in the 

superficial dorsal horn, but no changes in nNOS immunoreactivity (Traub et al., 

1994). Similarly electrical stimulation of the sciatic nerve (O.OlHz) induced a 

significant increase in NADPH-d activity ipsilaterally (a smaller increase contra- 

laterally) and only a marginal increase in nNOS immunoreactivity (none 

contralaterally)(Hoheisel et al., 1997). In contrast formalin inflammation appears to 

induce a rise in both NADPH-d activity and nNOS immunoreactive neurones 

(Herdegen et al., 1994; Lam et al., 1996).

NADPH-d activity although widely used as a marker of nNOS the discrepancies 

noted above may reflect that not all NADPH-d activity is due to nNOS or that 

different isoforms vary in their sensitivity in which case NADPH-d could not be 

considered identical to nNOS (Vaid et al., 1997). Alternatively NADPH-d activity 

may reflect the level of functional activity of nNOS which can be up or down 

regulated, whilst nNOS immunoreactivity may reflect the expression of enzyme. 

Thus NADPH-d could be interpreted as a marker of the activity of nNOS.

1.10.5 Intra-cellular nNOS localisation

Neuronal NOS is localised to the plasma membrane and to scaffolding proteins at 

post-synaptic densities via the interaction of nNOS with PSD-95 and PSD-93. PDZ 

domain on nNOS forms a p finger peptide the flexibility of which determines 

theinteraction with the second PZD domain of PSD-95 and thus formation of the 

nNOS/PSD-95 complex (Tochio et al., 2000). Electron microscopy studies have 

shown that 83% of nNOS is coupled with PSD-95 (or PSD-93) in pre or post-
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synaptic specialisations (Aoki et al., 1994). Studies of nNOS with targeted 

disruption of exon 2 of nNOS express isoforms that lack PDZ binding domains 

showed absence of nNOS mRNA in brain and peripheral and only residual NOS 

activity within the CNS of 8% (may be due to splice variants) (Huang et al., 1993). 

This apparent lack of nNOS lead to behavioural alterations, and changes in the 

neuronal response to ischaemic damage (Huang et al., 1994; Ayata et al., 1997; 

Nelson & Young, 1998; Elibol et al., 2001). The PDZ-lacking nNOS has an altered 

subcellular distribution and so any consequent behavioural abnormalities may be 

due to mislocalisation not lack of nNOS (Brenman et al., 1996).

Within PSD-95 certain domains are capable of binding extreme C-terminus of 

receptors that contain tSXV (serine - any amino acid - valine) consensus sequence, 

including ion channels Shaker K+, the Fas -receptor involved in apoptosis, and the 

NMDA receptor (Kim et al., 1995; Koranu et a l, 1995; Sato et al., 1995). The 

formation of the post-synaptic protein complex containing nNOS and NMDA 

receptors is mediated by the PDZ domains of PSD95 (Christopherson et al., 1999). 

Anti sense to PSD-95 reduced the expression of the scaffolding protein in cultured 

cortical neurones. Although the NMDA receptor functioned normally with flux of 

calcium currents, there was reduced exocitotoxicity, reduced NO production and a 

60% reduction in cGMP production (Sattler et al., 1999). This would therefore 

indicate a functional coupling between the NMDA receptor / nNOS via the PSD-95 

protein (Garthwaite, 1991; Sattler et al., 1999).

A small proportion of nNOS is found in the cell cytosol and appears to be functional 

as once NO synthesis has been initiated the inactive ferrous-nitrosyl complex can be 

found (Abu-Soud et al., 1995). Electron microscopy has identified NADPH-d 

activation nuclear and outer mitochondrial membranes, within the Golgi apparatus 

and synaptic vesicles (Tang et ah, 1995a).

1.10.6 nNOS localisation within the brain

The nervous system is unique in that it uses all three isoforms of NOS to produce 

NO. The constitutive forms nNOS and eNOS are present in virtually every area of 

normal CNS tissue, whilst iNOS is expressed in pathological states including
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ischaemia, trauma and infection (Dawson & Dawson, 1995; de Vente et al., 1998).

In the CNS nNOS appears to play a key role in tonal NO expression, formation of 

cGMP, gene transcription, ion channel alteration, growth and differentiation (Huang 

et al., 1994; Stefano et al., 2000).

Expression of nNOS varies within the brain: in cerebral cortex nNOS is colocalised 

with somatostatin, GAB A and neruopeptide Y (NPY), whilst in the brain stem it is 

colocalised with choline acetyltransferase. In cerebellar granular cells it is linked to 

the NMDA receptor and GAB Aergic basket cells. In the cerebral cortex only 1-2% 

of neurones are positive for nNOS whereas in contrast, almost all cerebellar granular 

cells express nNOS (Dawson & Dawson, 1995). However the production of NO 

from nNOS does not share the same cellular distribution as the NO activated sGC. 

Rarely is NO-mediated cGMP synthesis co-localised with NOS, except in cerebellar 

granular cells. Rather NOS and sGC were juxtaposed at short distances, permitting 

activation by diffusion of NO (de Vente et al., 1998).

It is evident that non-neuronal cells also express NOS, astrocytes display both the 

constitutive and inducible isoforms, activated microglia express iNOS, however the 

role of oligodendrocytes is not yet known (Murphy & Behbehani, 1993). Astrocytes 

and activated microglia have been shown to produce a profound rise in NO in 

response to cytokines, although in turn the cellular cGMP levels are modulated by a 

calcium-calmodulin dependent phophosdiesterase (decreases cGMP) and active 

efflux of cGMP (Pedraz et al., 1991; Baltrons, 1995). Usually pGC is not activated 

by NO, but by atrial naturelle factor, except in immature cerebellar cells (monolayer 

and granular layer). In addition a different cellular distribution and activation times 

for sGC and pGC has been demonstrated, implicating cGMP in a role of ion 

homeostasis (de Vente & Steinbusch, 1992).

1.10,7 nNOS localisation within the spinal cord

Within the spinal cord a similar regional and cell specific expression of NOS 

isoforms occurs. In adult spinal cord the pattern of NOS positive neurones is 

broadly similar across numerous species including rat, mouse, cat, squirrel monkey 

and human (Dun et al., 1993; Vies et al., 2000). nNOS is expressed in specific
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populations of neurones: predominately in preganglionic sympathetic neurones in 

the intermediolateral column, superficial dorsal horn and lamina X, as determined 

by NADPH-d activity, nNOS immunocytochemistry, or nNOS mRNA expression 

(Dun et ah, 1992; Valtschanoff et ah, 1992a; Dun et ah, 1993; Laing et ah, 1994; 

Morris et ah, 1994; Vizzard et ah, 1994a; Reuss & Reuss, 2001). Aimer et al 

observed that most NADPH-d active axons within the dorsal horn were myelinated 

(Aimar et ah, 1998). This imphcation of primary afferents containing NO is in 

keeping with work by Ami and pre-embedding NOS immunocytochemisry 

demonstrating terminal staining within the dorsal horn. (Aimi et ah, 1991; Bemardi 

et ah, 1995). In addition NADPH-d activity has been demonstrated within the dorsal 

root ganglion (Aimi et ah, 1991). Lamina U NO concentration measurements 

implied NO release from unmyelinated afferents within the dorsal horn (Kimura et 

ah, 1999b). NO alteration was found in response to either glutamate or substance P 

addition, but neonatal capsaicin treatment significantly reduced NO release in the 

dorsal horn (Kimura et ah, 1999b).

The superficial lamina are known to be involved in nociceptive transmission from 

the periphery containing the termination zones of thinly myelinated A5 and C fibres 

(Meller & Gebhart, 1994). Lamina I-III receives the nociceptive primary afferents, 

which terminate in either a non-glomerular pattern often peptidergic C fibres 

(Lamina I-IIo), or a glomerular pattern. The later can be described in terms of C l 

terminals, myelinated fibres predominately in Lamina Ho - Hi, and C2 terminals of 

myelinated fibres in lamina Ili-III (Ribeiro-Da-Silva et ah, 1991). The C2 terminals 

are more commonly post-synaptic to GAB Aergic terminals and receive strong 

GAB A modulation (Bemardi et ah, 1995). The relationship of nNOS with NMDA 

receptor or GABAergic positive neurones is controversial. Many 

immunocytochemical studies have identified nNOS colocalised with paravalbumen 

or G ABA (Spike & Todd, 1992; Valtschanoff et ah, 1992b; Bemardi et ah, 1995) 

however equally nNOS has been colocalised with the NMDA receptor functionally 

and via immunocytochemistry (Aimar et ah, 1998; Rivot et ah, 1999). Much of the 

controversy surrounds the nature of the C2 terminals within Lamin Ili-in. Islet cells 

within some of these terminals identified as a source of NO production. However, 

Aimer reports nNOS positive islet cells as co-positive for the NMDA receptor.
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whilst others report coexistent GAB A (Valtschanoff et al., 1992b; Laing et ah,

1994; Aimar et al., 1998).

Rarely have islet cells been shown to form synapses onto peptidergic primary 

afferents (that usually terminate in Lamina I-IIo), although the NO containing 

dendrites are in close apposition with peptide containing terminals. Functional 

NMDA receptors are preferentially expressed within lamina I / I I ,  and have been 

demonstrated to co-localise with NADPH-d activity (Dohm & Beitz, 1994; Tolle et 

al., 1995; Aimar et al., 1998). Many authors have demonstrated that NO-synthesis is 

functionally linked to the activation of the NMDA receptor.For example in response 

to persistent substance P and CGRP release,(Garry et al., 1994; Radhakrishnan et 

al., 1995; Kawamata & Omote, 1999; Putzke et al., 2000) also it is involved in the 

maintenance of hyperalgesia in several models of persistent pain (Haley et al., 1992; 

Malmberg & Yaksh, 1993; Meller & Gebhart, 1993; Budai et al., 1995; 

Radhakrishnan et al., 1995; Rivot et al., 1997). NO has also been shown to 

modulate the release of sensory neuropeptides within the dorsal horn (Aimar et al., 

1998) and evoke the release of SP and CGRP from C fibre primary afferents (Garry 

et al., 1994).

Vies demonstrated that the NMDA receptor mediated NO effect of NMDA (as 

measured by a rise in cGMP) was only present in early postnatal not adult rat spinal 

cords, and further that GABAergic cells are the main source of NO in the adult. 

(Vies et al., 2000). Of the GABAergic neurones within the superficial dorsal horn, 

one third have been shown to contain NADPH activity (Valtschanoff et al., 1992b; 

Spike et a l, 1993; Bemardi et a l, 1995). Laing has shown that GABAergic 

neurones displaying parvalbumin immunoreactivity co-localise with either glycine, 

or neuropeptide Y, enkephalin or NADPH-d / NO (Laing et a l, 1994). Further 

Ohkuma has demonstrated GABAergic neuronal release of NO by two mechanisms: 

calcium and sodium influx dependent on AMP A receptors or VDCC (Ohkuma et 

a l,  1996). It is suggested that 70% of cGMP production is within GABAergic 

neurones. It is unclear what effect a rise in cGMP within the GABAergic cells 

would have on nociceptive transmission - a reduction in GAB A (facilitation) or
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enhanced GAB A secretion as part of NO dependent negative modulation (Vies et 

a l, 2000).

NADPH-d positive islet cell unmyelinated axons have been demonstrated projecting 

outside lamina II (Spike & Todd, 1992), although not by Aimer (Aimar et a l,

1998). Despite relatively few NOS positive neurones within the dorsal horn, 

sustained nociceptive input leads to increased NO production (Reuss & Reuss,

2001). There is evidence that nNOS synthesis and cGMP production occur in 

different cells (Vies et a l, 2000), and that NO acts via diffusion. From its half-life 

and diffusion constant NO could diffuse up to lOOum, and thereby traverse the 

whole of lamina II (Kelm et a l, 1988; Lancaster, 1994; Wood & Garthwaite, 1994). 

Signalling specificity by NO could be achieved by co-incidental NO production and 

synaptic activity, together with the complex interactions of NO on excitation and 

inhibition (Zhou et a l, 1993).

As well as modulating nociceptive processing within the dorsal horn, NO appears to 

enhance descending inhibition via the DLF (Gao & Qiao, 1998). Fos expression 

within the dorsal horn is increased in response to bilateral hind paw formalin 

inflammation, and can be further elevated by transecting the DLF. The imbalance of 

Fos expression could be corrected by intra-thecal administration of a NOS inhibitor, 

indicating that this abolished the descending inhibition on the intact DLF side (Gao 

& Qiao, 1998). Within lamina X NADPH-d activity has been identified both within 

neuronal fibres and ependymal cells, thus indicating that NO is involved in 

neuromodulation of these axons and also in the modulation of cerebro-spinal fluid 

NO levels (Tang et a l, 1995b).

1.10.8 Embryonic to postnatal expression of nNOS

Expression of NO within the developing spinal cord is varied depending on cell 

type. Motor neurones appear to express NADPH activity in embryonic life, albeit 

transiently in some cell types. Amongst the earliest cells to express NADPH-d 

activity within the rat spinal cord are the neurones of the preganglionic autonomic 

motomeurones (intermediolateral horn). By E14 a few stained cells were located 

around the primitive motor column, these increased in number and cell maturity
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rosto-caudally unitl fully mature by P8 (Wetts et ah, 1995). However adjacent 

choline-acetly transferase negative cells were only transiently positive during 

embryonic stages and the first week of postnatal life. Somatic motor neurones 

transiently express NADPH-d activity during (E15 - PO) in the cervical and lumbar 

regions. Synaptic inputs are present during the time of NO expression and so NO 

may be available to influence development. Later in embryological development the 

cells surrounding the central canal become positive (E l7) and fully mature at E l9 

(Vizzard et al,, 1994b; Wetts et a l, 1995).

The neurones within the superficial dorsal horn express NADPH-d activity or nNOS 

immuno-reactivity much later in development. A very few cells are positive by E l9, 

however numbers do not begin to increase until P8 and reach an adult distribution 

by P21 (Vizzard et al., 1994b; Wetts et al., 1995). In contrast within the DRG there 

is initial widespread expression which is downregulated during maturation (Wetts & 

Vaughn, 1993). A similar pattern of expression is seen within the developing human 

spinal cord. Early foetal expression of NADPH activity is seen from GW6-7 in 

preganlionic autonomic and somatic motor neurones, whilst the dorsal horn showed 

no NADPH activity by GW14 (Foster & Phelps, 2000).

In the rat CNS NOS activity is co-expressed with PSD-95 by E15 in the cerebral 

plate, olfactory epithelium and sensory ganglia (Bredt & Snyder, 1994). However 

NOS does not rise significantly until after birth, reaching 150% of adult activity in 

the forebrain, and 130% in the cerebellum by P28. A similar over-expression 

perinatally is seen in the guinea pig. In both species the rise in NOS activity 

preceeds the period of maximal synaptogenesis, leading to speculation as to the role 

of NO in promoting cerebral blood flow and synaptogenesis (Lizasoain et al., 1996). 

A similar situation is found within the developing human brain. In the frontal lobe 

nNOS positive cells appear at GW18. Expression continues to develop throughout 

the brain for example basal ganglia by GW13, cerebellum GW23-31 (Ohyu & 

Takashima, 1998). A transient over expression occurs suggesting that NO may play 

an important role in synaptogenesis (Ohyu & Takashima, 1998). In adult mouse 

brain sGC and NOS are regionally localised, however during development there is
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no co-ordination in expression, indicating that both are under independent regulation 

(Giuili etaL, 1994).

The expression of NOS by cerebellar granular cells coincides with the establishment 

of afferent innervation. In cell culture of glutamatergic and GABAergic cerebellar 

neurones the expression of nNOS appeared to be regulated by excitatory 

neruotransmission (nNOS was upregulated by inhibition of TTXs sodium channels, 

NMDA receptors and VDCC), in which calcium is an important signal transduction 

(Baader & Schilling, 1996). Importantly in the superficial dorsal horn the expression 

of nNOS also coincides with afferent innervation by maturing C fibres, indicating 

that excitatory neurotransmission may influence nNOS expression. In support 

Soyguder found that NOS expression in lamina II paralleled the development of 

cFOS expression in response to peripheral mustard oil in neonatal rats (Soyguder et 

a l, 1994).

Growth factors can also influence the expression of nNOS at discrete points in 

development. nNOS levels within cultured postnatal cerebellar cells increased in 

response to BDNF but not embryonic cells (Baader et a l, 1997), whilst NOS 

expression in forebrain cholinergic neurones can be regulated by NGF (Holtzman et 

a l,  1994).

1.10.9.1 Evidence for nNOS in development

Neuronal NOS / NO production has been implicated in development and maturation 

of neuronal pathways and synaptogenesis (Ogilvie et a l, 1995)). NO is present early 

in embryonic CNS development (Ma et a l, 1991), transiently during spinal motor 

neurone maturation (Kalb & Agostini, 1993) and has shown to be important in 

growth cone collapse and inhibition of protein acylation (Hess et a l, 1993).

It has been shown that nNOS knockout mice have reduced dendritic bifurcation 

(Inglis et a l, 1998). Although the final length and pathway of dendrites were the 

same in wild-type, nNOS knockouts and MK801 neonatally treated mice the biggest 

difference was seen in the reduction of bifurcations of dendrites (usually >160um 

from the cell body) in the knockout and MK801 groups (Inglis et a l, 1998). Since it
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has been shown that both NMDA receptors and nNOS are colocalised within 

intemeurones within the developing motor neurone pool, it is suggested that part of 

the NMDA receptor dependent arborization of the motor neurones is mediated by 

NO production (Inglis et al., 1998). Also late phase maturation of motoneurones 

within the spinal cord may be dependent on the transient NO production in this area 

as NOS inhibitors block the molecular maturation of some motoneurones (Kalb & 

Agostini, 1993). Interesting NO appears to be not only produced during motor 

neurone maturation, but also at the other end of life, when a re-emergence of NO 

coincides with loss of motor neurones (Wu & Li, 1993; Kanda, 1996).

In the developing visual system changing patterns of axonal projections involves 

activity dependent activation of postynaptic NMDA receptors (Philpot et al., 2001). 

Using NADPH-d staining NOS has been shown to be present in the developing 

tectum, where expression coincides temporally with innervation by retinal axons 

and peaks at the time of refinement of the initial connections (Williams et al., 1994). 

NOS is also expressed on developing chick retina, where it is associated with 

modulation of photoreceptors (Rios et al., 2000). Evidence from eyeless chick 

embryos indicate that NOS expression is dependent on the presence of retinal axons 

which synapse on NOS expressing cells (Williams et al., 1994) and that NO release 

reinforced the effect of visual stimulus (Koistinaho & Sagar, 1995).

In rats NO production embyonically and postnatally has long term effects on 

glucorticoid synthesis in response to stress. Neonatal non-handling and prenatal 

stress both reduced NADPH activity in hippocampus, when compared to normal NO 

production in handled neonates. Both stressors have been reported to produce 

behavioral abnormalities in relation to fear motivated and anxiety behaviour in 

adult. It has been proposed that reduction in NO production in early life altered the 

neurodevelopment of the hypothalamus / pitiutary (and thus adreno-corticoid) axis 

(Vaid et al., 1997). Vies et al demonstrated NOS in the dorsal horn of neonatal pups 

but not in adults (Vies et al., 2000).
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1.10.9.2 Evidence against nNOS in development

Although NOS / NO production may be important in some neuronal developmental 

pathways others appear not to affected by an alteration in NO. NOS inhibition by L- 

NAME from E14 -E l9 induced complete functional inhibition for 4 days or from 

P3-P23 revealed no gross alteration in brain morphology, nor alteration in 

neurotransmitter expression. There was no obvious developmental effect induced by 

inhibiting NO CNS production, which may indicate that NO has more of a role in 

fine tuning and plasticity rather than maturation (Virgili et a l, 1999). In addition 

others have demonstrated no alteration in thalamocortical connections or expression 

pattern of acetyl-choline fibres in the presence of NO synthesis blockade (Huang et 

al., 1993; Mize et al., 1997; Finney & Shatz, 1998).

1.10.10 NO and nociceptive processing in the spinal cord

The localisation of NOS / NO within the prime nociceptive areas within the dorsal 

horn implies it has a role in neuromodulation. However the role of NO within 

nociception is far from clear and appears to depend on the nature of the nociceptive 

stimulus and the exact location of the nNOS / NO neurone. The availability of NO 

in a synapse may contribute to the dominancy of one type of excitatory amino acid 

receptor over another. Budai et al demonstrated that L-NAME infusion reduced the 

NMDA response of dorsal horn neurones by 60%, but increased the response to 

AMP A and Kainate (Budai et al., 1995). NO has been reported as inhibitory within 

lamina I B and excitatory within lamina X and induces an increased blood flow in 

response to a nociceptive stimulus in combination with morphine (Schmid & Pehl, 

1996; Zochodne et al., 2001). NO production within the dorsal horn appears to be 

important in inflammatory rather than neuropathic and acute post-operative pain 

(Yoon et al., 1996a; Yoon et al., 1996b; Zahn & Brennan, 1998; Linden & Seybold, 

1999; Luo et a l, 1999; Wang et al., 1999a; Wu et al., 2000).

NO not only influences all neurones within its diffusion pathway but also non

neuronal cells. Thus not only the nociceptive transmission neurones, but also 

intrinsic inhibitory neurones (GABAergic or enkephalin releasing) as well as the 

descending inhibitory pathways (DLF or ventrolateral funiculus) (Gao et al., 1998).
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Within humans spinal NO levels also appear to play a role in nociception. An 

increase in spinal /cerebrospinal fluid levels of NO has been demonstrated between 

patients with chronic back pain from disc degeneration when compared to acute 

pain of a bone fracture (Kimura et al., 1999a).

1.10.11 Tonic NO production within the dorsal horn

nNO produces NO constantly at a low level under basal conditions within the dorsal 

horn (Rivot et a l, 1999). This tonic production appears to inhibit the spontaneous 

activity of neurones which can be overcome In vitro by a superinfusion of a NOS 

inhibitor leading to increased spontaneous firing, or enhanced by the addition of a 

NO donor or L-arginine (Schmid & Pehl, 1996; Pehl & Schmid, 1997). However 

within Lamina X the effects of NO are reversed, with SNP (NO donor) increasing 

the spontaneous activity (Schmid & Pehl, 1996). Within the CNS there is evidence 

that the constituative forms of NOS are responsible for the inhibitory tonic level of 

NO and that disruption of this basal production exposes neurones to excitatory 

damage (de la Torre & Stefano, 2000)). Within the dorsal horn this has been 

demonstrated in a chronic cord transection model of pain, in which the activity of 

dorsal horn neurones were increased coupled with a reduction in nNOS positive 

neurones (Trudrung et al., 2000). However not all neurones respond to NO donors 

in the same way and tonic inhibition appears to be restricted to nociceptive neurones 

within the dorsal horn. Infusion of sodium nitroprusside resulted in a mixed 

inhibition (48% of recorded neurones) and activation (28% ), whilst L-NAME 

infusion resulted in 80% of previously quiescent high-mechanosensitive becoming 

spontaneous, whilst none of the low threshold mechanosensitive altered their firing 

rate (Pehl & Schmid, 1997; Hoheisel et al., 2000).

1.10.12 Bi-directional response of dorsal horn neurones in response to NO

Dorsal horn neurones appear to be able to display a bi-directional response with 

respect to NO resulting in either excitation or inhibition. Haley noted that intrathecal 

L-arginine (4500ug/50ul) produced a profound inhibition, which was only partially 

reversed by the concurrent administration of L-NAME, whilst Stanfa demonstrated 

that L-arginine (500ug/50ul) was not inhibitory in itself and reversed 7NI. This is an 

example of the complex dual nature of NO in which excitation or inhibition can be
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evoked depending on the local concentration of NO (Haley et al., 1992; Stanfa et 

a/., 1996).

Low-basal levels of NO exert an inhibitory effect on dorsal horn neurones, a small 

to moderate rise in NO is excitatory (as in nociception), however large increases in 

NO (as seen with exogenous L-arginine) are inhibitory (Schmid & Pehl, 1996; 

Machelska et a l, 1999; Castellano et a l, 2001). Variation in expression and 

activation of nNOS may account for the difference in response. Very low frequency 

stimulation (O.OlHz) leads to a segmental specific rise in nNOS activity, as 

increased NADPH-d. However an increase in stimulating frequency of O.lHz lead to 

a reduction in NADPH-d and IHz stimulation lead not only to a reduced activity but 

also reduced expression of nNOS (reduced immunoreactivity ) (Hoheisel et a l, 

1997). This change in effect of NO / nNOS activity may limit excitotoxic damage to 

dorsal horn neurones.

1.10.13a The role of NO in inflammatory pain models

NO has been implicated in the mediation of the spinal effects of NMDA and 

substance P and thermal and mechanical nociception (Radhakrishnan & Henry,

1993; Chapman et a l, 1995b; Linden & Seybold, 1999; Wang et a l, 1999a; Wu et 

a l, 2000). Pre-treatment with peripherally or spinally administered L-NAME 

evoked a significant reduction in the second phase of the formalin response in rat 

dorsal horns. This could be reversed by low dose L-arginine (Haley et a l, 1992; 

Malmberg & Yaksh, 1993). In addition formalin induced nociceptive behaviour was 

also attenuated by NOS inhibtion (Roche et a l, 1996).

In response to chronic inflammation upregulation of nNOS mRNA, production of 

NO and reversal of the hyperalgesia with NOS inhibitors have been demonstrated 

(Stanfa et a l, 1996; Lin et a l, 1999; Osborne & Coderre, 1999; Maihofner et a l,

2000). Intraplanter zymosan produced upregulation of nNOS mRNA in dorsal horn 

neurones, iNOS in astrocytes and increased activity of sGC (but not synthesis) 

(Maihofner et a l, 2000). Stanfa also reported that inhibition of NOS blocked 

windup and post-discharge in normal and carrageeenan treated rats (Stanfa et a l, 

1996). Whilst Lin demonstrated that capsaicin treated primates dramatically
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increased the dorsal horn NO content which could be reversed with NOS inhibition 

and corresponded to a reduction in mechanical hyperalgesia and allodynia (Lin et 

aL, 1999). Agmatine formed by decarboxylation of L-arginine has been described in 

the spinal cord where it could antagonise NMDA receptor and NOS and thus 

contribute to the endogenous anti-nociceptive pathways (Fairbanks et aL, 2000).

1.10.13b The role of NO in neuropathic pain models

Neuropathic pain with bursts of spontaneous pain, allodynia, hyperpathic and 

dysasthesia is associated with numerous changes in the peripheral and dorsal horn 

neurotransmitters / receptors. NO alteration would seem inevitable but the evidence 

for a central role of NO within neuropathic pain is lacking.

Peripherally iNOS is upregulated around the site of damage in the CCI model and in 

the DRG of the L5/6 tight ligation and Chung models, but not in diabetic 

neuropathy (Yoon et al., 1996a; Levy et al., 1999; Luo et al., 1999). The dorsal horn 

NOS activity was reduced in the Chung model and inhibition of nNOS did not alter 

the appearance or maintenance of allodynia (Yoon et al., 1996a). Within the DRG 

endgenous NO appears to block fast and slow sodium channels, thus the 

upregulation may be an attempt to attenuate the abnormal sodium channel discharge 

(Renganathan et al., 2000).It has also been reported that NO may have an important 

role in rapid thermal hyperalgesia after nerve injury independent of the NMDA 

receptor activation (Inoue et al., 1998).

1.10.13c The role of NO in windup

Several electrophysiological studies have reported a role for NO in the NMDA 

receptor dependent windup of dorsal horn neurones (Haley et al., 1992; Sorkin, 

1993; Zhuo & Gebhart, 1994; Garthwaite & Boulton, 1995; Stanfa. et al., 1996). 

Haley and Stanfa in the same experimental set up demonstrated inhibition of 

noxious electrically stimulated postdischarge and C fibre evoked response of 

convergent dorsal horn neurones in response to spinally applied L-NAME or 7-NI 

respectively (Haley et ah, 1992; Stanfa et ah, 1996). L-NAME inhibited dorsal horn 

responses to NMDA and substance P and prevented the rise in DH neuronal NO
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induced by oxious stimulation (Radhakrishnan et al., 1995; Rivot et al., 1997; Rivot 

et al., 1999).

Thus the role of NO in dorsal horn nociception would not appear to be as simple and 

beguilling as first envisaged by Meller and Gebart (Meller & Gebhart, 1993). Nitric 

oxide has been demonstrated to contribute to hyperalgesia and the windup 

phenomena in a similar manner to the NMDA receptor. Indeed the interaction 

between PSD-95, nNOS and the NMDA receptor would appear to complete the role 

of NO / NMDA in the dorsal horn. However a more complex picture is now 

emerging in which NO may be produced in a minority of NMDA containing cells 

but appears to be predominately produced in the inhibitory GABAergic neurones. In 

addition NO does not appear to have a sole excitatory function but can stimulate or 

inhibit depending on the site and amount of production, its diffusion pathway and 

other co-incidental factors. However intergrative functional studies comphcate 

maters further. In these NO appears to be involved with and mimics the NMDA 

receptor complex activation (Haley et al., 1992)i(Sorkin, 1993; Zhuo & Gebhart, 

1994; Garthwaite & Boulton, 1995; Stanfa et al., 1996). This functional coupling 

with the NMDA receptor rather than GAB A attenuation / excitation, which leads the 

role of NO back towards the original Meller and Gebhart theory via a complex and 

as yet unresolved route.

1.11 Inhibition within the dorsal horn

Inhibition is critical to the regulation of sensory transmission and the reduction of 

aberrant or spontaneous neuronal discharge. Within the dorsal horn tonic and phasic 

burst inhibition are evident. The main inhibitory transmitters include intrinsic 

GAB A, opioids, glycine, and descending inhibitory tracts releasing 5HT and NA.

All undergo developmental alteration, which impacts on the overall excitability of 

the dorsal horn. The G ABA and opioid inhibitory systems will be discussed in more 

detail. The former is one of the main intrinsic inhibitory systems linked with NMDA 

and NO activation and the later the main focus for clinical modulation of pain.
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1.12 y-aminobutyric acid (GABA)

In the adult the GABAergic inhibition is crucial in limiting glutamatergic excitation, 

via membrane hyperpolarization through post-synaptic GABA-A and B receptors 

and decreased transmitter release through pre-synaptic GABA-B receptors. 

Activation of GAB A-A receptors causes a chloride driven hyperpolarisation of the 

cell, whilst the G-protein linked GABA-B receptors allow an efflux of potassium to 

the same effect.

In the neonate GAB A has been shown to cause a neuronal depolarisation which has 

been interpreted as an excitatory signal, although a more recent interpretation is that 

it is still inhibitory (Inoue et al., 1991; Ziskind-Conhaim, 1998; Gao et al., 2001). In 

cultured hippocampal CA3 cells from PO-7, activation with GAB A induced a 

depolarisation and excitation (Ben-Ari et al., 1994). Similarly, in the dorsal horn at 

E l5 -16, 90% of dorsal horn cells produced a depolarisation with an influx of 

calcium when cultured with G ABA and glycine. This effect decreased with age and 

non-existant after 30 days (Reichling et al., 1994; Wang et al., 1994). Ventral horn 

motor neurones at B17-P3 also demonstrate a chloride efflux and depolarisation in 

response to GAB A and glycine (Staley et al., 1996). In contrast Cazalets et al 

demonstrated the G ABA reduced the excitation of early postnatal motor neurones 

(Cazalets et al., 1998). The GAB A receptors undergo substantial functional 

alteration during development.

Immunocytochemical studies have demonstrated G ABA to be present in the spinal 

cord from E13, peaking at E20, falling before birth only to be transiently over 

expressed in the first two weeks of neonatal life (Cazalets et al., 1998). By P21 the 

number of GAB A positive neurones in the dorsal horn have fallen from 50% to 20% 

and GAB A is lost from the motor neurones by P7 (Schaffher et al., 1993; Cazalets 

et al., 1998). This alteration is accompanied by a postnatal development switch from 

predominately long-duration GABAergic inhibitory currents to mixed short 

(glycine) and long (GAB A) currents (Gao et al., 2001). GAB A in the embyronic 

spinal cord may act as a neurotrophin and modulate neurite growth (Tapia et al., 

2001).
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Pre-synaptic GABA-B receptors appear to be fully functional at birth and play a 

crucial role in early postnatal inhibition (Gaiarsa et al., 1995). In contrast post- 

synaptic GABA-B receptors are non-functional until after P7, which may be due to 

lack of G-protein coupling (Gaiarsa et ah, 1995; Ben-Ari et ah, 1997; Moran et ah,

2001). Post-synaptic GAB A-A receptors are functional from birth allowing a 

chloride efflux before maturing to chloride influx. It is currently suggested that the 

efflux of chloride in response to GAB A-A action is inhibitory due higher intra

cellular chloride in embryonic and early postnatal cells (Ziskind-Conhaim, 1998). 

The reversal in chloride current across the GAB A-A receptor may be influenced by 

the developmental alteration in its subunit composition. The GAB A-A receptor is a 

heterodimer of a,P and y subunits, of which several variants have been described 

and the composition alters during development, for example, a4 ,p i and yl are 

expressed until E l7 then down regulated in the adult, a2, a3 and p3 remain 

constant (Saito et al., 1982).

1.13 Opioids

The opioid family contribute to the analgesic mechanisms in both early postnatal 

and adult systems, although the densities and distribution of the various receptors 

and endogenous opioids are developmentally regulated throughout the cord and 

CNS. There are four different opioid receptors identified within the spinal cord, p., 

5, K, and the opioid receptor like-1 (ORL-1) (Martin et al., 1974; Lord et al., 1977; 

Mollereau et al., 1994; Wick et al., 1994). Opioids act pre-synaptically on sensory 

nerve terminals inhibiting excitatory amino-acid and neuropeptide release via 

inhibition of voltage-dependent calcium currents, and hyperpolarise dorsal horn 

cells via post-synaptic sites.

The ontogeny of opioid receptors reflects that of other receptors, namely over 

expression in early postnatal life with a reduction to adult levels. |X and K receptors 

appear in the rat spinal cord in foetal life E l5, whereas Ô appears postnatally at PO 

-P7 (Attali et al., 1990; Rahman et al., 1998). Most authors report the fi receptor to 

predominate, although variable proportions of | L t , K ,  and 5 receptors have been 

reported, ranging from 46% - 90%, 13% -38%, and 7%-33% respectively (Mack et 

al., 1984; Krumins, 1987; Besse et al., 1991; Rahman et al., 1998). The relative
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proportions ]li>ô>k corresponds well In vivo data investigating the analgesic 

properties of opiates (Dickenson et al., 1986; Dickenson et al., 1987; Leighton et 

al., 1988). The |li receptor sites appear to be concentrated in the superficial laminae 

at birth, spreading throughout the deeper laminae after PI, before attaining the adult 

distribution during the third postnatal week (Kar & Quirion, 1995). Receptor 

binding for p  and K peaks at P7 (Attali et al., 1990; Rahman et al., 1998), and is 

functionally active as treatment with morphine produces a more potent anti

nociceptive effect in young animals (Abbott & Guy, 1995; Thornton et al., 1998). 

Receptor binding subsequently falls to adult levels. The regulation of the decrease in 

receptor density has not been fully elucidated. One mechanism could be due to the 

increased afferent activity from the maturing C fibres leading to an increased release 

of opioids and ultimately a down regulation of receptors.

Within the CNS opioid expression varies postnatally. The brainstem density peaks 

between PIO -P21 whilst in other areas binding sites steadily increase to adult levels 

(Xia & Haddad, 1991). Opioid peptides appear before their receptors, P endorphin, 

met-enkephalin and dynorphin are expressed by E l l .5. Binding to receptors occurs 

later at E12.5, E14.5 and PO for the |ll,k , andô receptors respectively (Rius et al., 

1991).

1.14 Summary

From the above discussion it can be seen that the nocicetive pathways undergo 

extensive alteration during postnatal development to arrive at a normal mature adult 

form. Not only do the neuronal fibres continue to mature to the adult termination 

pattern, but extensive synaptogenesis occurs with a multitude of alterations in 

neurotransmitter expression, release and receptor composition and expression. The 

neonatal nociceptive pathway is more pro-excitatory than the adult and given the 

alterations in receptor expression the sensitivity to analgesics may also be different. 

Intriguing questions as to whether increased noxious stimuli or inhibited responses 

as with analgesia would cause long term alterations in the nociceptive pathways are 

as yet to be answered.

8 4



1.15 Aims

This thesis aims to explore the role of the NMDA receptor complex including nNOS 

/ NO during postnatal development with respect to the functional alterations as 

determined by changing efficacy of inhibitors and with respect to dorsal horn and 

dorsal root ganglia expression. Deep dorsal horn convergent neurones are the major 

class of output neurones, projecting from spinal cord to the brain and motoneurones 

and so their responses reflect modulation and transmission through the polysnaptic 

pathways from the afferents to these neurones. Thus their activity may reflect the 

overall function of a receptor / neurotransmitter system in spinal nociception. 

Hyptheses:

1) Inhibition of the NMDA receptor in acute nociception would have different 

effects on neuronal response depending on the postnatal age.

2) Different NMDA antagonists would inhibit acute nociception to different extents 

depending on subunit binding profiles.

3) Noxious stimuli will also evoke intracellular changes that may also contribute to 

alterations in postnatal nociception. Inhibition of nNOS in acute nociception at 

different postnatal ages would elicit differing extents of inhibition.

4) NMDA receptor subunits and nNOS protein expression within the dorsal horn 

and dorsal root ganglia alters at different postnatal ages.

5) Expression of AMP A receptor -GluR2 subunit and NMDA - NRl subunit are 

differentially expressed within the dorsal hom and dorsal root ganglia during 

postnatal development.

Thus by using both electrophysiological and immunohistochemical techniques the 

overall aim of the thesis was to build up a picture of the developmental changes in 

NMDA receptor function.
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METHODS

CHAPTER 2
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2.1 In vivo electrophysioloy
In summary, single unit extracellular recordings were made from deep dorsal hom 
convergent neurones in anaesthetised adult and pup (P14, 21, 28) Sprague-Dawley 
rats. The receptive field of the recorded neurone was mapped to the hind-paw and 
was stimulated with a train of 16 supra-C fibre threshold electrical impulses. The 
neuronal response was captured and analysed via a Neurolog (Digitimer) system and 
displayed using Spike 2 software. The neuronal responses were analysed with 
respect to fibre-evoked activity, age and effect of cumulative doses of drugs applied 
to the spinal cord. In all experiments a single neurone was recorded from each 
animal, with six dose response curves per age group. All inhibitors were applied 
individually with no animal receiving 2 dmgs. All experiments were conducted 
under project and personal licences approved by the Home Office and in accordance 
with the guidelines from the International Association for the Study of Pain.

2.1.1 Animals

The studies were conducted on male Sprague-Dawley rats obtained from the 
Biological Service Unit at University College, London. The adult rats weighed 
250mg-300mg (>40 days old). The rat pups weighed 35-40g at P14, 50-55g at P21 
and 90-100g at P28. The rat pups are bom into different litter sizes (average size 15) 
and these are not adjusted in number so there is developmental variation in weight 
gain and development. However in order to ensure that rats of equivalent postnatal 
development in both growth and age were used in this study all rat pups at the 
relevant postnatal ages were checked for equivalent weight, and developmental 
markers such as eye opening (P15), hairiness of coat and general levels of activity.

2.1.2 Anaesthesia

The experiments were carried out under general anaesthesia to the depth of areflexia 
whilst maintaining spontaneous breathing and good peripheral vasculature. 
Anaesthesia was induced prior to any surgery and was maintained at the same depth 
for the duration of the experiment, when the rats were killed with an overdose of 
anaesthetic agent or with pentobarbitone (60mg/ml). This method has been 
described in detail, including monitoring of blood pressure and end-expiratory 
carbon dioxide levels which have been shown to remain stable throughout 
(Dickenson & Le, 1987). During the experiments core body temperature was 
monitored via a rectal probe and maintained with a heating blanket.

Two different anaesthetic agents were used in these experiments: inhaled halothane 
in nitrous oxide (1-3% in 66% N2O + 33% oxygen), or intra-peritoneal (i.p.) 
urethane. The array of anaesthetic agents that act via GAB A receptors such as 
barbiturates, midazolam, propofol would be unsuitable in studies of the nociceptive 
system (Franks and Lieb 1994). These agents generally depress excitatory and 
potentiate inhibitory synapses and have been shown to potentiate G ABA inibition in 
cultures of dissociated rat neurones and dorsal root ganglia (Cheng & Brunner, 
1981). In addition anaesthetic agents that interact with the NMDA receptor such as 
ketamine, xenon or nitrous oxide would be unsuitable. Both gases reduce the EPSC
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component mediated by NMDA receptors in a similar profile to ketamine (deSousa 
et ah, 2000; Harrison, 2000).

Urethane has been used as an anaesthetic agent since the end of the 19* century. In 
rodents it produces stable cardiovascular and respiratory parameters with little CNS 
stimulation, Intra-venous injection is safe however intra-peritoneal injection is 
severely irritant and leads to exudation of plasma into the peritoneum with potential 
haemoconcentration (Van der Meer et ah, 1975). In addition a metabolite has been 
shown to be carcinogenic in rodents following topical or systemic administration 
(WHO 1974). Urethane can produce hyperglycaemia and hypertension at doses of 
1.2g/kg via enhanced central sympathetic, catecholamine outflow (Reinert, 1964). 
The molecular basis of action is largely unknown with some reports of GAB A ergic 
action, with reversal of bicuculline induced depolarisations whilst others 
demonstrate no GAB A interaction (Bowery & Dray, 1978; Maggi & Meli, 1986).

Urethane at low doses was shown not to inhibit spinal ventral reflexes induced by 
dorsal root stimulation in the frog, but that significant depression was evident at 
higher doses (Maggi & Meli, 1986). Urethane anaesthesia has been shown to reduce 
the overall responsiveness of dorsal horn neuronal response in a dose dependent 
manner, however from the altered baseline the subsequent pharmacological 
inhibition was the equal (Svendsen et al., 1999).

Urethane has little apparent effect on sub-cortical areas of the brain thus does not 
inhibit the hypothalamic response to thermal, auditory or noxious stimuli inducing 
hypertension (Cross & Dyer, 1971). However dose dependent depression of the 
cortical response has been noted and remains the proposed mechanism of action of 
urethane (Maggi & Meli, 1986).

In these experiments urethane anaesthesia was used primarily in the pup groups 
(P14, 21, 28) as stable anaesthesia was not possible with inhaled halothane / nitrous 
oxide. An intra-peritoneal injection of 2.4g/kg was given from a freshly prepared 
stock at 240mg/ml. This induced a light anaesthesia after 5-10 minutes and a deep, 
areflexic state within 20-30 minutes. The respiration of the pups was stable 
throughout the experiment and peripheries remained well perfused. Other authors 
report a similar stable, deep anaesthesia with doses of 1.75g/kg -2.4g/kg with both 
inhibition produced by spinal opioids and stable dorsal horn responses to noxious 
stimulation (Rahman & Dickenson, 1999; Torsney & Fitzgerald, 2002). Urethane 
and halothane anaesthesia has been compared in adult rats and found to yield no 
differences in neuronal activity or neuronal responses to opioids (Smallman et al., 
1989). Other groups have reported a baseline reduction in response in dorsal horn 
neuronal responses with urethane as compared with halothane anaesthesia but no 
difference in the subsequent efficacy of NMDA antagonists (Svendsen et ah, 1999). 
Within this study urethane and halothane anaesthesia were directly compared in 
adult groups in response to NMDA antagonists. The adults required a dose 
reduction compared to the pup groups, 2g/kg i.p. to achieve the equivalent level of 
anaesthesia.

The standard anaesthesia used in this laboratory is inhaled halothane in nitrous 
oxide / ogygen. The ease of administration and adjustable depth of anaesthesia 
whilst allowing spontaneous ventilation makes it an ideal agent. Although improved



survival times have been reported when combining halothane anaesthesia with 
paralysis and ventilation as compared with spontaneous ventilation, in our hands 
stable anaesthesia is readily maintained for 8 hours or more (Holder, 1992). Volatile 
agents significantly depress the second phase of the formalin response reflecting 
alteration in spinal nociceptive transmission and attenuation of dorsal horn neuronal 
sensitisation. Interestingly nitrous oxide antagonises the depressant effect of 
halothane, thus in combination the second phase of the formalin response returned 
to the control baseline (Goto et a l, 1994; O'Connor & Abram, 1995).

Anaesthesia was induced by passing a flow of 3% halothane in 66% nitrous oxide / 
33% oxygen through a sealed box in which the rat had been placed. Once the 
righting reflex had been lost the animal was removed, placed on a warming blanket 
(with a rectal probe inserted to maintain core body temperature) and received 
anaesthesia via a nose cone. A tracheotomy was performed, the trachea intubated 
and all subsequent anaesthesia was delivered via the tracheotomy tube. The level of 
halothane was reduced to 2-2.5% for the subsequent laminectomy surgery and then 
reduced further to 1.5-1.8% for the remainder of the experiment. At all times the rat 
was breathing spontaneously, with a steady rate, was areflexic to noxious stimuli 
and had a core body temperature of 36-36.5°C (Dickenson & Sullivan, 1987b).

2.1.3 Surgery
For both adult and pups groups the surgery was the same. The anaesthetised animals 
were transferred to a stereotaxic frame and the head was secured with ear bars and a 
tooth bar. The location of lumbar vertebrae L I-3 were determined in relation to the 
base of the ribs and were exposed. The afferent and efferent lumbar nerves L4, 5, 6, 
supply the hind paw and leg. Although they enter the spinal column at lumbar 
vertebrae L4, 5, and 6 respectively they travel up the spinal column as nerve bundles 
and insert into the spinal cord at the lumbar enlargement (which is beneath vertebral 
bodies L I-3). In the rat the spinal cord ends between L2-4 and the nerve roots run as 
a bundle - the caudia equina- until they exit / enter via the vertebral foreman that 
denote their level. A laminectomy was performed to expose the spinal cord at the 
insertion area of L4-5. A clamp was place rostral and caudal to the laminectomy to 
stabilise the spinal cord and minimise movement with respiration.

2.1.4 Neuronal isolation
The tungsten parylene recording electrode was placed into the superficial exposed 
spinal cord as close to the central vessel as possible. The depth was controlled 
manually via the micromanipulator and in lOjim steps with an Epson Digital 
Stepper SCAT microdrive. Once the electrode had entered the cord the electrode 
was raised to the surface of the cord (an audible change in neuronal response to 
stimulation) and the microdrive was re-zeroed. Simultaneously with the recording 
electrode being moved vertically, the ipsilateral hind-paw was stimulated with 
strong finger pressure. The electrode was positioned, in rostro-caudal and lateral 
directions outside the cord in three dimensions and when inserted simultaneous toe / 
paw stimulation was used until a single neurone could be isolated over the 
background activity. The recording from the single convergent neurone was 
maximised with ultra-fine movement of the recording electrode, and the neurone 
was assessed for response to sharp pinch and electrical stimulation. The convergent
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neurone was used in the experiment if it was at least four times the size of the 
background neuronal 'noise', had C fibre evoked response and displayed wind-up to 
noxious electrical stimuli and had stable responses (three consecutive C fibre 
evoked responses and post-discharge responses within 10% of each other to the 
same electrical stimuli, ten minutes apart). The depth of the neurone was noted from 
the microdrive reading.

2.1.5 Data capture
Parylene coated tungsten electrodes were used to record extracellular activity from a 
dorsal horn convergent neurone (Figure 2.1). The electrode was held in a head stage 
and manipulated as above to identify a single convergent neurone in the deep dorsal 
laminae (Figure 2.1 - A-recording electrode). The head stage also received general 
background activity from the rat via a clip attached to the animal (Figure 2.1 - B), 
and was earthed via a clip to the stereo-tactic frame (and steel table top). The 
electrical activity was amplified, filtered, counted and co-ordinated stimuli were 
delivered via a Neurolog (Digitimer) system (Figure 2.1).

In order to minimise interference the signal from the rat (B) was subtracted from the 
recording electrode (A), and the resulting signal was then amplified and filtered 
through a series of modules (Figure 2.1). The result was fed through to an audio 
speaker and through an oscilloscope, such that the neuronal activity could be 
monitored both aurally and visually.

Once a single neurone had been isolated, the window discriminator was set such that 
only the single neurone action potentials would be counted. This was seen as a pulse 
on the oscilloscope above the counted spike. Typically recorded neurones had an 
amplitude of at least four times the background activity. The pulse from the selected 
neurone was also relayed to the latch counter (where a cumulative count was gated) 
and via the CED 1401 to the computer for analysis. The electrical stimuli via the 
stimulating electrodes was set to deliver a frequency of stimulation of 0.5Hz, with a 
pulse duration of 2ms at an amplitude 3 times the C fibre threshold (Figure 2.1). The 
threshold response for the recorded neurone was determined by altering the 
amplitude of current until a single response was obtained at the correct latency A or 
C fibre threshold.

A train of 16 stimuli (triggered by the period generator) was delivered every ten 
minutes. The stimuli were also fed to a Delay width and latch counters such that 
only the action potentials that occurred after 90ms (in adults) and 50ms in the pup 
groups were displayed on the latch counter. All the counted action potential (0- 
800ms) were fed via the CED 1401 and was analysed on the computer with Spike 2 
software. This enabled the response of the neurone to be counted according to 
latency and presented as analogue counts of AP, A6, C fibre and post-discharge 
responses, visual recording of the response to each stimulus and a cumulative 
graphic illustration of the train of 16 stimuli as a post-stimulus histogram (PSTH).

Recording from the rat pups, P14, 21, 28, was essentially the same as for the adults, 
although account had to be taken of the shorter latencies for nerve conduction 
(Figure 2.2).
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Figure 2 .1 : Two PSTHs are presented above to illustrate the 
difference in neuronal conduction latentcies between the pup 
groups (P14, 21, 28) at the top and the adult group, below. In 
the pup groups no separation of the A fibres into the A(3 and 
AS components,in contrast to the adult groups. The cut-off 
time points for collection of A and C fibre evoked action 
potentials and post-discharge action potentials are also 
different. In the pups A fibre response is collected between 
0-50ms, in adults 0-90ms. In pups the C fibre response is 
collected between 50-250ms, in adults 90-300ms and the 
post-discharge is collected from the end of the C fibre 
response time bin to 800ms.
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In the pup groups A fibre response was taken between 0-50ms (as compared with 0- 
90ms in the adult). In addition no differentiation between Ap and AÔ could be made 
in the pup groups in contrast to the adults were AP was counted between 0- 
20ms and Aô 20-90ms. C fibre latency for the pups were collected between 50- 
250ms, (in adults 90-300ms) and continued response of the neurone (post
discharge) was collected in pups between 250-800ms (adult 300-800ms).

2.1.5 Neuronal characterisation
Once a single neurone had been isolated with pinch and touch it was further 
characterised in response to electrical stimulation. Two stimulating needles were 
inserted into the receptive field of the neurone and single electrical stimuli were 
delivered. A and C fibre thresholds were determined by small incremental steps in 
amplitude (from 0.1-3.3 mA) and response to three time C fibre threshold were 
used, to a maximum of 9.9mA. Only neurones that exhibited C fibre responses and 
wind-up were chosen for the study. Once characterised the neurone was allowed to 
rest for 10 minutes before the first train of 16 stimuli were applied. Ten minutes 
elapsed between all subsequent trains of electrical stimulation, to allow the primary 
afferent fibre and spinal neuronal responses to return to baseline. Depending on the 
experiment the duration of stimulation could be up to 10 hours, during which time 
the paw remained undamaged.

2.1.6 Neuronal evoked response interpretation
For each train of electrical stimuli the cumulative A fibre, C fibre and post
discharge counts were noted. The post-discharge counted after 300ms is a reflection 
of the hyper-excitability of the neurone to repeated stimulation and thus increased as 
stimuli were delivered. An alternative representation of this induced hyper- 
excitabihty was calculated as excess spikes. This calculation involved noting the 
final cumulative counts for each train of 16 stimuli (only those spikes after 90ms in 
adults and 50ms in pups). The first count was termed the primary evoked response 
or input, and was taken to be a reflection of the neuronal activity of the primary 
afferent fibres and all intemeurones pre-synaptic to the recorded neurone. Excess 
counts were calculated as the difference between the total cumulative figure and the 
(initial input figure xl6). Both the post-discharge response and the excess counts are 
reflections of post-synaptic hyperexcitability and windup (Figure 2.3). Graphically 
the windup of a neurone can be represented as the difference (usually increasing) 
between the neuronal response for each of the 16 stimuli (Figure 2.3).

Three stable controls (trains of stimuli) were performed, such that the C fibre and 
post-discharge responses were within 10% of each other, before the drugs were 
applied. An mean value was calculated for the A and C fibre response post
discharge, primary evoked response (PER) and excess counts for the controls.

2.1.7 Drug application
Drugs were applied directly to the spinal cord in increasing concentrations to give a 
cumulative dose response curve. The laminectomy area was pre-surrounded with 
vaseline to prevent the drug leaking from the application site. In addition excess 
cerebro-spinal fluid (CSF) or blood was removed (with a fragment of tissue) prior to 
drug application. Drug apphcation was delayed if too much CSF or blood re
accumulated too quickly until the flow had been staunched, as this would have lead 
to drug dilution.
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Figure 2.3: An example of windup in a single neurone. Calculated 
windup is illustrated in a box at the bottom of the graph, whilst the 
inserts demonstrate the typical spike response seen  to the first 
stimuli and to last stimuli. The slope of the graph is positive 
indicating that each stimulus evokes an increased response. This 
can also be seen  in the inserts, where the number of spikes evoked 
by the final stimuli in dramatically increased in the 0  fibre latency 
and the post-discharge as compared with the response evoked by 
the first stimuli.
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All drugs were applied in a volume of 20pl, although the equivalent mg/ml is given. 
This volume was chosen as it could be applied to the P14 pups with out loss. Once 
applied the trains of 16 stimuli were apphed every 10 minutes and the response 
followed for one hour. At the end of each dose any remaining drug was carefully 
sucked off and the next dose applied. After each intervention the presence of the 
recorded neurone was checked with a single electrical pulse. After the final dose the 
drug was washed off and the neurone was followed until recovery of at least 70% of 
control value was obtained.

2.1.8 Analysis of results
All the results are presented as tables of the response to A and C fibres, post
discharge, PER, and excess counts as raw data. The results for C fibre response, 
post-discharge, PER and excess counts are also presented graphically as the 
percentage inhibition compared to control obtained for each dose. The error bars 
represent the standard error of mean (SEM). Representative wind-up graphs for the 
dose response are displayed as an illustration of a single neuronal response to the 
given drug.

2.1.9 Statistical analysis
Six animals with complete dose response curves were used in any one data set in 
order to achieve a standard deviation of 2, with 5% significance and 80% power 
(personal communication. Professor Dore). The standard error of mean is quoted in 
the results as a reflection of the population mean, not variabihty, as the sample size 
was always 6-7. In order to compare the percentage inhibition at any given dose 
between age groups non-parametric statistics, the Mann-Whitney test was used. 
Given the number of data points an assumption of a Gaussian bell-shaped 
distribution could not be made and thus parametric tests could not be applied.

The Mann-Whitney test is a ranked series test where the p value is calculated from 
the sum of the ranks and the sample size. The test will only strictly be valid when no 
two numbers in either column have the same value (ie: no ties), although in practise 
the programme used (InStat) did not consider ties and this would not influence the p 
value unless there are many ties. If the ranks are overlapping then the test will be 
non-significant. Significance was taken if p<0.5, indicating that the data was 
unlikely to be sampled from populations with equal medians.

Regression analysis on curve fitting calculations in order to calculate the ED50 were 
not performed on the experimental data as rarely did the level of inhibition reach 
100% or in some responses the initial dose induced a level of inhibition. Thus given 
the few data points (usually 3-5 doses) estimates of the ED50 could be calculated, as 
half the highest level of inhibition, but no statistical tests could be performed.

2.2 In vitro immunocytochemistry

In summary lumbar spinal cords and dorsal root ganglia were taken from perfused 
rats at various postnatal ages and cut into 40jLim sections. These were then blocked 
with Marvel milk powder and primary antibodies against the NMDA subunits, or 
nNOS were incubated over-night. Biotinylated secondary antibodies with
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subsequent avidin-biotinylated system was used and the results visualised with 
nickel-ehanced DAB. Immunofluorescence was similarly treated for NMDA 
subunits, although visualisation was obtained via a fluorescent marker, and by direct 
fluorescent labelled secondary antibody for nNOS (Figure 2.4).

2.2.1 Tissue preparation
Male Sprague-Dawley rats aged PO, 7,14, 21, 28 and 56 (adult) were deeply 
anaesthetised with intra-peritoneal pentobarbitone (200mg/ml) (Rhone Merieux). 
Once respiration had stopped a thoracotomy was performed to expose the heart. The 
right atria was cut and the left ventricle cannulated to perform transcardial 
perfusion. Initially 0.9% saline was perfused followed by 4% paraformaldehyde in 
0.2M phosphate buffer (pH 7.4). The lumbar cord was exposed and the insertion 
points of L4, 5 and 6 were identified and removed. The corresponding dorsal root 
ganglia were also exposed and removed. All tissue was post-fixed for 2 hours in 4% 
paraformaldehyde and then cyroprotected in 30% sucrose solution over night.
Tissue was collected on the same day from each age group for any staining run in 
order to reduce confounding factors and ensure identical fixing and cyroprotection.

Following cryoprotection the tissue was covered in Tissuetec and frozen in carbon 
dioxide in order to cut 40p,m thick transverse sections on a freezing microtome. All 
sections were collected freefloating in O.IM phosphate buffered saline with 5% 
sucrose and 0.02% azide. 20 sections were collected per well and stored at 4°C. For 
all immunostaining runs for each age group at least 1 section from each well was 
taken and pooled to ensure a random collection. At least 5 runs for each primary 
antibody were performed.

2.2.2 Immunocytochemistry protocol 
(See Prepared Solutions.)
Free-floating sections for each age group were taken from store and washed in O.IM 
phosphate buffer (O.IM PB) for 1 hour (Figure 2.4). They were then transferred to 
2% hydrogen peroxide solution (20|l i 1 H2O2 : lOOOpl O.IM PB) for 30 minutes, to 
bleach any remaining blood vessels. The sections were then blocked for 30 minutes 
with non-specific proteins to prevent cross-reaction in 3% Marvel with 0.3% Triton 
X. Triton X was essential to permeablise the cells as the primary antibodies used 
were raised against intra-cellular portions 6f proteins. The primary antibodies used 
were diluted to their final concentrations in O.IM PB and the sections incubated 
with them for 24 hours at room temperature. Negative controls were generated by 
omitting the primary antibody and incubating the sections in O.IM PB.

After incubation with the primary antibodies the sections were washed in O.IM PB 
three times in 30 minutes (standard wash). Biotinylated secondary antibodies 
(Vector) at 4|xl/ml O.IM PB were then added to all sections for one hour. The 
secondary antibodies are raised against the Fc (constant fragment) of antibodies, 
thus are specific to a species and produced in a different species. For example a 
primary antibody raised in a rabbit will require a secondary antibody raised in goat 
against the Fc-rabbit. Thus when more than one primary antibody was co-incubated 
both had to be from different species and the secondary antibodies had to be raised 
in different species from each other and the primaries. The biotinylated secondary 
antibodies were washed in a standard wash and pre-mixed (stirred for 30 minutes) 
ABC Elite (Vector) was added at 20p,l A + 20pi B in lOmls
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O.IM PB. This avidin based complex binds to the biotinylated moiety on the 
secondary antibody to enhance magnification of the primary antibody. The ABC 
was incubated for one hour and removed in a standard wash (see Figure 2.4). The 
ABC-biotinylated complex removes species specificity and thus no double staining 
involving two biotinylated secondary antibodies can be used together.

2.2.3 Visualisation:
Nickel-enhanced DAB
The DAB (Diaminobenzidine-tetrahydrochloride, Sigma) solution was prepared 
from frozen alloquots of a stock of DAB-hydrochloride solution. The stock 
alloquots contained lOmg DAB : 300|xl dH20 (distilled water) : lOOpl O.IM 
hydrochloric acid (HCL). Each alloquot was reconstituted with 15mls dH20 and 
300)l i 1 O.IM HCl, then 5mls 0.6M Tris buffer and 400pl 0.1 sodium hydroxide with 
40mg ammonium nickel sulphate (Fisons) to produce the final solution (Ni-DAB). 
The sections were placed in Ni-DAB solution for 3 minutes and the visualisation 
was achieved by adding increasing strength hydrogen peroxide. Three 
concentrations were prepared 5mis (IH2O with either 1.25jxl, 5pi or 12.5pl H2O2. 
These were added in alloquots of lOOpl and gently agitated for a few minutes to 
allow the reaction to occur before adding more. Visualisation was seen as brown / 
black granules for a positive reaction on a background of light brown non-specific 
discolouration. The depth of intensity of brown / black was the dependent on the 
observer stopping the reaction. This was achieved by removing the section from the 
Ni-DAB-H2O2 solution and placing it in 0.15M Tris buffer for several minutes and 
then into O.IM PB.

The sections were then mounted onto labelled Polysine coated slides (BDH) and left 
to air dry over night on the bench. The following day the sections were dehydrated 
through alchols - 2 minutes at 70% x2, 2 minutes at 95% x2, 2 minutes at absolute 
alcohol x l, 1 minute in histoclear. Then covered in DPX (xylene +dibutylphthalate, 
BDFQ mounting medium and covered with a cover-slip. The sections were then 
analysed with a light microscope at x4, xlO, x20 and x40 magnification. Images 
were captured via a microscope mounted camera and Neurolab computer 
programme. These were then processed and printed using Adobe Photoshop 5.0 
programme.

Immunofluorescence
Immunofluorescence is an alternative means of visualisation of the primary 
antibody. The secondary antibody can be directly conjugated to a fluorescent moiety 
as seen in Chapter 5 with rabbit-anti nNOS primary and Cy-3-directly conjugated 
anti-rabbit. In this scenario the primary antibody(ies) are prepared and incubated as 
above then removed in a standard wash. The fluourescent conjuagted secondary 
diluted in 0. IM PB was incubated for 1 hour in the dark (the plate was covered in 
foil). The sections were then washed in a standard wash, and kept in the dark as 
much as possible to avoid fading. The sections were then mounted on Polysine 
slides as above and air-dried in the dark over night. They were then fade protected 
with Vectashield (Vector) anti-fade mounting medium and cover slipped.

Alternatively if increased magnification of the primary antibody was required in 
order to be visualised the sections were processed to the end of the ABC reaction
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and washed and then incubated with a fluorescent-conjugated streptavidin (ie: Cy3- 
streptavidin) for 1 hour in the dark. The sections were then washed in a standard 
wash, sections were mounted as above, whilst the cell cultures were already on a 
coverslip. This was covered with a drop of vectashield (Vector) and inverted onto a 
plain labelled slide. This immunofluorescent visualisation was employed in 
visualising NRl and GluR2 subunits in the dorsal horn and dorsal root ganglia cell 
culture. Chapter 3.

Further enhancement can be obtained by using the tyramide-signal amplification 
system (TSA). The primary antibody, biotinylated secondary antibody and ABC 
complex steps were completed as above. After the final standard wash the sections 
were incubated in TSA-direct-green or red. The TSA was made up by mixing the 
diluent supplied with dH20 in a 1:1 ration and TSA-direct added in a 1:200 ratio. 
The sections were incubated in this solution for 10 minutes in the dark before a final 
standard wash. The sections were mounted and treated as above. This enhanced 
amplification was required to visualise the NRl subunit in fixed spinal cord 
sections, as shown in Chapter 5, where TSA-green was used.

All the immunofluorescent shdes were examined at x4, xl0,x20 and x40 
magnification via a fluourescent microscope. Images were captured via a 
microscope mounted camera and Neurolab computer program. Images were 
captured with high gain (x8) and as short a time exposure as possible to produce an 
image (between 0.4 -1 sec). The images were processed using Adobe Photoshop 5.0 
program.

2.3 In vitro dorsal horn and dorsal root ganglia culture
2.3.1 Dorsal horn
All solutions had been filtered though a 25)Lim filter to remove any bacteria / fungi, 
and all equipment was sterile. The procedures were all carried out in a tissue culture 
hood up to the stage of cell fixaton.

Male Sprague-Dawley rats at ages PO, 7 and 14 were deeply anaesthetised with 
carbon dioxide and decapitated. Under the dissecting microscope the body was 
placed dorsum uppermost and the skin, paravertebral muscles and vertebrae were 
removed to expose the spinal cord. The cord was cut transversely rostral and caudal 
to the lumbar enlargement (insertion of L4, 5, 6 nerve roots), the dura and arachnoid 
membranes removed and the cord was covered in ice cold Krebs solution, with 
continuous 95% oxygen / 5% carbon dioxide bubble through it (bubbled Krebs). 
From the time of decapitation to the cord being submerged in Krebs was no more 
than 3 minutes. The cord was then cleaned, any adherent membranes, vessels or 
nerve roots were clipped away with forceps and iris scissors. The cord was turned 
dorsal side up (the cord exhibits a concave curve to the dorsal side, or the dorsal 
horns were identifiable under the dissecting microscope), and placed on pre
prepared agar (Sigma). Plates with 3% agar were prepared, heating the agar solution 
to 80°C until the solution was clear and pouring it into 10cm plates. It solidified on 
cooling and was stored at 4°C. Cubes of Icm^ were cut from the plate and 
depressions cut in the agar of different sizes to match the width of the spinal cord. 
The depressions were between l-3mm deep depending on the cord size. Up to three 
cords could be placed side by side on an agar block. The depression were filled with 
Superglue and the cords were placed ventral side down onto the glue to hold them.
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and washed and then incubated with a fluorescent-conjugated streptavidin (ie: Cy3- 
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amplification was required to visualise the NRl subunit in fixed spinal cord 
sections, as shown in Chapter 5, where TSA-green was used.

All the immunofluorescent slides were examined at x4, xl0,x20 and x40 
magnification via a fluourescent microscope. Images were captured via a 
microscope mounted camera and Neurolab computer program. Images were 
captured with high gain (x8) and as short a time exposure as possible to produce an 
image (between 0.4 -1 sec). The images were processed using Adobe Photoshop 5.0 
program.

2.3 In vitro dorsal horn and dorsal root ganglia culture
2.3.1 Dorsal horn
All solutions had been filtered though a 25p.m filter to remove any bacteria / fungi, 
and all equipment was sterile. The procedures were all carried out in a tissue culture 
hood up to the stage of cell fixaton.

Male Sprague-Dawley rats at ages PO, 7 and 14 were deeply anaesthetised with 
carbon dioxide and decapitated. Under the dissecting microscope the body was 
placed dorsum uppermost and the skin, paravertebral muscles and vertebrae were 
removed to expose the spinal cord. The cord was cut transversely rostral and caudal 
to the lumbar enlargement (insertion of L4, 5, 6 nerve roots), the dura and arachnoid 
membranes removed and the cord was covered in ice cold Krebs solution, with 
continuous 95% oxygen / 5% carbon dioxide bubble through it (bubbled Krebs). 
From the time of decapitation to the cord being submerged in Krebs was no more 
than 3 minutes. The cord was then cleaned, any adherent membranes, vessels or 
nerve roots were clipped away with forceps and iris scissors. The cord was turned 
dorsal side up (the cord exhibits a concave curve to the dorsal side, or the dorsal 
horns were identifiable under the dissecting microscope), and placed on pre
prepared agar (Sigma). Plates with 3% agar were prepared, heating the agar solution 
to 80°C until the solution was clear and pouring it into 10cm plates. It solidified on 
cooling and was stored at 4°C. Cubes of Icm^ were cut from the plate and 
depressions cut in the agar of different sizes to match the width of the spinal cord. 
The depressions were between l-3mm deep depending on the cord size. Up to three 
cords could be placed side by side on an agar block. The depressions were filled 
with Superglue and the cords were placed ventral side down onto the glue to hold
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them. The agar block was rapidly glued to the stage of a cutting chamber which was 
then filled with bubbled ice-cold Krebs until the cord was completely submerged. 
The chamber was mounted onto a vibratome and the agar / cord were cut into 
400|Lim thick sections at 45°. The sections remained in ice-cold bubbled Krebs for 
the whole of the subsequent manipulation.

Under direct vision of the dissecting microscope the superficial dorsal horn was 
identified and cut off with a scalpel. This section was then transferred to a basket 
suspended in bubbled-Krebs. These sections of superficial dorsal horn then 
underwent enzyme digestion at room temperature remaining in bubbled Krebs. The 
dorsal horns were treated with 0.25mg/ml Pronase (Protease-53702, Calbiochem) 
for 15 minutes then washed three times in bubbled Krebs over 15 minutes. Next 
they were treated with 0.25mg/ml Protease Type X (Sigma) for 15 minutes. Then 
washed as before. The method was adapted from Murase 1989, Ebihara 1992, 
Arancio 1993, who reported enzyme digestion to liberate dorsal horn cells and 
showed active NMDA channels on the soma and dendrites. Trypsin digestion was 
not used (as reported by Bardoni 1997) as Allen et al 1988 reported inactivation of 
the NMDA receptor from three different sites following trypsin digestion (Bardoni 
1997, Allen 1988).

The dorsal horns were then placed in an ependorf and excess Krebs removed and 
immediately replaced by 1ml of F-14 (Ham's) media. The cord sections were gently 
triturated with flamed Pasteur pipettes. 50pl of the resulting suspension was placed 
on the coverslip and the cells counted in a haemocytometer. The concentration was 
adjusted to approximately 1x10"̂  live neurones /ml. 100]li1 was then placed on 
polyomathine coated coverslips (to increase cell adhesion). These were then washed 
extensively and one coverslip was placed in a well of a 16 well plate to dry. These 
were then covered placed in an incubator 37°C 15% CO2 for 20 minutes to allow the 
cells to adhere to the coverslips. Afterwards 2mls of F-14 media (with 1% Penicillin 
/ Streptomycin, 0.5% glutamine and 4% foetal calf serum) were added to each well, 
the plate covered and the tissue cluture incubator for 24 hours.

All cells were then fixed with 4% paraformaldehyde solution for 15 minutes and 
washed (x3) in O.IM PB then permeabhsed with 1.5% TritonX for 15 minutes and 
washed. The wells were labelled and the primary antibodies were applied at the 
appropriate dilutions (see Chapter 3) and incubated at room temperature for 24 
hours. The cells were subsequently doubled stained with a direct-fluorescein (green) 
conjugated anti-rabbit at 1:200 to visualise the anti-Tau antibody, and biotinylated 
secondaries with streptavidin conjugated Cy-3 (red) to visualise NRl or GluR2 anit- 
bodies. The coverslips were mounted and analysed as described above.

Enzymatic and mechanical dissociation of dorsal horn cells from P21, 28 and adult 
rats results in morphologically correct neurones with active glutamate channels 
(Yoshimura et al., 1991; Xu et al., 1999). In both reports a similar method of cord 
removal into bubbled-Krebs and enzyme digestion with pronase and thermolysin or 
mechanically dissociated with a vibrating micro-pipette was used. In our hands the 
yield of live neurones by either method was extremely low and immunostaiiiing was 
complicated by the presence of a vast amount of debris and dead cells.
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2.3.2 Dorsal root ganglia (PO,7,14)
The male Sprague-Dawley rats were taken and treated as above to the removal of 
the spinal cord. The cord was discarded and the dorsal root ganglia were easily 
visualised and removed into l.Smls of F-14 (Hams) media (with 1% 
Penicillin/Streptomycin and 0.5% glutamine). 200pl of Collagenase Type 
rv(Worthington) was added an incubated at 37°C / 5% CO2 (tissue culture 
incubator) for 30 minutes. Afterwards lOmls of F-14 was added and centrifuged at 
lOOrpm for 1 minute. The supernatant was poured off and the pellet was re
suspended in l.Smls F-14 media. 200pl of 2.5% Trypsin was added an incubated for 
40 minutes. Again lOmls of F-14 plus 0.1% foetal calf serum (or USG) was added 
to wash the cells and stop the trypsin action and the solution was centrifuged as 
above. The pellet was re-suspended in 0.8ml of F-14 plus FCS media and 200pl of 
foetal calf serum was added to block any further enzyme action. With flamed 
Pasteur pipettes the suspension was triturated gently until and even suspension was 
achieved. The culture solution was placed gently on top of a dense 15% BSA 
solution which was then centrifuged at 850rpm for 4 minutes in order to remove 
debris. The supernatant was decanted off and the pellet re-suspended in F-14 media 
(with 1% Penicillin /Streptomycin, 0.5% glutamate and 4% FCS). The cell 
concentration was adjusted to 1x10"̂  cells per ml and lOOpl was placed on the 
polyomathine coated slides.
Subsequent manipulation was as above for the dorsal horn cells.

2.3.3 Dorsal root ganglia (Adult)
The adult male Sprague-Dawley rats were anaesthetised and decapitated as for the 
pups. In a similar manner the dorsal root ganglia were exposed and removed into 
2mls F-14 media and were cleaned up under direct vision. The ganglia were then 
placed in a collagenase (Worthington) solution (lOmg collagenase / 2ml F14 media. 
The ganglia were then placed in the tissue incubator for 3 hours. The ganglia were 
then pipetted from the collagenase into lOmls F-14 media, to wash the ganglia and 
spun for 1 minute at lOOOg. The supernatant was discarded and the pellet was re
suspended in 2mls F-14 with 4% USG. The ganglia were triturated gently with 
flammed Pasteur pipettes. The solution was placed on the top of 15% BSA solution 
and centrifuged at lOOOg for 5 minutes. The supernatant was discarded and the cells 
re-suspended in F-14 with 4% USG and the concentration adjusted to 1x10"̂  cells 
per ml. lOOp.1 were then placed on polyomathine coated coverslips. Subsequent 
manipulation was as above for the dorsal hom cells.

2.4 Antibodies
NRl - polyclonal sera raised in rabbit (Chemicon)

used at 1:1000 dilution for whole fixed sections 
polyclonal sera raised in goat (Santa-Cmz) 
used at 1:10,000 dilution for dissociated cells 
used at 1:1000 dilution for whole fixed sections 

NR2A - polyclonal sera raised in rabbit (Chemicon) 
used at 1:1000 for whole fixed sections 

NR2B - polyclonal sera raised in rabbit (Chemicon) 
used at 1:1000 for whole fixed sections 

NR2C - polyclonal sera raised in goat (Santa-Cmz) 
used at 1:1000 for whole fixed sections
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Hams F-14 media
IL F-14 (GIBCO life technologies, add 0.5% glutamine (GIBCO) and 1% 
penicillin/ streptomycin (GIBCO) for standard F-14 media.
Addition of USG - ultroser G foetal calf serum substitute for in vitro culture 
(GIBCO), at 1% or 4%. No NGF was added.

Krebs Solution
x l solution g/L 

125mM NaCl (FW 58.44) 7.305
2.5mM KCL (FW74.55) 0.186
25mM NaHCOg (FW 84.01) 2.10
l.OmM NaH^PO^ (FW 137.99) 0.138

Mix well (can be stored at 4°C). To use bubble with 95% Oxygen / 5% carbon 
dioxide for 10 minutes. Add:

25mM Glucose (FW 180.2) 4.51 g
ImM MgClz 1ml of IM stock
2mM CaClz 2ml of IM stock
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POSTNATAL NMDA AND AMPA 

RECEPTOR EXPPRESSION

CHAPTER 3

104



3.1 Introduction

Analysis of functional receptor expression within the dorsal hom is complex with no 

single technique generating an in vivo picture of active synaptic expression. The 

situation is made more complex by the plasticity of the synaptic network, the 

constant alteration of subunit composition and modulation of response. Both 

NMDA and AMPA receptor complexes are expressed on synaptic and extra- 

synaptic sites as well as cytosol stores of subunits that may or may not be trafficked 

to the surface. All current investigative techniques have drawbacks and advantages 

over others and unsurprisingly often yield different and at times conflicting results. 

A combination of in situ (mRNA), immunocytochemistry (protein expression), 

binding studies (active agonist / antagonist sites) and ex vivo electrophysiology - 

patch clamping (active channel properties) will be discussed with respect to NMDA 

and s receptor complexes in the primary afferents and intrinsic dorsal hom neurones.

In situ, mRNA expression studies have the advantage of assessing the transcription 

level and thus alterations of particular receptor subunits. However a direct 

correlation between mRNA expression and functional protein production is not 

possible. Slowly denatured, stable proteins can be present in large amounts with low 

levels of mRNA and vice versa. In particular the NMDA-NR2 subunits are 

expressed at low levels that may give false negative results. In addition cultured 

phaeochromocytoma PC12 and neuroblastoma Y79 cells express NMDA mRNA 

but no encoded protein (Kopke et al., 1993; Sucher et al., 1993). Immunostaining 

enables protein expression to be visualised and distribution information to be 

obtained (membranous / cyctosolic, pre or post-synaptic) although it may 

underestimate protein expression as clusters of receptors / subunits are required to 

be detected. In addition no information as to activity or function can be inferred. 

Patch clamping allows a highly sensitive and specific investigation of channel 

conductance and thus projections as to the subunit composition. It also allows 

synaptic and extra-synaptic receptors to be investigated as well as the response to 

stimuli. However the neuronal preparations are (for the vast majority) ex-vivo and 

the channel properties are those of 20 °C not of core body temperature. In addition 

single channel profiles do not allow the normal complex interactions between 

receptors to occur nor a population profile of neuronal activity to be compiled.
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Binding studies are able to detect the density of surface receptors and may give 

some information on the relative subunit composition with changes in binding 

affinities, however have the disadvantage of not differentiating the fine ultra 

structure of the dorsal hom for example between pre and post synaptic expression.

3.1.1 The NMDA receptor

The NMDA receptor complex expression varies within the spinal cord and dorsal 

root ganglia with time and location. In situ hybridisation demonstrated 

developmental alterations in the NMDA receptor subunit expression. NRl was 

reported throughout the cord from E l3 onwards within early presentation rostrally 

and increased expression in the superficial dorsal and ventral horns (Watanabe et 

a l, 1994a; Kus et a l, 1995).

In situ hybridisation has also been used to investigate the expression of NRl splice 

variants (see Chapter 1). Out of the 8 possible splice variants NRl^, expression 

predominates in early life changing to predominate NRljg expression in adulthood 

throughout spinal cord (Luque et a l, 1994). However within the adult dorsal hom 

NRljb/2b/4b/3a have also been demonstrated albeit at a lower signal (Tolle et a l, 1993; 

Petralia et a l, 1994b; Tolle et a l, 1995). Within in human spinal cord, NRl has 

been described throughout all laminae, although splice variant analysis has not been 

reported (Virgo & de Belleroche, 1995).

3.1.2 NR2 subunit expression

The expression pattern of NR2 subunits is somewhat more controversial with 

different results obtained from different methods. Assessment of the NR2 subunit 

developmental alterations within the spinal cord utilising all the above mentioned 

techniques has led to similar but not identical conclusions. Whilst broad agreement 

that developmental changes within the NR2 subunit expression occur, the exact 

changes, levels of expression and final subunit distribution depend on the method 

employed. In the dorsal hom mRNA studies have indicated NR2B and 2D are 

initially expressed (P1-P7) changing to predominately NR2B in lamina II with 

background levels of NR2D and widespread expression of NR2A in the adult 

(Luque et a l,  1994; Watanabe et a l, 1994a). Tolle et al described an unusual NR2
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mRNA distribution in the adult rat lumbar cord, with only NR2C and D expressed 

(Tolle et aL, 1993). The lack of NR2A and B was notable in the superficial lamina. 

This may be explicable if NR2B/A were predominately pre-synaptic or had an 

extremely low turnover. However Tolle et al failed to demonstrate NR2A/B in the 

PAG where mRNA expression has been described by Watanabe et al, perhaps 

indicating a failure of the method rather than a true negative (Tolle et aL, 1993; 

Watanabe et aL, 1994a).

Watanabe et al showed no significant signal for NR2C subunit at any development 

stage and only a transient expression of NR2D in the ventral hom between E13-P1 

and the dorsal hom P1-P7 (Watanabe et aL, 1994a). This is in contrast to Tolle et al 

and others who have described a low NR2C mRNA expression in glial cells 

(Akazawa et aL, 1994; Standaert et aL, 1994; Watanabe et aL, 1994a).

Adult cervical cord immunofluorescence demonstrated intense staining in lamina I- 

TTT for NRl, NR2B subunits and AMPA receptor although no NR2A or 2C were 

demonstrated (Yung 1998). In agreement Boyce demonstrated in adult rat lumbar 

cord abundant immunostaining of NR2A in cell bodies throughout the dorsal and 

ventral hom (Boyce 1999). NR2B was reported to be restricted to moderate staining 

in laminae i n  consistent, and moderate staining in lamina IX and X (Boyce 1999). 

In human spinal cord immunoblots revealed the presence of NRl, NR2A-D subunits 

to be present from the early embryogensis. The expression changed postnatally to an 

adult expression of low levels of all NR2 subunits. NR2A and 2D produced the 

strongest signal but there was virtually no signal from NR2B or 2C (Laurie et aL, 

1997; Akesson et aL, 2000). In addition the intense lamina differentiation seen in 

rodents was less evident in humans (Sundstrom et aL, 1997).

In vitro and in vivo evidence suggests that a change in receptor function occurs 

through development that in part could be attributed to maturation and altered 

subunit composition. In vitro assay of intracellular calcium in response to NMDA 

stimulation in the dorsal hom from P I-17 indicated that the response was highest 

during the first postnatal week corresponding to a peak in NMDA affinity and 

subsequently declined (Hori & Kanda, 1994). Bardoni et al showed that the kinetics
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of the pure NMDA synapses remained fast during the first two postnatal weeks, 

indicative of NR2A subunit (Bardoni et ah, 1998a; Bardoni et ah, 1998b). These 

pure NMDA receptors made up 20% of all recorded lamina II channels, whilst the 

majority were mixed NMDA and AMPA channels. Within the mature synapses the 

NMDA subunit conductance was more mixed indicative of NR2A and NR2B 

composition although the kinetic properties varied with postnatal age (Bardoni et 

ah, 1998a). In support of these findings adult rat lamina II neurones exhibited 

NR2A kinetics and low affinity inhibition with ifenprodil at the synapses, whilst 

NR2B and D subunits had extra-synaptic expression (Momiyama, 2000). The 

functional appearance of NR2A subunit in the early post natal period is at odds with 

the mRNA expression data, which would suggest that NR2A expression occurs later 

and predominately in the adult (Luque et ah, 1994; Watanabe et ah, 1994a).

Characteristic distribution and developmental alterations have been demonstrated 

with NMDA-displaceable [^H]L-glutamate or MK801-[^H] binding studies. High 

glutamate binding is found throughout the spinal cord grey matter during late foetal 

and early neonatal development (Kalb et ah, 1992). By the third postnatal week 

levels of binding had fallen throughout the cord except in lamina II (Kalb et ah,

1992). In addition quantitative studies also show an early postnatal increase in [^H]- 

glutamate binding, and the subsequent decline to below the level at birth (Gonzalez 

et ah, 1993). Against the background of the overall diminution, lamina II exhibited 

the least decline and revealed the highest binding density from P21 onwards 

(Gonzalez et ah, 1993). In humans a similar picture of initial high binding density 

falling to low adult levels exists (Jansen et ah, 1990; Shaw et ah, 1991).

Evidence for pre-synaptic NMDA receptors is accumulating. In adult rat lumbar 

cord electron microscopic staining for the NRl subunit of the NMDA receptor 

indicated that in one third of the labelled synapses the NMDA receptor is located 

pre-synaptically and acts as an autoreceptor (Liu et ah, 1994; Petralia et ah, 1994b). 

NRl mRNA has been demonstrated in all adult sensory and autonomic ganglia 

including the dorsal root ganglia (Shigemoto et ah, 1992). Although some authors 

report NMDA activated current in only a small number or no DRG cells, others
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report widespread activation of DRG cells (Agrawal & Evans, 1986; Lovinger & 

Weight, 1988; Huettner, 1990).

In adult cervical spinal cord NRl is found co-localised with pre-synaptic 

glutamatergic, IB4 positive but not peptidergic primary afferents, (Aicher et aL, 

1997). In contrast NR2B and CGRP double labelling is found in more than 90% of 

the primary afferents (Ma & Hargreaves, 2000). The extensive expression of NRl / 

NR2B on small diameter primary afferents indicates an NMDA modulation of 

neurotransmitter release. Dorsal root ganglion neurones all express NRl mRNA and 

subunit, although there was some differentiation in AMPA subunit expression 

(GluRl, 2/3 on small and GluR2/3 only on large neurones) (Sato et aL, 1993). In 

contrast no NR2(e) mRNA is found in mouse cervical dorsal root ganglia 

(Watanabe et aL, 1994a).

In summary it would appear that in foetal and early postnatal life NR2B is 

widespread through out the cord, with little NR2A expression. NR2D is expressed at 

a lower level and there is evidence for only extra-synaptic expression. During the 

first 2 postnatal weeks the level of NR2A expression increases and forms functional 

synaptic receptors. Levels of NR2B peak around PIO then fall to adult levels and is 

predominately found in lamina H. NR2A is widespread throughout the adult cord, 

with low or abscent expression of NR2C / D. Functionally studies suggest that 

NR2A predominant subunit in lamina II, but this is not in agreeement with 

immunostaining (Boyce et aL, 1999; Momiyama, 2000). This may be accounted for 

by low but functional levels of NR2A expression. The intense NR2B expression 

seen with immunostaining in adult lamina II could be a mixture of pre and post- 

synaptic expression in agreement with electrophysiology data (Bardoni et aL,

1998a; Boyce et aL, 1999). Pre-synaptic NMDA receptors are present and 

potentially may contain NR2A, B, C, or D subunits but there is little information 

about their developmental regulation and expression.

The exact level of NR2 subunit expression during development remains unclear. 

Bardoni demonstrated active NMDA and AMPA channels from birth and binding 

studies indicate a higher density of NMDA receptors at birth and postnatally
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compared with adulthood (Gonzalez et aL, 1993; Bardoni et aL, 1998b). Again a 

changing contribution from pre-synatpic NMDA receptors may need to be taken 

into account when interpreting this data. In addition maturational decline in binding 

may be partly a reflection in the increase in the white matter postnatally (from 28% 

mouse lumbar cord at PI to 40% by P30) or the age related increase in myelin 

throughout the cord which contributes to the quenching (Gonzalez et aL, 1993).

3.1.3 AMPA receptors

Other glutamate receptors also alter in expression and distribution during 

development (Chapter 1). Of particular importance in the development of the 

nociceptive pathways is the expression and function of the AMPA receptor. When 

co-expressed with the NMDA receptor a functional, active synpsase forms, capable 

of transmitting acute, fast nociceptive inputs and of generating windup. In the 

neonatal period GluRl,2 and 4 mRNA are expressed at greater levels compared to 

the adult, with developmental down regulation most pronounced for GluRl, less for 

GluR2,4 and minimal for GluR3. The adult pattern is present by P21 (Jakowec et 

aï., 1995b). The ratios of the flip/flop splice variants also undergoes postnatal 

changes in expression.

By adulthood GluR 2 mRNA show the strongest expression on the dorsal hom, 

GluRl is moderately densely expressed in lamina II and lamina IB, whilst GluR3 

expression is scattered and GluR4 is low (Fumyama et aL, 1993). This corresponds 

well with [^H] 6-nitro, 7-cyano quonoxaline (CNQX) labelling, an AMPA receptor 

antagonist, which shows the highest density of binding in lamina II, but is present 

throughout the spinal cord (Chinnery et aL, 1993). However AMPA activated 

currents are similar between cultured embryonic, neonatal and adult indicating 

minimal postnatal functional changes (Smith et aL, 1991; Jakowec et aL, 1995a). 

AMPA GluR 1-4 subunits have also been demonstrated on rat dorsal root ganglion, 

with GluRl/ 2/3 expressed on small neurones and GluR2/3 on large (Sato et aL,

1993).

AMPA receptors that lack the GluR2 subunit are calcium permeable. The majority 

of these receptors are expressed on GAB Aergic lamina I / I I  neurones from either
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embryonic or adult dorsal hom (Spike et aL, 1998; Albuquerque et aL, 1999). In 

agreement 87% of GluRl subunit positive were co-localised with GAB A in the Cl 

terminals of lamina I / II. In contrast 97% of GluR2/3 subunit positive neurones 

were also neurotensin or somatostatin positive and concentrated within the C2 

terminals of lamina II (Popratiloff et aL, 1996; Kerr et aL, 1998).

3.1.4 Relative AMPA and NMDA receptor expression

Both AMPA and NMDA receptors are concentrated at synapses in mature neuronal 

pathways, however there is some controversy about their development. Conflicting 

observations have been reported, some early reports claiming sole expression of 

only NMDA or AMPA receptors, whilst other reports site dual expression.

3.1.4.1 Early expression of AMPA only and NMDA only receptors

In acutely dissociated hippocampal neurones from P I-3 rats the development of 

individual synapses with respect to NRl and GluRl expression demonstrated that 

within 45 minutes, at the earliest synaptic boutton formation, 18% express GluRl 

clusters whilst 9% express NRl clusters. Even in established synapses only 37% 

were found to be mixed whilst 30% expressed only GluRl and 12% expressed only 

NRl (Friedman et aL, 2000). In cultured rat spinal cord neurones post-synaptic 

clustering of AMPA GluRl is one of the earliest events in excitatory synapse 

formation evoking miniature EPSCs (O'Brien et aL, 1997).The AMPA subunit 

expression remains constant within each neurone and is functional without NMDA 

receptor presence (O'Brien et aL, 1997; Rao & Craig, 1997; O'Brien et aL, 1998; 

Gomperts et aL, 2000). O'Brien has suggested that in certain conditions the AMPA 

receptor may undergo modulation affecting the EPSC, in a similar manner to 

NMDA receptors (O'Brien et aL, 1998). In cultured spinal neurones inhibition of 

excitatory input with chronic AP5 and CNQX results in an increase in mEPSC with 

an accumulation of synaptic AMPA receptors while conversely increased excitatory 

activity with glutamate results in a decrease in synaptic AMPA receptor expression 

and a reduction in EPSCsn (O'Brien et aL, 1998).

In contrast, NMDA only excitatory synapses have also been demonstrated (Hayashi 

et aL, 2000) and in cultured embyronic dorsal hom cells NMDA receptor was
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shown to be expressed first (within two days) with later expression of AMPA 

(Robert et aL, 2000). The density of NMDA receptor expression rapidly increases 

during the second week of culture, with a parallel increase in spontaneous activity, 

but no change in the NMDA response to exogenous glutamate. This increase 

correlated with subcellular NMDA targeting to a synaptic localisation by the end of 

the second week (Robert et ah, 2000). Bardoni also reported the presence of 

functional NMDA only synapses, however they comprised the minority of 

glutamatergic synapses (20%) in the first 2 postnatal weeks ((Bardoni et aL, 1998a). 

The kinetics of NMDA receptors from pure synapses were different from those at 

mixed synapses with slower EPSCs and faster decay (Bardoni et aL, 1998a). The 

expression of pure NMDA synapses in the dorsal hom falls from PIO so that there 

are none in adulthood (Li & Zhou, 1998; Baba et aL, 2000).

3.1.4.1 Early expression of mixed AMPA and NMDA receptor synapses

Functional NMDA receptors which are able to drive EPSCs in the absence of 

AMPA C O -activation are found on neurones in the dorsal hom from birth (Bardoni et 

aL, 1998a; Gao et aL, 1998; Bardoni et aL, 2000). The contribution of the NMDA 

receptor and AMPA receptor in the generation of an action potential is variable 

dependent on the cell type and the combined evoked responses imposing on the 

neurone (Bardoni et aL, 2000). The influx of calcium into dorsal hom cells of Pl-17 

rats alters in response to NMDA with a peak during the first week and subsequent 

decline, correlating with changes in subunit composition (Hori & Kanda, 1994). 

Despite this, calcium influx in response to AMPA receptors does not show any 

postnatal alteration (Hori & Kanda, 1994). By PIO in rats both NMDA and AMPA 

receptors appear to be present and functional in the conductance of high and low 

threshold mechanical stimulation of cutaneous afferents. The suppression of dorsal 

hom EPSCs occurs with either AMPA or NMDA receptor antagonists (Thompson 

et aL, 1990; Lopez Garcia & King, 1996; Miller & Woolf, 1996).

Kalb and Fox demonstrated early mixed receptor expression at synapses using ^H- 

glutamate (NMDA receptor), kainate (Kainate receptor) and AMPA ( AMPA 

receptor) in late foetal and adult spinal cords (Kalb & Fox, 1997). AMPA, NMDA 

and Kainate receptors all show a high binding level throughout the cord at birth.
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which gradually fall during development in all areas except lamina II. The AMPA 

and NMDA receptor binding are both fourfold higher in the late foetal compared 

with adult, with the absolute binding of AMPA greater (157.5 fmol/ss) than NMDA 

(116 fmol/ss). The binding affinity of AMPA and kainate receptors does not alter 

with development unlike the NMDA receptor which is three fold greater in the 

foetal compared to the adult ventral horn.

In summary there appears to be postnatal expression of both AMPA and NMDA 

receptors are postnatally regulated within the dorsal horn. Both AMPA and NMDA 

receptors are expressed alone at synapses and appear to be able to be activated 

without the other receptor under some circumstances. The majority of the synaptic 

complexes however are probably mixed.

The aim of this study was to track the postnatal changes in the NMDA receptor 

subunit expression within the spinal cord and dorsal root ganglia. 

Immunocytochemical methods were used to visualise NRl and all NR2 subunits, 

despite the drawbacks of requiring a certain threshold of expression prior to 

detection, immunostaining allows population changes to be observed.

Spinal cord sections alter significantly in size during the postnatal period and may 

give a false impression of a reduction of receptor expression. In addition staining 

does not differentiate between pre and post-synaptic expression. In order to 

ascertain the relative distribution of NMDA and GluR2 pre and post-synaptically 

and the density per neurone dissociated cell culutres were examined. Dorsal horn 

and DRG cell cultures were undertaken to attempt to ascertain the differential 

neuronal expression of NRl and GluR2 in the early postnatal period.
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3.2 Methods

3.2.1 Immunocytochemistry of spinal cords and dorsal root ganglia

Spinal cord lumbar enlargements (insertion of L4/L5 nerves) and the L4,5,6 dorsal 

root ganglia from 6 animals for each age group where taken were taken and 

processed according to the protocol, see Chapter 2. Cords from each age (PO, 7, 14, 

21, 28 and adult) were taken and processed at the same time on each occasion to 

ensure identical conditions.

The primary antibodies used are listed in Chapter 2. The primary antibodies were all 

specific for the NMDA subunit specified according to the manufacturers. However 

on subsequent Western blots the NR2C and NR2D antibodies (Santa-Cruz) showed 

a low level cross-reaction with NR2A and NR2A/B respectively (R. York, personal 

communication).

The antibodies were used at 1:1000 dilution for all subunits (after serial dilution 

staining revealed this to be the optimum concentration) and were applied to the 

sections overnight at 20°C. The 45|im sections had to be stained free floating as the 

NRl antibody revealed poor tissue penetration (up to 20pm) when visualised by 

immunofluoresence and a confocal microscope. The protocols in Chapter 2 were 

followed to produce Ni-DAB visualisation of the NMDA subunit distribution in the 

spinal cord and dorsal root ganglia. Unfortunately the PO and P7 DRG sections were 

lost 100% of the time, as they fell through the sieve mesh.

3.2.2 Immunofluoresence of dissociated dorsal horn and dorsal root ganglia.

The lumbar enlargements and corresponding dorsal root ganglia from terminally 

anaesthetised and bled rats at ages P0,P7, P14 and adult were taken and processed 

according to protocols in Chapter 2. Three animals in each age group were used to 

generate a concentration of IxlO'^ cells/ml for each cover slip and at least two 

complete runs were performed form each age group.

The primary antibodies used were goat-polyclonal anti-NRl (Santa-Cruz) at 

1:10,000 dilution, mouse-anti-GluR2 monoclonal (Chemicon) at 1:800 dilution and 

rabbit-polyclonal anti-neuronal microfilament Tau (Chemicon) at 1:10,000 dilution
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(Viereck,1988). The antibodies were applied together either anti-Tau and anti-NRl 

or anti-Tau and anti-GluR2, negative controls were demonstrated by the omission of 

the primary antibodies and a single positive control E l9 cerebellum was stained for 

Tau, NRl and GluR2 (results not shown). The primary antibodies were applied for 

24 hours to fixed dissociated cells at 20°C. Visualisation with fluorescence (Chapter 

2) produced a greenfluorescence for Tau positive and red for either NRl or GluR2.

To analyse the results, 200 dissociated cells from each staining run were counted 

(maximum 2 coverslips (2x200 cells) from any one run). Two observers counted 

each set of 200 cells and the results were pooled. Only neurones which stained for 

the neuronal specific marker, anti-Tau micro-filament were counted and the results 

presented as a percentage of these cells which double stained for either NMDA-NRl 

subunit or AMPA-GluR2 subunit. The intensity of the fluorescence was graded see 

Table 2.1. Two observers counted each coverslip

Tau + neurones

NR1 or GluR2 ++ + -

intensity intense moderate negative

definition Whole cell Whole cell No fluorescence

fluorescence fluorescence above the

>40% cell body <40% cell body background level

occupied with occupied with for Cy-3.

intense inclusions intense inclusions

Table 3.1 : The above table defines the criteria for grading 

neuronal fluorescence intensity in dissociated DH or DRG cells.

The data are presented graphically and in table format as mean +/- SEM. Statistical 

analysis was performed using one-way analysis of variance (ANOVA) with a 

Bonferroni correction factor and significance was set at p<0.05.
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3.3 Results

3.3.1 Postnatal development of expression of NMDA subunits in the spinal 

cord

The following pages illustrate the immuno-nickel enhanced DAB staining of the 

NMDA subunits in lumbar spinal cords from PO - adult (Figures 3.1-3.7)). In each 

case a montage of the spinal cord at xlO magnification (scale bar 250|uim) has been 

re-created, with an insert of the superficial dorsal horn (and ventral horn in the NRl 

subunit series) at x20 magnification. The sections shown are representative of the 

staining pattern of a particular NMDA subunit, although the level of nickel- 

enhanced DAB reaction varies between sections and pictures. The size of the spinal 

cord clearly alters during development with an increase in the ratio of white: grey 

matter. The spinal cord at PO is approximately 900|im in diameter (the superficial 

dorsal horn 0-200pm, the deep dorsal horn 200-500pm). The adult spinal cord is 

approximately 2250pm in diameter (superficial dorsal horn 0-500pm and the deep 

dorsal horn form 500-1000pm).

N R l

The NRl subunit is expressed throughout the cord from PO onwards (Figures 3.1 - 

3.3). Initially NRl can be seen throughout the spinal cord at PO and P7 (Figure 3.1), 

however by P14 there are distinct areas of expression. The superficial dorsal horn 

staining intensity remains high and as the cord matures the pattern of NRl 

distribution is more evident. By adult the NRl staining is at a low level throughout 

the cord, with intense expression in the superficial laminae and moderate expression 

in deeper laminae and the motor neurones. Within the large cell bodies of the ventral 

horn a clear cytoplasmic, perinuclear staining for NRl can be seen at P14 and P21 

(Figures 3.2). The neurite staining by comparison appears light although visible at 

higher magnification (Figure 3.2). The same pattern can be seen in the superficial 

dorsal horn (Figure 3.3) although the small size of the cell bodies and compact 

nature of the area makes the staining pattern less clear. Within lamina II there is an 

increased background NRl staining evident at P28 and adult (Figure 3.2) which 

may represent the primary afferent terminations and thus pre-synaptic NRl.
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NR2A

The NR2A immunocytochemical staining revealed a negative, background 

expression throughout the whole cord at PO (Figure 3.4). By P14 a low level of 

expression was seen in the dorsal and ventral horn (Figure 3.4). The expression of 

NR2A was most widespread and appeared densest at P21 (Figure 3.5), when 

expression was seen within the dorsal and ventral horn. By adult the staining was 

predominately within the superficial dorsal horn (Figure 3.5') with the remaining 

spinal cord expressing NR2A just above background levels. Within the superficial 

dorsal horn a delicate pattern of neurites were visible (insert on Figure 3.5) on a 

high background (primary afferent termination) staining pattern (Figure 3.5).

NR2B

The NR2B subunit undergoes clear developmental alteration in expression. At PO 

(Figure 3.6) intense expression is demonstrated in the superficial dorsal horn, in 

which no clear cell bodies can be distinguished from the positive background at x20 

magnification. The cell bodies at this age are immature and difficult to visualise, 

although the pattern of staining may indicate high levels of pre-synaptic NR2B 

expression. By P14 (Figure 3.6) the apparent intensity of expression has increased, 

with widespread NR2B expression throughout the cord, in both dorsal and ventral 

horns. At higher magnification a fine neurite staining pattern is visible in the 

superficial dorsal horn (Figure 3.6, a). By P21 and adult (Figure 3.7) the pattern of 

expression reduced in intensity especially in the deep laminae (IV - VI) and in the 

ventral horn to just above background levels. The difference in motor neurone 

staining between P21 and adult may be an artefact of the staining process and was 

not a universal observation in these age groups. Of interest is the superficial dorsal 

horn NR2B expression. At P21 (Figure 3.7) this appeared to still be similar in 

intensity to P 14 in contrast to the lower levels of staining in the adult. The level of 

background (primary afferent staining) remained high at P21, but by adulthood had 

reduced somewhat (Figure 3.7). In the adult a clearer pattern of predominately 

neurite staining (as opposed to a predominant cytoplasmic staining with the NRl 

subunit) is evident (Figure 3.7, a). By adulthood a faint differentiation in the 

expression of NR2B between lamina I and lamina II can be discerned. The 

expression appears to be denser in lamina Hi / lamina HI rather than in lamina I /
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lamina Ho (Figure 3.7). Although the density of NR2B expression appears to 

initially increase (during the first t\yo postnatal weeks ) and then decline, the 

expression per dorsal horn neurone cannot be ascertained as the spinal cord is 

rapidly increasing in size, nor can an accurate assessment be made of the relative 

primary afferent and dorsal horn neurone NR2B expression.

NR2C/NR2D

NR2C expression was negative from PO to adulthood. The staining revealed a low 

background intensity shown at P7 and adult (Figure 3.8). NR2D expression was just 

above background level in the motor neurones at PO (Figure 3.9, a) which had 

reduced to background levels by adulthood (Figure 3.9). The negative control series 

PO-adult is shown on Figures 3.10 and 3.11.

118



I

superficial 
dorsal horn

ventral horn

' w #
m

Figure 3.1: The above sections show the distribution of NR1 subunit in the spinal cord at PO and P7. The inserts 
show the dorsal or ventral horn NR1 expression. Dense cytoplasmic staining is clearly seen by P7 (a), with more 
delicate dendritic staining (b). An increased intensity of staining is apparent at P7. Widespread expression of NR1 
is evident throughout the cord. Scale bar 250pm.
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Figure 3.2: The above sections show the distribution of NR1 subunit in the spinal cord at PO and P7. The inserts 
show more detailed dorsal and ventral horn NR1 expression. At both P14 and P21 dense cytoplasmic staining (a) 
and the fainter dendritic staining (b) is seen. NR1 expression is still widespread across the cord at these ages, 
although a reduction in the deeper cord is visible by P21. Scale bar 250pm.
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Figure 3.3: The above sections show the distribution of NR1 subunit in the spinal cord at P28 and adult. The 
inserts show the dense cytoplasmic and fine dendritic staining in both the dorsal and ventral horns at both ages. 
The reduced staining in the deep dorsal horn is evident in the adult, with dense staining remaining in the 
superficial dorsal horn and weaker staining in the motor neurones. Scale bar 250pm.

ro



PO P14

${ - ■ ■ '■»"
>  . • ;

.■v'"

, I c-
T

V>-
■ ,

~

. .  (

■ • • •rti-v'-:

%
;y

-.V
-1

Figure 3.4: The above two sections show the distribution of NR2A subunit in the spinal cord at PO and P14.
There is no detectable NR2A at PO, whilst by P14 there is increasing density of staining above background
in the motor neurones (a) and in the superficial dorsal horn (b). Scale bar 250pm.
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Figure 3.5: The above two sections show the distribution of NR2A subunit in the spinal cord at P21 and adult.
The density of NR2A staining is highest in the superficial dorsal horn, where dense dendritic staining is
seen (a). There is low intensity staining in the remaining cord at both ages. Scale bar 250pm.
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Figure 3.6: The above two sections show the distribution of NR2B subunit in the spinal cord at PO and P14. 
At PO staining is throughout the cord with intense staining in the dorsal horn. By P14 fine dendritic staining 
can be seen (a) on the background of intense lamina I /II staining. The NR2B subunit is seen to be still 
expressed throughout the cord. Scale bar 250pm.
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Figure 3.7: The above sections show the distribution of NR2B subunit in the spinal cord at P21 and adult. 
Fine, intense dendritic staining is seen in both superficial laminae inserts (a). The background staining 
intensity appears to decrease in the adult. By P21 and beyond there is very low intensity staining in the 
rest of the spinal cord. Scale bar 250pm.
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Figure 3.8: The above sections show the distribution of NR2C subunit in the spinal cord at PO and adult.
There is no detectable NR2C at any postnatal age. Scale bar 250pm.
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Figure 3.9: The above sections demonstrate the distribution of NR2D subunit at PO and adult. 
There is a low level of expression in the motor neurones at PO (a), but by adult the expression 
is equivalent to background. Scale bar 250pm.
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Figure 3.10: The above sections demonstrate the negative controls for P21, P28 and adult. Scale bar 250|jm.
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Figure 3.11: The above sections demonstrate the negative controls for P21, P28 and adult. Scale bar 250|jm.
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3.3.2 Postnatal development of expression of NMDA subunits in the dorsal 

root ganglia

Figures 3.12-3.16 illustrate the staining pattern of the NMDA subunits (NRl, 2A, 

2B, 2C, 2D) at P14 and adult. The main montage is at x20 magnification with the 

scale bar representing 250pm and inserts are at x40 magnification, unless otherwise 

stated in the legend.

The NRl subunit revealed a moderately intense stain in all neuronal cell bodies 

within the DRG with similar intensity and pattern seen at P14 and adult (Figure 

3.12). Both large and small neurones were NRl positive, with areas of intense 

staining visible near the cell plasma membrane.

NR2A subunit expression had a similar distribution in both large and small neuronal 

cell bodies at P14 and adult (Figure 3.13). There appeared to be an overall 

diminution in intensity for NR2A expression within the DRG by adulthood. In 

particular the large neurones (Figure 3.13, a) appear to be less intensely stained, 

whilst the small neurones remain intense (Figure 3.13, b*). In contrast at P14 all 

cells stain positive for NR2A expression. NR2B stains intensely at P14, all cell large 

and small diameter are positive (Figure 3.14). By adult the overall staining pattern is 

similar with some large and small diameter cell staining intensely positive, however 

a minority of cell (large and small) reveal a staining intensity for NR2B just above 

background (Figure 3.14, a,b). By adult the NR2B expression appears denser than 

the NR2A expression, whilst at P14 the two subunits appeared more equal.

NR2C expression in the DRG hke in the spinal cord was negative with faint 

background level of stain at both P14 and adult (Figure 3.15). NR2D produced 

similar moderate levels of positive staining in large and small cells at both P14 and 

adult. The level of staining was definitely above background although the intensity 

was somewhat lower by adulthood (Figure 3.16). The negative controls for P14 and 

adult are shown on Figure 3.17.
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Figure 3.12: The two sections shown above demonstrate the distribution 
of the NR1 subunit at P14 (top) and adult (bottom). The high 
magnification inserts demonstrate that both large (a) and small (b) diameter 
neurones stain intensely for NR1 at both ages. The pattern of NR1 distribution 
is similar at P14 and adult. Scale bar 250pm.
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Figure 3.13: The two sections shown above demonstrate the 
distribution of the NR2A subunit at P14 (top) and adult (bottom). 
Both large (a) and small (b) diameter neurones are positive for 
NR2A although the small diameter neurones are more intensely 
positive. Although the pattern of NR2A is similar at P14 and adult, 
there appears to be a diminution of intensity of staining in the adult. 
Scale bar 250pm.
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Figure 3.14: The two sections shown above demonstrate the 
distribution of the NR2B subunit at PI 4 (top) and adult (bottom).
At P I4 the staining appears intense on all large (a) and small (b) 
dismeter neurones. Whilst at adult both large and small neurones 
both express NR2B, some appeared to staine intensely (a) whilst 
other were just above background (b). Scale bar 250pm.
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Figure 3.15: The two sections shown above demonstrate the 
distribution of the NR2C subunit at P14 (top) and adult (bottom). 
At both ages NR2C expression is just above background levels. 
Scale bar 250pm.
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Figure 3.16: The two sections shown above demonstrate the 
distribution of the NR2D subunit at P14 (top) and adult (bottom). 
At both ages the staining is above background levels and of a 
similar intensity in large and small diameter neurones.
Scale bar 250pm.
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Figure 3.17: The two sections shown above demonstrste 
the negative controls at P14 (top) and adult (bottom). 
Scale bar 250pm.
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3.3.3 Postnatal development of expression of NMDA subunits in dissociated 

dorsal horn and dorsal root ganglia cells.

For each age that was tested (PO, 7, 14 - and adult for the DRG) the results from 

three separate cultures were pooled and analysed as above. The dorsal horn cells 

produced a relatively low yield of healthy neurones and the coverslips revealed high 

levels of background debris. The yield of live dorsal horn cells after dissociation fell 

markedly with increasing postnatal age, to the extent that the adult dorsal horn cells 

could not be analysed. No growth factors were added to the medium as these may 

have altered NMDA expression and this may also have contributed to the poor 

dorsal horn cell survival (S. Thompson, personal communication). Immediately 

after dissociation the majority of cells had no distinctive morphology and appeared 

as spheres with no processes. However, after 24 hours in culture, the neurones had 

flattened and begun to produce neurites. The DRG neurones produced much longer 

processes than the dorsal horn cells which tended to have short and more numerous 

neurites. The raw data from the DH and DRG cultures are shown in Table 2.2 with 

the mean data (and SEM). Examples of the immunofluorescence in the DH and 

DRG neurones are shown on Figures 3.18-3.24 and a summary of the changing 

expression pattern is presented graphically in Figure 3.25.

The dorsal horn

A low level of expression of NRl is seen in the dorsal horn neurones at PO (18% of 

neurones were positive) (Table 2.2, Figure 3.18). The expression rapidly increased 

such that by P7, 66% of neurones were positive and by P14 88% of neurones were 

positive (Table 2.2, Figures 3.19 - 3.20). The increase in expression of NRl in the 

first two postnatal weeks was highly significant (p<0.001, ANOVA one-way 

analysis). The level of GluR2 also significantly increased during this time period 

from 78% positive dorsal horn neurones at PO to 100% positive by P14 (p<0.01 

ANOVA, one-way analysis). The intensity of expression was graded according to 

the protocol (Figures 3.18 - 3.20). Within the dorsal horn not only did the overall 

percentage of neurones that expressed either NRl and / or GluR2 increase but also 

the intensity of expression per neurone increased. The increase in fluorescence 

intensity for NRl and GluR2 between PO and P14 was significant, p< 0.001 

(ANOVA, one-way analysis) for both subunits. The ratio of AMPA (GluR2) subunit
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to NRl subunit expression within the dorsal horn also alters with increasing 

postnatal age (Table 2.3). At PO there is an excess of AMP A expression compared 

with NRl, giving a ratio of 5.9:1 (GluR2:NRl). This ratio decreases such that by P7 

the GluR2:NRl ratio is 1.4:1 and by P14 it is almost equal at 1.2:1.

Dorsal root ganglia

The dorsal root ganglia (DRG) expression pattern for NRl and GluR2 is almost the 

reverse of the dorsal horn expression. From Table 3.2 it can be seen that NRl and 

GluR2 subunits are expressed in all cells from birth to adulthood. However the 

intensity of expression, whilst initially high in virtually all cells (mean 89% 

intensely positive for NRl and 90% intensely positive for GluR2) gradually declines 

with age. By P7 67% of cells fluoresce intensely for NRl and 82% for GluR 2, this 

remains virtually stable to adult (Table 3.2, Figure 3.25). Although the trend in 

reduction of fluorescence intensity is clear for both NRl and GluR2 subunits 

(Figure 3.25), only the difference in NRl expression between PO and P14 is 

significant, p<0.02 (ANOVA one-way analysis). The alteration in intensity is 

illustrated in the series of DRG immunofluorescence images. Figures 3.21 - 3.24. 

Initially only intense ++ NRl and GluR2+-i- are shown at PO, however by P14 + / 

moderate intensity fluorescence is shown. The ratio GluR2 (AMPA) to NRl subunit 

expression is substantially different to the DH ratio. Within the DRG neurones the 

ratio of GluR2:NRl remains equal at 1:1 from birth to adult, with all cells remaining 

positive for both subunits (Table 3.3).
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Table 3.2: Raw data from dissociated DH and DRG cells.

PO P7 P14
Tau ++ + Tau + ++ + Tau + ++ +

+ % % % % % %
201 3 29 205 138 204 102 92

NR1 1.5 14 67 50 45
197 1 20 204 133 180 85 83

0.5 10 65 47 46
210 4 24 215 143 204 112 46

0.2 11 66.5 55 22
200 15 145 201 41 160 198 174 24

GluR 7.5 72.5 7 76 88 12
2 200 12 132 210 35 170 194 170 24

6 66 17 80 87 12
215 18 163 178 23 151 186 140 46

8.3 76 13 85 75 25

(a) The above table shows the raw data of neurones that were 
double positive intensely ++ or moderately + for NR1 or GluR2 
immunofluorescence at PO, 7, 14 within the DH. The number of 
negative neurones are not displayed. The rounded up percentage 
is shown in bold underneath the raw data. Where an observer did 
not differenciate between ++ / + an overall number of positive 
neurones are shown.

PO P7 P14 Adult
Tau ++ + Tau ++ + Tau ++ + Tau ++ +

+ % % + % % 4- % % + % %
200 190 10 214 164 50 200 137 63 183 122 61

N R l 95 5 77 23 68 31 67 33
197 180 17 204 125 79 237 171 66

91 86 61 39 72 28
217 177 40 201 152 48

81 18 76 24
200 185 15 248 194 54 197 154 43 210 166 44

GluR 92 7.5 78 22 78 22 79 21
2 201 192 9 221 198 23

95 4.5 89 10
191 161 30 204 159 44

84 16 77 22

(b) The above table shows the raw data of neurones that were 
double positive intensely ++ or moderately + for NR l or GluR2 
immunofluorescence at PO, 7, 14 within the DRG. The number 
of negative neurones are not displayed. The rounded up 
percentage is shown in bold underneath the raw data.
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Table 3.3: The mean percentage and ratio of NR1 and GIuR2 
expression in DH and DRG dissociated neurones

PO P7 P14 adult
Mean % pos. Mean % pos. Mean % pos. Mean % pos.

(SEM) (SEM) (SEM) (SEM)
DH

NR1 13.3 66.3 88.6
(1.53) (0.61) (5.57)

GluR2 78.6 98.4 100
(0) (0.17) (0)

Ratio
G l u R 2 : N R 1 5.9 : 1 1 .4 : 1 1.2 :1

DRG
NR1 100 99.8 100 100

(0) (0.17) (0) (0)

GluR2 100 99.8 100 100
(0) (0.17) (0) (0)

Ratio
G l u R 2 ; N R 1 1 : 1 1 :1 1 :1 1 : 1

The above table demonstrates the mean percentage of 
neurones that were positive for NR1 or GluR2 (either ++ or +) in 
the dissociated DH or DRG cells at PO, 7, 14 and adult. The 
standard error of mean (SEM) is shown below the mean 
percentage. The ratio GluR2 to NR1 subunit expression for 
each age in the DH or DRG is also shown. Note that within the 
DH the ratio changes with increasing postnatal age from one of 
excess GluR2 expression to almost equal expression. In the 
DRG the ratio remains equal and constant throughout postnatal 
life.
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A FITC control B Cy-3 control

C Tau +

D NR1 - E GluR2-

Figure 3.18: PO DH immunofluorescence.
A / B: Negative controls with FITC (green) and Cy-3 (red) (x10 magnification). 
C; An example of Tau + neurones (x40 magnification).
D: An example of negative NR1 neurones (x20 magnification).
E: The same neurone as in C, but negative for GluR2 (x40 magnification).
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A Tau +

B NR1 - D GluR2-

C NR1 + E Glur2 ++

Figure 3.19: P7 DH immunofluorescence.
A: An example of a Tau + neurone (x40 magnification).
B; An example of negative NR1 neurones (x40 magnification).
C: An example of NR1+ neurone (arrow) (x40 magnification).
D; An example of negative GluR2 neurones (x40 magnification). 
E; An example of GluR2 ++ neurone (arrow) (x40 magnification).
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A Tau +

B NR1 + I  ++ T '

D GluR2 + / ++

C NR1 ++

Figure 3.20: P14 DH immunofluorescence.
A: An example of Tau + neurone (x40 magnification).
B; An example of positive NR1 neurones, a = +, b = ++ (x20 magnification).
C; An example of NR1 ++ neurone (x40 magnification).
D: An example of positive GluR2 neurones, a = +, b = ++ (x20 magnification).
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A FITC- control B Cy3-control

C Tau +

D NR1 ++ F GluR2++

E NR1 ++ G GluR2 ++

Figure 3.21: PO DRG immunofluorescence.
A / B: Negative controls for FITC (green) and Cy-3 (red)
C: An example of a Tau + neurones (x20 magnification)
D / E: Examples of NR1 ++ neurones (x20 / x40 magnification)
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A Tau +

B NR1 ++ D GluR2++

C NR1 ++ E GluR2 ++

Figure 3.22: P7 DRG immunoflurorescence
A: An example of Tau + neurone (x40 magnification)
B / C: Examples of NR1 ++ neurones (x20 / x40 magnification)
D / E: Examples of GluR2 ++ neurones (x20 / x40 magnification)
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A Tau +

B NR1 ++ D GluR2 ++

C NR1 + D GluR2++

Figure 3.23: P14 DRG immunofluorescence.
A: An example of Tau + neurones (x20 magnification)
B: An example of NR1 ++ neurones (x10 magnification). 
C: An example of NR1 + neurones (x20 magnification).
D: An example of GluR2 ++ neurones (x10 magnification). 
E: An example of GluR2 ++ neurones (x20 magnification).
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A Tau + B Tau +

C NR1 + / ++ E GluR2 + /++

D NR1 + F GIuR2++

Figure 3.24: Adult DRG immunofluorescence.
A / B: Examples of Tau + neurones (x20 / x40 magnification). 
C; NR1 positive neurones : a = +, b = ++ (x10 magnification). 
D: Examples of NR1 + neurones (x20 magnification).
E: GluR2 positive neurones : a = +, b = ++ (x10 magnification).
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Figure 3.25:
The above graphs represent the percentage of neurones that 
were positive for either NRl or GluR2 subunits in the DH or DRG dissociated 
cell cultures at postnatal ages PO, 7, 14. In both graphs the left Y axis 
represents the total % of positive neurones, whilst the right Y axis represents 
the % of neurones that fluoresced intensely (++). The SEM are shown as 
single way error bars, although in most cases they are contained within the 
symbol.
In the DH the level of NR1 expression was up regulated from 18% positive 
at PO to 66% positive at P7, and 88% st P14. This increased expression 
was significant between each age p<0.001 (ANOVA, one-way analysis).
The GluR2 was also significantly upregulated between PO and P7 p<0.01 
(ANOVA, one-way analysis). In addition the intensity of fluorescence also 
significantly increased with postnatal age, p<0.001 for both NR l and GluR2 
between PO and P14.
In the DRG cells the level of NRl and GluR2 expression remains constant 
at 100% from birth, although the level of intensity fall with postnatal age. The 
reduction in NR l intensity is significant between PO and P I4, p<0.02 (ANOVA 
one-way analysis).
As can be seen from the graphs the ration of GluR2 to NRl subunit expression 
reduces with postnatal age in the DH but remains constant in the DRG.
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PO spinal cord

NR2A
NR2B
NR2D

DH culture

BIuR :

DRG culture

adult

Figure 3.26: Summary of the expression pattern of NR1, NR2 
and GluR2 subunits at three postnatal ages P0,14 and adult. The 
colour coding guide is at the top, and decreases in intensity are 
shown by white dots in the DRG or DH culture cells.
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3.4 Discussion
The results are summarised in Figure 3.26.

The results from the immune-staining of the spinal cord and DRG correspond with 

previous reports (Petralia & Wenthold, 1992; Liu et aL, 1994; Watanabe et ah, 

1994a; Yung, 1998; Boyce et aL, 1999). The diffuse expression of NRl subunit 

throughout the spinal cord was apparent at birth and changed to the more restricted 

expression in the superficial lamina and motor neurones at adulthood. While some 

staining of the intrinsic dorsal horn cells is apparent in the superficial laminae at all 

ages a considerable contribution arises from primary afferent terminals. Staining in 

dissociated DRG cells confirmed the high levels of NRl and GluR2 expression from 

PO onwards which is in agreement with other reports (Sato et ah, 1993; Liu et aL, 

1994; Ma & Hargreaves, 2000). In adult rats Liu et al demonstrated pre-synaptic 

NRl in 35% of the superficial dorsal horn synapses and post-synaptic NRl in 62%. 

In addition the vast majority (71%) of the pre-synaptic NRl positive terminals were 

also positive for glutamate (Liu et aL, 1994). Thus a possible role for the NMDA 

receptor is to act as an autoreceptor to enhance primary afferent depolarisation and 

thus enhance activity dependent synaptic maturation. Spinal application of NMDA 

in adult rats evokes pain behaviours and a internalisation of SP receptor, which was 

suggested to be evidence of function pre-synaptic NMDA receptors (Liu et aL,

1997). However alternative mechanisms involving post-synaptic NMDA receptor 

activation releasing the diffusible messenger NO which could act pre-synaptic ally, 

or intemeurone release of SP can not be ruled out.

The NR2B expression in the dorsal horn corresponded with Boyce et al (Boyce et 

aL, 1999). The expression of NR2B at birth was greatest in the superficial laminae 

although expression was upregulated and moderate staining was seen throughout the 

cord by P14. This peak expression subsequently reduced to adulthood when NR2B 

expression was seen only in the superficial laminae. The NR2A subunit expression 

was negative at birth, in agreement with in situ hybridisation reports (Luque et aL, 

1994; Watanabe et aL, 1994a). Moderate upregulation was seen throughout 

postnatal life, with an apparent peak expression at P21. Boyce et al using 

immunoblots demonstrated significant up regulation of the NR2A subunit postnatal 

and was expressed throughout the cord by adulthood (Boyce et aL, 1999). In 

contrast this study shows a predominant superficial laminae distribution in the adult
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with very light staining else where. In addition functional receptors with 

conductance corresponding to NR2A have been demonstrated in P3-10 dorsal horns 

(Bardoni et aL, 1998b; Momiyama, 2000). One reason for this apparent conflict 

around the NR2A expression at birth may be due to the level of sensitivity of the 

immunostaining. The NR2A subunit is preferentially translated to the surface 

membrane, with little remaining in the cytosol, unlike NRl where up to 70% in 

adults can be retained within the cytosol and degraded (Petralia et aL, 1994a; 

Mcllhinney et aL, 1996; Hall & Soderling, 1997; Huh & Wenthold, 1999). Given 

that to be detectable by immunocytochemistry proteins must co-localised with a 

sufficient density, membrane expression of a low level NR2A would not be visible, 

whilst still present and functional (Bardoni et aL, 1998a). Within the DRG sections 

NR2A was clearly visible in all cell bodies from P14, and underwent some 

reduction in expression especially with in the large diameter cells. Why the NR2A 

subunit should be so apparent and present in the DRG cell bodies but not within the 

cell bodies of the spinal cord is not readily apparent. It may be simply a function of 

larger more visible cell bodies within the DRG and perhaps a higher expression of 

NR2A.

The NR2C/D expression were both low throughout all the postnatal period. This 

corresponds with many reports, although the reported rise in peri-natal expression of 

NR2D was not detected(Luque et aL, 1994; Watanabe et aL, 1994a).

The results from the DH and DRG cell cultures demonstrate a dramatic difference in 

pre and post-synaptic NRl and GluR2 distribution within the first two postnatal 

weeks. The dorsal horn cultures revealed few NRl positive neurones at birth and a 

highly significant upregulation in expression during the two postnatal weeks. The 

GluR2 subunit followed a similar if less dramatic increase in expression. In addition 

to an increased percentage of neurones expressing NRl or GluR2 the intensity of 

expression per neurone also increased. The pattern in the DRG was the reverse of 

the dorsal horn neuronal population, with all neurones staining positive for N Rl and 

GluR2 from birth with the intensity of expression decreasing postnatally.
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3.4.1 Technical considerations

The intensity of staining whilst interesting must be interpreted with caution. 

Immunofluorescence used to visualise GluR2 and NRl relies on clusters of protein 

to be co-localised in order to be visible. Thus immunofluorescence is not as 

sensitive at detecting individual receptors as patch clamping, nor immunoblots for 

protein expression. Thus an apparently negative or low intensity staining neurone 

may express NRl or GluR2 subunits but at a level too low for detection with this 

system. Increase in intensity or becoming positive therefore reflects an increase 

rather than an onset of expression. Fluorescence intensity had to be measured 

visually as the staining was not even throughout the cells, and thus an arbitary 

definition of intense fluorsescence with >40% intense inclusion was decided upon. 

Thus the intensity rating expressed here is relative between the ages and not a mark 

of absolute protein expression. Another drawback to this technique is the lack of 

differentiation between cytosol subunit protein and membrane bound active 

receptors. Antibodies raised against the NRl extra-cellular N' terminal domains 

would allow différenciation between cytosolic NRl and membrane NRl, however a 

negative result may be due to the lack of sufficient NRl proteins on the membrane 

rather than a lack of expression. Unfortunately technical difficulties in sustaining 

dorsal horn cells after P21 in this dissociation preparation meant that any later 

reduction in subunit expression or intensity was not detected.

3.4.3 Postnatal regulation of GluR2 expression.

The GluR2 subunit of the AMPA receptor has been reported to be localised 

predominantly in the dorsal horn neurones and satellite cells in neonatal and adult 

rat (Furuyama et aL, 1993; Jakowec et aL, 1995a; Jakowec et aL, 1995b; Kalb & 

Fox, 1997). Jakowec employed immunohistochemistry, in situ hybridisation and 

immunoblots to track AMPA subunit alterations at P7,14, 21, 28 and adult spinal 

cord. The results demonstrate intensely dense expression of GluRl and GluR2 

subunits at P7, which declines postnatally. The greatest reduction was in the GluRl 

subunit which all but disappeared from the ventral horn, and remained primarily in 

lamina X. GluR2 displayed a moderate reduction in expression in the spinal cord. 

The Bjnax for [^H] AMPA binding (fmol/mg tissue) in lamina II changes from 

228(+/-59) at P7 to 184 (+/- 23) at adult (Jacowec et aL, 1995). An adult level of
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expression and distribution was obtained by P21. The results presented in this study 

show that the expression of GluR2 increased significantly between PO and P7 

(p<0.001) and between P7 and P14 (p<0.05). This may appear to contradict the 

results obtained by Jakowec, however Jakowec only began spinal cord examination 

at P7, and thus according to our results would have missed the most dramatic 

increase in expression between PO and P7. The difference between P7 and P14, 

which are the only points of overlap are slight. The dramatic reduction in GluR2 

immunoblot expression after P28 was beyond this study (Jacowec et al., 1995). The 

results presented here correlate well with immunohistochemical and mRNA studies, 

which reveal intense lamina II staining from neonatal to adult for GluR2. We can 

conclude from these results and those of other studies that almost all superficial 

dorsal horn neurones were positive for GluR2 (Furuyama et al., 1993; Tolle et al., 

1993; Tachibana et al., 1994; Yung, 1998). Functional studies performed on DH 

cells prepared in a similar manner have demonstrated active AMPA receptors from 

birth, although the calcium influx in response to AMPA activation did not show any 

postnatal alteration (Hori & Kanda, 1994; Bardoni et al., 1998a). This may reflect 

the difference between active channel properties and measurement of protein 

expression.

The dorsal root ganglia results are in agreement with immunostaining (Sato et al., 

1993; Tachibana et al., 1994). Moderate to dense GluR2/3 was demonstrated in 

adult DRG cell bodies and pre-embedding data revealed a significant proportion of 

lamina II staining originated from pre-synaptic afferents (Popratiloff et al., 1996). In 

our study all DRG neurones were positive for GluR2, although the relative density 

of expression decreased between P0-P14.

3.4.3 Postnatal regulation of NRl expression.

The NMDA results in the DH cell cultures reveal a dramatic up regulation in 

expression in the early postnatal period. This is in agreement with several reports of 

increased NRl mRNA or protein expression in the superficial dorsal horn within the 

first two postnatal weeks (Kalb et al., 1992; Gonzalez et al., 1993; Tolle et al.,

1993; Watanabe et al., 1994a; Yung, 1998). Our results differ from 

immunocytochemical or [^H] binding studies in that we demonstrate a low level of
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NRl expression at birth, with less than 20% of DH neurones staining positive. Other 

authors report an intense NRl dorsal horn expression at birth, with the later 

reduction to adult levels being lower than birth expression (Kalb et a l, 1992; 

Gonzalez et a l, 1993; Kalb & Fox, 1997; Boyce et ah, 1999). Of note the 

contribution of primary afferent NRl expression, shown here to be intense at PO was 

not considered in those studies. However as the expression of DH NRl was not 

followed to adulthood the predicted decline in expression, to perhaps even below 

that at birth was not demonstrated (Gonzalez et a l, 1993; Kalb & Fox, 1997; Boyce 

et a l, 1999).

Functional NMDA receptors have been reported on all the dorsal horn neurones 

tested (Bardoni et al, 1998). The patch clamping experiments were carried out at P3- 

10, which would be similar distribution to the immunocytochemistry as by P7 66% 

of neurones would be positive. This rapid increase continues to 88% by P14. 

Gonzalez demonstrated an initial increase in dorsal horn binding by as much as 50% 

in the first 10 postnatal days, with a subsequent decline to an adult dorsal horn 

expression almost 50% below that seen at birth (Gonzalez et a l, 1993). This pattern 

of rapid increase in NRl within the first 10 days is also seen in the DH results 

presented here.

The ratio of dorsal horn neuronal GluR2 : NRl expression at birth would appear to 

contradict the findings of pure NMDA (silent) synapses predominately in the early 

postnatal period (Bardoni 1998). However AMPA receptors are also functional at 

PO (Bardoni et al, 2000). An explanation may be found in the relative transcription 

and translocation of NRl and GluR2 from the cytosol to the membrane. One 

hypothesis would be that all the low level of NRl subunit in early postnatal life was 

transported directly to the membrane, leaving httle or none in the cytosol. The low 

expression and predominately membrane location would give a low / negative result 

with immunofluorescence, but active NMDA channels would be detectable. If at the 

same time the GluR2 subunit was over expressed but the majority held within the 

cytosol, this over expression would be detectable by immunofloursecence and yet 

fewer active AMPA channels compared with NMDA channels would be found by 

patch clamping. When the silent NMDA synapses are activated the abundant AMPA
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subunits could be rapidly inserted into the membrane to form active mature 

synapses. This maturation of the synapses coupled with an increasing expression of 

NRl and a more mature location with cytosol trapping would lead to the ratio of 

GluR2 : NRl decreasing postnatally.

The ratio remains constant during the postnatal period within the DRG cells. The C 

fibres are rapidly maturing and forming synapses within the dorsal horn during the 

first 3 postnatal weeks (Fitzgerald 1988). During this time it may be that functional, 

mature NMDA and GluR2 expression can act as autoreceptors increasing the 

peripheral stimuli to enhance the activation dependent maturation of the nociceptive 

pathway. This enhancement of the pre-synaptic stimuli may lead to the activation of 

the silent post-synaptic NMDA receptors which then mature with the insertion of 

AMPA. Thus the ratio in the DRG would reflect the more active state of the pre- 

synaptic complex (ratio of 1) whilst the post-synaptic DH cells only achieve a more 

mature ration by P14.
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POSTNATAL INHIBITION OF THE NMDA
RECEPTOR

CHAPTER 4
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4.1 Introduction

The NMDA receptor complex is central to nociceptive transmission. As has been 

discussed the receptor has been shown to undergo developmental alteration, both in 

distribution and subunit composition. The NRl splice variants, NR2 subunit family 

and NR3 contribute to the modulation of the receptor complex and the binding 

affinity of receptor agonists / antagonists. These differences are exploited 

throughout development allowing a wide range of responses to be exerted by the 

NMDA receptor and can be manipulated clinically, by using specific antagonists to 

modulate NMDA receptor complexes for analgesia or anaesthesia.

The NMDA receptor complex contains a number of distinct recognition site for 

endogenous and exogenous ligands which include: glutamate, NMDA, glycine, 

magnesium, zinc, polyamine, protons, redox sites, histamine, arachidoinic acid, and 

finally, antagonists such as ketamine, MK801, AP5 (Figure 4.1). In order for 

receptor activation to occur there is an absolute requirement for glycine and 

glutamate to bind together with membrane depolarisation to remove the magnesium 

block. An influx of calcium, sodium and an efflux of potassium, leads to numerous 

intracellular excitatory events, and modulates the function of the NMDA receptor. 

From NMDA kinetic analysis it indicates the presence of two glutamate and two 

glycine binding sites per complex, which must be bound prior to activation 

(Clements & Westbrook, 1991; McBain & Mayer, 1994; Laube et al., 1998).

Site directed mutagenesis has identified three regions in the extracellular component 

between M3-M4 of the NRl subunit that significantly alter the response to glycine, 

but with little effect on glutamate (Kuryatov et al., 1994; Hirai et al., 1996). Whilst 

binding sites for glutamate exist on NRl subunits, the NR2 subunits appear to 

confer modulation in glutamate binding affinity in vivo (Laube et al., 1997). 

Mutational analysis has shown that position 387 (between M3 and M4) confers high 

affinity binding for glycine in NRl and glutamate in NR2B (Kuryatov et a l, 1994; 

Laube et a l, 1997). However the sites for glutamate and glycine binding appear to 

be allosterically coupled, such that binding of glutamate decreases NMDA receptor
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affinity for glycine by sevenfold (Benveniste et al., 1990). This negative coupling is 

one mechanism which could lead to the desensitisation of the NMDA receptor.

EXTRACELLULAR

redox site 
exon 5 steroids

MK-801 / ketamine

NMDA

GLYCINE GLUTAMATE

polyamine 

ifenprodil
PSD 95 CALMODULIN 

BINDING

PHOSPHORYLATION 
SITE PHOSPHORYLATION

INTRACELLULAR

Figure 4.1;

A schematic representation of some modulation sites on the NMDA receptor. 

The NMDA receptor complex is represented by the boxes NR1 / NR2, and 

whilst modulation sites are marked on one or the other, in vivo the interaction 

of modulators with all subunits determine the opening / closing of the NMDA 

channel. Normal physiological modulators are shown in boxes (i.e.: 

glutamate), whilst agonists are denoted by italics (i.e.: NMDA) and 

antagonists in plain type (i.e.: ketamine).
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The M2 region forms the channel pore and a highly conserved asparagine residue 

confers permeability to divalent cations. Mutation in NRl subunit reduces or 

abolishes calcium permeability and voltage dependent blockade by magnesium and 

to a lesser extent in NR2A or C (Bumashev et al., 1992). The same mutation in 

either NRl or NR2 evokes resistance to MK801, Ketamine and PCP, but only 

slightly the sensitivity to zinc (Mori et al., 1992; Sakurada et al., 1993; Yamakura et 

a l, 1993).

Other compounds both endogenous and exogenous also bind to the NMDA receptor 

and allosterically modulate the receptor function such as redox agents, ethanol, 

polyamines, zinc, and protons. Site directed mutation indicated two cysteine 

residues between M3 and M4 altered the modulation by a redox agent, spermine or 

zinc (Sullivan et al., 1994; Choi et al., 2001). Poly amines such as spermine have 

numerous effects on the NMDA receptor, including glycine dependent stimulation 

and a voltage dependent inhibition and a reduction in glutamate affinity (McBain & 

Mayer, 1994). In vivo NO reduces NMDA receptor function due to oxidation of the 

redox site, and S-nitrosylation of NR2A (Lei et al., 1992).

Proton inhibition appears to be determined by the insertion or deletion of exon 5 of 

the NRl subunit: exon 5 insertion is less sensitive to proton inhibition (Traynelis et 

al, 1995). In addition the splice variants of NRl with exon 5 insertion are neither 

potentiated by polyamines not inhibited by zinc (Traynelis et al., 1995). At 

physiological pH splice variants the include exon 5 are fully active, those that lack 

exon 5 are partially blocked. However NR2 subunits also influence proton and zinc 

inhibition, thus assemblies of NRl-lacking exon5 are less sensitive to proton 

inhibition when co-assembled with NR2C or D (Traynelis et al., 1995).

In addition intracellular sites for phosphorylation, protein kinase, or calmodulin 

binding alter the activation of the NMDA receptor and are determined by NRl and 

NR2 subunits. PKC has been shown to potentiate NMDA response by reducing the 

magnesium block in part due to phosphorylation of the channel (Chen 1992). In 

contrast calcium dependent -calmodulin binding to the NRl subunit causes a 4 fold 

reduction in NMDA channel opening (Ehlers et a l,  1996). Furthermore a complex
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interaction between PKC and calmodulin binding exists. Site directed mutagenesis 

of NR2A identified the high affinity binding domain for calmoduhn and indicated 

the PKC phosphorylation was the key mechanism in inhibiting calmodulin binding 

and promoting dissociation (Gardoni et ah, 2001).

Pharmacologically antagonists (or agonists) can be classified into four major groups 

according to their site of action. (1) glutamate recognition site (e.g.: AP5, CCP), (2) 

glycine recognition site (e.g.: 7-CKU), (3) the ion channel (e.g.: MK801, Ketamine, 

ifenprodil) and (4) other modulatory sites (e.g.: ethanol, spermine). The specific 

antagonist pharmacology is determined by the specific subunit composition of the 

NMDA receptor, principally determined by the NR2 subunit. Nociceptive 

behaviours and dorsal horn neuronal responses, including windup, are reduced by 

the administration of a variety of NMDA receptor antagonists (Dickenson, 1988).

The co-phosphono a-carboxylic amino acids are a family of glutamate site 

antagonists of which the competitive antagonist 2-amino-5-phophonovaleric acid 

(AP5) is the most selective for the NMDA receptor (Evans et ah, 1982). The IC50 of 

AP5 has been demonstrated to be increased in the presence of exon 5 containing 

NRl subunits and reduced in NR1/NR2A compared to NR1/NR2C subunit 

combinations (Ishii et al., 1993; Yamazaki et al., 1993; Duller et al., 1994; Zukin & 

Bennett, 1995). The sensitivity to AP5 in expressed NMDA receptors was in the 

order of NR1/NR2A > NR2B > NR2C > NR2D (Mishina et al., 1993). The kinetics 

of NMDA glutamate site antagonists are relatively slow compared with the rapid 

kinetics of agonists or AMPA glutamate site antagonists (Benveniste et al., 1990).

AP5 has been shown to alter the response of dorsal horn neurones in response to 

nociceptive electrical stimuli (Dickenson & Sullivan, 1990b). Spinal application of 

AP5 was shown to have little effect on C fibre-evoked activity in the superficial 

cells, excitatory effect on lamina II C fibre response but significant reductions in the 

post-discharge of the deep neurones (Dickenson & Sullivan, 1990b). In addition 

cFos expression in dorsal horn neurones in response to noxious heat was reduced by 

65% when pre-treated with intrathecal AP5 as compared with pre-treatment with 

normal saline (Huang & Simpson, 1999).
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Neuropathic pain symptoms in animal models such as mechanical allodynia, 

hyperalgesia and progressive augmentation in response (windup) are part mediated 

via glutamatergic transmission via dorsal horn NMDA receptors and have been 

shown to be prevented by NMDA antagonists (Davies & Lodge, 1987; Yaksh, 1989; 

Dickenson & Sullivan, 1990a). A tight ligation of the sciatic and saphenous nerves 

produced a behavioural model of neuropathic pain with autotomy and prolonged C 

fibre discharge, this was blocked by prior administration of spinal AP5 (Seltzer 

1991). In addition AP5 was shown to yield a higher analgesic effect with no motor 

impairment than MK801 or ketamine (Yaksh, 1997). Neuronal responses to noxious 

hindlimb ischaemia was shown to be attenuated by intrathecal AP5 and ketamine 

and both antagonists inhibited the hyperalgesia to noxious pinch and the dorsal horn 

neuronal firing (Sher & Mitchell, 1990). In addition in models of inflammatory pain 

nociceptive responses have been attenuated by AP5 (Haley et al., 1990). In mustard 

oil hyperalgesia (in spinalised rats) both AP5 and ketamine inhibited the flexion 

withdrawal response evoked by noxious electrical stimulation of the sciatic nerve 

(Silva et al., 1997),whilst peri-acqueductal grey infusion of AP5 reduced 

hyperalgesia in the formalin test but not hot plate test (Vaccarino et al., 1997). This 

indicates an involvement of NMDA receptors in inflammatory nociception at the 

spinal and higher centres.

In postnatal rats AP5 has been shown to attenuate the response of spinal cord 

neurones. In rat pups PlO-14, AP5 depressed the early phase of the fast EPSPs and 

windup (King et al., 1990; Thompson et al., 1990; Miller & Woolf, 1996). Whilst in 

vitro intra-cellular recordings from pups P I-12 have demonstrated an NMDA 

sensitive cumulative depolarisation of the ventral horn which was reduced by AP5 

(Gibbs & Kendig, 1992; Thompson et al., 1992). In addition Brady et al 

demonstrated a developmental alteration in sensitivity of AP5 in NMDA evoked 

response of intra and extracellular recordings of hippocampal slices (Brady et al., 

1994). AP5 had a three fold greater antagonist efficacy in immature slices PlO-16, 

as compared with mature P35 slices. Alterations in the biochemical and 

physiological properties of the NMDA receptor in the hippocampus during the 

postnatal period have been used to account for the difference in AP5 efficacy. In

161



particular, the increased expression of NR2A, reduction in glutamate sensitivity and 

an overall reduction in receptor density (Morrisett et ah, 1990).

Ketamine is an important non-competitive open channel inhibitor of the NMDA 

receptor complex, as it is one of two (ketamine and dextromethorpan) NMDA 

antagonists available for clinical use. Chemically related to phencyclidine ketamine 

(2-(o-chlorophenyl)-2-methylamino cyclohexanone HCL) is an effective analgesic 

and in higher doses an anaesthetic agent (Schmid et al., 1999). Whilst NMDA 

antagonists have an effect on NMDA receptors in the brain an analgesic effect has 

been demonstrated to be due to inhibition of dorsal horn NMDA receptors in the 

absence of CNS depression. Spinal NMDA has been shown to evoke nociceptive 

action, which can be blocked by spinal AP5 or ketamine, with no motoneurone 

effect in an opioid independent mechanism (Aanonsen & Wilcox, 1987; Dickenson 

& Sullivan, 1987a; Maurset et al., 1989; Yaksh, 1989; Haley et al., 1990). Side- 

effects are more common after systemic ketamine as NMDA antagonist effects 

occur at the spinal and superspinal brain centres, of which the latter may mediate 

most of the adverse reactions (Ren et al., 1992; Kilmscha et al., 1998).Numerous 

side-effects have been reported in animals and humans with both non-competitive 

(and too a lesser extent competitive) NMDA antagonists. These include ataxia, hind

limb paralysis, stereotypic behaviours and hyperactivity in rodents and psychomotor 

effects in man that include dissociation from reality, hallucinations, nightmares, 

agitation and delusions and amnesia that limits their clinical usefulness (Oye et al., 

1992; Ren et ah, 1992; Backonja et al., 1994; Kilmscha et al., 1998).

Xenopus expression systems indicate that ketamine binds equally to all NR2 

subunits (Yamakura 1993). In vivo ketamine has been reported to bind with greater 

affinity in the forebrain compared with the cerebellum (NR2B/A v NR2A/C) 

(Bresink et al., 1995; Porter & Greenamyre, 1995; Yin et al., 1997). In additionAP5 

has a fouf old greater efficacy in the aduilt cortex compared with neonates (Ebert et 

al., 1997). This may indicate an in vivo affinity for NR2B over 2A, or that ketamine 

efficacy is dependent on overall maturation of the NMDA pathways, relative 

densities or that spinal pre-synaptic NMDA receptors are of primary importance. 

Recent work has indicated that antagonism of receptors containing the NR2A
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subunit may be critical for the production of the higher centre ketamine cue (Narita 

et al., 2001). Ifenprodil (NR2B antagonist) exhibited no generalisation of effect, 

whilst dextrometharphan (NR2A preferring antagonist) and phencyclidine (NR2A/B 

anatgonist) fully substituted for ketamine cue in a dose dependent manner (Narita et 

al., 2001). In addition NR2B antagonists have been demonstrated to be anti

nociceptive at the dorsal horn with no motor side-effects in animal studies and few 

amnesia, confusion or depersonalisation side-effects except at higher doses in phase 

n  clinical trials (Menniti et al., 1998; Boyce et al., 1999).

Ketamine is commercially available as a racemic mixture of the more potent 

analgesic S(+) isomer and the less potent R(-) isomer. Binding of MK801 or 

ketamine sensitivity is dependent on magnesium, with a reduction in magnesium 

increasing ketamine are enhanced by glutamate, NMDA, glycine and reduced 

magnesium and once bound ketamine results in a voltage dependent inhibition of 

the NMDA receptor (Smith et al., 1981; Boje & Skolnick, 1992). Like AP5, 

ketamine has been shown to block the early component of the slow ventral and 

dorsal root potentials in neonatal rat preparations (Brockmeyer & Kendig, 1995).

In animal studies ketamine has been shown to inhibit the responses of the dorsal 

horn neurones to noxious stimuli. Systemic ketamine was shown to reduce the wide- 

dynamic range neuronal response to noxious C fibre stimulation, without altering 

the hamstring reflex response, in spinalised and intact rats (Hao et al., 1998). 

Ketamine reduced wind-up exhibited by dorsal horn neurones in response to 

repetitive stimuli regardless of background activity, however when the background 

level of activity was enhanced (with mustard oil) ketamine was less effective against 

s superimposed pinch (Chizh et al., 1997). In models of neuropathic pain cFos 

expression was shown to be expressed in laminae I / II which in turn was suppressed 

by ketamine (Huang & Simpson, 1999). Systemic ketamine inhibited post

discharge, wind-up, and C fibre evoked responses in the spinal nerve ligated rats in 

response to heat and mechanical stimulation (Suzuki et ah, 2001). In contrast 

systemic ketamine has been shown to produce an anti-nociceptive which was 

reversed by supra-spinal naloxone administration, indicating the complex and 

occasionally contradictory effects of an NMDA antagonist (Baumeister & Advokat,
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1991). Ketamine exerts an analgesic action via two different pathways. In acute 

noxious thermal stimulus systemic ketamine produced an anti-nociceptive effect via 

the supraspinal activation of the descending monaminergic inhibitory system. 

Whilst in rats with a pre-inflammed carrageenan paw, ketamine produced an anti- 

hyperalgesic response spinally with no activation of the descending inhibitory 

system (Crisp et al., 1991 ; Kawamata et al., 2000).

In clinical situations ketamine has been used effectively to attenuate pain in 

numerous pain states. Neuropathic pain has been amongst the best documented, 

where ketamine has been shown to be efficacious but with dose limiting side- 

effects. (Backonja et al., 1994; Felsby et al., 1996).Other painful conditions which 

have responded to ketamine including phantom limb pain, (Standaert et al., 1994) 

post-amputation pain (Nikolajsen et al., 1997a; Nikolajsen et al., 1997b) and post

herpetic neuralgia(Eide et ah, 1994; Eide et ah, 1995). The optimum dose of 

ketamine has not been ascertained and numerous routes of administration have been 

reported: intra-venous, sub-cutaneous, epidural or oral route, with the metabolite 

nor-ketamine responsible for many of the clinical actions of ketamine (Bushnell & 

Craig, 1995; Jackson et ah, 2001; Mitchell, 2001).

In this study two antagonists, AP5 and ketamine acting at two different recognition 

sites were used to investigate postnatal alteration on the convergent dorsal horn 

neuronal response to nociceptive stimuli. The antagonists were apphed spinally at 

doses known to induce significant inhibition of the NMDA receptor at various 

postnatal ages (Dickenson & Sullivan, 1990a; Hao et ah, 1998; Mealing et ah,

1999).
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4.2 Methods

Sprague-Dawley rats at P14, 21, 28 and adult (approximately P56) were used with at 

least 6 per treatment group. The extra-cellular recordings of the convergent dorsal 

horn neurones were taken at different depths depending on the age: adult mean 

depth 835|Lim (range 600-100)im), P28, P21 mean depth 720pm (range 530-900pm 

and P14 mean depth 610pm (range 420-720pm). These depths were verified as 

corresponding to lamina IV-V in Nissl-stained sections of lumbar cords from rats 

from P7,14,21,28 and adult.

AP5 and ketamine were purchased from Sigma (UK) and were applied directly to 

the spine in cumulative doses. The doses of AP5 applied were 1, 10, 100,

500pg/20pl at P14, 21, and 28 and 10, 100, 1000pg/20pl for the adult group 

(equivalent to 0.05, 0.5, 5, 25 or 50mg/ml). The doses of ketamine applied were 

0.01, 0.1, 1, 10, 100pg/20pl at all age groups (equivalent to 0.5, 5, 50, 500 

5000mg/ml).

In order to assess the effect of the anaesthetic agents on the pharmacological * 

response, studies in the adult were repeated using initially halothane / nitrous-oxide 

anaesthesia and in another series, urethane 2.4mg/kg anaesthesia (equivalent to the 

pup groups). Thus a direct comparison could be made between the pups and adults 

for both AP5 and ketamine, and between the results and previously published work.

Non-parametric statistics were employed to compare the inhibition at a given dose 

of antagonist between ages groups (Mann-Whitney U-test), significance was taken 

as p<0.05. ED50 was estimated for each drug and age group. Ketamine had a 

complex response, up to 50% inhibition with the first dose, which could not be 

processed on a curve fitting program given the limited number of data points. In 

addition AP5 did not produce a 100% inhibition, even at the top dose. Thus ED50 

was estimated at half- the maximum inhibition obtained.
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4.3 Results

All the neurones studied were deep in the dorsal horn, with at least 6 neurones 

studied for each age group. Spinal application of AP5 (doses 1 -1000|Lig / 20p.l) 

inhibited the C fibre, post-discharge, windup and PER in a dose dependent manner. 

The effects of AP5 varied depending on the maturity of the rat, with pups 

demonstrating an increased sensitivity to the antagonist. In contrast spinal 

applications of ketamine (doses 0.01|xg - 50]Lig /  2 0 ]li1) inhibited C fibre, post

discharge, windup and PER in a dose dependent manner but with no difference in 

sensitivity between age groups. The reduction in neuronal response with increasing 

doses of NMDA antagonists is illustrated in Figures 4.2-4.5. The PSTHs shown are 

each taken from one cumulative dose response and illustrate the typical neuronal 

changes.

The neuronal response to both NMDA antagonists were the same regardless of the 

anaesthetic agent used in the adult groups (Table 4.1). With both urethane and 

halothane anaesthesia a clear dose responsive inhibition was seen, with no 

significant difference in the degree of inhibition between the two anaesthetic groups 

for either AP5-or ketamine. The significant age related inhibition seen with 

increasing doses of AP5 were equally significant when pup groups were compared 

with adult - halothane or adult - urethane groups.

A comparison between the observed ED50 values (Table 4.2) for the evoked 

responses across the age groups, supports the results that AP5 has an increased 

potency in the rat pups as compared with the adult. The difference in the ED50 

between pups and adult for each response group is greater than ten fold. The ED50 

values for the ketamine groups show no clear age difference and the ED50 are 

broadly similar within each evoked response group.
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Table 4.1 - Comparison of halothane and urethane anaesthesia in adult

on the effects of AP5 and ketamine.

Dose
I20\i\

C fibre 
response

Post
discharge

W indup Prim ary
evoked

response
H U H U H U H U

AP5
10^ig 7 7 6 8 4 10 3 6

(13) (6) (17) (17) (16) (8) (19) (15)

100^g 15 28 6 5 19 30 9 8
(15) (9) (22) (23) (4) (7) (12) (22)

lOOO îg 59 62 75 62 73 67 74 58
(8) (4) (5) (14) (7) (10) (13) (15)

Ketamine
0.1|iig 19 18 26 32 47 27 -7 15

(2) (3) (14) (7) (8) (8) (19) (2)

lOjLig 57 32 76 69 79 61 51 53
(10) (7) (3) (7) (7) (4) (3) (7)

50pg 88 70 96 90 96 89 95 84
(7) (9) (0.3) (3) (2) (4) (3) (6)

The above table compares the two different anaesthetic agents 
halothane (H), and urethane (U), in otherwise identical adult rat 
groups. The percentage inhibiton (in bold) and below the standard 
error of mean (in brackets) for the 0  fibre, the windup, post
discharge and the primary evoked responses to spinal AP5 and 
ketamine are shown. There was no significant difference between 
halothane and urethane anaesthetic groups for any of the responses 
(Student t test, p>0.05). Ketamine 1pg dose is not shown, but the 
results were also non-significant for all responses.
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Table 4.2 - Estimated ED50 for AP5 and ketamine

C FIBRE RESPONSE POST-DISCHARGE WINDUP RESPONSE PRIMARY EVOKED RESPONSE

P56 P28 P14 P56 P28 P14 P56 P28 P14 P56 P28 P14

Ket. 1.4 10.1 10 0.9 0.4 1.9 0.2 0.4 2.1 1.1 10.1 4

AP5 >110 10 10.2 >111 6.3 <1 >110 10 2 >110 3.1 10.1

O)
00

The above table shows the estimated ED50 doses for the NMDA antagonists studied AP5 
and Ketamine (Ket). The ED50 was taken as being half the maximal response achieved, for 
the results reported as '>' the maximal response was less than 100%. Although no 
statistical analysis is possible, the results indicate no difference with ketamine treatment 
between the ages for any response groups. For AP5 the adults have a high ED50 across 
all response groups, as compared with the low ED50 for the P14 and P28 groups. (Data for 
P21 not shown, although the ED5Ô mirrored the p i4 age groups, with both antagonists and 
in all responses).
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Figure 4.2: The P14 neuronal response generated by a train 
of 16 noxious electrical stimuli in the presence of increasing 
AP5 doses are illustrated in above three PSTHs. The first 
PSTH shows the pre-drug (control) response, the middle 
PSTH was the response to lOmg / 20ml AP5, where some 
reduction in the 0 fibre response was seen. The bottom 
PSTH was the neuronal response to 500mg / 20ml AP5 
when a almost complete inhibition was seen. The Y axis 
represent the number of counted spikes, note the change 
in scale in the 500mg PSTH, whilst the X axis show the 
duration in milliseconds in all graphs.
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Figure 4.3: The adult neuronal response generated by a train of 
16 noxious electrical stimuli in the presence of increasing AP5 
doses are illustrated in above three PSTHs. The first PSTH shows 
the pre-drug (control) response, the middle PSTH was the 
response to 10|ig /2 0 ) liI AP5, where some reduction in the 
response was seen. The bottom PSTH illustrates the neuronal 
response to 500^g / 20^1 AP5 when sustantial inhibition was seen. 
The Y axis represents the number of counted spikes (action 
potentials), whilst the X axis shows the duration in milliseconds in 
all graphs.

170



"O p<y o 
■*->
C3Oo
(/)0)

t/i

Control - P14 ketamine

III! |ll iWlllll il
100 250 Time msec 800

8

4

i n  I I I

100 250 800

8

4

800100 250

Figure 4.4 : The P14 neuronal response generated by a train of 
16 noxious electrical stimuli in the presence of increasing 
ketamine doses are illustrated in above three PSTHs. The first 
PSTH shows the pre-drug (control) response, the middle PSTH 
shows the response to 0.1 ̂ ig /20p.l ketamine, where a reduction in 
response is seen. The bottom PSTshows the neuronal response 
to 50pg / 20|il ketamine when a almost complete inhibition was 
seen. The Y axis represent the number of counted spikes, whilst 
the X axis show the duration in milliseconds in all graphs.
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Control - Adult ketamine
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Figure 4.5 : The adult neuronal response generated by a train of 16 
noxious electrical stimuli in the presence of increasing ketamine doses 
are illustrated in above three PSTHs. The first PSTH shows the pre
drug (control) response, the middle PSTH was the response to 0.1 pg 
/20pl ketamine, where a reduction in the response was seen. The 
bottom PSTH was the neuronal responseto 50pg / 20pl ketamine when 
an almost complete inhibition was seen. The Y axis represent the 
number of counted spikes, whilst the X axis shows the duration in 
milliseconds in all graphs.
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The AP5 inhibition of the PER, C fibre and post-discharge evoked responses and the 

calculated excess counts showed a significant difference between adults and pup 

groups at lOO^g dose (p<0.02, Mann-Whitney), with no difference within the pup 

groups (Figure 4.6). No significant difference was seen with the ketamine groups for 

any evoked response (Figure 4.7). There was no significant difference between the 

age groups for the effects on the A fibre evoked response for either AP5 or 

ketamine, although both drugs inhibited the response to 50-70% at the respective 

maximal doses (Figure 4.8).

The PER evoked by the first stimuli(out of the train of sixteen) increases with age 

(Table 4.3). The mean PER at P14 and P21 was significantly less than the adult 

response in both the AP5 and the ketamine studies. The P21 response was not 

significantly different from the P28 response in either antagonist study, although the 

upward trend continued with increasing postnatal age until adulthood. Both AP5 and 

ketamine reduced the PER in a dose dependent manner, with a greater efficacy at 

ages less than P28 compared to adult. Given that the effect of the antagonists are 

calculated as a percentage difference (from the pre-drug neuronal response) the 

smaller the absolute PER the larger the percentage difference would appear. Thus as 

AP5 and ketamine were significantly more efficacious at younger age groups this 

may be a false effect due to the method of calculation. However the reduction in 

PER response was seen at all age groups, including adult regardless of the PER thus 

suggesting it is a true antagonist effect.

The dose dependent inhibition of windup by AP5 in the rat pup groups P14,21,28 

was similar. Windup was significantly reduced at lOOjig dose and completely 

abolished by 500p.g dose (Figure 4.9). In the adult AP5 lOO^g had little effect on 

windup, although it was abohshed by AP5 1000|Xg. Similarly ketamine inhibited 

windup in a dose dependent manner, with a dose of ketamine lOjXg reduced windup, 

and 50|LLg dose abolished windup in all age groups (Figure 4.9).
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Table 4.3: The m ean pre-drug PER at each  postnatal a g e  for AP5 and  

K etam ine.

ADULT P28 P21 P14

APS

mean PER 13.4* 6.7 S.3* 3.7*

(SEM) (1.2) (0.9) (0.5) (0.4)

Ketamine

mean PER 19.6** 8.7** S.7** 4.4**

(SEM) (1.3) (15) (1.1) (0.7)

In the above table the mean pre-drug PER for each age group 

P14, 21, 28 and adult with the SEM are shown. For APS the adult 

PER is significantly larger than P21 or P14 (* represents p< 

0.0001, Student T test, for each age). However the adult PER is 

not significantly different from P28. In addition P28 PER is 

significantly different from P I4 (p< 0.007, Student T test) but not 

from' P21. In the ketamine group, the adult PER is significantly 

larger than P28, 21 and 14 (** represents p< 0.0001 Student T 

test for each age). However like APS P28 is only significantly 

different from P14 not P21 (p< 0.03 Student T test).
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Figure 4.6: The above graphs illustrate the results of AP5 
inhibition of the NMDA receptor in the dorsal horn in different 
developmental ages: P14,P21,P28, P56 (adult). A significant 
difference between pups (P14,P21,P28) and adult groups, 
(p<0.02), is seen with each evoked response measured (input, 
C fibre, postdischarge and excess counts).
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Figure 4.7. The above graphs illustrate the results of 
ketamine inhibition of the NMDA receptor in the dorsal 
horn in different developmental ages: P14, P21, P28, P56 
(adult). No significant difference exists between the 
age groups for any of the evoked responses measured 
(input, C fibre, postdischarge and excess counts).
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Figure 4.8: The above graphs illustrate the A fibre evoked response in 
rats at ages P14, 21, 28 or adult in the presence of increasing doses 
of either AP5 or ketamine. There is no significant difference in the inhibition 
seen at any age with either AP5 or ketamine.
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Figure 4.9: The above graphs illustrate the windup response for four 
individual cells (adult and P14), in response to increasing doses of 
AP5 (top) and ketamine (bottom). P21 and P28 ages are not shown. 
AP5 inhibits windup in P14 animals at 100ug dose, whilst in the 
adult windup is not inhibited until lOOOug dose. Ketamine begins to 
inhibit windup at 10ug dose and this is abolished at 50ug dose. No age 
difference is seen in the windup response to ketamine. The windup 
response correlates with a positive slope on the graph. Although the 
primary evoked response varies greatly and was reduced by the NMDA 
antagonists, the cells retain their windup characteristics, as seen in 
the above p i4 graphs at AP5 lOug and ketamine lOug doses, and adult 
AP5 lOOOug dose.
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4.4 Discussion

The results indicate that the effects of NMDA antagonists cannot be interpreted as 

having one class action during development. Different antagonists acting at different 

sites on the NMDA receptor with different binding affinities to the NR2 subunits 

have varying efficacy during postnatal development. The selective NMDA 

glutamate antagonist AP5 has been demonstrated to reduced the primary evoked 

response, C fibre discharge, post-discharge and windup evoked responses in the 

convergent dorsal horn neurones with significantly greater potency in the rat pups 

(P14,21,28) as compared with the adults. In contrast ketamine, which blocks the 

open ion channel, was equally effective at inhibiting primary evoked responses and 

convergent neuronal responses at all ages. In consideration of these differences the 

different binding affinities of AP5 and ketamine to the NR2 subunits and the 

development alterations in the NR2 subunit expression within the nociceptive 

pathway must be considered.

Different anaesthetic regimes may have been thought to contribute to the differences 

between pups and adults. However repeat experiments with adult groups 

anaesthetised with either urethane or halothane/ nitrous oxide demonstrated that 

there was no significant difference in any measured parameter either in response to 

the NMDA antagonists. This is in agreement with other studies that have compared 

urethane and halothane anaesthesia on the dorsal horn neuronal responses. Svendsen 

et al found halothane anaesthesia (1% in 66% N2O) resulted in significantly larger 

initial C fibre responses compared with urethane anaesthesia (1.3-1.7g/kg).

However the sensitivity of the dorsal horn neurones to AP5 was the same between 

the two anaesthetics (Svendsen et al., 1999). A difference in the initial C fibre 

response of the dorsal horn neurones was noted in the urethane anaesthesia with a 

mild reduction in responsiveness, however this was not significantly different from 

halothane anaesthesia.

As has been discussed in previous chapters the dorsal root ganglion and the dorsal 

horn neurones express NMDA receptors from birth. The subunit composition of the 

NMDA receptor complex alters throughout postnatal development. The exact 

composition, level of expression and relative postnatal to adult densities are
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debatable. From in vitro patch-clamp work, the superficial dorsal horn neurones 

appear to have functional NMDA receptors, with channel openings consistent with 

NR2A and NR2B subunit composition (Bardoni et al., 1998a). Bardoni et al also 

suggested that the majority of superficial dorsal horn neurones expressed active 

NMDA receptors from P3 onwards. In contrast mRNA studies have suggested 

predominant NR2B / NR2D expression in early postnatal life altering to NR2A 

predominance by adulthood (Luque et al., 1994; Watanabe et al., 1994a). Protein 

expression has agreed in the widespread expression of NR2B in early postnatal life, 

falling and becoming restricted to the dorsal horn by adult hood. The expression of 

NR2A is suggested to be primarily late in postnatal life. Binding studies have 

indicated high and rising postnatal NRl expression to a peak around PIO, before 

falling to adult levels by P21. However as discussed in Chapter 3 there are 

limitations with the experimental techniques, and results presented therein suggest a 

significant primary afferent / dorsal root ganglia expression of NMDA receptor 

complex subunits.

The results presented here suggest that functionally active NMDA receptors are 

expressed within the dorsal horn nociceptive pathway from P14. AP5 and ketamine 

both demonstrated inhibition of nociceptive neuronal responses from P14 onwards. 

In an expression system AP5 has been reported to have a greater affinity for the 

NR2A subunit over NR2B, which was co-equal with NR2C and greater than NR2D 

(Mori 1993). In the same expression system ketamine was demonstrated to have 

equal binding affinity to all four NR2 subunits. The results from ketamine would 

suggest that alteration in perceived density of NMDA receptors on spinal neurones 

has no significant in vivo functional effect. By P14, when these experiments 

commenced both NR2B and NR2A are expressed in the dorsal horn, and Bardoni 

has suggested that they are functional synaptic receptors. The AP5 data would 

suggest that NR2A has a greater functional significance in the pups (P14, 21, 28) as 

compared with the adult groups. This initially appears to be contrary with the 

current hypothese in which NR2A is upregulated to dominance in the adult. - thus 

AP5 should have been at least as efficacious as the pups (Luque et al., 1994; 

Watanabe et al., 1994a)((Boyce et al., 1999)
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However of particular interest in the data presented is the effect of the NMDA 

antagonists on the primary evoked response. The primary evoked response in these 

experimental conditions includes the responses of all neurones from the primary 

afferents, to the dorsal horn intemeurones up to the synaptic connection of the deep 

convergent neurone that is being recorded. Thus it can not be considered a direct 

correlate of the primary afferents, although primary afferent NMDA receptors will 

contribute to this value. In particular it must be noted that the post-synaptic 

responses of the recorded convergent neurone are dependent on the modulated ’pre- 

synatpic' responses. Thus if the primary evoked response is inhibited then the C 

fibre evoked response, post-discharge and windup responses will in turn be affected 

and reduced. Post-synaptic neuronal NMDA receptor inhibition will in turn also 

attenuate these responses ((Suzuki et al., 2001).

Indeed from the results presented it can be seen that a dose responsive inhibition of 

the primary evoked response by AP5 and ketamine was exhibited by every neurone 

recorded, albeit with respective age differences for AP5. This would indicate that 

the functional importance of the NR2A subunit may be in the primary afferents / 

dorsal horn intemeurone pathway in the immature rat. In contrast in adults either the 

effect of primary afferent NMDA receptors has diminished or the functionally 

important subunit is perhaps NR2B. Functionally active NR2A subunits have been 

demonstrated in the immature dorsal horn by Bardoni et at (Bardoni et al., 1998a), 

although the expression of this subunit is too low to be detected by in situ 

hybridisation or immunohistochemical analysis. The NR2A subunit is expressed in 

the dorsal root ganglia, along with the other NR2 subunits from birth and it may be 

that in the maturing nociceptive system the primary afferent expression, whilst a 

mixture, may be more functionally dominated by NR2A. By adulthood NR2B may 

be the predominately functional subunit perhaps in the primary afferents (thus 

giving the dense primary afferent staining appearance on spinal cord sections). In 

addition NR2B expression is predominantly in lamina II by adulthood, and thus 

inter-neurones may have an enhanced modulatory function by adulthood. NR2A 

expression appears to be confined to outside lamina H, and thus whilst involved in 

lamina I nociceptive transmission, may be less affective in this experimental system 

where three time C fibre threshold is used and deep convergent neurones recorded.
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Of interest ifenprodil, a more selective NR2B antagonist exerted a profound and 

significant inhibition in the same experimental conditions in adult rats, in contrast to 

an NMDA-glycine site antagonist which exerted no inhibition of primary evoked 

response (Carpenter 2000, personal communication). Also lamina I neuronal 

responses were not affected by spinal application of 500g AP5 (Sullivan 1988, 

Seagrove personal communication). As all DRG cells express NMDA receptors this 

would imply that in the adult dorsal horn the primary afferent NMDA receptors 

which have been demonstrated to be present and functional (Liu et al., 1997) are 

perhaps of less importance than lamina II inter-neuronal modulation. Thus in the 

superficial lamina NMDA receptor antagonists have little effect, whilst the deep 

convergent neuronal responses are profoundly affected. The location of the crucial 

NMDA receptors that drive the wind-up of deep cells may be between lamina I and 

V and so could be on SG neurones or the dendrites of the deep dorsal horn cells. Of 

interest the modulation of the primary evoked response appears to be particularly 

driven by the NR2 subunits (either as glutamate or part of the ion channel) as 

opposed to the NRl / glycine binding site subunit.

It is also important to consider that the results presented here may reflect the 

difference between the two different binding properties of AP5 and ketamine. AP5 

whilst it has an increased binding affinity to NR2A is not an NR2A specific 

antagonist, and certainly is an effective antagonist at NR2B, especially at the high 

doses. AP5 is a competitive antagonist at the glutamate binding site, and thus the 

increased efficacy in the pup groups may reflect altered glutamate release as 

compared with adults. Brady et al reported similar findings in an in vitro patch - 

clamp analysis of AP5 action on CAl and CA3 hippocampal cells at P I0-16 or 

>P38 (Brady et al., 1994). The antagonist efficacy of AP5 was 2-3 times greater in 

the immature slices as compared with the mature. The hippocampal cells are similar 

to the spinal cord in that NR2B predominates at birth, when NR2A is expressed 

(Watanabe et al., 1994a). The functional dynamics of the neurones alter as NR2A is 

incorporated, until a mature expression of NR2A and B is evident (Morrisett et al., 

1990). By PIO, in Brady’s work NR2A would be abundant, likewise in the spinal 

cord at P14. However despite good evidence that NR2A and B are present and the
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density of NMDA receptors in the hippocampus remaining high throughout life the 

immature NMDA receptors complexes are more sensitive to AP5 inhibition in both 

the hippocampus and in this study than adults. Ketamine is a non-competitive 

antagonist, which once bound to an activated NMDA channel prevents the influx of 

any ion. As ketamine efficacy is not altered by NMDA subunit composition nor by 

altered magnesium sensitivity (although this would alter the channel opening) it is 

perhaps not surprising that no developmental alteration is seen. Although some 

authors suggest a developmental reduction in NMDA receptor expression (Gonzalez 

et al etc) the ketamine work suggests that density either does not alter or that it does 

not influence the neuronal responses. Indeed out of all the subunits / receptors 

indicated by binding studies or immunohistochemical staining only a small percent 

is involved in synaptic transmission. At the synaptic level any developmental 

fluctuation with or without functional significance, probably would not be 

detectable in this experimental system. Certainly by P14 the majority of the 

development of silent or non-functional synapses is complete (Li & Zhou, 1998) 

and density alterations are more likely to reflect alteration in neuronal and spinal 

cord size.

From this study P28 the rat dorsal horn still functions as an immature nociceptive 

pathway with respect to AP5 inhibition. By P28 the dorsal horn appears to be 

mature, with adult inhibitory pathways and other neurotransmitter systems such as 

substance P and opioids in their adult state (Alvares & Fitzgerald, 1999). The results 

presented Chapter 3 indicate that the expression of the NMDA subunits appears to 

be adult by P21 /28. However from the in vivo results there is evidently ongoing 

subtle modulation in the receptor function. This subtle maturation is illustrated in 

the windup neuronal response and in the PER compared with younger postnatal 

ages. In the windup the adult showed reduced efficacy to AP5 compared with the 

P28 or younger age groups In addition the PER evoked by the first stimuli continued 

to increase with postnatal age until adulthood. The P28 response was more akin to 

the P21 response than the adult with no significant difference in the increase in the 

PER at those ages. However the PER was more two fold higher in the adult than at 

P28, indicating that the pre-synaptic response (either primary afferent and or the 

intemeuronal response) was still maturing. By the highest dose the primary evoked
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response has been abolished and thus no windup could be elicited. The inhibition in 

the windup response of dorsal horn neurones by NMDA antagonists in adult is in 

agreement with other authors (Dickenson & Sullivan, 1990b; Suzuki et al., 2001).

In vivo responses of convergent neurones give an insight into the overall functional 

importance of receptors. Although the NMDA receptor is complex and undergoes 

extensive postnatal modulation this study indicates that differences in the inhibitory 

efficacy of drugs varies with postnatal maturity. The longevity in the functional 

maturation is evidenced by the differences, albeit subtle, between P28 and adult 

groups.
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NEURONAL NITRIC OXIDE SYNTHASE IN THE 

DEVELOPMENT OF NOCICEPTION

CHAPTER 5
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5.1 Introduction

NO is an unconventional transmitter in that it diffuses from the site of production 

into the synaptic cleft and from there into any cell, neuronal or non-neuronal. Its 

short half-life of a few milliseconds limits its extent of action, although because it is 

extremely membrane permeable it can bypass the normal signal transduction 

processes. It is found throughout the body and extensively throughout the central, 

peripheral and autonomic nervous system. (See section 1.10 for detailed discussion).

Briefly nNOS and eNOS are responsible for a low tonic production of NO, which 

has been suggested to keep dorsal horn neuronal circuits in a state of inhibition 

(Stefano et al., 2000). Activation of nNOS transiently raise the NO overcomes the 

tonic inhibition (Stefano et al., 2000). A rise in NO levels can have profound and 

opposing effects, protective and harmful depending on the initial stimulus, the NOS 

isoform stimulated and level of NO production or inhibition (Colasanti & Suzuki, 

2000; Deckel, 2001).

Whilst NO may directly influence intracellular pathways, however the majority of 

its actions are via cGMP pathway (Schuman & Madison, 1994). These include ion 

channel activation or inactivation, activation of cGMP-dependent cyclic nucleotide 

phosphodiesterase or cGMP dependent protein kinase thus increasing the excitation 

of the cell (Haley, 1998). The overall effect of NO may be inhibitory or excitatory. 

Within the dorsal horn circuits cGMP actions of NO appear to influence nociceptive 

transmission. Capsaicin induced release of CGRP in the dorsal horn was 

significantly reduced in the presence of L-NAME or haemoglobin or the NMDA 

inhibitor MK-801, and was reversed by L-arginine. However application of a cGMP 

inhibitor had no effect on CGRP release, indicating that whilst capsaicin evoked 

CGRP release is modulated by NO this is in a cGMP independent manner (Garry et 

al., 2000), In addition NO induced S-nitrosylation of the NMDA receptor has been 

shown to inhibit receptor function (Choi et al., 2000b; Hess et al., 2001).

Various neurotransmitters have been demonstrated to co-localise with nNOS within 

the CNS including NMDA, G ABA and acetylcholine. The spinal cord expression of 

NOS undergoes developmental alteration. In early development within the spinal
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cord nNOS is expressed in the preganglionic autonomic motor neurones as they 

mature and transiently in the late embryonic period in the somatic motor neurones 

(Kalb & Agostini, 1993; Wetts et ah, 1995). Whilst within the dorsal horn 

expression of NADPH-d activity appears late in development. In rats very few 

neurones are positive just before birth and numbers do not increaseuntil P8 , reaching 

an adult distribution by P21 (Wetts & Vaughn, 1993; Soyguder et al., 1994). 

Expression of nNOS in the human appears to parallel that within the rat (Foster & 

Phelps, 2000). The late expression of nNOS within the dorsal hom coincides with 

the postnatal maturation of the C fibres within lamina U (Fitzgerald & Gibson,

1984a; Fitzgerald, 1988a). The role of NO in development is not fully established, 

although evidence points to a role in the maturation of the somatic motor neurones 

and the visual pathways (Kalb & Agostini, 1993; Williams et a l, 1994). Within the 

dorsal hom the timing of expression is co-incidental with maximal synaptogenesis, 

but whether this drives and modulates this process or is a result of the maturing 

synaptic connections is not known. The NMDA receptor alters in its distribution, 

subunit composition and its response to antagonists during postnatal development 

(Luque et al., 1994; Watanabe et al., 1994a; Bardoni et al., 2000; Urch et al., 2001). 

nNOS expression alters during the crucial postnatal period of lamina II development 

(Soyguder et al., 1994) however whether this corresponds with an alteration in 

activity influencing synaptic maturation is unknown.

Within the dorsal hom nNOS has been demonstrated primarily within islet cells 

(type 2 terminals) of lamina Ili and within primary afferent terminations / DRGs 

(Bemardi et al., 1995; Aimar et al., 1998; Kimura et al., 1999b). These terminals 

appear to be predominately GABAergic, although some reports claim nNOS 

coloc alises with NMDA receptor, in these studies no co-localisation of GAB A and 

NMDA receptor were reported (Valtschanoff et al., 1992b; Spike et al., 1993; 

Bemardi et al., 1995; Aimar et al., 1998). Although classically nNOS is activated 

secondarily to the NMDA receptor altemative routes of calcium flux have been 

shown to achieve activation (Kim et al., 1995; Koranu et al., 1995; Sato et ah, 1995; 

Ohkuma et al., 1996; Christopherson et al., 1999). At a molecular level NO has 

been demonstrated to be functionally colocalised with the NMDA receptor via the 

PSD-95 scaffolding protein, which has binding domains for both the C-terminus of
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the NMDA-NRl subunit and exon 2 of nNOS (Aoki et al., 1994; Tochio et ah,

2000). The role of nNOS within the dorsal horn GABAergic neurones has not been 

fully established.

Although only a few cells within the dorsal horn demonstrate NADPH-d activity, 

NO can activate any cell within the dorsal horn due to its rapid diffusion (Kelm et 

al., 1988; Spike et al., 1993; Wood & Garthwaite, 1994). Thus the number of cells 

containing nNOS does not reflect the extent of NO activity nor its influence. In 

addition nNOS is rarely found to co-localise with sGC within the spinal cord, DRG 

or brain. Thus nNOS has its main actions away from its cell of production (Morris et 

al., 1992; de Vente et al., 1998; Vies et al., 2000; Thippeswamy & Morris, 2001)..

From the time when NO was identified in the dorsal horn a role in nociception has 

been discussed and linked (Meller & Gebhart, 1993). Garthwaite et al linked NO 

and the NMDA receptor complex by demonstrating that activation of cerebellar 

NMD A receptor evoked an increase in cGMP via NO (Garthwaite et al.,

1988).Within the dorsal horn the NMDA receptor is central to enhanced neuronal 

excitation and nociceptive transmission (Woolf & Thompson, 1991; Dickenson et 

al., 1997). Kitto et al demonstrated the NMDA induced thermal hyperalgesia could 

be blocked by the administration of haemoglobin. Thus suggesting that NO diffuses 

out of the cell it was produced in. In addition L-NAME or methylene blue (sGC 

inhibitor) could both inhibit NMDA induced hyperalgesia, thus establishing a 

functional link between NMDA receptor, nociception and NO (Kitto et al., 1992; 

Meller et al., 1992). However it is becoming apparent that the classical link between 

the NMDA receptor complex, nNOS and pain is more complex and less direct.

An impressive body of evidence has grown up implicating a central role for NO in 

spinal cord nociceptive transmission (see: (Haley et ah, 1992; Malmberg & Yaksh, 

1993; Radhakrishnan & Henry, 1993; Budai et ah, 1995; Chapman et ah, 1995a; 

Stanfa et ah, 1996; Yoon et ah, 1996a; Lin et ah, 1999). NO has been implicated in 

the mediation of the spinal effects of NMDA and substance P (exogenous or 

secondary to inflammation) in the transmission of thermal and mechanical 

nociceptive inputs (Radhakrishnan & Henry, 1993; Chapman et ah, 1995a; Linden
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& Seybold, 1999; Wang et al., 1999a; Wu et al., 2000). In neuropathic pain models 

the role of NO is less clearly established. The dorsal horn NOS activity was not 

altered in the tight ligation or diabetic models of neuropathy, however was reduced 

in the Chung (spared nerve injury) model (Yoon et al., 1996a; Luo et al., 1999). In 

addition inhibition of nNOS did not alter the appearance nor maintenance of 

allodynia (Luo et al., 1999). However NO has been implicated in the induction of 

rapid thermal hyperalgesia after nerve injury, independent of NMDA receptor 

activation (Inoue et al., 1998).

The intermediate-early gene cFos in the dorsal horn is induced by noxious 

peripheral stimuli and is a common marker of neuronal activation and more loosely 

nociception (Hunt 1987). NO has been demonstrated to parallel the rise in cFos in 

formalin and mustard-oil inflammation and implicated in mediating the induction of 

cFos (Lee et al., 1992; Soyguder et al., 1994; Roche et al., 1996; Gao & Qiao, 

1998). However whilst both cFos and NO increase in response to noxious 

stimulation, little co-localisation was found and intathecal NOS-inhibitors was 

shown not to alter the number of cFos positive neurones indicating that the two 

processes are not inter-dependent (Nazli et ah, 2001). The effect of NO can not be 

ascertained simply from measuring cGMP levels rather the overall effect of NO in 

the dorsal horn depends on the nature of the nociceptive stimulus (Budai et ah,

1995; Tang et ah, 1995a; Vies et ah, 2000).

Tonic production of NO by nNOS / eNOS appears to set a background threshold of 

inhibition above which a stimuli must exceed to stimulate. This tonic inhibition of 

NO can be overcome in vitro by a superinfusion of a NOS inhibitor leading to 

increased spontaneous firing, or enhanced by the addition of a NO donor or L- 

arginine (Schmid & Pehl, 1996; Pehl & Schmid, 1997). However this effect is 

highly specific to the region and cells involved, within Lamina X the effects of NO 

are the reverse, thus with SNP (NO donor) increased spontaneous activity was noted 

(Schmid & Pehl, 1996). Even within the dorsal horn not all neurones respond to NO 

donors in the same way but importantly tonic inhibition appears to be restricted to 

nociceptive neurones (Pehl & Schmid, 1997; Hoheisel et ah, 2000).

189



Many amino acid derivatives inhibit the NOS enzyme in vitro and in vivo. 

Substituted analogues of L-arginine such as L-NAME are potent inhibitors of all 

three NOS isoforms in vivo and in vitro by competition with L-arginine (Moore & 

Handy, 1997). L-NAME is demethylated in vivo to L-NOARG, and has been shown 

to exert a long lasting inhibition on NOS after parenteral administration (Griffith & 

Gross, 1996). Another family of NOS inhibitors are a range of heterocylcic 

compounds that include 7-Nitroindazole (7-NT). 7-NT has been shown to selectively 

inhibit only nNOS in vivo (rat,mouse and pigeon) however to inhibit both N' and 

eNOS in vitro (Babbedge et a i, 1993; Moore & Handy, 1997). The sodium salt of 

7-NI is more water soluble than its parent 7-NI, and has thus permits its use as a 

specific nNOS inhibitor within the CNS.

This study was conducted to ascertain if nNOS activity within the dorsal horn 

altered during maturation thus indicating a role in synaptic maturation akin to the 

NMDA receptor. In order to investigate the hypothesis that nNOS activity changed 

with development two NOS inhibitors, 7-NT specific for nNOS and L-NAME a 

widely reported general NOS inhibitor were applied in vivo whilst recording deep 

convergent neuronal response to noxious electrical stimuli at various postnatal ages. 

In parallel immunofluorscence was used to demonstrate the postnatal spinal 

distribution of nNOS and the NMDA receptor.
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5.2 Methods

A total of 12 adult male rats and 36 rat pups were used in this study in order to 

generate complete dose response curves for 6 rats in each age group (P14, 21, 28 

and adult) for 7-NI and for ages P14 and adult for L-NAME. The animals were 

prepared as described in Methods section 2, and a cumulative dose response curve 

was generated for each drug at each age. The doses used were: 7-NI lug, lOug, 

lOOug per 20ul (equivalent to 50ug/ml, 500ug/ml and 5000ug/ml) and L-NAME 

lOOug, 500ug and 1000ug/20ul (equivalent to 5mg/ml, 25mg/ml and 50mg/ml). The 

highest dose of the 7-NI-sodium salt used in this study was dissolved in 33.3% 

cremophor, 6.7% ethanol and 60% distilled water, which was then diluted with 

distilled water to obtain the lower doses. This method was identical to that reported 

by Stanfa et al, who demonstrated that the dilutent exerted no inhibitory effect on 

the nociceptive responses of the neurones (Stanfa et al., 1996). The L-NAME was 

dissolved and diluted in distilled water.

Lumbar spinal cords were taken from two rat pups at each of the following ages PC, 

7, 14, 21, 28 and adults. These were fixed and prepared for immunofluorescence as 

described in Methods section 2. The sections were double stained using primary 

antibodies applied together: polyclonal goat anti-NMDA-NR1 (Santa-Cruz) at 

1:5000, and polyclonal rabbit anti-nNOS (Chemicon) 1:10,000. Visualisation was 

obtained with a direct Cyanin 3- anti-rabbit (Jackson) and via a secondary 

biotinylated anti-goat (Vector) and a FITC-streptavidin (Vector). The sections were 

mounted with Vectashield (Vector) and reviewed on a fluourescent light microscope 

at xl0-x40 magnification.
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5.3 Results

5.3.1 In vivo Electrophysiology

The wide dynamic range neurones in P14, 21, 28 and adult groups demonstrated a 

dose dependent inhibition of post-synaptic neuronal response with both 7-NI and L- 

NAME, however there was no significant difference between age groups. The 

PSTHs generated with each train of 16 noxious electrical stimuli reveal the 

alteration in neuronal response to cumulative increased NOS inhibition. Typical 

examples are shown in Figures 5.1 - 5.2 for the response to 7NI at P14 and adult and 

Figures 5.3 -  5.4 for the response to L-NAME at P14 and adult. In each PSTH 

series a diminution of the response in the C fibre and post-discharge time bins can 

be seen.

The post-synaptic neuronal response for each postnatal age group was calculated as 

the mean percentage inhibition of the control value with respect to A and C fibre 

evoked response, post-discharge response and excess counts. The C fibre evoked 

response, post-discharge response and the excess counts all revealed a dose 

dependent inhibition for both NOS inhibitors 7NI and L-NAME (Figures 5.5 and 

5.6 respectively). As can be seen there was no significant difference between the age 

groups, as NOS inhibition was equally efficacious at the immature P14 to the fully 

mature adult stages. All three parameters of the post-synaptic response achieved 75- 

100% inhibition with the highest dose of either 7NI or L-NAME and there was no 

significant difference between the responses (C fibre evoked response, post

discharge or excess counts) at any given dose of either NOS inhibitor. The A(3 / Aô 

evoked response was determined together as the A fibre response (as in pups the 

latency difference was too small to be separated). No clear dose response was 

determined to either 7NI or L-NAME, until the maximal dose when up to a 50% 

inhibition was seen (Figure 5.7).
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Figure 5.1 : The above PSTHs shows the response of one 
P14 neurone to increasing doses of 7-NI. The control (pre
drug) PSTH at the top reveals A, 0  and post-discharge 
latencies however the number of spikes evoked in the 
presence of 10pg /20pl or 100pg /20p l L-NAME are reduced 
in a dose dependent manner, to almost complete inhibition. 
The Y axis represents the number of spikes evoked (action 
potentials) and the X axis the duration in m secs for all graphs. 
Note the change in Y axis at the bottom PSTH.
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Figure 5.2: The above PSTHs shows the response of one 
adult neurone to increasing doses of 7-NI. The control (pre
drug) PSTH at the top reveals A, 0 and post-discharge 
latencies however the number of spikes evoked in the 
presence of 10pg / 20pl or 10Opg / 20pl L-NAME are reduced 
in a dose dependent manner, to almost complete inhibition. 
The Y axis represents the number of spikes evoked (action 
potentials) and the X axis the duration in msecs for all graphs. 
Note the change in Y axis at the bottom PSTH.
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Figure 5.3: The above PSTHs shows the response of one 
neurone at P14 to increasing doses of L-NAME. The control 
(pre-drug) PSTH at the top reveals A, 0 and post-discharge 
latencies however the number of spikes evoked in the 
presence of 100pg / 20pl or 2000pg / 20pl L-NAME are 
reduced in a dose dependent manner, to almost 
complete inhibition. The Y axis represents the number of 
spikes evoked (action potentials) and the X axis the duration in 
msecs for all graphs.
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Figure 5.4: The above PSTHs shows the response of one 
adult neurone to increasing doses of L-NAME. The control 
(pre-drug) PSTH at the top reveals A, 0  and post-discharge 
latencies however the number of spikes evoked in the 
presence of 100pg / 20pl or 2000pg / 20pl L-NAME are 
reduced in a dose dependent manner, to almost 
complete inhibition. The Y axis represents the number of 
spikes evoked (action potentials) and the X axis the duration in 
msecs for all graphs. Note the change in the Y axis scale at 
200pg/20pl.
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Figure 5.5:
The graphs demonstrate 
the neuronal response to 
increasing doses of 7NI 
(1-100p,g !20\i\). There is 
no significant difference 
between age groups for 
the 0  fibre evoked response 
the post-discharge response 
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Figure 5.6:
The graphs demonstrate 
the neuronal response to 
increasing doses of spinal 
L-NAME (100, 200,
2000^ig / 20|il). There was 
no significant difference 
between any age group 
for the C fibre evoked 
response, the post discharge 
response nor the excess 
counts.
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The above graphs demonstrate the A fibre evokedneuronal 
response to increasing doses of spinal 7NI (1-100mg /20ml) 
or L-NAME (100-2000mg/ 20ml). A maximum inhibition of 
less than 50% was achieved at the highest dose for either NOS 
inhibitor with no significant difference between age groups.
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In contrast to the post-synaptic response the primary evoked response (PER) 

displayed a significant difference in inhibition between the immature P14 group and 

the other age groups P21, 28 and adult (Figure 5.8). This result was consistent 

across both 7NI and L-NAME (only P14 and adult groups were used). The PER 

increased significantly with age and maturity of the rat (Table 5.1).

ADULT P28 P21 P14

7NI
PER 19.3* 11.4 7* 5*

(SEM) (8) (6) (1.5) (2.7)

L-NAME
PER 15.8** 4.7**

(SEM) (3.6) - - (1)

Table 5.1:

The above table summarises the group mean PER for postnatal 
ages P14, 21, 28 and adult for the pre-drug (control) stimuli. The 
SEM for each PER are shown in brackets below. The adult 
response is significantly greater than the P21 or P14 groups for 
7NI (* represents p< 0.007, Students T test). Similarly with L- 
NAME the adult response was significantly larger than the P14 
response (** represents p<0.01. Students T test).

Whilst the PER for any given pre-drug stimuli were broadly the same for an 

individual neurone there could be 10% variation in the absolute number of evoked 

responses. If there had been no effect on the PER by the NOS inhibitors this stimuli 

to stimuli variation could have produced a false ‘significant’ reduction in the PER in 

the

2 0 0



PRIMARY EVOKED RESPONSE

7NI L-NAME
1001

75-

50-

-25
0.1 1 10 100

100

75

25

1000 10000100

DOSE (lag) DOSE (|ag)

A D U L T

P 1 4

Figure 5.8:
The above graphs demonstrate inhibition evoked by the 
increasing doses of 7NI or L-NAME. The primary evoked 
response at 100pg / 20pl 7NI was significantly different 
between the P14 age group and the P21, P28 or adult goups 
(p<0.008 for each age, Mann-Whitney ** ). The response to 
L-NAME also demonstrated a significant difference between 
PI 4 and P21, 28 and adult groups at 500pg / 20pl dose 
(p<0.004 for each age, Mnn-Whitney *).
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Figure 5.9:
The above graphs illustrate a the windup response of a 
single neurone to increasing doses of 7 NI or L-NAME at 
ages P14 or adult. The windup is moderately reduced at 10mg 
7NI and abolished at 100mg in all ages. L-NAME appeared to 
reduce windup in the adult at 500mg, but not at P14. However 
as the PER is inhibited in the adult the extent of windup 
can not accurately be assessed.
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P14 group. As the mean PER at P14 was 5 (Table 5.1) a one or two spike variation 

between stimuli would produce a 20% - 40% reduction in the calculated dose 

response, as the lowest response per dose was used. In the adults a one or two spike 

variation would produce only 7-11%  reduction. Thus despite the inherent 

difficulties in assessing the neuronal responses in pups compared with adults, the 

fact that the PER for the P14 age group was less inhibited than for adults implies 

that this is due to NOS inhibition and not simply variation in neuronal activity.

With both 7NI and L-NAME, the efficacy of the drugs in producing inhibition was 

reduced in the P14 groups, whilst the P21, 28 and adult groups were equally 

inhibited. The P14 group treated with 7-NI exhibited less inhibition at all doses, 

which was significant at the maximal dose (p<0.008 from P21, P28 and adult). The 

P14 response to L-NAME was significantly less inhibited at 500|ig /20|il (p< 0.004) 

compared to the adult group, but was equally inhibited by the maximal dose (Figure 

5.8).

The effect of 7-NI and L-NAME on windup was more difficult to interpret since 

both inhibitors had an inhibitory effect on the PER. Examples of single neurone 

windup to the train of 16 stimuli, at P14 and adult illustrate the effect of 7-NI and L- 

NAME (Figure 5.9). The effect of the inhibited PER can be seen at the first 

stimulus. At the maximal dose of both 7-NI and L-NAME the PER and slope of the 

graphs are reduced towards zero. As the PER was substantially inhibited with 7NI 

and L-NAME it is difficult to ascertain the effect of NOS inhibition on post- 

synaptic events (C fibre evoked response, post-discharge response, excess counts 

and windup) separate from the reduction of input the cell received.

5.3.2 Immunofluorescence

The green) fluorescence from the NRl subunit of the NMDA receptor revealed the 

expected pattern of staining. At PO the fluorescence was widespread and intense 

throughout the spinal cord, which persisted through to P7 (Figure 5.10) when a 

more intense fluorescence of the dorsal horn was apparent. By adulthood this had 

altered such that a band of intense fluorescence was visible in the superficial 

laminae and weak fluorescence was seen throughout the cord (Figure 5.12).
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Double immunofluorescence with NRl (green) and nNOS (red) allowed a visible 

comparison of the relative expression and distribution. At PO virtually no nNOS was 

visible in the cord whilst at P7 occasional weak positive fluorescence was seen in 

the dorsal horn (laminae E/in) (Figure 5.10). The expression around the central 

canal (lamina X) was greater than the dorsal horn at P7 and remained more intense 

at all age groups. By P14 (Figure 5.11) the dorsal horn nNOS immunofluoresence 

had increased in intensity and also in terms of number of positive cell bodies. A 

faint haze of red immunofluoresece above the background level was also detected in 

the superficial laminae that may represent the dentritic nNOS expression. No double 

immunofluoresence for NRl and nNOS was seen at this age in the dorsal horn, 

unlike in the central canal. Here the cell bodies were larger and the staining more 

intense thus allowing a more ready interpretation of double immunofluoresence. By 

P21 the adult staining pattern for nNOS had been established (Figure 5.11). A 

minority of cells fluoresced in the superficial laminae (U /m ) for nNOS and only 

occasional double immunofluorescence with NRl was noted. There was no other 

detectable nNOS staining in the grey mater except around the central canal. Here 

several neurones expressed NRl and nNOS, but not all. Thus by P21 and adulthood 

the pattern of nNOS expression paralleled that of NRl albeit at a lower level. At 

P21 and adult a more definate haze of red immunofluorescence above the 

background (Figure 5.11) was seen, which again may indicate dendritic or primary 

afferent nNOS expression. Negative control images for nNOS / NRl are illustrated 

in Figure 5.13.
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P7- dorsal horn NR1 P7- dorsal horn nNOS

P 7 - N R 1

P7 - lamina X NR1 P7 - lamina X nNOS

Figure 5.10: P7 NR1 immunofluorescence (green) of the whole spinal cord, with higher magnification inserts 
showing NR1 (green) and nNOS (red) immunofluorescence. Very few neurones were double labelled in the 
dorsal horn (indicating virtually no co-localisation between NR1 and nNOS). In lamina X occasional neurones 
were double labelled (not shown).
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P14 - dorsal horn NR1 P14 - dorsal horn nNOS

P14 - lamina X NR1 P14 - lamina X nNOS

P21 - dorsal horn NR1 P21- dorsal horn nNOS

P21- lamina X NR1 P21- lamina X nNOS

Figure 5.11: P14 and P21 immunofluorescence of superficial dorsal horn 
and lamina X, for NR1 (green) and nNOS (red). Double immunofluorescence 
showed no co-localisation within the dorsal horn, but frequent co-localisation 
within lamina X.
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Adult - dorsal horn nNOS Adult - dorsal horn NR1

Adult - lamina X nNOS Adult - lamina X NR1

Figure 5.12 : Adult NR1 subunit immunofluorescence (green) of the whole spinal cord, with higher magnification inserts 
showing NR1 and nNOS immunofluorescence in the superficial dorsal horn and lamina X. Dorsal horn revealed a relative 
lack of co-localisation between NR1 and nNOS compared with lamina X.
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Figure 5.12: Control immunofluorescence for NRl (green) and nNOS (red) 
at P7 and adult.
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5.4 Discussion

The results combined suggest strongly that the nNOS / NO pathway does not 

undergo a marked or obvious functional alteration during postnatal development and 

thus is not likely to be involved in the maturation of spinal nociceptive responses. 

Evidence from nNOS knockout mice would support this in that alterations in 

nociception has not been reported (Huang et al., 1994; Inglis et al., 1998). In 

contrast chronic neonatal NMDA receptor blockade with continuous intra-thecal 

MK-801 prevents the maturation of the dorsal horn C fibres and the corresponding 

receptive field only in the lumbar segments receiving the MK-801 (Beggs and 

Fitzgerald in press).

The doses of intrathecal 7-NI and L-NAME are similar to previous studies reporting 

attenuation of hyperalgesia or inhibition of windup. In the same experimental set up 

Haley used L-NAME at intra-thecal doses of 10 - 30mg/ml and Stanfa used 7-NI at 

doses of 20ug - 2000ug/ml (Haley et al., 1992; Stanfa et al., 1996). It is unlikely 

that the inhibition seen was due to non-specific changes in blood pressure or 

systemic effects due to absorption of the spinally applied NOS inhibitors. Although 

blood pressure was not monitored, previous studies have reported an increase in 

basal blood pressure after systemic administration of large doses of NOS inhibitors. 

Whilst others have demonstrated an anti-nociceptive activity of 7-NI without 

alteration in blood pressure (Whittle et al., 1989; Gardiner et al., 1990; Moore et al.,

1993). Haley demonstrated that L-NAME (1500ug/50ul) injected into the 

contralateral hindpaw had no effect on the neuronal response to electrical or 

formalin stimulation. This implies that any systemic absorption of the 7NI or L- 

NAME from the site of apphcation would have no effect on dorsal horn neuronal 

responses. Significantly larger systemic doses (25mg - lOOmg/kg) were required to 

produce an effect on dorsal horn neurones (Haley et al., 1992).

Extensive data indicates the role of NO in modulating windup within the dorsal horn 

in either normal, inflammatory or neuropathic models (Haley et al., 1992; Stanfa et 

al., 1996; Zahn & Brennan, 1998; Linden & Seybold, 1999; Luo et al., 1999; 

Maihofner et al., 2000). The neuronal responses recorded here concur with a role of 

nNOS / NO in the transmission and modulation of nociception. However given that

2 1 0



the responses were equivalent from P14 through to adulthood it would appear that 

nNOS exhibits little functional alteration during development and so would appear 

to have a greater role in modulation and synaptic plasicity rather than in maturation 

and modification of the dorsal horn synaptic arbor.

Post-synaptic activity (C fibre, post-discharge responses and excess counts) as 

determined by this study were comparable to the inhibition reported by others 

(Haley et al., 1992; Sorkin, 1993; Stanfa et a l, 1996; Rivot et al., 1999). Haley et al 

reported a 20% inhibition of C fibre evoked response to spinally applied L-NAME 

(1500ug/50ul) with noxious electrical stimulation (Haley et al., 1992). This was less 

than the inhibition seen in the current study (44% +/- 7), despite comparable doses 

(500ug/20ul is equivalent to 1250ug/50ul), ages and experimental set up (Haley

1994) Stanfa et al reported the effect of spinal 7-NI-sodium salt in normal and 

carrageenan inflammation (Stanfa et al., 1996). Direct comparison could be made 

between the studies as the same inhibitor and at the same experimental set up had 

been used, although different volumes of 7NI had been applied, 50pl compared to 

20|xl. At equivalent doses (mg/ml) the same levels of inhibition with respect to post

discharge parameters were reported in the normal adult groups as in this study.

However these results also demonstrate an inhibition of the PER, which was not 

reported by Haley or Stanfa. By extrapolation to the equivalent doses reported by 

Haley and Stanfa, up to a 50% inhibition should have been seen. Given the dose 

dependent inhibition of PER in the current study it is difficult to interpret the effects 

of NO inhibition purely on post-synaptic events. The windup graphs demonstrate a 

reduction in slope towards zero usually indicative of a reduction in windup, however 

given the corresponding reduction in PER the apparent lack of windup may be due 

to a lack of input. However at P14 the PER is significantly less effected than at the 

older ages at lOOpg 7NI and 500pg L-NAME whereas the post-synaptic inhibition 

is equivalent to the older age groups thus implying that nNOS inhibition has post- 

synaptic inhibitory consequences separate from the input.

Of note is the variation in response of the immature pl4  pups to 7-NI and L-NAME 

with respect to the primary evoked response. This measure is akin to the activation
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of the primary afférents and pre-synaptic neurones within the cord. A major feature 

of immature dorsal horn nociceptive systems is the relative lack of inhibition. By 

birth in humans and early in postnatal life in rats the local inhibitory inter-neurones 

are functional, but are maturing, whilst the descending inhibitory pathways are 

immature (Naka, 1984; Fitzgerald & Koltzenburg, 1986; Fitzgerald, 1991a). 

Descending axons from the brain stem are present in the spinal cord at birth they do 

not extend functional co-lateral branches until the second postnatal week and are not 

fully mature,untif (Fitzgerald & Koltzenburg, 1986).

It has been reported that NO stimulates the descending and local inhibitory 

pathways as well as pro-excitatory mechanisms pre and post synaptically. In the 

pups the antagonism of NO would result in a reduced pre and post synaptic response 

to a noxious stimulus (as seen), however in the groups over P21 there would also be 

the noxious stimuli evoked inhibition of the descending pathways. It may be this 

additional inhibition that accounts for the difference seen in the PER response 

between P14 and P21 (and older) groups.

The nNOS immunofluorescence, primarily within lamina Hi / III and around the 

central canal, closely correlates with the distribution described by numerous authors 

(Dun et a l ,  1992; Valtschanoff et al., 1992a; Valtschanoff et a l ,  1992b; Vizzard et 

al., 1994a; Aimar et al., 1998). Some authors did not detect any nNOS 

immunoreactivity in normal rat spinal cords, only upregulated expression post 

axotomy or spinal cord trauma (Novikov et al., 1995; Sharma et al., 1996). Of note 

are the relatively few numbers of nNOS positive cell bodies in the superficial dorsal 

horn and the immunopositive haze possibly indicating dendritic nNOS, as 

previously described (Aimar et al., 1998).

Only very occasional double positive cells for nNOS and N R l were identified in the 

dorsal horn in contrast with the central canal where cell bodies were larger and more 

readily identifiable. Within the superficial dorsal horn the nNOS fluourescence 

appeared to be in close proximity to the N R l fluorescence without co-localisation 

on the same cell body. However further double staining with nNOS and 

paravalbumin was not performed, and so further resolution as to whether nNOS is
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co-expressed with NMDA receptor and / or GABAergic neurones is not possible. 

The predominate expression of dorsal horn nNOS in a different but apposing 

cellular population to NRl is supported by many authors (Valtschanoff et aî.,

1992a; Spike et al., 1993; Bemardi et at., 1995). In contrast other authors have 

linked nNOS to the NMDA receptor through PSD-95 binding studies, functionally 

and some via immunocytochemistry (Aimar et al., 1998; Rivot et al., 1999; Tochio 

et al., 2000). In order to detect protein expression by immunofluorescence / 

immunocytochemistry a certain threshold of co-localised proteins must be present. 

The faint dendritic haze seen in the dorsal horn suggests there is more nNOS 

expression than is easily detected. Whether or not this is linked with the NMDA 

receptor is unknown.

Despite so few neurones appearing to be positive for nNOS within the mature dorsal 

horn NO can achieve a widespread effect by diffusing throughout the superficial 

lamina before degradation (Kelm et al., 1988; Lancaster, 1994; Wood & Garthwaite,

1994). Indeed the presence of only a few NO producing neurones may be protective 

(to prevent widespread non-specific NO production in response to a noxious 

stimulus). As many more neurones and non-neuronal cells express sGC, NO can 

effect a modulation of the neuronal response without requiring a one-to-one synaptic 

connection.

The late expression of nNOS within the dorsal horn of the postnatal rat from P7 

onwards is in agreement with other authors (Liuzzi et al., 1993; Vizzard et al., 

1994b; Wetts et al., 1995). From the images only the occasional nNOS positive cell 

body can be seen within lamina Bi by P7, however by P14 the expression has 

dramatically increased, and has reached its adult distribution by P21 (Vizzard et al., 

1994b). In lamina X nNOS positive cells have been reported from E19 (Wetts et al.,

1995) and were positive in this study from PO onwards. The developmental pattern 

of NMDA-NRl subunit expression is classically illustrated and discussed in detail 

in Chapter 3. This study confirms nNOS expression parallels C fibre function rather 

than directing C fibre maturation. This is in contrast to the NMDA receptor which 

appears early in cord development and undergoes extensive receptor subunit
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reorganisation and distribution within the cord promoting maturation (Kalb et al., 

1992; Luque et al., 1994; Watanabe et al., 1994a).

In conclusion the nNOS /NO pathway modulates nociceptive transmission in the 

spinal cord in a highly complex manner and appears to be fully mature and 

functional from p l4  onwards. The late postnatal expression of nNOS within the 

dorsal horn coupled with no alteration in function leads to the conclusion that nNOS 

does not promote synaptic maturation or cell survival. In contrast the NMD A 

receptor with which nNOS has been so closely linked in the literature undergoes 

extensive expression and functional alterations throughout the crucial first few 

postnatal weeks. These differences may arise from the need in development for 

activity dependent sysnaptic plasticity, an effect that can be generated in localized 

synapses by glutamate acting on a tightly controlled receptor and not by NO, a 

freely diffusible gas. Although nNOS appears to be mature by P14 the evidence 

from the PER imphes that its ulimate effect on synaptic function is affected by other 

immature systems.

Although nNOS / NO and the NMD A receptor functionally have similar effects on 

nociception modulation the simple proposal of NMDA activation driven NO 

production leading to increased neuronal excitation is too simplistic (Meller & 

Gebhart, 1993). Whilst the roles of NMDA receptor and nNOS are clearly inter

related, nNOS appears to be present in predominately NMDA receptor negative 

cells and the actions of NO are far more widespread and complex than just neuronal 

excitation.
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CONCLUSION

CHAPTER 6
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The results presented in this thesis illustrate the complexity that is the hallmark of 

central nervous system function and in particular, NMDA receptor expression and 

function during development. This receptor is the most complex receptor-channel 

system in the CNS as evidenced by the dual agonist and voltage gating of the 

complex together with the extensive intracellular events driven by receptor 

activation and the considerable number of modulatory sites that regulate activity. In 

addition, the NMDA receptor not only plays a key role in activity-dependent 

connectivity in early life but in adulthood has been clearly implicated in the 

plasticity of function that relates to pain, memory, epilepsy and cell death.

The general concept of increased density of neuronal expression of receptors at birth 

within the dorsal hom has been shown not to occur. Rather the apparent dense 

expression seen in spinal cord sections is made up of two components: the pre- 

synaptic expression on primary afferents and the post-synaptic expression on 

intrinsic dorsal hom cells. Evidence from the in vivo electrophysiology indicates 

that the pre-synaptic NMDA receptors are functional and contribute to the overall 

nociceptive transmission. In addition the NOS inhibition data indicates that the 

contribution of the primary afferents to pro-nociception may be of relatively greater 

importance in the early neo-natal period compared with later. Furthermore the 

results suggest that despite reported complete maturation of the anatomical, 

receptor, and neurotransmitter components of the nociceptive pathway by the third - 

fourth postnatal week, in functional terms the late postnatal period can still be 

considered as an immature system.

It is interesting to speculate as to the reasons for the differential distribution of the 

NMDA and AMP A receptors in the early neonatal period. It would appear that 

whilst the DH has functional NMDA receptors from birth, the level of expression is 

low and many form silent synaptic connections. The neonatal dorsal hom displays 

pronounced activity-dependent plasticity in contrast to the adult. This maturation of 

synaptic connections and AP and C fibre development is dependent on primary 

afferent evoked transmission. The abundance of NMDA and AMP A receptors pre- 

synaptically from birth may contribute to enhanced primary afferent depolarisation, 

acting as auto-receptors to increase glutamate and neuropeptide release. As the
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levels of NMDA and AMPA receptor expression increase in the dorsal hom there is 

an apparent reciprocal decrease in intensity of DRG expression. Thus in the 

maturing neonatal period the pre-synaptic NMDA receptors may have an enhanced 

role in nociceptive transmission contributing to the pro-excitatory nature of the 

neonatal dorsal hom. The relative importance of pre-synaptic NMDA receptors may 

well be reduced in the mature nociceptive pathway, as functional postynaptic 

complexes form.

There remain a few outstanding questions in this work, namely the expression of the 

NR2A and B subunits within the DRG and DH dissociated culture. Evidence from 

the immunocytochemistry would imply that large expression or intensity differences 

should be seen. In addition trying to extend the DH culture more towards adulthood 

would allow comparison of NRl / NR2 subunit expression with published binding 

studies and immunocytochemistry. Of interest would be to extend the DRG sections 

to PO and P7, although an adaptation to the current free floating method would have 

to be used, as at present the PO and P7 sections are lost.

The contribution of the nNOS/NO in the modulation of the nociceptive transmission 

in the spinal cord is more complex than proposed by Meller and Gebhart (Meller & 

Gebhart, 1993). Whilst the roles of NMDA receptor and nNOS are clearly inte

related, nNOS appears to be present in predominantly NMDA receptor negative 

cells and the actions of NO are far more widespread and complex than just neuronal 

excitation. However NO does not appear to be involved in the early neonatal 

synaptic dependent maturation within the dorsal hom. In contrast the NMDA 

receptor with which nNOS has been so closely linked in the literature undergoes 

extensive expression and functional alterations throughout the cmcial first few 

postnatal weeks. These differences may arise from the need in development for 

activity dependent synaptic plasticity, an effect that can be generated in localized 

synapses by glutamate acting on a tightly controlled receptor and not by NO, a 

freely diffusible gas.

In vivo responses of convergent neurones give an insight into the overall functional 

importance of receptors. The NMDA receptor undergoes extensive postnatal 

alterations, the variation thus produced can be exposed by different inhibitors. Thus
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APS and ketamine display different efficacies at different postnatal ages. The length 

of time required to achieve complete functional maturation is evidenced by the 

differences, albeit subtle, between P28 and adult groups.

The functional importance of pre-synaptic NMDA receptors is indicated by the APS 

and ketamine results. The immunocytochemistry indicates a high level of NRl, 

NR2A and NR2B expression within the dorsal root gangha in early postnatal life. 

The increased efficacy of APS on the PER in the pup groups may reflect the 

increased function or expression of the pre-synaptic NMDA receptor in the postnatal 

period compared with the adult. During postnatal development the importance of the 

dorsal hom intemeurones in modulation (excitation or inhibition) may increase. 

Within the dorsal hom in the adult NR2A and NR2B are the predominant subunits, 

with some evidence for NR2B maintaining dominance in lamina II (Boyce et al., 

1999).The NR2A subunit may be more dominant in this role in early postnatal life, 

perhaps changing to NR2B with development, or decreasing in its functional role. 

This can not be the only explanation as NRl-glycine site antagonists do not appear 

to affect the primary afferent / inter-neurone pathway, although they do induce a 

profound NMDA inhibition of the convergent neurones.

The difference in inhibition induced by NR2 subunit or NMDA channel blockers in 

immature and adult nociceptive pathways may be important in the translation of 

experimental findings to the neonatal / paediatric clinical arena. At present 

particular interest is being directed at generating NR2B specific antagonists in the 

hope of more specifically blocking the lamina II NMDA receptor, involved in 

nociception and not modulating other NMDA receptors. Animal evidence and phase 

n  studies in adult humans indicate that these may be useful in the treatment of 

NMDA receptor dependent pain. However work presented here would indicate that 

NR2B antagonists may have a different and not so potent effect in the immature 

nociceptive system. Further in vivo animal work is needed to clarify this point. The 

work presented here strengthens the threads emerging in the literature that the 

subunit expression and composition within the NMDA receptor cannot be thought 

of in uni-dimensional terms. It is probably naive to suggest that just a single subunit 

for example NR2B is expressed in the adult lamina II area. Rather from
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embryological times to death the subunit composition is in a state of flux. At 

different stages certain subunits may predominant; but it is more likely to be the 

relative combinations of subunits and the state of the intracellular modulators in 

conjunction with other linked receptors and secondary systems (such as NO) that 

will determine the activation and calcium permeability of any one receptor. In 

addition during the crucial postnatal developmental period the relative balance 

between pre-synaptic and post-synaptic NMDA receptors appears to be altered. In 

the adult, pathophysiological processes have also been shown to also alter the 

function of the receptor.

Thus whilst the development of specific NR2 subunit antagonists are of 

considerable scientific interest their clinical impact has yet to be established. Given 

the plasticity of the NMDA receptor system inhibition of one subunit may just allow 

the remaining subunits to gain active prominence. If the antagonists do prove to be 

capable of inhibiting the NMDA receptor then this begs the question as to the long 

term consequences in neonatal and paediatric nociceptive pathways. What this thesis 

also shows, in accordance with many studies in other areas of neurobiology, that the 

immature spinal cord sensory systems are very different from those in the adult - the 

whole issue of analgesia in the early life needs to be resolved.
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