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Abstract
Neonatal peripheral sensory neurons undergo considerable developmental and injury 

induced plasticity. This thesis investigates this plasticity and the mechanisms that underlie 

it. The first part describes the results of investigations into the central consequences of 

neonatal peripheral nerve injury. While nerve section in the adult mammal results in the 

death of axotomised sensory neurons and a rearrangement of their central connections, the 

same procedure performed neonatally results in more rapid and extreme changes. In 

Chapter 1 the issue of axotomy-induced cell death is addressed. Using unbiased 

stereological counting techniques a full quantitative measure of the extent and time course 

of dorsal root ganglion neuronal death is presented and shows a critical period of postnatal 

plasticity exists during which massive cell loss rapidly occurs. In addition, 

immunocytochemical methods were used to identify the relative loss of identified sub

populations of axotomised sensory neurons. The results indicate that all cell types are 

equally susceptible to axotomy and that the surviving population retains a normal 

phenotypic distribution. Chapter 2 describes a novel method of revealing and quantifying 

the collateral sprouting of primary sensory afferents within the spinal cord following 

axotomy. Using the tracer Dil, post-mortem labelling of central terminal fields can be 

achieved without the disadvantages of transport delay and possible nerve damage that 

occur with in vivo dye application. Chapter 3 provides evidence for a role of BDNF in 

mediating the axotomy-induced sprouting response. Immunocytochemistry and northern 

blot analysis show an upregulation of BDNF mRNA and protein within the dorsal horn of 

the spinal cord following sciatic axotomy. Further evidence comes from BDNF knockout 

mice that exhibit reduced sprouting. The second part of the thesis investigates the normal 

developmental plasticity of primary sensory neurons in the postnatal period, namely the 

refinement of afferent connections within the dorsal horn of the spinal cord. Initially 

diffuse AB-flbre projections gradually withdraw from superficial laminae until the adult 

pattern is achieved. In chapter 4, chronic NMDA receptor blockade from the day of birth 

is shovm to halt this normal developmental process. Control experiments confirm that 

other aspects o f dorsal horn development are unaffected. It is therefore concluded that 

postnatal reorganisation of afferent terminals is an NMDA receptor-mediated activity- 

dependent process and that peripheral afferent input is required to fine-tune central 

connectivity.



This series of experiments provides further understanding of the postnatal development of 

spinal cord connectivity. The issues of trophic control of sensory neuron survival and 

growth are discussed with reference to target removal and mechanisms are proposed for 

collateral sprouting that incorporate the normal developmental and axotomy-induced 

reactive processes within the spinal cord.
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Introduction

Many children are exposed to considerable pain in hospital as a result of disease, surgery 

or intensive care therapy (Owens 1984; Barker and Rutter 1995). In addition, chronic pain 

can occur in young children as a result o f nerve damage or denervation syndromes 

(Wilkins et al 1998; Anand 1998). There has been concern that intense noxious stimuli in 

infancy, at a critical stage of development, may have long-term consequences for the 

developing CNS, particularly in the development of pain states (Fitzgerald 1991; 

Fitzgerald 1995). The differences between the sensory nervous system of neonates and 

adults, both spinal and supraspinal, in terms of structural and functional connections, 

transmitter/receptor expression and activity and local and descending modulation, indicate 

that the relative responses to peripheral injury will he different. Clinical and laboratory 

studies suggest that the newborn nervous system is subject to long lasting changes as a 

result o f invasive procedures affecting peripheral tissue (Fitzgerald 1985; Shortland and 

Fitzgerald 1994; Taddio et al 1997; Porter et al 1999; Anand et al 1999). Animal studies 

have revealed that disruption of the CNS, repetitive painful stimuli or prolonged tissue or 

nerve damage, especially during a critical postnatal period, can produce alterations in 

connectivity greater than those seen following similar disruptions to the adult CNS 

(Fitzgerald 1985; Reynolds and Fitzgerald 1995). Do these changes in connectivity have 

any hearing on long term changes in sensory experience and/or behaviour? Mechanical 

allodynia and chronic pain have been reported to be greater in young rats compared to 

adults following nerve injury (Chung et al 1995). Prolonged sensory disturbances and 

altered pain perception manifests in children who have undergone early pain and trauma 

(Porter et al 1999). The relatively mild surgery of neonatal circumcision results in 

increased pain behaviour in infants three months later (Taddio et al 1997). Similarly, early 

intensive care leads to complex changes in pain perception and somatization that can be 

separated from illness, social and family factors (Grunau 1994). Even the degree of birth 

trauma appears to be linked to the severity of acute stress responses to painful stimulation 

in infancy. Birth injury, although rare, occurring at a frequency of 6-8/1000 births, most 

commonly affects the brachial plexus and/or phrenic nerve. Such injuries have not been 

well studied, and while long-term motor deficits have been reported, sensory changes have 

not been investigated (Schullinger 1993).
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The consequences of neonatal invasive procedures are two-fold. Firstly, any 

incision/damage will result in a local inflammatory response. Cutaneous innervation is 

immature and the various sensory terminals are not fully differentiated. Wounding the 

skin during a critical postnatal period results in a long lasting hyperinnervation of the 

wounded area o f skin, with associated mechanical hypersensitivity (Reynolds and 

Fitzgerald 1995). Secondly, peripheral nerve damage has a dramatic effect upon the 

sensory neurons innervating the periphery and the somatotopy of their central projections 

(Fitzgerald 1985: Shortland and Fitzgerald 1994).

The aim of the series of experiments presented here was to elucidate the central 

consequences of neonatal peripheral injury. The model used was sciatic nerve axotomy in 

newborn rat pups. The development of the rat pup does not mirror that o f the human 

foetus, but there are sufficient similarities for a comparative developmental timetable to be 

constructed. CNS development in the rat at the time of birth corresponds to the human 

foetus at 24 weeks of gestation, and the first three postnatal weeks of the rat’s life are 

approximately equivalent to the third trimester of gestation in the human (Fitzgerald et al 

1987). This makes the neonatal rat model particularly suitable for the comparison of 

sensory pathway development with the pre-term infant (Fitzgerald 1991).

Two major consequences of neonatal axotomy have been described: extensive death of 

axotomised DRG neurons with subsequent withdrawal of their central projections (Himes 

and Tessler 1989), and a collateral sprouting o f intact adjacent afferents into the 

denervated central territory (Fitzgerald 1985; Shortland and Fitzgerald 1994) (Figure 1). 

Although often described, quantitative studies of the extent o f DRG cell death have 

produced widely varying results and therefore a rigorous quantitative analysis was 

performed (chapter 1). The collateral sprouting has also been widely described, and here a 

novel method of post-mortem labelling and quantification of the sprouting response is 

presented (chapter 2). To better understand the mechanisms underlying sprouting, I have 

referred to other sensory systems that follow similar postnatal development and response 

to injury. These have implicated the neurotrophin BDNF as a candidate for regulating 

activity-dependent plasticity, both in normal development and following perturbations to 

the system (Galuske et al 1992; Kang and Schuman 1995; Lu and Figurov 1997). Chapter 

3 describes BDNF expression at the protein and mRNA level and shows a clear 

upregulation within the spinal cord following neonatal axotomy. This suggests a role for



Central consequences of 
neonatal peripheral axotomy

P7 naive

^S aphenous

Sciatic
Withdrawal o f centrally projecting 

sciatic afferents andcollateral 
sprouting of intact adjacent 

saphenous afferents

PO axotomy + 7

Extensive cell death 
in L4/5 DRG

Figure 1
Summary diagram of the central consequences of neonatal sciatic nerve axotomy. DRG 
neurons that are axotomised (shown in yellow) undergo extensive cell death such that a 
substantial proportion die within the first week post-axotomy. This causes a subsequent 
denervation of the central terminal field of the sciatic projection to the spinal cord. Intact 
adjacent nerves (eg from the saphenous-shown in red) collaterally sprout into the deafiferented 
region.
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BDNF in axotomy-induced changes in connectivity within the spinal cord, but whether 

that role is instructive or merely permissive is uncertain.

It is clear that considerable postnatal development occurs within the organisation of the 

spinal cord (Fitzgerald et al 1994). Perhaps an interaction with the tactile world is 

necessary to establish the final discrete patterns of connectivity within the spinal 

somatosensory system in the same way that exposure to light is a prerequisite for honing 

the connectivity required to establish stereoscopic vision (Katz and Shatz 1996). The 

dynamics of NMDA receptor activation have made it the source of considerable interest in 

studies of activity-dependent plasticity (Fox and Zahs 1994). Chapter 4 describes the 

consequences o f chronic NMDA receptor antagonism throughout the postnatal period 

during which extensive reorganisation normally occurs. The results indicate that postnatal 

changes in dorsal horn connectivity are activity-dependent and mediated by NMDA 

receptor activation.
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Chapter 1 

1: Introduction

1.1: Primary afferents exhibit physiological, biochemical and morphological 

heterogeneity.

Primary sensory neurons within the DRG are a functionally and morphologically 

heterogeneous population of cells, exhibiting a wide range of biochemical, anatomical and 

physiological specificities. In order to elucidate the functional distinctions between the 

various sub-populations they need to be clearly classified. Primary sensory neurons can 

be distinguished in a variety of ways: functionally specific peripheral endings, central 

termination patterns, cell body size, axon diameter and degree of myelination, membrane 

properties and biochemical phenotype.

Physiological evidence for discrete populations of primary afferents came from the work 

of Erlanger and Gasser in the 1930s (reviewed in Perl 1994). From measurements of 

conduction velocities within whole peripheral nerves they were able to reveal three 

distinct populations of nerve fibres separable by their action potential conduction 

velocities. They subsequently defined these three groups as A, B and C fibres, with A 

fibres having the fastest rates of conduction and C the slowest. Since then the B-fibre 

component has been shown to derive from preganglionic sympathetic fibres, leaving 

primary afferents split into two groups, A and C. This nomenclature still persists in 

defining fast and slow conducting nerve fibres and has been extended to classify the 

ganglion cell bodies of each type of fibre. The total population of neurons within a DRG 

have been broadly split into two, large light and small dark cells, a distinction based upon 

their relative expression of neurofilament. These two groups possess A and C-fibres 

respectively (Lawson 1979 and 1984). Of somatic primary afferents, approximately two- 

thirds are small, unmyelinated C-fibre neurons (Willis and Coggeshall 1991). These are 

almost exclusively nociceptive - a small proportion being purely thermoceptive - and are 

responsive to mechanical, chemical and thermal stimuli, generally polymodally. Many of 

these cell types are quiescent under normal conditions, particularly viscerally projecting 

afferents, only active under pathological conditions, eg inflammation (McMahon and 

Koltzenburg 1991). The rest of the population of the DRG are the large, myelinated A- 

fibre neurons. These have been further sub-classified into three groups; the small, thinly 

myelinated Aô-fibres, some of which comprise hair afferents, others having nociceptive 

and thermoceptive properties, the larger Ap-fibres that generally have specialised
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peripheral endings for transducing cutaneous mechanical stimuli, and the large Aa-fibres 

that are proprioceptive, innervating muscle spindles and Golgi tendon organs (see table 1).

A xon
D ia m eter

(|im)

C on d u ctio n
V elo c ity

(m/s)
M yelin a tio n

S o m a
D ia m ete r

(Hm)
F un ction

A a
15-20 Fast (20-70) Myelinated Large (40-80) Proprioception

A P
10-15 Fast (12-55) Myelinated Medium/Large

(30-60)

Low threshold 
Mechano- 
reception

AÔ 1-5 Medium (2-12) Thinly
Myelinated

Small/Medium
(15-50)

High threshold 
Mechano- 
reception 

Thermo-reception 
Nociceptive

C <1 Slow (<2) Unmyelinated Small (10-25) Polymodal
Nociception

Table 1: Physiological classification of primary afferents.

The distribution of different neuronal sub-types within the mammalian DRG does not 

appear to exhibit any organisation in relation to function, morphology or phenotype, 

unlike the situation in the chick (Honig 1982). Some evidence exists for a basic form of 

somatotopy between separate peripheral nerves in an individual ganglion during 

development (Wessels et al 1990) and in the adult (Puigdellivol-Sanchez et al 1998a), 

otherwise the neuronal populations tend to be totally heterogeneous. The projections of 

these afferents, however, are highly organised. Individual peripheral nerves innervate a 

distinct region o f the skin that exhibits no overlap with adjacent nerves. These boundaries 

are also respected by their central projections. Within the dorsal horn o f the spinal cord, 

the primary afferent terminals are highly ordered in three dimensions. Peripheral 

somatotopy is retained by the rostrocaudal and mediolateral boundaries with no overlap of 

central projections of adjacent peripheral nerves (Molander and Grant 1985, 1986; Swett 

and Woolf 1985). In the adult, projections of functionally distinct neuronal subtypes are 

separated within the dorsoventral plane such that specific neuronal populations project to 

distinct laminae of the dorsal horn. Ap-fibres terminate in the deeper laminae of the 

dorsal horn, mainly restricted to lamina 111-V. Aô-fibres project to laminae 1 and V and C- 

fibres are restricted to lamina 11 (Light and Perl 1979; Rivero-Melian and Grant 1990) (see 

figure 2 A and table 2).



Laminar organisation of primary 
afferent innervation of the aduit dorsal horn

m  IV

Figure 2
Schematic illustration o f the central 
terminal distribution o f primary afferent 
populations.
A  illustrates the segregation of myelinated 
and unmyelinated fibres within the dorsal 
horn. The largest diameter A -afibres 
project to the motoneuron pools in the 
ventral horn. Ap-fibres, predominantly 
terminate in the deeper laminae o f the 
dorsal horn (III-V). AÔ-fibres project to 
lamina I and V, witii some exceptions (see 
text) and C-fibres exclusively terminate in 
lamina II.

B

CGRP p75

Ret TMP
GFRa P2X3
IB4 VRl

B shows a magnified view of lamina II describing the segregation of peptidergic and non- 
peptidergic C-fibre afferents within lamina II. Lamina IIo receives input from peptidergic 
C-fibres, ie those that express CGRP, substance P etc, and require NGF for trophic support. 
Lamina 11, is the target region for non-peptidergic C-fibres, those that express IB4, P2X] 
and are supported by target-derived GDNF. The functional significance of Üiese differences 
is explained in the text.
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Fibre
class Threshold

Principal
Transmitter

Receptor
expression

Dorsal
horn

projection
Physiology

Sensation
(normal)

Sensation
(pathol.)

c High Substance P 
CGRP 
EAA

N K h2
NMDA
AMPA
mClu

I
lie

Nociceptive
Polymodal

Silent

Noxious
Temp.

hyperalgesia
Cold

allodynia

AP Low EAA AMPA III
IV

Mechano.
ceptive

Tactile Mech.
allodynia

Table 2: Functional and morphological classification of primary afferents.

The classification of cells as defined by morphology and physiology has been extended by 

investigations of chemical phenotype. The first example of this came with the description 

of the peptide substance P within a population of small sensory neurons and their central 

terminals (Hokfelt et al 1975). This led to the sub-classification of primary afferents into 

peptidergic and non-peptidergic. Approximately half o f the C-fibre population of adult 

DRGs are peptidergic, most of which express calcitonin gene-related peptide (CGRP) 

(Averill et al 1995). Many other peptides, eg substance P, galanin, somatostatin, CCK, 

VIP and NPY are also expressed by varying proportions of these neurons (Verge et al 

1995a; Alvares and Fitzgerald 1999). The non-peptidergic C-fibre population is defined 

by its ability to bind the lectin IB4 (Alvarez et al 1991).

The phenotype is by no means fixed from the initial stages. For example, no neuropeptide 

protein or RNA is detectable until target connection has been achieved, at E l6/17 (Hall et 

al 1997; Jackman and Fitzgerald 2000). This is due to the target-derived neurotrophic 

requirement of the innervating neurons to synthesise CGRP and substance P (Mulderry 

1994). Even after this stage, it is clear that postnatal changes occur in the relative sizes of 

DRG sub-populations. The percentage of cells expressing CGRP, substance P and 

glutamate increases postnatally (Nitsos and Rees 1993). The expression of other markers 

eg somatostatin, does not begin until after birth (Bennett et al 1998a).

The entire population of DRG neurons can be broadly divided into two by the relative 

expression of neurofilaments. In the adult animal, low molecular weight neurofilament 

(NF-L) and the intermediate filament protein peripherin are expressed by two distinct 

groups. Large/medium cells are almost exclusively immunoreactive for NF-L, whereas 

peripherin is expressed by small cells, more than 50% of which also express substance P 

and/or CGRP (Goldstein et al 1991; Goldstein et al 1996). The cross-reactivity between 

these two populations is very small, approximately 8% (Ferri et al 1990). Physiological
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recordings from DRG in vitro show a correlation between neurofilament expression and 

DRG sub-type defined by conduction velocity and cross-sectional area: immunoreactivity 

to RT-97 (phosphorlyated NF-L sub-unit) is detectable only in the A-fibre population, and 

all RT-97 negative cell were C or A5 (Lawson and Waddell 1991). The relationship 

between cell size and RT-97 immunoreactivity is also evident in late embryonic and 

neonatal stages (Jackman and Fitzgerald 2000; Beland and Fitzgerald 2000). Analysis of 

mRNA expression in DRG neurons shows that the NF-L positive, peripherin negative 

population also express RNAs for low, medium and high molecular weight 

neurofilaments, whereas the peripherin positive population do not (Goldstein et al 1996). 

Curiously, both cell types express peripherin mRNA. The absence o f peripherin 

immunoreactivity in the large cells may be due to post-translational regulation or rapid 

clearance of the protein from the cell body and into the axons (Goldstein et al 1996). The 

developmental regulation of this expression shows that embryonically (El 5/16) the DRG 

appears as a homogeneous population of cells all expressing peripherin and NF-L protein 

and mRNA. This situation rapidly changes such that by E20 the two populations are 

evident and by P2 the pattern of expression seen in the adult is established (Goldstein et al

1996).

DRG neurons are supported throughout development by trophic support from one or more 

of the neurotrophins (reviewed in Davies 1994; Snider 1994). The expression of 

individual neurotrophins and their receptors provides another means o f classification, 

albeit providing less clear distinctions than those previously described. In the adult, 40% 

of sensory neurons, mainly unmyelinated C-fibres, express trkA (Averill et al 1995). The 

IB4 population express GFRal and c-ret: the receptor complex for GDNF (Molliver et al 

1997; Bennett et al 1998b). Approximately 35% of the large A fibres express trkC 

(McMahon et al 1994) and trkB is expressed by a proportion of medium sized neurons, the 

extent o f this population varying between studies from 5-40% (Kashiba et al 1995; 

Karchewski et al 1999).

The small, unmyelinated population of DRG neurons can be divided neurochemically into 

two populations by their expression of neuropeptides. The peptidergic population express 

CGRP, amongst other peptides, and to a great extent co-express trkA, and are responsive 

to NGF (Verge et al 1995b; Averill et al 1995; Michael et al 1997). A separate population 

express no peptides, but were first defined by their expression of fluoride-resistant acid 

phosphatase (FRAP) and ability to bind IB4 (Nagy and Hunt 1982; Silverman and Kruger
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1990). This IB4 population expresses the GDNF receptor complex components c-ret, 

GFRa r  and GFRa2 and responds to GDNF in vivo and in vitro (Molliver et al 1997; 

Bennett et al 1998b). The ontogeny of this pattern of expression is not achieved until the 

second postnatal week. At E l7, between 70-80% of all DRG neurons express trkA and 

are presumably dependent upon NGF for survival (Bennett et al 1996; Molliver et al

1997). Between E l7 and P7, an upregulation of ret occurs within a subset of this 

population and a corresponding down-regulation of trkA. The outcome of this phenotypic 

change is a switch from NGF to GDNF for trophic support of the IB4 population. The ret 

expression persists until adulthood, when approximately 40% of DRG neurons express 

trkA, and the proportion that bind IB4 increases to around 40%, presumably this being the 

same population of small cells that downregulate trkA (Bennett et al 1996; Kashiba et al

1998). These two populations are also distinguishable by the distinct regions of the 

superficial dorsal horn in which their central projections terminate. The peptidergic 

population terminate in lamina I and outer lamina II (IIo) whereas the IB4/FRAP  

population project to lamina Ilj (Silverman and Kruger 1990) (Figure 2 B). These 

distinctions between populations of small sensory neurons clearly indicate possible 

separate nociceptive roles and recent evidence suggests that there may indeed be 

frmctional differences between them (Snider and McMahon 1998; Stucky and Lewin

1999). The P2X class of ATP receptors consists o f 6 sub-types, all expressed in DRG 

neurons (Bumstock and Wood 1996). However, only one, P2X], is restricted to small 

sensory neurons, and this expression is coincident with the IB4 population (Bradbury et al 

1998; Vulchanova et al 1998).

Recently, electrophysiological evidence has indicated that action potentials in the IB4 

population are longer in duration than peptidergic nociceptive neurons (McCarthy and 

Lawson 1997; Stucky and Lewin 1999). A possible mechanism underlying this is that 

these neurons exhibit significantly greater TTX-resistant Na^ currents under voltage clamp 

(Stucky and Lewin 1999). The question remains as to whether a functional difference 

exists between these two populations in terms of their nociceptive responsiveness. It is 

clear that 40-50% of cutaneous C-fibres respond to noxious heat (Koltzenburg et al 1997). 

Both the IB4 and peptidergic populations exhibit responsiveness to heat but the latter elicit 

far larger heat-activated currents than the IB4 population. Peptidergic neurons respond to 

rapid increases in heat with a large burst of action potentials, whereas IB4 cells fire only a 

few times (Stucky and Lewin 1999). Therefore, the smaller heat-activated currents.
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associated with a reduced ability to produce action potentials to heat-induced current 

suggest that the IB4 population display poor heat sensitivity in vivo, indicating a greater 

role for the IB4 negative, peptidergic population in acute responses to heat. The majority 

of evidence that exists indicates the endogenous heat-gated ion channel to be the VRl 

capsaicin receptor (Caterina et al 1997; Tominaga et al 1998; Cesare et al 1999). 

However, the patterns of expression of VRl in DRG neurons do not at first appear to fit 

the physiological evidence proposed by Lewin et al. VRl protein and mRNA expressiom 

has been shown to be restricted to small, unmyelinated nociceptive neurons, and within 

that population is expressed by approximately 60% of the IB4 population and 80-90% of 

the peptidergic population (Tominaga et al 1998; Michael and Priestley 1999; Guo et al 

1999). If this proportion of neurons express V Rl, why are only 45% responsive to heat? 

It is possible that the level of VRl expression required by a neuron is greater than the 

limits of resolution of in situ and immunohistochemical methods (see below). 

Alternatively, VRl may not be the only heat-activated ion channel. Heat sensitivity can 

be exhibited by both small and large DRG cells, indicative of the polymodal nature of 

many large myelinated cells. However, the response is quantitatively different. The small 

nociceptive population of heat sensitive DRG neurons has a threshold of around 45°C, the 

temperature at which heat starts to become noxious. Larger, predominantly 

mechanoreceptive neurons have a higher threshold to heat, approximately 51 °C (Nagy and 

Rang 1999). Only the former population of cells is responsive to capsaicin, indicating 

more than one heat-activated channel. This evidence fits neatly with the first homologue 

to VRl so far discovered - VRLl, vanilloid receptor-like 1. This is expressed only by 

large DRG neurons and its threshold to heat is 51°C. The possibility exists, and 

circumstantial evidence suggests that further homologues underlie some of the disparate 

effects of capsaicin (Szallasi and Blumberg 1999). It may well be that sub-population 

specific expression of one or more of these homologues underlies the discrepancies 

discussed.

The VRl quantification studies mentioned above are predominantly concerned with 

expression in the soma of DRG neurons. Clearly, heat detection is a peripheral function 

and the assumption is that neurons expressing VRl protein in the perikarya of the soma 

also transport it axonally. Indeed, the Tominaga study does show central transport of VRl 

protein, with labelling found in unmyelinated afferent terminals in superficial laminae of 

the dorsal horn. Interestingly, while co-expression is extensive with peptidergic
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projections - ie lamina I and IIo, there is a discrepancy of VRl and IB4 co-expression, 

with VRl only located at the medial extent of lamina Ilj. One interpretation is that this 

may represent evidence for two neurochemically distinct sub-populations of IB4 positive 

neurons. It is clear that VRl endows thermal and chemical sensitivity upon neurons in 

which it is expressed. The conventional polymodal nociceptor, however, is equally 

responsive to noxious mechanical stimuli (Bessou and Perl 1969). Is it possible that two 

discrete populations of IB4 neurons with divergent modalities exist? Only investigation of 

the mechanical responsiveness of the two purported sub-populations will answer this. 

However, the medio-lateral dissociation in the dorsal horn represents a topographical 

distinction between proximal and distal peripheral innervation, and this result would 

therefore indicate a greater thermal responsiveness of, for example, the distal regions of 

the hindlimb, ie the plantar surface of the paw. Furthermore, closer inspection o f fibres 

within the DRG revealed some substance P positive fibres with no VRl labelling, as was 

the case with a proportion of IB4 fibres. Triple labelling of cells also revealed a 

population of neurons expressing VRl but not substance P or IB4. A possibility here is 

that the use of substance P does not label all peptidergic cells, ie this population may 

indeed express another peptide, eg CGRP. What is clear from previous studies is that 

small cells within the DRG are a heterogeneous population. This heterogeneity is 

manifest in a variety of ways (Hunt et al 1992). Previous work on capsaicin sensitivity of 

DRG neurons has clearly shown that no sub-classification of these small cells, be it 

biochemical, anatomical or physiological, totally encompasses that population that 

exhibits sensitivity to capsaicin (Holzer et al 1991). This is clearly also true for the 

population expressing VRl (Michael and Priestley 1999). It is possible that direct 

correlation of protein or mRNA expression and function is not appropriate. Clearly, a 

critical level of VRl expression will be necessary to give a cell capsaicin/heat 

responsiveness and the method of stimulation used to detect function may not always be 

physiologically relevant ie heat or capsaicin applied to peripheral terminals or to 

dissociated cells in culture. It is also not unreasonable to assume a gradual capsaicin 

sensitivity across a population of neurons expressing VRl to varying degrees. It has been 

known for some time that capsaicin sensitivity does indeed vary between sensory neurons 

(Seno and Dray 1991; Stucky et al 1998). An important contribution in understanding this 

phenomenon has been the demonstration of differential expression of VRl mRNA within 

defined sub-populations of DRG neurons (Michael and Priestley 1999). It is clear that 

expression is variable, but that certain trends exist. For example, the majority of, though
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not all, IB4 cells show a relatively low level of VRl mRNA expression, particularly low 

among those that also co-express trkA. Furthermore, the somatostatin positive sub

population of IB4 cells have uniformly low expression, consistent with studies showing 

low capsaicin sensitivity of these cells (Kashiba et al 1997). Levels of VRl were 

generally higher in the substance P/CGRP population, but again, expression was variable. 

Analysis of adult DRG neurons following neonatal capsaicin treatment shows a greater 

loss of the CGRP population than IB4, consistent with these reported levels of VRl 

expression (Torsney and Fitzgerald 2000). An interesting finding was a population of 

very small cells, negative for trkA and IB4, but expressing ret, that had extremely high 

levels o f VRl mRNA. This population was very small (-1%  of total) but the level o f VRl 

expression was such that they may have a unique function. If we assume the relative 

levels of mRNA expression within these groups to be comparable with protein expression 

levels, then the physiological disparity between IB4 positive and negative cells in their 

responsiveness to heat (Stucky and Lewin 1999) has a clear molecular basis. Furthermore, 

the fact that only 45% of small nociceptive neurons respond to noxious heat (Koltzenburg 

et al 1997) is equally compatible.

It is important also not to consider these expression patterns as fixed, or to assume 

expression of VRl determines the physiological phenotype of a given neuron. NGF 

injections are capable of producing a long-lasting hyperalgesia to heat in vivo (Lewin

1993). While the acute stage o f this hyperalgesia is almost certainly maintained by 

cytokine release from mast cells (Lewin 1994), the longer-lasting secondary stage is 

independent of this as has recently been exhibited in DRG neurons in culture (Stucky and 

Lewin 1999). The key to this may lie in the expression of trkA in sub-populations of 

small DRG neurons. The IB4 population responds physiologically less robustly to 

noxious heat (Stucky and Lewin 1999), possibly due to lower levels of VRl expression, as 

detailed above. However, approximately 25% of this IB4 binding population also express 

trkA (Averill et al 1995; Molliver et al 1995; Michael and Priestley 1997) and this 

population may be particularly sensitive to sensitization to NGF. Therefore NGF may 

selectively increase the proportion of the IB4 population that are responsive to heat. The 

fact that GDNF has no effect indicates it is NGF specific. If this is the case then it 

provides a novel mechanism for NGF induced sensitization by unmasking heat sensitivity 

within this trkA/IB4 positive population (Stucky and Lewin 1999).

Whereas the results of Tominaga et al and Michael and Priestley are in agreement, a more 

recent study (Guo et al 1999) appears incompatible. While the relative expression of VRl
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in DRG somata was as in the two previous studies, they found distinct expression of VRl 

protein in fibres. VRl was shown to almost totally colocalise with P2 X3 and IB4 in both 

centrally and peripherally projecting fibres, but virtually no VRl was detectable in fibres 

labelled with substance P or CGRP. The discrepancy here is unexplained as yet. One 

possibility the authors propose is that ectopic VRl protein persists in the soma of 

peptidergic neurons and is not transported axonally. Alternatively, a further homologue of 

VRl may exist that is expressed selectively in fibres (cf the selective expression of 

neuropeptide Y receptors Y1 and Y2 on soma and fibres respectively (Hokfelt et al 1998).

1.2: Peripheral innervation.

Peripherally projecting axons first emerge from the rat and mouse lumbar DRG at E l2 

(Reynolds et al 1991; Mimics and Koerber 1995a). By E13, major nerves such as the 

sciatic and saphenous have formed from the plexus. Although both A and C-fibres enter 

the hindlimb at E l3/14, the larger, RT97 positive A-fibres predominate, projecting more 

distally and having a higher density of skin terminals throughout embryonic life with the 

smaller C-fibres slower to innervate the epidermis (Jackman and Fitzgerald 2000). Distal 

regions are reached by E l6.5 by which stage appropriate dermatomal boundaries have 

been established (Mimics and Koerber 1995a). Peptidergic innervation of the hindlimb 

epidermis is not detectable until E l9, when all regions simultaneously show expression, 

indicating that the fibres are present but the onset of peptide expression is delayed 

(Jackman and Fitzgerald 2000).

The relative contributions of C, A5 and Ap-fibre innervation to a given area of skin are 70, 

10 and 20% respectively, although this is variable. It is important to indicate that, 

although each is deemed to have a specific function, they are differentially sensitive to 

different stimulus modalities, rather than having all-or-nothing responses. Thus, under 

normal conditions, all three are capable of transducing innocuous information, although in 

the rat very few C-fibres transmit innocuous stimuli, whereas noxious stimuli are 

transmitted by C and Aô-fibres only. Following injury or inflammation, this situation can 

be changed. It is also the case that a stimulus of a single modality is unlikely to occur in 

the normal situation. By investigating the receptive field properties of mouse primary 

afferents, and using conduction velocity measurements for identification, the relative 

proportions of receptive modalities have been elucidated (Koltzenburg et al 1997). In the 

adult, the Ap population are split roughly evenly (54% and 46% respectively) into rapidly

10
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adapting (RA) and slowly adapting (SA) afférents. The former are likely to be hair follicle 

afferents and the latter arising from Merkel cells in touch domes. The Aô population of 

myelinated afferents are mostly high threshold mechanoreceptors (66%), the remainder 

comprising D-hair receptors. The unmyelinated component all exhibited high threshold 

mechanoreceptive properties. These relative proportions are established by P I4, although 

conduction velocities are lower, presumably as a consequence of immature myelination 

(Koltzenburg et al 1997).

Under normal physiological conditions, nociceptive C-fibres are not spontaneously active. 

However, a small subset of these, between 10-20% and mostly in joints and viscera, 

remain inactive even with acute noxious stimulation and have been termed ‘silent 

nociceptors’ (McMahon and Koltzenburg 1990; Koltzenburg 1995). In pathological 

conditions, such as inflammation or tissue injury, these nociceptors become sensitized and 

responsive to chemical mediators that are typically a product of such states (Koltzenburg 

1995; Dmitrieva and McMahon 1996). This recruitment is presumed to enhance the C- 

fibre barrage to the dorsal horn and underlie aspects of pain states associated with 

injury/inflammation. This adaptivity of primary afferent neurons and ability to selectively 

modulate activity in the spinal cord is also an underlying feature of the normal postnatal 

changes that occur in connectivity of the somatosensory system.

1.3: Central innervation.

Spinal cord differentiation proceeds along a ventrodorsal and rostrocaudal gradient, such 

that ventral motoneurons are the first neuronal type to be generated, between El 1-13, and 

lamina II neurons the last, E l4-16 (Redmond et al 1997). Within the dorsal root ganglia 

(DRG), cells destined to be large, myelinated neurons are the first to be bom. Of the small 

cells, those that are IB4 positive develop before those that will express peptides (Kitao et 

al 1996). Central projections of primary afferents from the DRG start to accumulate in the 

dorsolateral Bundle of His at E l2, where they remain for 3 days. The large diameter 

fibres enter at this time, projecting to the deeper laminae of the dorsal horn (Reynolds et al 

1991; Snider et al 1992; Mimics and Koeher 1995), although their arbors initially project 

superficially (Fitzgerald et al 1994). The small diameter fibres enter shortly before birth at 

E19 (Fitzgerald 1987; Mimics and Koerber 1995b; Jackman and Fitzgerald 2000). Unlike 

the initially diffuse arborizations of the larger diameter neurons, the small fibres project to 

the discrete terminal fields found in the adult from their first projections.

11
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The dorsal horn o f the spinal cord is innervated by primary afferents transducing a wide 

variety of sensory information from the periphery. The terminal arborizations of these 

afferents are segregated between the laminae of the dorsal horn based upon fibre type and 

receptive field properties (Light and Perl 1979; Brown 1981). Unmyelinated C-fibres 

terminate almost exclusively within lamina I and II. Within this population of afferents 

there is a distinction between peptidergic and non-peptidergic afferents which is discussed 

in more detail later. Thinly myelinated Aô fibres consist of two functionally different 

groups. One, mainly nociceptive, terminate in laminae I and V, while the other, which 

innervate hair follicles (D-hair afferents), project to laminae II and III. Large, myelinated, 

Ap-fibres terminate in the deeper laminae of the dorsal horn, typically III-V, the pattern of 

which is dependent upon their specific phenotypes (Brovm 1981) (see figure 1).

The cellular organisation of the dorsal horn itself is, however, far more complex. The 

laminar organisation that is conventionally used for afferent arborizations is based upon 

cytoarchitectural boundaries observed by Nissl staining (Rexed 1952; Molander et al 

1984). These neurons subserve a variety of functions, some are the cells of origin of 

ascending tracts, and many are excitatory or inhibitory intemeurons (Brown 1981; Willis 

and Coggeshall 1991) and importantly, the extent o f their dendritic processes is greater 

than the laminar organisation of their cell bodies suggest. In some cases, these cells are 

restricted to specific laminar regions. For example, the dendritic trees of lamina II islet 

cells are contained within lamina I and II (Gobel 1982), and spinocervical tract cells, 

found in deeper laminae, have dendritic projections that remain within the deeper laminae 

(Brown 1981). The afferent innervation of these two specific cell types is therefore likely 

to be restricted to a particular subset.

This convenient laminar organisation is not necessarily true of all dorsal horn neurons, 

however. Many cells have dendrites that cross several laminar boundaries (Willis and 

Coggeshall 1991) and are therefore capable of receiving monosynaptic input from widely 

divergent afferent types. A population of neurons in laminae III and IV which express the 

NKl receptor have dendrites that terminate in laminae I and II and are presumably targets 

for unmyelinated afferents projecting to lamina II (Brown et al 1995; Mantyh et al 1995). 

The dendrites o f these neurons can extend from lamina V up to lamina I and presumably 

receive monosynaptic input from all classes of afferent as well as from numerous dorsal 

horn interneurons. These neurons have been shown to project to the spinothalamic tract 

and receive input from substance P expressing afferents terminating in lamina I (Naim et
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al 1997). They therefore relay nociceptive input, and yet their cell bodies reside in the 

deeper laminae of the dorsal horn, a region that receives low threshold mechanical 

innervation from the periphery. Similarly, Lamina II neurons, normally considered to 

relay noxious information from lamina II projecting afferents, extend dendrites into deeper 

laminae where they make synaptic contacts with low threshold Ap-fibres (Woolf and 

Fitzgerald 1983; Baba et al 1999). Clearly, inferring functional differences in sensory 

processing merely from differences in laminar segregation of primary afferent terminals is 

too simplistic. Indeed, elegant experiments combining the specificity to myelinated fibres 

of cholera toxin conjugated HRP and NKl immunohistochemistry have revealed that NKl 

labelled neurons do receive monosynaptic input from large calibre, myelinated afferents 

(Naim et al 1998). It is important to stress, however, that the density of synapses from 

these afferents was far less than those of substance P or CGRP containing afferents, such 

that the latter, peptidergic C-fibres constitute a substantially greater input. In addition, 

anatomical evidence suggests these synapses are often functionally 'silent' (Baba et al

1999). Activation of such silent connections, and the establishment of novel ones, are 

thought to be critical mediators of central changes underlying acute and chronic sensory 

processing abnormalities following peripheral inflammation/injury (Woolf et al 1992). It 

is these same mechanisms that are responsible for the extensive changes in connectivity 

that occur during early postnatal development. The interaction between primary afferent 

input and postsynaptic spinal cord cells is clearly more elaborate than a simple laminar 

mechanism can elucidate. The modelling of mono and polysynaptic connections within 

the spinal cord is crucial for the development of a system capable of discerning the wide 

range of sensory modalities that constitute the tactile world.

1.4: Consequences of neonatal axotomy.

It is clear from numerous studies that peripheral nerve injury has far more dramatic 

consequences if it occurs during a critical period of neonatal plasticity. Most commonly 

described has been the extensive death of axotomised dorsal root ganglion cells that occurs 

(Risling et al 1980; Aldskogius and Risling 1981; Bondok and Sansone 1984; Yip et al 

1984; Schmalbruch 1987; Himes and Tessler 1989; Rich and Hollowell 1990; Cheema et 

al 1984). In the adult, axotomy induced cell death is not initiated until approximately 

three months after the lesion (Coggeshall et al 1997). However, in the neonate, death is 

extremely rapid, within one week (Whiteside et al 1998) and extensive. The proportion of
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cells that die has been a matter of some debate due to the counting methods employed in 

various studies. This is discussed in more detail later. An initial consequence of the cell 

death is a transganglionic degeneration and subsequent withdrawal of central terminals of 

those cells (Aldskogius et al 1982; Bondok and Sansone 1984). This is followed by the 

sprouting of adjacent, intact axon collaterals into the denervated region (Fitzgerald 1985a; 

Jacquin and Rhoades 1985; Fitzgerald et al 1990) (see chapter 2). Cell death, while 

extensive, is not complete for all axotomised neurons, and consequently some survive 

neonatal axotomy. These also undergo a sprouting response, similar to that seen in the 

adult, such that they innervate inappropriate laminae of the cord (Shortland and Fitzgerald

1994). The widespread death of DRG neurons following axotomy and indeed the ability of 

some to survive has been proposed to depend on their relative maturity and sensitivity to 

trophic factors (White et al 1993). However, attempts to quantify the extent of the 

neuronal death that occurs have yielded widely varying results (Whiteside et al 1998). 

Table 3 summarises these reports:

Yip et al (1984) 40-50% cell loss from L4/5 PI sciatic crush

Schmalbruch (1987) 50-90% loss from L4-L6 PO sciatic axotomy

Himes and Tessler (1989) 50% loss from L5 PO sciatic axotomy

Rich and Hollowell (1990) 32% loss from L4/5 PO sciatic axotomy

Nothias et al (1993) 50% loss from L4/5 PO sciatic axotomy

Cheema et al (1994) 75% loss from L5 PO sciatic axotomy

Table 3: Reported DRG ceil losses following neonatal peripheral injury.

The extreme variation between studies may be due to the use o f different or inappropriate 

counting techniques (Coggeshall 1992). However, the studies are in agreement as to the 

rapidity of the onset of cell death, all claiming the majority of cells to have died within the 

initial 24 hour period following injury. This has recently been supported by the detection 

of numerous apoptotic neuronal profiles within L4 and L5, 24 hours post neonatal sciatic 

axotomy (Oliveira et al 1997; Sugomoto et al 1998; Whiteside et al 1998).

The aim of this series o f experiments was to quantitatively describe the degree and time 

course of DRG cell death following neonatal axotomy of the sciatic nerve using unbiased 

stereological counting methods. The results of other investigations summarised in table 3
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clearly show that cell death is far more substantial following axotomy at early postnatal 

ages. The extent of this period of higher susceptibility is unclear from those studies and 

therefore axotomy was performed at a range of ages to establish the duration of this 

critical period. Once the degree of cell death was established, the question remained as to 

whether a particular sub-population of DRG neurons is particularly sensitive to axotomy, 

as has been proposed for the longer term consequences of adult axotomy (Coggeshall et al 

1997). Immunohistochemical analysis of axotomised DRGs was performed in order to 

establish whether any particular neuronal phenotype bestowed a susceptibility to axotomy, 

or survival properties upon particular sub-populations.
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2: Materials and Methods 

2.1: Total cell counts.

For all experiments Sprague Dawley rats of both sexes were used. The age between birth 

and 24 hours old was defined as PO.

Sciatic nerve axotomy was performed at three ages; PO, FIG and P21.

Surgical procedure

PO rat pups were anaesthetised by hypothermia. Under aseptic conditions, an incision was 

made in the left thigh and the sciatic nerve exposed above the popliteal fossa. The nerve 

was ligated with 7/0 suture and cut distal to the ligation. The wound was sealed using 

Vetbond adhesive and the pups warmed and returned to their mother.

PIO and P21 rats were anaesthetised by halothane inhalation (4% induction, 2% 

maintenance). The sciatic nerve was exposed as described above, ligated and sectioned. 

Muscle layer and skin were sutured using 5/0 sutures. Rats were allowed to recover and 

returned to their mother.

For all three ages, animals were divided into two groups (n=4 for each). One group was 

left for 2 days and the other for 7 days after the sciatic nerve axotomy. At these times, 

animals were terminally anaesthetised with 200mg/ml pentobarbitone and perfused 

transcardially with 0.9% saline followed by a 3% paraformaldehyde, 3% glutaraldehyde,

0.1% picric acid fixative. L4 and L5 lumbar ganglia were identified by tracing the sciatic 

nerve, removed and post-fixed in fixative solution.

The ganglia were dehydrated in ascending concentrations of ethanol, embedded in a 

mixture of epon and araldite and serially sectioned at a thickness o f 4pm. Sections were 

counterstained in Toluidine blue (0.33% in 0.1 M sodium cacodylate buffer).

Counting paradigm

Estimates of total cell numbers were made using a physical dissector paradigm 

(Coggeshall 1992; Pover et al 1993). Neuron numbers (N) are calculated by multiplying 

the numbers of neurons per unit volume (Ny) by the total volume of the ganglion (Vref):

N=Ny X Vref

Ny is calculated using five pairs of adjacent sections per ganglion such that the five pairs 

are equally distributed throughout the ganglion. The first of each pair is deemed the 

reference section and the second the look-up section. Each section is photographed and 

neuronal nuclear profiles subsequently drawn. The profiles for the reference and look-up 

sections are then super-imposed and “tops” counted. A top is defined as where the nuclear

16



Chapter 1. Sensory neuron changes following neonatal axotomy.

profile is seen in the reference but not the look-up section. The area of each section is 

determined and multiplied by the thickness to give the volume. The number of tops per 

unit volume (Nv) can then be calculated. Vref is calculated by taking approximately ten 

evenly spaced sections throughout the ganglion and multiplying mean ganglion area by the 

total number of sections and the thickness.

Cell counts were made in collaboration with Professor Richard Coggeshall.

2.2: Identification of sub-populations.

Sciatic nerve section was performed on a different litter of PO rats as described above and 

the pups returned to their mother. Pups were taken 2 days (n=4), 7 days (n=4) following 

axotomy and a further group left to reach adulthood (n=4). Additionally, 2 day and 7 day 

old naive pups were used as controls (n=4 for each). Rats were terminally anaesthetised as 

above and perfused with 0.9% saline followed by 4% paraformaldehyde fixative. L4 and 

L5 lumbar DRGs were identified, removed and post-fixed in a 30% sucrose/fixative 

solution overnight at 4°C.

Individual DRGs were mounted in Tissue Tek and frozen for cryostat sectioning. 10pm 

serial sections were cut and collected directly onto gelatinised slides. Sections were 

allowed to dry at room temperature overnight before immunohistochemical labelling. 

Immunohistochemistry 1.

Sections were immunolabelled with the following antibodies:

Anti-N52 (NF200 clone N52 mouse monoclonal IgG Sigma)

Anti-CGRP (rabbit polyclonal IgG Chemicon)

IB4 (Biotinylated lectin Sigma)

O Slides were washed 3x10 minutes in 0.1 M PBS.

0  Blocking stage:

20% NGS, 0.2% triton in 0.1 M PBS 

1 hour at room temperature 

© Primary antibody: 

aN52 (1:1000)

aCGRP (1:2000) In 4% NGS, 0.2% triton in 0.1 M PBS

1B4 (lOpg/ml)

Overnight at room temperature 

Slides washed 3x10 minutes in 0.1 M PBS at room temperature.
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Cell profile counts method
1. L4 and L5 DRGs taken from each rat.
2. Each ganglion serially sectioned at 10pm.
3. Five sections, evenly distributed throughout the entire ganglion, 

used for profile counts (red outline). Sections were therefore far enough 
apart wi&in the ganglion to ensure that no single cell was counted more 
than once.

4. For each individual animal, L4 and L5 numbers were pooled, ie profile 
counts made from ten sections per animal.

R at1 Rat 2

L4 ,L 6 )

Rat 3 Rat 4

5. No. of positive profiles in L4+L5 ^ | qq = 
Total no. of profiles in L4+L5

6. PI + P2 + P3 + P4 _= Final value (%) (where appropriate)

Figure 3
Summary of the cell profile analysis used to determine DRG neuron sub-population 
proportions. This method was employed for all comparative studies described (optical 
dissector technique was used for absolute quantification). Mean of percentages was only 
used to obtain a figure for the sciatic component o f L4/5 where the percentage o f total 
profiles (as revealed by neutral red counterstain) that were labelled with fluorogold was 
measured (n=6). In all other cases, the percentage values for each animal were recorded 
individually to allow further statistical analysis.
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O Secondary antibody:

Texas Red goat anti-mouse (1:200 Molecular Probes)

Oregon Green goat anti-rabbit (1:200 Molecular Probes)

AMCA-R ExtrAvidin (1:200 Molecular Probes)

In 4% NOS, 0.2% triton in 0.1 M PBS 

3 hours in the dark at room temperature.

Slides washed 3x10 minutes in 0.1 M PBS.

0  Slides were allowed to dry for 30 minutes then coverslipped with Pro-Long anti-fade 

mounting medium (Molecular Probes) and left to dry overnight at room temperature. 

Sections were viewed under epifluorescence using appropriate filter blocks for each 

fluorescent label.

Profile counting protocol

Unbiased estimates of absolute neuronal numbers require the use of rigorous stereological 

counting paradigms (Coggeshall 1992). However, for estimates of the proportions of, for 

example, neuronal subpopulations within a total population expressed as a percentage 

rather than absolute number, profile counts are adequate (Saper 1996). Therefore the 

following profile counting protocol was used to estimate percentages of neuronal 

subpopulations.

For each ganglion, the first section that clearly contained identifiable cell profiles was 

deemed section 1. The total number of sections was then counted until the last section 

containing profiles. The ganglion could then be divided such that five evenly distributed 

representative sections were taken throughout its entirety (see figure 3 for summary). 

Three photomicrographs were taken for each section, one for each fluorophore. For each 

section, profiles were identified as being clearly positively stained with a visible nucleus. 

Photographic images of each section were imported into Adobe Photoshop and positive 

profiles for each label were drawn using Macromedia Freehand software and the three 

superimposed. This allowed total profile counts o f each label to be made, as well as 

estimates of any double or triple labelling. The number of profiles not labelled by any of 

the markers, as revealed by dark-field illumination, was also counted.

Counts were made from four animals for each of the five experimental groups. For an 

individual animal, the total number o f profiles from the L4 and L5 ganglia were summed 

for each label. This total profile count for a given label was then expressed as a 

percentage of total profile number.
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Chapter 1. Sensory neuron changes following neonatal axotomy.

2.3: Estimate of the proportion of sciatic projecting neurons in L4/5 after neonatal 

axotomy.

PO rat pups (n=6) underwent sciatic nerve section as described. Seven days following 

nerve section they were re-anaesthetised by halothane inhalation (4% induction, 2% 

maintenance). The left thigh was re-opened and the ligated sciatic nerve exposed. Ipl of 

FluoroGold (Hydroxystilbamidine 2.5% Molecular Probes) was injected into the nerve 

stump using a glass micropipette attached to a Hamilton syringe. The wound was sutured 

closed with 5/0 sutures and the pups returned to their mother. 24 hours later, rat pups were 

terminally anaesthetised and perfused with 4% paraformaldeyhde as described previously. 

L4 and L5 ganglia were removed, serially sectioned and counterstained with neutral red 

(0.1%). Five sections were selected as described and photographed for subsequent counts. 

Counter-stained and fluorogold images of each section were superimposed using Adobe 

Photoshop allowing total neuronal profile and fluorogold positive profile counts to be 

made. As above, total counts of L4 and L5 were summed and fluorogold positive profiles 

expressed as a percentage of the total.

2.4: Identification of sciatic projecting neuron sub-populations.

Immunohistochemistry 2

PO rat pups (n=6) underwent the same sciatic cut and subsequent fluorogold labelling as 

described above. In order to minimise any ‘bleed-through’ from the fluorogold labelled 

cells into other fluorescent wavelengths, all three immunolabels used above (anti N52, anti 

CGRP and biotinylated IB4) were secondarily labelled with antibodies conjugated to red 

fluorophores. L4 and L5 ganglia were processed as above and 10pm sections collected 

serially onto three gelatinised slides. Immunohistochemical protocol and concentrations 

was as above with the following changes:

Anti-N52 secondary antibody: Texas Red goat anti-mouse (1:200 Molecular Probes) 

Anti-CGRP secondary antibody: Texas Red goat anti-rabbit (1:200 Molecular Probes) 

Biotinylated IB4 secondary antibody (1:500 Vector) and cy3 conjugated streptavidin 

(1:4000 Jackson).

Five sections were chosen as representative of the entire ganglion as above. Fluorogold 

and red fluorophores were revealed with appropriate filter blocks and photographed. For 

each section, the two images were superimposed using Adobe Photoshop. The total 

number of Fluorogold profiles and the number o f immunolabelled/fluorogold positive
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Chapter I. Sensory neuron changes following neonatal axotomy.

profiles were counted and the latter expressed as a percentage of the former. As before L4 

and L5 values were summed for each animal and a final value taken as a mean of all six. 

Immunohistochemistry 3

PO sciatic axotomy was performed on 12 rat pups as described. Seven days later, the 

sciatic nerve stump was re-exposed under halothane anaesthesia and O.Spl of either BHRP 

(1% Quadratech) (n=6) or WGA-HRP (1% Sigma) (n=6) injected using a micropipette and 

Hamilton syringe. The wound was sealed with 7/0 suture (Ethicon) and the pups returned 

to their mother for 24 hours. After this time, the rat pups were terminally anaesthetised 

with pentobarbitol and transcardially perfused with 1% paraformaldehyde and 1.25% 

gluteraldehyde in 0.1 M phosphate buffer. Ipsilateral L4 and L5 ganglia were removed and 

post-fixed in 30% sucrose solution. Individual ganglia were sectioned by microtome at 

30pm thickness and collected singly prior to tetramethylbenzidine histochemistry as 

described in chapter 4. Serial sections were mounted, allowed to dry and counterstained 

with 0.1% neutral red. Depending on the size of the ganglia, four or five sections were 

selected as described earlier such that an unbiased representative sample was chosen 

ensuring the distance between sections was sufficient to ensure that no individual cell 

could be counted twice. Sections were viewed under bright field and captured using Leica 

Qwin image analysis software. For each section, the diameter of all (HRP+ve and 

counterstained) positively identified profiles (see earlier) was measured in the horizontal 

plane, allowing size frequency histograms to be constructed.
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Chapter 1. Sensory neuron changes following neonatal axotomy.

3: Results

3.1: Neonatal sciatic axotomy causes rapid and extensive neuronal cell death in the 

DRG within a critical postnatal period.

The sensory neurons that project into the sciatic nerve are contained, almost exclusively, 

within the L4 and L5 DRGs (Himes and Tessler 1989; Swett et al 1991). Figure 4 is a 

schematic representation of the sciatic nerve plexus and the distribution of sciatic- 

projecting sensory neurons. The sciatic contribution to L3 and L6 is miniscule, 

approximately 2% (Swett et al 1991). The non-sciatic populations of neurons within L4 

and L5 presumably project into the saphenous and posterior cutaneous nerves respectively. 

It is well established that neonatal peripheral nerve axotomy results in the rapid death of 

many of the cells whose axons have been cut. Axotomy of the sciatic nerve in the adult 

has no immediate effect on DRG cell number. Cell death does eventually occur but only 

after a significantly longer time scale than the results presented here. The magnitude and 

time-course of neuronal death has been reported following injuries to the sciatic and infra

orbital nerves in particular. The wide-ranging variation in the reported amount of cells 

that die reflects the differences in counting protocols used. To achieve an accurate, 

absolute total number o f cells contained within a ganglion the double dissector paradigm 

was used (Pover et al 1993). The aim of this experiment was to:

1. Gain an accurate measure of the extent of DRG cell death following neonatal axotomy.

2. Determine whether the neuronal death is dependent upon axotomy occurring at a 

critical postnatal time, or whether the change in injury response from neonatal to adult 

is a gradual event.

Three time points for the axotomy were chosen: the day of birth (PO), PIG and P21. 

Counts of total cell number were made at 2 and 7 days post-axotomy. Cell numbers are 

listed in table 4, with means ± sem in bold in the bottom row. Figure 5 is a graph of this 

data with the statistical analysis. Previous counts o f DRG cell number using the same 

dissector paradigm have described naïve L4 ganglia between PIG and adult as having a 

stable cell number o f between 15GGG and 16GGG (Coggeshall et al 1994). It is therefore 

assumed that the cell numbers reported for the PIG and P21 axotomy do not vary 

significantly from the naïve at either age and that no cell death has occurred within the 

time course examined. It is clear that two days after PG axotomy substantial loss of cells 

has occurred (p<G.Gl), whereas no change has occurred at two days when axotomy is
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Distribution of sciatic projecting neurons 
within the lumbar dorsal root ganglia

Saphenous
nerve

N eurons projecting into 
the  sciatic nerve.

Qo  N eurons projecting into 
ad jacen t nerves. Tibia!

Nerve

Posterior 
Cutaneous 

Nerve
Sural Nerve

Common Peroneal 
Nerve

Figure 4
Schematic representation of the organisation of peripheral nerve input into L3-L6 lumbar 
dorsal root ganglia. The sciatic nerve carries nerve fibres from three distal nerves; the tibial, 
common peroneal and sural. The nerve defasciculates into the sciatic plexus with individual 
roots projecting into the ganglia. The vast majority o f sciatic nerve fibres have their cell 
bodies located in L4 and L5 with a small number (~2%) in L3 and L6 (Swett et al 1991). 
Adjacent nerves, the saphenous and posterior cutaneous, have cell bodies located in L4 and 
L5 as well as L3 and L6 respectively. The proportion of sciatic projecting neurons within 
L4 and L5 has been estim ated  at betw een 55-95%  (see tex t fo r de ta ils).
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Surviving ceii numbers in L4 DRG 
foliowing axotomy at PO, P10 and P21
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Graph of total cell numbers in L4 dorsal root 
ganglia at the ages shown. Numbers in the naïve 
rat ganglion do not decrease significantly postnatally 
(Hulsebosch et al 1986) and therefore only P2 naïve is 
included: PIO and P21 naïve numbers are assumed not to 
be significantly different. It can clearly be seen that axotomy 
of the sciatic nerve at PO causes a significant depletion o f L4 
neurons within 2 days (p<0.01) which increases further by 7 days 
(p<0.001). Similar time courses of cell counts made after axotomy 
at PIO and P21 reveal no change in total cell number. This provides 
evidence for a critical period of sensitivity to axotomy of DRG neurons 
during the first ten postnatal days.
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Chapter 1. Sensory neuron changes following neonatal axotomy.

performed at PIO and P21. Further reduction in cell number occurs between two and 

seven days postnatally (p<0.001) but still no change has occurred in the two older groups.

P2 naïve PO
axotomy+2

PO
axotomy+7

PIO
axotomy+2

PIO
axotomy 7

P21
axotomy+2

P21
axotomy+7

15180 10616 5062 13537 14522 14365 15188
13672 11025 6036 16060 13156 15366 17437
14336 11424 5700 17043 16779 17517 16102
15624 10250 7334 17491 12890 15145

6703 16038
147001435 10830+253 6167+394 16040+884 14330+890 15690+527 16240+653

Table 4: Total cell numbers in L4 DRG following axotomy at PO, PIG and P21.

These values represent a 58% cell loss by seven days following PO axotomy. The 

remaining 42% will consist of surviving sciatic neurons and neurons that project to other 

nerves.

3.2: Approximately half of the remaining L4 and L5 ganglia neurons arise from the 

sciatic nerve.

The aim here was to establish the proportion of remaining ganglion neurons that arise 

from the axotomised sciatic nerve. To do this, the axotomised sciatic nerve was labelled 

with fluorogold and the proportion of fluorogold positive profiles in the L4 and L5 DRGs 

counted seven days later. Total numbers are shown below and in figure 6A. Seven days 

post-axotomy, 54.5±1.8% (n = 6) o f the total remaining cells have peripheral axons that 

project into the sciatic nerve. The results from (1) show that the total remaining cells are 

42% of the L4 population (6167±394). Assuming equal loss from L4 and L5, as 

previously reported (Bondok and Sansone 1986) this means that sciatic afferents make up 

approximately 80% of the total L4/5 population (See box A). It also means that of the 

remaining intact neurons approximately half are surviving sciatic afferents and half are 

undamaged afferents from adjacent nerves. Studies of the properties o f neurons remaining 

after neonatal axotomy must be interpreted in the context o f these two populations.

Total no. 1644 1622 1478 1623 1205 1382

Fluorogold 1000 895 802 781 693 706

Percentage 60.8 55.2 54.3 48.1 57.5 51.1

Table 5: Proportion of f ruorogold-labelled neurons following neonatal axotomy
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The dissector method for estimating absolute neuron number was used as it has been 

established as a reliable and accurate technique for evaluating neuron numbers within the 

adult nervous system (Pover and Coggeshall 1991; Pover et al 1993, Bergman and 

Ulfhake 1998). It has also been used to estimate neuronal numbers during postnatal 

development (Coggeshall et al 1994). A more recent study has compared the accuracy of 

the dissector method in adult and younger (PI 1) animals (Popken and Farel 1997). Their 

findings indicated that the dissector gave accurate estimates of DRG neuronal number in 

both adults and younger animals, but that large sampling errors occurred in the latter 

group. This was proposed to be as a result of a heterogeneous distribution of neurons 

within the DRG, such that the use of a small sample o f dissector pairs results in large 

errors. They suggest that five pairs of dissectors, as used in the results presented here, 

while producing accurate estimates, can lead to sampling errors of up to 50%. However, 

the results presented show a much reduced sampling error, with total neuronal numbers 

consistent during postnatal development, as previously reported (Coggeshall et al 1994) 

and would therefore suggest that an adequate sampling size was used. However, the 

inconsistencies within the literature over the applicability of various quantification 

techniques indicate the importance of using not only an appropriate technique when 

undertaking a study of absolute population size within a neuronal system, but also of an 

appropriate sample size.
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PO axotomy + 7 days: 
Surviving L4/L5 sciatic neurons
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Figure 6
A: Proportion of total surviving cell 
numbers 7 days following neonatal 
sciatic nerve section that are of sciatic 
origin. Sciatic nerve was labelled 
w ith fluorogold and total cell 
numbers revealed with neutral red 
counterstain.
B and C: Representative section 
showing total cell and fluorogold 
distribution.
D: Relative proportions o f the 
fluorogold-labelled cells that express 
N-52, CGRP, IB4 and peripherin.
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Box A
Estimate of the sciatic-proiecting component of the L4 DRG

■s
^ 4 7 0 0  8533 cells die -  these are all assumed to

be axotomised, sciatic-projecting neurons

I  Axotomy + 7 days

X 6167
Counts of fluorogold-labelled cells in L4/5 DRGs 7 days following PO axotomy 
indicate that 54.5% of all surviving neurons project into the sciatic nerve. If we 
make the assumption that neurons whose axons make up the sciatic nerve are equally 
distributed between L4 and L5, then 54.5% of the surviving neurons in the 7 day 
post-axotomy L4 ganglion will be sciatic projecting:

X 6167

Sciatic 3361 ^  ^  2806 Intact adjacent
' nerve

Therefore, the total sciatic component of L4 can be calculated as:

Number o f neurons lost  ̂ . . 
during initial 7 days +  Sciatic component 
following axotomy of surviving neurons

8433 + 3361
=11894

Total cell number at PO = 14700

Therefore: 11894 x 100 = 
14700

80.9%

3.3: Neonatal axotomy does not result in a change in the relative proportions of DRG 

sub-populations in the surviving L4/5 DRGs.

The cell death incurred by neonatal axotomy is clearly extensive, leaving approximately 

40% of the population alive at seven days. The functional significance of this sensory 

neuron death i% dependent upon the pattern of the cell loss. Are one or more sub

populations of sensory neurons more susceptible to axotomy than others, or are all equally 

lost? To answer this question, counts were made of selectively labelled subpopulations of 

DRG neurons and percentage survival estimated. The large, myelinated population of 

DRG cells was selectively immunolabelled with N-52, the peptidergic small population 

with CGRP and the non-peptidergic small cells with IB4. As with the total cell number 

assay, counts were made at PO, P2 and P7, both for naïve and neonatally axotomised cells.
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Chapter 1. Sensory neuron changes following neonatal axotomy.

The aim of this experiment was:

1. To establish the developmental progression of the relative contributions of defined 

DRG sub-groups to the total population in naïve and neonatally axotomised animals.

2. To look at which phenotype, if any, is preferentially lost following axotomy.

The proportions o f neurons positively labelled for each o f three markers was estimated 

using nuclear profile counts. Total numbers of profiles are shown in table 6 and expressed 

graphically as percentages of the total in figure 7. By triple-labelling ganglion sections 

any co-expression of the markers was detectable. In addition, the results for each group 

are shown in pie chart form in figures 8,9 and 10.

In the normal rat pup, there is a developmental progression over the first seven days. The 

relative proportion of N52 and CGRP profiles remains unchanged, but there is a 

progressive increase in the IB4 population between PO and P7 (p<0.05), in agreement with 

previously reported results (Bennett et al 1996; Molliver et al 1997). Seven days post- 

axotomy, when approximately 60% of the L4 DRG cells have died, there is no difference 

in the relative expression of N52, CGRP, IB4 or co-expression in the remaining cells 

compared to the naïve animal.

3.4: The surviving axotomised DRG neurons are not N52, CGRP, or IB4 positive.

The results in sections 1,2 and 3 show that, despite the extensive neuronal loss within L4 

and L5, those cells that remain, ie both surviving axotomised sciatic projecting neurons, 

and intact cells of adjacent peripheral nerves, retain the same sub-population profile as an 

age-matched naïve rat. Assuming that these two groups of sensory neurons have similar 

relative sub-population proportions, these results suggest that axotomy-induced cell death 

is spread evenly across the N52, CGRP and IB4 populations. To test this, surviving 

sciatic-projecting neurons were labelled with fluorogold seven days post-axotomy and 

then immunostained for cell specific markers. Only profiles that were double-labelled 

were counted. Examples o f labelling for each of the markers are shown in figures 11 and 

12, with quantitative analysis shown in the graph (figure 6 D). Surprisingly, the majority 

of fluorogold labelled sciatic nerve projecting neurons that survive seven days post injury 

are neither N52, CGRP or IB4 positive (table 7).
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Chapter 1. Sensory neuron changes following neonatal axotomy.

PO
N52 CGRP IB4 CGRP/

N52
CGRP/

B 4
B 4 /
N52

CGRP/
IB4/N52

None

530 300 256 63 29 118 27 520
558 316 358 28 13 47 2 296
292 251 220 39 14 10 1 129
260 250 175 48 11 5 1 111

P2
N52 CGRP ffi4 CGRP/

N52
CGRP/

IB4
IB4/
N52

CGRP/
IB4/N52

None

436 281 284 43 20 29 7 217
537 317 340 69 29 73 14 235
335 196 215 32 6 4 00 151
205 141 157 44 9 14 115

P7
N52 CGRP ffi4 CGRP/

N52
CGRP/

IB4
IB4/
N52

CGRP/
IB4/N52

None

429 348 524 61 24 17 2 140
343 290 368 39 12 38 6 169
221 203 289 93 32 15 19 79
240 169 282 71 22 6 7 79

PO axotomy + 2
N52 CGRP IB4 CGRP/

N52
CGRP/

IB4
IB4/
N52

CGRP/
IB4/N52

None

244 120 208 18 2 5 3 182
338 174 183 25 8 38 2 189
350 234 142 26 15 15 9 86
173 171 118 16 9 5 1 155

PO axotomy + 7
N52 CGRP IB4 CGRP/

N52
CGRP/

IB4
EB4/
N52

CGRP/
IB4/N52

None

206 80 154 21 17 11 6 131
131 124 161 30 11 ■ 7 3 103
130 113 148 30 14 5 4 20
157 120 161 18 12 3 3 50

PO axotomy - adult
N52 CGRP B 4 CGRP/

N52
CGRP/

IB4
IB4/
N52

CGRP/
IB4/N52

None

181 155 190 9 15 4 1 138
187 81 195 10 4 2 0 103
58 71 62 9 0 1 0 23
121 86 63 7 7 0 0 29

Table 6: -  total numbers of neuronal profiles identified as positively labelled for 
each of the markers described (n=4 for each age group).
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DRG sub-type populations: Developmental 
and axotomy-induced changes
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Figure 7
Graph expressing the relative proportions of dorsal root ganglion sub-populations at the 
ages and conditions shown. The normal developmental progression over the first postnatal 
week (A) and the consequences of PO axotomy (B) on total ganglion expression is shown. 
Total counts were made for pooled L4 and L5 ganglia in each case. See methods section 
for details.
Pie charts for each group and exam ples are shown in figures 7,8 and 9.
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PO
Figure 8
Sections from PO and P2 L4 dorsal root ganglia 
immunolabelled for N52, CGRP and IB4. The pie 
chart shows the relative proportion o f the pooled 
L4/L5 DRGs of each labelled population. Note 
the large proportion o f unlabelled cells. The 
composite figure shows the distribution o f each 
within the DRG. Co-expression can be seen: 
N52/CGRP appears yellow; CGRP/IB4 turquoise; 
IB4/N52 purple and co-expression of all three is 
seen as white.
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P7
Figure 9
Sections from P7 and PO axotomy after 2 days. 
Details are as for figure 8.
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Figure 10
Sections from P7 and adult after PO axotomy. 
Details are as for figure 8.
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Chapter 1. Sensory neuron changes following neonatal axotomy.

N52 5.6±1.1%
CGRP 5.8±0.4%

IB4 0.8±0.4%
Peripherin 7.3±1.4%

Table 7: Percentages of fluorogold labelled neurons positively immunolabelled

Both CGRP and IB4 downregulate following axotomy and therefore peripherin was used 

as an alternative marker for the small, unmyelinated neurons (see discussion for details). 

However, it is clear that only a small proportion of surviving axotomised neurons are 

labelled with any of these markers. The presence of positively immunostained but 

fluorogold negative profiles for each immunolabel (ie adjacent nerve-projecting neurons) 

indicates that these results are not indicative of any failure in the immunolabelling 

protocol. Similarly, the fact that some cells are double labelled suggests that any masking 

effect of fluorogold on the immunohistochemical process is unlikely (see also Ju et al 

1989). The wealth of studies utilising retrograde fluorogold labelling and 

immunohistochemistry to identify primary afferent populations clearly show this is not an 

issue (Persson et al 1995). Therefore, immunolabelling of remaining L4 and L5 ganglion 

neurons after axotomy actually only labelled undamaged axons from other nerves ie half 

the population. The other half, made up of surviving axotomised neurons did not 

significantly contribute to the labelling. These results suggest that intact non-sciatic 

afferents must upregulate these markers.

3.5: Populations of both myelinated and unmyelinated neurons survive PO axotomy.

In order to further examine a selective loss of any particular population within the DRG, 

larger A cells with myelinated axons and small C cells with unmyelinated axons were 

separately labelled using B-HRP or WGA-HRP injections into the sciatic nerve. Figures 

13 and 14 show size-ffequency diagrams of all the neurons and the two labelled sub

groups within the L4 DRGs seven days after neonatal axotomy. It is clear that the 

surviving sciatic axons have neurons that are positively labelled with both markers. 

Therefore neither the small or large subpopulations of neurons appears selectively 

susceptible to axotomy.
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N52 and CGRP immunolabelling of 
axotomised DRG neurons.

Figure 11
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prior to immuno
labelling (see 
methods section).
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fluorogold positive 
profile.
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IB4 and peripherin immunolabelling of 
axotomised DRG neurons.

Figure 12
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were pre-labelled 
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prior to immuno
labelling (see 
methods section).
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PO axotomy + 7 days - BHRP labelling
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Figure 13

Size-frequency graph of BHRP positive (black bars) and negative (pink bars) 
neurons in the L4 and L5 DRGs of seven day old rats that were axotomised at 
birth (n=4).
Below is a representative DRG section. Black, BHRP positive profiles are 
clearly labelled. Smaller, BHRP negative cells have been counter-stained with 
cresyl violet.
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PO axotomy + 7 days - WGA-HRP labelling
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Figure 14
Size-frequency graph of WGAHRP positive (black bars) and negative (pink 
bars) neurons in die L4 and L5 DRGs of seven day old rats that were axotomised 
at birth (n=4).
Below is a representative DRG section. Black, WGAHRP positive profiles are 
clearly labelled. Smaller, BHRP negative cells have been counter-stained with 
neutral red.
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Chapter 1. Sensory neuron changes following neonatal axotomy.

4: Discussion

4.1: Neurotrophin dependency of postnatal DRG neurons.

This series o f experiments has provided the first full quantitative description of DRG 

neuronal loss following neonatal axotomy of the sciatic nerve. The 58% cell loss over the 

first seven days post-axotomy is in agreement with previously reported results (see 

introduction). Importantly, the absence of any cell loss over a similar time scale following 

axotomy at PIO and P21 indicates that a fundamental change occurs in the susceptibility of 

sensory neurons to axotomy during the first ten postnatal days. It is known that the 

axotomy-induced cell death during the immediate postnatal period is apoptotic (Oliveira et 

al 1997; Whiteside et al 1998). DRG survival both in vitro and in vivo requires trophic 

support during development (Davies et al 1994; Snider et al 1994; Vogelbaum et al 1998). 

The majority of DRG neurons are dependent on NGF for survival during late embryonic 

and early postnatal stages as indicated by the transient expression of trkA in 80%+ of 

neurons (Bennett et al 1996). This expression changes during the first postnatal week such 

that half the neurons change their trophic dependency to GDNF (Bennett et al 1998b). 

This occurs at approximately the same time that susceptibilty to axotomy is lost. Axotomy 

of the sciatic nerve in the adult renders no immediate loss in DRG numbers, although 

approximately 50% of unmyelinated fibres are lost in the dorsal roots 3 months following 

axotomy, presumably indicating a similar loss in small DRG neurons (Coggeshall et al

1997). The inability of axotomy at PIO or 21 to induce any loss in DRG cells presumably 

reflects a change in trophic dependence of those cells such that they reflect the adult 

situation. What then is the mechanism that underlies the trophic dependence, and what are 

the conditions that cause this to be lost? The answer may lie in the relative expression of 

genes of the Bcl-2 family. There are several members, including Bcl-2 and Bcl-x whch 

are anti-apoptotic, or “survival” genes, and BAX, which is pro-apoptotic -  a “death” gene 

(Davies et al 1995). Apoptosis of sensory neurons induced by trophic withdrawal, 

whether in vitro or in vivo, has three essential components;

1. Inactivation of phosphotidylinositol-3-kinase (PI3K) (Yao and Cooper 1995).

2. Activation o f c-jun (Estus et al 1994).

3. A threshold expression of BAX (Deckworth et al 1996).

Only the expression of BAX is developmentally regulated, and is therefore the most likely 

candidate to be responsible for the development shift away from neurotrophic dependency 

(Vogelbaum et al 1998). This is supported by evidence from genetically manipulated
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mice: DRG neurons from BAX'" mice are resistant to NGF withdrawal in culture 

(Deckworth et al 1996). It is now clear that the absolute expression of BAX is not the 

critical factor, but its expression ratio with the anti-apoptotic Bcl-x (Vogelbaum et al

1998). Western blot analysis of Bcl-x and BAX protein levels in vivo show a dramatic 

shift during the first postnatal week. BAX levels decrease and Bcl-x increase such that 

their relative ratio reverses. The crossover point of this reversal occurs at approximately 

P7, correlating with the developmental point at which DRG neurons become insensitive to 

NGF withdrawal and axotomy. The finding that Bcl-x'^' mice undergo extensive neuronal 

apoptosis in utero (Motoyama et al 1995) and neonatal axotomy-induced apoptosis of 

facial motoneurons in bcl-2 over-expressing mice (de Bilbao et al 1997) supports a critical 

role for Bcl-x as well as BAX. The crucial factor for CNS neuron survival is therefore the 

Bcl-2/x:BAX expression ratio. This explanation may be too simplistic however. Much of 

the work investigating the role of the Bcl-2 gene family has been carried out in culture. In 

this paradigm all neurons are by definition axotomised, and neurotrophic withdrawal is 

absolute. However, neonatal sciatic nerve axotomy produces substantial cell death, 

presumably from the removal of a vital trophic source, yet some neurons do survive into 

adulthood and retain their central innervation. This is possibly the key to the underlying 

selective survival of a sub-population of neurons within the axotomised DRG. Two 

possibities may account for this:

1. The relative maturity of individual DRG neurons governs their trophic dependency. 

Different neuronal-sub-types exhibit different developmental profiles as described 

previously. While this does not rule out the possibility of Bcl-2 family expression 

controlling apoptotic susceptibility, it may mean that the situation is more complex 

than the simple ratio change described by Vogelbaum and colleagues. Perhaps a shift 

does occur, but at different ages according to the relative maturity of the individual 

neuronal phenotype.

2. A limited central source of trophic factor may support the survival of some, though not 

all, axotomised neurons. The availability may be limited by absolute quantity, or by 

the relative afferent expression of appropriate receptors.

The first situation would presumably result in the selective survival of a particular 

neuronal phenotype. For example, if the maturity of the neurons is the crucial factor, then 

those born first, ie large, myelinated, neurofilament expressing neurons would be expected 

to survive preferentially over the smaller, unmyelinated population. While this has not 

been determined in the DRG, in the trigeminal ganglion there is no correlation between
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neuronal birth date (large, neurofilament positive neurons being born earlier than small 

CGRP/IB4 positive neurons) and survival following neonatal axotomy (White et al 1995), 

although the authors report a slightly greater susceptibility to axotomy of the IB4 

population. The second situation would see the survival of a population of neurons that 

either constitutively express, or upregulate, receptors for one or more trophic factors 

released in the spinal cord.

The classical neurotrophin hypothesis provides for a target-derived factor regulating cell 

survival in the DRG (Oppenheim 1991). Examinations of peripheral innervation in the 

developing rat hindlimb and cell death in the DRG have shown that peripheral target 

irmervation is insufficient to account for the time course of cell death. The main wave of 

cell death within the L4 DRG commences at E l5, peaks between E l7-19 and is effectively 

complete by birth (Coggeshall et al 1994). Peripheral innervation, however, occurs later. 

Axons do not reach the central lower limb until E l6 (Reynolds et al 1991; Jackman and 

Fitzgerald 2000) and complete hindlimb innervation takes considerably longer. Therefore 

during the peak of DRG cell death, hindlimb innervation is still underway. The concept of 

these axons competing for a target-derived factor in the periphery therefore becomes less 

tenable.

This of course does not rule out the possibility of an alternative trophic source. Schwann 

cells through which the developing axons pass may be a possibility as they have been 

shown to secrete trophic factors (Johnson et al 1988; Sendtner et al 1992; Bolin et al 

1994). A more likely source with relevance to the survival of DRG neurons is their central 

target, the spinal cord. Innervation here occurs earlier than peripherally, with the first 

dorsal root axons entering the cord at E l2, branching and sending collaterals into the grey 

matter by E15 (Fitzgerald 1987; Fitzgerald et al 1991; Jackman and Fitzgerald 2000). 

This therefore provides a much more compatible time course with the progress of DRG 

cell death than peripheral innervation. However, if this were the case, then neonatal dorsal 

root axotomy would be expected to induce a degree of cell death in the DRG. While this 

has been reported (Johnson and Henry 1985), other reports found no evidence of any 

change in cell number (Himes and Tessler 1989). One explanation could be that by PO 

peripheral irmervation is complete and that a sufficient supply of neurotrophic factor(s) is 

secreted to support the survival of all the neurons in the DRG. This would indicate a 

temporal shift in trophic supply to the DRG, firstly from a central source embryonically, 

shifting to a peripheral source around birth. However, no evidence exists for such a 

mechanism. One piece of evidence against this is the lack of NGF in the spinal cord,
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whereas the majority of DRG neurons at late embryonic stages require NGF specifically 

for survival.

The above observation of a trophic source in Schwann cells may be the key, as they do 

express NGF (Johnson et al 1988). The correlation of the time course of central 

innervation with the first wave of DRG cell death still makes a central source of trophic 

support an attractive possibility and the possibility that other neurotrophins (BDNF and 

NT3 both being expressed in spinal cord at these stages) acting via paracrine or autocrine 

routes may contribute. One theory that has been proposed involves a dissociation between 

large and small DRG cells in the source of their trophic support. As well as the prenatal 

cell death described, a second, postnatal wave of cell loss has been reported (Coggeshall et 

al 1994). The authors hypothesise that the two phases of cell death represent the death of 

two distinct populations of DRG neurons. The large, myelinated cells are bom first and 

innervate the dorsal horn first. The small, unmyelinated and trkA positive population is 

bom later and does not innervate the cord until after E l6. This population presumably 

competes for target-derived NGF in the periphery postnatally, whereas the large 

population competes for a central factor, unlikely to be NGF, prenatally. The two waves 

of cell death that occur can then be hypothesised to be a prenatal selective loss of large 

cells and a postnatal wave of small cell death. The two populations are then dependent 

upon either source of neurotrophins until the end of the critical period. This is supported 

by the observation that NGF treatment transiently prevents the cell death that occurs 

following PO axotomy, but that a proportion of the cells subsequently die despite 

continued treatment with NGF (Yip et al 1984). This population can be postulated to be 

the large cell population that require a central source of neurotrophin other than NGF. 

Further evidence in support of this contention is shown by the rescue of sensory neurons 

from neonatal axotomy-induced cell death by BDNF treatment (Eriksson et al 1994). 

Analysis of mice with targeted deletions of the neurotrophins shows that at neonatal 

stages, NT3 activates trkB (Farinas et al 1998). Therefore, central trophic support o f DRG 

neurons during early postnatal development may involve the synergistic actions of NT3 

and BDNF.

4.2: Sub-populations of surviving axotomised DRG neurons.

The series of experiments to identify the surviving sub-population of axotomised DRG 

neurons yielded surprising results. As can be seen from figure 7, seven days following 

neonatal axotomy, the surviving cells of the L4 and L5 ganglia retain a relative
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distribution of N52, CGRP and IB4 positive cells as found in the naïve at a similar age, 

despite the fact that up to 60% of sciatic projecting neurons have died. The remaining 

population within the two DRGs comprise approximately half surviving axotomised 

neurons and half intact adjacent neurons. It is important to note that the surviving 

population are presumably mainly of saphenous origin. During the seven days following 

axotomy, these are the neurons whose central projections are sprouting into the denervated 

region of the dorsal horn left vacant by the withdrawing sciatic axons. They can therefore 

be considered to be in an accelerated growing state. The ftmctional consequences of this 

in terms of the phenotype of the DRG neurons remains unclear. It has been well 

documented that axotomy of the adult sciatic nerve causes a significant depletion in the 

levels of CGRP both in the DRG and the dorsal horn (Noguchi et al 1990; Groves et al 

1996; Miki et al 1998). Neonatal axotomy results in a depletion of CGRP in the DRG, but 

only a transient drop in levels within the dorsal horn (Reynolds and Fitzgerald 1992; 

Nothias et al 1993). The latter experiment estimated a neuronal loss in L4 and L5 of 

approximately 50%, in agreement with the results presented here, but found no change in 

the CGRP positive population within the DRG, despite no reduction in levels in the dorsal 

horn. The authors dismiss selective cell survival or phenotypic change as causative 

factors, instead citing surviving axotomised neuronal projections and sprouting of 

afferents from adjacent DRGs as responsible. This is broadly in agreement with the 

results o f Reynolds and Fitzgerald (1992). The relative contribution of surviving 

neonatally axotomised DRG afferents and adjacent, sprouting afferents was determined by 

investigating the extent of TMP depletion in adult cord after sciatic resection or saphenous 

section. Both were found to contribute to the CGRP recovery.

IB4 binding has been to shown to be markedly reduced in the DRG following axotomy in 

the adult rat (Bennett et al 1998b; Bradbury et al 1998) with an associated depletion in the 

dorsal horn. This depletion has also been demonstrated in young (weanling) rats 

following brachial plexus avulsion (SanfAnna-da-Costa et al 1999). Axotomy of the 

infra-orbital nerve in neontal rats produces a selective depletion of the IB4 population 

(White et al 1990). The results presented here are therefore consistent with the available 

published observations. The phenotypic change o f the IB4 population from NGF 

dependency to GDNF dependency is coincident with an increased ret expression that 

occurs over the first postnatal week (Bennett et al 1998b) and associated trkA 

downregulation. It is therefore possible that the IB4 population is particularly susceptible 

to neonatal axotomy due to a developmental change in receptor expression accompanied
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by removal o f available trophic sources. It is clear that a failure to demonstrate 

immunohistochemically the presence o f small cells, whether peptidergic or otherwise, 

cannot be assumed to indicate death of those cells, only a downregulation of a particular 

epitope. In order to assess the actual extent of death within this subpopulation, peripherin 

was used as a marker. This is selective for the small, umyelinated neuronal population 

(Goldstein et al 1991) and is not downregulated following adult axotomy in motoneurons 

or sensory neurons (Troy et al 1990; Wong and Oblinger 1990). The intermediate 

neurofilament N52 labels the large myelinated population such that the entire DRG 

neuronal population can be exclusively labelled according to their expression of 

neurofilament or peripherin. The susceptibility of N52 expression to axotomy has been 

shown to be developmentally regulated, although the literature remains ambiguous. 

Reports of axotomy-induced downregulation of neurofilament have suggested that early 

(<P10) axotomy induces an attenuated depletion in expression (Schwartz et al 1990). The 

results presented here indicate a marked reduction in expression of both proteins. Does 

this represent a genuine depletion or a downregulation o f protein expression in a surviving 

population?

Extrapolating neonatal axotomy effects to reported changes in DRG expression following 

adult axotomy is clearly inappropriate due to the fundamental differences between their 

effects. Therefore, to further elucidate the point, BHRP and WGAHRP, selective for the 

same populations as NF200 and peripherin respectively, were used as markers. The 

results show that neither population is selectively lost, in agreement with the results of 

Schmalbruch (1987), although Bondok and Sansone (1984) reported a preferential loss of 

large cells. It is possible therefore that the lack o f labelling of any substantial population 

is due to a downregulation of the particular protein rather than a selective cell loss. From 

the results this would suggest that the intact neurons (those that project into non-sciatic 

nerves) have a substantially altered phenotype and chemical profile from the normal 

population. This is reinforced by the normal phenotypic profile of the entire remaining L4 

and L5 ganglia seven days following PO axotomy compared to the P7 naïve. It is 

important to stress that the two situations are fundamentally different. The P7 naïve DRGs 

are composed of intact neurons, the majority of which are sciatic projecting, and a small 

population (estimated at 20% - box A) that project into adjacent nerves. There is no 

evidence to suggest that the neuronal phenotypic profile differs between populations 

projecting into adjacent nerves. Therefore the sciatic projecting and non-sciatic projecting 

populations within the naïve L4 and L5 DRGs can be assumed to have the same
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distribution of N52, CGRP and IB4 positive neuronal profiles. Following axotomy the L4 

and L5 can be considered as being composed of two approximately equal populations: 

surviving axotomised sciatic projecting neurons and intact non-sciatic projecting neurons. 

That only a small proportion (-20%) of axotomised sciatic afferents are immunolabelled 

would suggest that the pattern of staining reflects the unaffected, non-sciatic component of 

L4 and L5. The distribution profile of the total L4 and L5 DRGs is conserved following 

axotomy. Therefore a phenotypic change must have occurred within the intact population 

to compensate for the depletion in immunolabelling within the axotomised population. In 

figures 7-10, the immunochemical profile of DRGs at each age and condition reveals a 

subpopulation that remains unlabelled by any of the four markers used. At the time of 

axotomy, PO, this population accounts for approximately 20% of the total. It can be 

assumed that this is the case for both sciatic and non-sciatic populations. Seven days 

following axotomy, considerable cell death has occurred within the sciatic projecting 

population such that it now accounts for approximately half the remaining neurons. The 

other, intact half, if retaining the normal profile distribution, would have an unlabelled 

subpopulation, albeit less than at PO (see figure 7). It is this previously unlabelled 

population that must be exhibiting an altered phenotype to account for the changes seen. 

This would then account for the situation that exists. The two neuronal populations within 

the axotomised ganglia, the axotomised, sciatic projecting half and the intact, non-sciatic 

projecting half would then have the following phenotype:

The axotomised population have downregulated N52, CGRP, IB4 and peripherin such an 

that only 20% of all cells are immunoreactive for any of the markers. The intact, non- 

sciatic population have upregulated these markers such that it now has no unlabelled 

subpopulation. The proportion of cells that remain unlabelled within the whole L4/L5 as 

shown in figure 7 is therefore comprised of cells from within the axotomised sciatic 

population (Figure 15). The hypothesis is consistent with previously reported plasticity 

following neonatal axotomy, particularly with reference to CGRP changes within the DRG 

and centrally projecting afferents (Reynolds and Fitzgerald 1992; Nothias et al 1993). 

Confirmation of this hypothesis will only be achieved by retrogradely labelling all 

saphenous projecting neurons and immunolabelling with appropriate markers. However, 

the results represent an example of the plasticity o f the neonatal somatosensory nervous 

system. Despite substantial cell death of the axotomised population, the normal neuronal 

phenotypic profile o f the DRG is conserved by adaptive changes to the remaining intact 

population.
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Chapter 2 

1: Introduction

1.1: Peripheral nerve injury and sprouting.

Peripheral nerve injury in the adult induces peripheral axonal sprouting. Two forms of 

sprouting have been described: collateral and regenerative which differ in a number of 

ways from one another. Regenerative processes are triggered by injury and result in the 

regrowth of peripheral axons following axotomy-induced damage leading to reinnervation 

of the peripheral target. The regeneration may be triggered by a peripheral signal 

(Mearow et al 1994) but several studies have indicated that the process is independent of 

NGF (Diamond et al 1987; Diamond et al 1992; Mearow et al 1994; Woolf et al 1995). 

Regenerative sprouting of dorsal roots is restricted by an inability to grow back into the 

cord. Collateral sprouting, on the other hand, is defined as arising from uninjured neurons 

and is triggered by denervation of adjacent tissue (Diamond et al 1987). Studies of 

peripheral collateral sprouting indicate that the sprouting response is induced and 

subsequently maintained by an increase in a target-derived factor. From the work of 

Diamond and colleagues who have extensively studied the collateral sprouting of primary 

afferent terminals into denervated areas of skin, NGF is such a factor (Diamond et al 

1987). Increased expression of NGF mRNA occurs in denervated skin accompanied by an 

increased trkA expression in intact DRG neurons whose axons are sprouting into the 

denervated regions (Mearow et al 1993; Mearow et al 1994). NGF depletion (by previous 

autoimmunization) partially abolishes collateral sprouting following peripheral nerve 

section (Doubleday and Robinson 1994). Collateral sprouting of intact adult primary 

afferent central terminals is controversial. There is published evidence both for and 

against denervation alone producing collateral sprouting of uninjured central afferent 

axons in the adult (eg LaMotte et al 1989; LaMotte and Kapadia 1993 cf Molander et al 

1988; McMahon and Kett-White 1991).

Peripheral nerve injury in adults also causes a chronic rearrangement of the central 

terminals, which is initiated soon after injury and which persists long after regeneration is 

complete. This rearrangement involves sprouting of A-fibres into lamina 11 within two 

weeks of peripheral axotomy or crush (Woolf et al 1992). The mechanisms underlying 

this sprouting are unknown. However, it is known that peripheral injury results in 

transganglionic degeneration of the central projections of axotomised neurons (Aldskogius 

et al 1985; Arvidsson et al 1986). It is also apparent that more profound changes occur in
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the superficial dorsal horn - the site of C-fibre projections - than the deeper, A-fibre target 

laminae. These changes include vesicle loss from C-fibre terminals, mitochondrial 

disintegration and glial engulfment (Knyihar-Csillik et al 1987; Castro-Lopes et al 1990). 

Associated with these changes are a rapid depletion of C-fibre specific neuropeptides such 

as substance P and CGRP, as well as C-fibre specific enzymes fluoride-resistant acid 

phosphatase (FRAP) and thiamine monophosphatase (TMP) (Knyihar-Csillik et al 1986; 

Knyihar-Csillik et al 1987; Knyihar-Csillik et al 1990; Castro-Lopes and Coimbra 1991). 

These degenerative changes in C-fibre central terminals are accompanied by an increase in 

growth associated protein (GAP-43) synthesis and transport to central terminals of injured 

sensory neurons in lamina II (Richardson and Verge 1987; Skene 1989; Woolf et al 1995). 

Many of these changes are rapid, occurring within a few days, suggesting the possibility 

that the sprouting of A-fibres is a consequence o f the creation of synaptic space within 

lamina II. This mechanism is supported by the observation that, following sciatic nerve 

section, A-fibres sprout into a region of lamina II that exactly corresponds to the 

somatotopically defined region of sciatic C-fibre innervation (Woolf et al 1992). Therefore 

it appears that peripheral nerve injury triggers the cellular and molecular requirements for 

sprouting by creating a vacant space in which to sprout and supplying a molecular basis 

for growth.

1.2: A-fibre terminal sprouting following adult nerve injury.

This sprouting is essentially regenerative since it involves injured axons, but in fact also 

has aspects of collateral sprouting. Following topical application of capsaicin to the 

sciatic nerve and selective transganglionic degeneration of the C-fibre input into lamina II 

of the spinal cord (Gibson et al 1982), intact A-fibres have been shown to sprout into 

lamina II to the same extent as seen after sciatic axotomy or crush (Mannion et al 1996). 

Therefore, the sprouting of A-fibres does not depend upon some form of conditioning 

effect of injury of those sprouting fibres indicating a collateral sprouting response. In 

support of this uninjured A-fibres have been shown to sprout into lamina II of regions 

innervated by C-fibres of an axotomised, adjacent nerve, however, this is only evident in 

A-fibres lying directly ventral to the axotomised C-fibre population (Doubell et al 1997). 

Denervation of lamina II alone is not sufficient to induce regenerative sprouting of intact 

A-fibres. Central terminal fields of A-fibres from L4 and L5 ganglia show a significant 

rostrocaudal overlap within lamina III, but much less overlap for C-fibre input into lamina 

II (Rivero-Melian and Grant 1990), therefore rhizotomy-induced central denervation
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(McNeill et al 1990) will leave a region of dorsal horn where no C-fibre terminals are 

present in lamina II, but some adjacent, intact A-fibres persist in lamina III. In this 

situation, no sprouting of A-fibres into the denervated lamina II could be detected showing 

that deafferentation of lamina II is insufficient to induce sprouting of intact A-fibres 

(Mannion et al 1998). It appears therefore that an area o f injured/atrophying C-fibres in 

the same dorsoventral plane as A-fibre terminals in deeper laminae is a pre-requisite for 

sprouting of those A-fibres. This has led to the phenomenon being called conditioned 

collateral sprouting (Woolf et al 1995). It has been suggested that a factor is upregulated 

by the injured C-fibres and is transported and released into lamina II and that A-fibres 

express a receptor for this factor and respond by growing into lamina II. However, the 

local release of such a factor would be expected to spread radially from the site of release, 

which is difficult to reconcile with the lack of radial growth of sprouting A-fibres.

These central consequences of peripheral nerve injury in the adult appear to be 

maladaptive eg sprouting of low threshold mechanoreceptive Af-fibres into lamina II of 

the dorsal horn. As this region normally only receives input from nociceptive C-fibres, 

this sprouting may result in innocuous afferent activity being misinterpreted as noxious. 

This represents a possible mechanism for the mechanical allodynia that often occurs 

following nerve injury. It can be argued that an increased sensitivity to a potentially 

harmful stimulus, ie hyperalgesia, may be beneficial after injury in that the injured area is 

protected. However, long-term, possibly permanent, alterations in central connectivity 

resulting in the sensory abnormalities described being apparent long after the healing 

process is completed is likely to be detrimental.

1.3: Neonatal peripheral nerve injury and central innervation.

While peripheral nerve lesions in the adult animal result in a rearrangement of the central 

terminals of primary afferents that have been axotomised and those that remain intact 

(Fitzgerald et al 1990; Woolf et al 1992; Woolf et al 1995), this reorganisation respects the 

somatotopic representation of the peripheral innervation of those fibres, with no sprouting 

occurring outside strict boundaries. This somatotopy of peripheral nerve projections is 

established at birth (Fitzgerald and Swett 1983). In contrast to the situation in adults, if  a 

peripheral nerve lesion is performed neonatally, extensive central rearrangement occurs 

that disrupts this somatotopy (Fitzgerald 1985a and b; Fitzgerald 1987; Fitzgerald 1990;
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LaMotte et al 1991). Unlike in the adult, this rearrangement represents true collateral 

sprouting, with intact afferents sprouting into adjacent denervated areas.

It is clear from numerous studies that peripheral nerve injury has far more dramatic 

consequences if it occurs during a critical period of neonatal plasticity. One system 

described has been the extensive death of axotomised dorsal root ganglion cells that occurs 

(see chapter 1). An initial consequence of the cell death is a transganglionic degeneration 

and subsequent withdrawal of central terminals of those cells (Aldskogius et al 1982; 

Bondok and Sansone 1984). This is followed by the sprouting of adjacent, intact axon 

collaterals into the denervated region (Fitzgerald 1985a; Jacquin and Rhoades 1985; 

Fitzgerald et al 1990) (Figure 16). It is this sprouting that disrupts the somatotopic 

organisation of central terminals within the dorsal horn. The sprouting involves the 

growth of arbors outside of their normal central terminal field, presumably due to 

increased branching, and terminal elongation within the cord, resulting in fibres 

terminating in more dorsal laminae than they would normally project to (Shortland and 

Fitzgerald 1984). Furthermore, inappropriately projecting afferents have been shown to 

make functional, long-lasting synaptic connections within the cord (Shortland and 

Fitzgerald 1991b; Coggeshall et al 1996). Thus physiological as well as anatomical 

changes are induced. The somatotopic disruption seen after neonatal sciatic nerve section 

is still apparent when the animals have reached adulthood and is assumed to be permanent 

(Shortland and Fitzgerald 1994).

The use of the transganglionic tracer HRP conjugated to the B-unit o f cholera toxin (B- 

HRP) or wheat-germ agglutinin (WGA-HRP) has allowed the relative contributions to the 

sprouting response of A and C-fibres to be revealed due to the relative specificities of the 

two conjugates (Grant et al 1979). WGA-HRP and B-HRP selectively label unmyelinated 

thin fibres and larger diameter myelinated fibres respectively (Wan et al, 1982; Ygge and 

Grant, 1983; Trojanowski and Schmidt, 1984; Fitzgerald, 1985; Molander and Grant, 

1986). This method is useful in revealing long-term changes in spinal cord innervation and
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Changes in primary afferent central 
terminal fields following neonatai 

sciatic nerve injury

■ Saphenous territory 

■  Sciatic territory

Figure 16

Naive

PO axotomy

1. Saphenous A and C-fibre central terminal field expansion (although C-fibre spread is 
less extensive) (Fitzgerald 1985).
2. Laminar changes in saphenous A-fibre expanded terminal field (Shortland and Fitzgerald
1994).
3. Surviving sciatic A-fibres retain somatotopic distribution, but their laminar distribution 
is altered (Shortland and Fitzgerald 1994).
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Sprouting of saphenous central projections 
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Figure 17
Longitudinal reconstructions o f semi-serial sections taken throughout the rostro-caudal 
extent o f the lumbar enlargement. Terminal fields of the sciatic (red) and saphenous (blue) 
nerves are shown following bulk-labelling with WGA-HRP (left panels -  tro u g h  lamina 
II) and B-HRP (right panels -  through lamina IV) in adult rats that had received a neonatal 
sciatic nerve lesion. Bilateral labelling is shown with segmental boundaries indicated along 
the midline. X is the lesioned side. The reduction in size o f the sciatic terminal field is 
evident from both labels, as is the increased area o f cord occupied by saphenous terminals. 
The superimposed regions on the B-HRP labelling show sprouting of normally deeper 
terminating afferents into lamina II.
Figure adapted from Shortland and Fitzgerald 1994
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has been used successfully to reveal alterations in adult dorsal horn elicited by neonatal 

procedures (Shortland and Fitzgerald 1994 and figure 17).

This functional reorganization has been demonstrated at higher levels, eg brain stem and 

somatosensory cortex (Kaas et al 1983; Wall and Cusick 1986), the extent of which is 

dependent on the stage of development at which the injury occurs (Cusick, 1996). This 

sprouting response has been postulated to have developed as an adaptive response to 

compensate for a loss of sensory input from a region of body surface due to early injury. 

However, the beneficial long-term consequences of such a mechanism are not clear 

(Fitzgerald, 1991).

1.4: G ABA in the postnatal spinal cord.

(a) Postnatal development o f  inhibitory action.

The denervation associated with neonatal axotomy will profoundly affect the excitability 

of neurons within the dorsal horn. This change in excitability may be a crucial factor in 

the responses of afferents within the cord following axotomy. The activity of dorsal horn 

neurons is modulated by local inhibitory circuitry as well as excitatory afferent input. In 

the adult CNS, inhibitory neurotransmission is mediated via the y-aminobutyric acid 

(GABA) receptor. Its inhibitory action is achieved via two receptor subtypes, GABA-A 

and GABA-B. Activation of either type opens ion channels resulting in outwardly 

directed and C f currents in the postsynaptic membrane and subsequent 

hyperpolarization of the membrane and inhibition of excitatory glutamatergic input. This 

is not the case in the neonatal rat CNS where it is apparent that GABA activation has an 

excitatory, depolarizing action that persists for at least the first postnatal week (Ben-Ari et 

al 1997). GABA-A receptors are expressed in rieurons at embryonic stages, and the 

excitatory action of GABA via this receptor is a general feature of neurons in all regions 

of the CNS, including the spinal cord (Wu et al 1992; Serafmi et al 1995). The 

depolarizing activity of GABA activation has been shown to be sufficient to reach the 

threshold for sodium channel activation and subsequent action potential generation in the 

neonatal hippocampus (Leinekugel et al 1995). Therefore, GABA can be considered as an 

excitatory neurotransmitter in neonatal neurons. Importantly, these effects are mediated 

solely through GABA-A receptors. The change in the action of GABA from excitatory to 

inhibitory may be associated with the later maturation of the GABA-B receptor. 

Postsynaptic GABA-B responses are not elicited until the end of the first postnatal week, 

ie the same time as the first appearance o f inhibitory GABA-mediated currents (Ben-Ari et
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al 1989). The role of GABA as an excitatory neurotransmitter is extremely important 

when considered in parallel with the ontogeny of glutamatergic excitatory 

neurotransmission. It is apparent that during the first postnatal week, glutamatergic 

synapses lack functional AMP A receptors and are subsequently ‘silent’ at resting 

membrane potentials (see chapter 4 for further discussion). It is therefore possible that 

GABA provides a necessary source of excitation. In short, during the first postnatal week, 

excitatory activity is mediated by NMDA and GABA-A receptors. This switches to 

NMDA and AMP A receptors providing excitation, and a concurrent change in GABA-A 

transmission to an inhibitory action, augmented by the appearance of postsynaptic GABA- 

B receptors. GABA receptors therefore provide an essential inhibitory action preventing 

sustained excitation from the increased expression of AMP A receptors, and the associated 

possibility o f glutamatergic excitotoxicity.

(b) Trophic/tropic roles o f  GABA during development.

In addition to the role of GABA as a neurotransmitter, there is a substantial amount of 

evidence that it has trophic and tropic roles. These actions have been described in various 

systems, but importantly and especially relevant to the spinal cord, they provide a 

mechanism for defining laminar boundaries in the developing hippocampal formation 

(Super et al 1998). Entorhinal cortex (EC) afferents and commisural axons from other 

hippocampal areas synapse onto pyramidal neuron dendrites in the CA3 region of the 

hippocampus. However, their laminar distribution is discrete such that while they synapse 

onto the same dendrites, EC afferents occupy more distal dendritic regions, in more 

superficial laminae, while the commisural axons synapse on more proximal regions of the 

dendrites, in deeper laminae. These patterns are discrete from the first stages of 

innervation. However, the EC afferents arrive first, even before pyramidal dendrites have 

arrived, but still project to the correct site in order to make appropriate connections (Super 

and Soriano 1994). These findings indicate a molecular recognition system underlying the 

laminar specificity, rather than an activity-dependent competition system such as in the 

visual system. Two sets of transient, early-developing neurons have been identified that 

support this contention. A population of Cajal-Retzius cells and GABAergic intemeurons 

are expressed in laminar specific patterns in the hippocampus and are present at the time 

that both EC and commisural axons reach their targets. These two groups of afferents 

synapse onto the Cajal-Retzius and GABAergic neurons respectively. Some of both 

populations of neurons then die, and the afferent synapses transferred onto the appropriate 

region of pyramidal dendrites (Super et al 1998). It has been suggested that the transient
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expression of these intemeurons act as ‘signpost’ ceils, providing a supportive structure 

for laminar specific afferent arborization and synapse formation (Sanes and Yamagata

1999). Also, evidence suggests that GABAergic neurons provide trophic support for the 

transient expression of the Cajal-Retzius cells (Fairen et al 1998). Quantitative analysis of 

the postnatal development of GABAergic neurons in the whisker barrel cortex suggests 

the transient expression of three distinct sub-populations, each with a discrete role 

(Micheva and Beaulieu 1995; Feldblum et al 1998; Ziskind-Conhaim et al 1998):

1. The earliest expression, present before the completion of afferent innervation with a 

putative neurotrophic role.

2. A second population detectable immediately after the completion of migration 

proposed to make up the local inhibitory network.

3. The final population that are a substrate for activity-dependent plasticity within the 

system.

1.5: The effect of loss of afferent input on GABA expression.

The synaptic effectiveness of sensory afferent terminals in the dorsal horn is modulated by 

the activity o f GABAergic intemeurons with which axo-axonic synapses are formed. 

Changes in this intemeuronal population will therefore have consequences upon the level 

of excitability within the dorsal horn transmitted by sensory afferent input. Several studies 

have examined the effect of various manipulations of afferent input on spinal GABA 

circuitry. In the adult, axotomy of the sciatic nerve induces a bilateral reduction in GABA 

immunoreactivity in dorsal hom neurons that is detectable by three days post-axotomy 

(Ibuki et al 1997). A similar temporal and spatial pattem is evident following chronic 

constriction injury of the sciatic nerve in adult rats (Eaton et al 1998). Continuous 

unilateral removal of vibrissae from birth results in a specific reduction in GABA 

immunoreactivity bilaterally in layer IV intracortical neurons of the barrel cortex, ie 

directly at the interface between thalamic afferent input and corticofugal output (Micheva 

and Beaulieu 1995). Further investigations revealed a specific loss of two-thirds of 

GABA synaptic contacts onto dendritic spines within layer IV (Micheva and Beaulieu

1995). This observation, plus the changes in receptive field properties that occur 

following neonatal vibrissae removal (Simons et al 1984), indicate that intracortical 

GABA neurons, especially those terminating on layer IV dendritic spines, represent a 

stmctural basis for activity-dependent plasticity.
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Is it therefore possible that a similar situation occurs in the spinal cord, such that the 

discrete central termination fields of adjacent peripheral nerves are defined by a similar 

tropic system as outlined above? Similarly, do the changes seen in primary afferent 

central terminal distribution and receptive field properties following neonatal peripheral 

nerve injury also involve changes in the GABAergic circuitry of the dorsal hom?

To investigate the latter point, GABA content of the spinal cord of naive and neonatally 

axotomised rats was investigated by immunohistochemistry.

1.6: Primary afferent terminal labelling in the neonatal dorsal horn.

Transganglionic tracers, such as the HRP conjugates, provide a valuable tool for 

investigating the long-term anatomical consequences of nerve injury. However, in order 

to elucidate short-term effects, ie in terms of days rather than weeks, there are two distinct 

disadvantages to this method: firstly, a certain amount of time, typically 24-48 hours, is 

required in vivo for axonal transport o f the tracer. The pattem of primary afferent terminal 

distribution at a specific time point in a dynamically changing system can therefore never 

be accurately revealed. Secondly, the dye administration inevitably results in a degree of 

damage that may in itself induce a central denervation/sprouting response. To address 

these issues a novel method of labelling the central projections of primary afferent neurons 

in postnatal rat spinal cord is presented using the fluorescent carbocyanine tracer 1,1'- 

Dioctodecyl-3,3,3'3'-tetramethylinodocarbocyanine perchlorate (Dil) (Figure 18). Dil 

does not require active axonal transport, instead diffusing passively through neuronal 

membranes. It can therefore be applied to post-mortem tissue, labelling the pattem of 

terminal distribution as it exists at the point of tissue removal. Similarly, the problem of 

nerve damage by tracer administration is also overcome. This method provides a tool for 

investigating the mechanisms underlying the sprouting response to neonatal nerve injury, 

without the need for invasive procedures in vivo.

54



Labelling of collaterally sprouting primary afferent 
fibres: Comparison of buik-iabeiiing 

and Dii techniques.
1

Control Axotomy Control Axotomy

ISaphenous input 

Isciatic input

1

Figure 18
Schematic representation of two methods of labelling the central projections of DRG neurons. 
Both represent the situation in the dorsal hom following peripheral nerve injury. The top 
two figures are longitudinal sections of lumbar dorsal cord, with transverse representations 
at points A and B shown below. 1 represents the widely used method of bulk-labelling 
peripheral nerves with tracers such as WGA-HRP and B-HRP (see text). On the left side: 
individual peripheral nerves can be separately labelled and their central terminal fields 
revealed. On the right side: the clear region represents the area of denervation that occurs 
following nerve section, with the subsequent sprouting of adjacent primary afferents shown 
by the enlarged red region. 2 is the new method described. The DRG projections are labelled 
by the application of Dil to the dorsal columns . As in the previous method, denervation 
and sprouting are both revealed resulting in similar representations of central projections, 
as seen by comparing the lower transverse sections.

—  Dil 
applicationTracer

application
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2: Materials and methods.

2.1: Peripheral nerve section

Newborn (PO) rat pups (n=10) were anaesthetised by hypothermia and under aseptic 

conditions, the saphenous nerve exposed at the inner thigh. The nerve was ligated and cut 

distal to the ligation. The wound was closed, pups rewarmed and returned to their mother.

2.2: Preparation of Dil-coated wire

A small quantity of Dil crystals (Molecular Probes) were dissolved in absolute ethanol and 

10mm lengths of 100pm diameter steel wire added. The ethanol was allowed to evaporate 

leaving the wires coated in a thin, even layer of Dil crystals.

2.3: Dorsal column labelling procedure

O Seven days after saphenous nerve section, rat pups were killed by i.p. pentabarbitone 

injection and the lumbar spinal cord exposed.

© Segments L1-L6 were identified by tracing appropriate dorsal roots and the entire 

lumbar cord removed and placed in 0.2M PBS.

© A single piece of Dil-coated wire was then threaded along the midline of the dorsal 

columns and the entire preparation placed in 4% paraformaldehyde solution and left in the 

dark at room temperature for 48 hours (Figure 19A).

O The wire was then removed and the cords embedded in 3% agar solution.

© Spinal cords were mounted horizontally on a vibratome and longitudinal sections were 

cut at 100pm thickness, immediately mounted, coverslipped with Citifluor mountant and 

viewed under epifluorescent microscopy. For accurate comparison between spinal cords, 

the section of cord 300-400pm ventral to the dorsal surface was used for subsequent 

measurements (Figure 19C). Images were captured using a Leica Qwin image analysis 

system and the area of fluorescent labelling measured from the midline to the lateral edge 

of the spinal cord in the L3 segment for both ipsi and contralateral sides of the spinal cord. 

The amount of labelling was expressed as a percentage area of the total area of spinal cord.

2.4: GABA immunoreactivity

Neonatal sciatic nerve section was performed as described previously.

48 hours post-injury, rat pups were terminally anaesthetised, perfused and processed for 

immunohistochemistry as described.
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Dil labelling of prima^ afferent fibres in the lumbar 
dorsal horn projecting from the dorsal columns

Figure 19
A: Schematic of the lumbar spinal cord illustrating the central projection of a single primary 
afferent. The axon enters, via a dorsal root, the dorsal columns, bifurcates and projects 
rostrally and caudally. Collaterals branch off towards target cells in the grey matter of the 
dorsal hom.
B: describes how afferents shown in (a) are labelled by the insertion of a piece o f Dil- 
coated wire along the dorsal columns of the lumbar spinal cord. The tracer will label all 
fibres in which it comes into contact within the medial extent of the dorsal columns. These 
fibres are almost exclusively large calibre myelinated A-fibres.

c

lOOpm

C: Transverse section through the lumbar spinal cord. Each line represents 
the extent of each vibratome slice. The blue shaded area indicates the 
section used for measurments of fluorescence.
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GABA immunohistochemistry

O 50|im sections of L4/5 spinal cord were washed free-floating in PBS 3x10 minutes.

0  Blocking stage: 1 hour incubation in PBS, 20%NGS, 0.2% triton.

© Primary antibody: Incubation in PBS, 4%NGS, 0.2% triton, 

anti-GABA (rabbit polyclonal IgG 1:2000 Sigma)

24 hours at room temperature.

O Secondary antibody and diaminobenzidine reaction - as BDNF (chapter 3).
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3: Results

3.1: Dil application to the dorsal columns labels primary afferent terminals within 

the dorsal horn grey matter.

The dorso-ventral distribution of peripheral nerve primary afferents in the dorsal horn is 

more diffuse at birth as described (Fitzgerald et al 1994 and see chapter 4). However, the 

medio-lateral and rostro-caudal extent of the central projections is well defined from the 

time that the afferents first enter the dorsal horn. Both saphenous and sciatic nerves have a 

characteristic segmental central terminal distribution pattern, with no overlap, similar to 

that seen in the adult (Fitzgerald and Swett 1983). These central projections of dorsal root 

ganglion neurons enter the spinal cord via the dorsal roots and into the dorsal columns. 

They then bifurcate, projecting rostro-caudally along the spinal cord white matter, 

collaterals branching off into the grey matter of the dorsal horn where they synapse onto 

their target cells (Figure 19B). Loading the dorsal columns of the entire lumbar cord with 

Dil therefore ensures the primary afferent axons of both saphenous and sciatic projections 

are labelled. Dil transports by passive diffusion. As the coated wire was placed along the 

midline, the most medially situated fibres within the dorsal columns will be labelled 

preferentially.

3.2: Denervation of saphenous territory and sciatic sprouting is revealed by Dil.

Horizontal sections show the extent of labelling in the dorsal horn (Figure 20A). Previous 

studies have shown that peripheral nerve injury has no effect on contralateral nerve central 

terminal fields (Fitzgerald and Shortland 1988; Fitzgerald et al 1990) and therefore the 

contralateral side can be used as an internal control. Analysis of control animals revealed 

the characteristic pattern of labelling seen in figure 20A (left side). Rather than revealing 

an intact band of Dil labelled fibres, as may be expected, discrete separate areas of 

labelling were seen, presumably derived from separate peripheral nerves. This initially 

surprising result, which was consistently seen in naïve cords and on the intact side of 

unilaterally axotomised cords, occurs due to the position of afferents within the dorsal 

columns. Afferents within the dorsal roots project to the dorsal surface of the spinal cord, 

entering at the dorsolateral edge of the dorsal columns. At the lumbar level, dermatomal 

somatotopy is conserved such that afferents from each dorsal root occupy discrete bands 

within the dorsal columns (Willis and Coggeshall 1991) (Figure 21). As each 

progressively rostral dorsal root enters, it occupies the lateral edge o f the dorsal columns.
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Quantification of Dil iabeiied primary 
afferents in the dorsal horn

Figure 20

Control Axotomy

r
X

200um

A: Confocal image of the the lumbar dorsal horn in longitudinal section. The region shown 
is equivalent to the boxed area on the left (see figure 18). Dil was applied to spinal cords 
of P7 rat pups that recieved neonatal unilateral saphenous nerve axotomy. The areas o f 
denervation and sprouting described are apparent.

B: Bar chart showing means of areas of fluorescence (n=10), measured as percentage area 
o f to ta l sp inal cord in long itud ina l sec tion  (see m ateria ls  and m ethods).

20 n

% area 
of cord 10 

occupied

B
Axotomy Control
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Topographie organisation of the dorsal columns 
within the lumbar spinal cord of the neonatal rat

A: The region shaded in blue shows the extent 
of the dorsal columns in the rat during the first 
postnatal week. The corticospinal tract has 
not yet developed at this stage, and the fibres 
consist solely o f fasciculus gracilis (the f. 
cuneatus begins more rostrally). Cutaneous 
and deeper receptor fibres are intermingled 
w ith in  each derm atom al bundle , the 
predominant fibre type being hair follicle 
afferents

Caudal

Midline

Figure 21
B: Dorsal view of the lumbar spinal cord. Dorsal roots enter the spinal cord at the dorsolateral 
edge of the dorsal columns.
C: Enlarged transverse schematics o f the dorsal colunms at the two pojnts indicated. The 
dorsal columns within the lumbar spinal cord retain a dermatomal organisation such that 
individual dorsal roots are segregated with very little overlap as shown. The rostrally 
projecting dorsal root afferents course within the dorsal colunms and are pushed ventrally 
and medially within the dermatomal bundle as each progressively rostral set o f afferents 
enter (Willis and Coggeshall 1991). The course o f each root moves progressively dorsally 
as new roots enter the lateral edge.
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pushing adjacent dermatomal bundles dorsally (Willis and Coggeshall, 1991). This is 

crucial to the pattern of staining seen on the intact side of the cord in figure 20. The gap in 

staining immediately caudal to the labelled saphenous territory is actually part of the 

saphenous region. Cells projecting into the saphenous nerve are situated mainly within 

L2-L4 DRGs (Molander and Grant 1986). However, the afferents that fill the caudal 

extent of the saphenous territory are those from the most caudal saphenous projecting 

dorsal roots, ie caudal L3 and to some extent L4. At the L3 lumbar segment, ie the 

insertion point of the L3 dorsal root, those afferents, and the saphenous afferents within 

L4, will occupy the most lateral aspect of the dorsal columns (see figure 21C) and not be 

exposed to the Dil. Only more rostrally in the cord, where the more rostral roots have 

entered the dorsal columns and pushed those more caudal afferents medially, will any 

saphenous afferents be exposed to Dil. At this point the staining is seen within the cord, 

accounting for the pattern seen in figure 20A.

This unpredicted effect was fortuitous in that it lends itself to revealing changes in dorsal 

column afferent arrangement. Saphenous axotomy results in neuronal death and 

withdrawal of centrally projecting afferents of those cells. Subsequently, a degeneration 

of the afferents within the dermatomally segregated dorsal columns occurs. Associated 

with this degeneration is a collateral sprouting response of intact adjacent sciatic afferents 

into the unlabelled saphenous region. The labelling seen ipsilateral to the axotomy in 

figure 20 is demonstrated schematically in figure 18. The rostral saphenous labelling is 

lost and the previously unlabelled saphenous region is invaded by sprouting intact sciatic 

afferents derived from more caudal dorsal roots. Importantly, this effect is very robust. 

Analysis o f the cords of 10 saphenous lesioned rat pups has shown a marked and 

consistent central response expressed as percentage occupancy o f the entire half of the 

cord (Fig.20B). Importantly, this method is extremely robust, with very little variation 

between individual cords.

A major disadvantage of Dil is diffusion away from neuronal tissue into the immediate 

surroundings. This can be countered by reducing diffusion distance, and therefore 

diffusion time, to a minimum. This has been achieved by applying Dil to the primary 

afferents in the dorsal columns, allowing it to anterogradely diffuse the short distance to 

the terminals within the dorsal horn. The technique can be successfully applied to any age 

of rat, the only alteration being an increase in diffusion time as the age, and therefore cord 

size, increases. Importantly, this technique fulfils the criteria of reliability and variability, 

such that variation between cords is minimal.
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3.3: GABA immunoreactivity is reduced in the spinal cord of neonatally axotomised 

rats.

GABA immunoreactivity was examined in the L4 and L5 lumbar spinal cord 48 hours 

following a PO sciatic axotomy and in P2 naïve rat pups (n=8 for each). In the naïve 

spinal cord, widespread labelling of small fibres and intemeurons occurs throughout the 

lumbar cord (figure 22). In the axotomised spinal cord, no GABA immunoreactivity could 

be detected on any of the sections examined.
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GABA immunoreactivity in the 
dorsal horn of the spinal cord

P2 na ve

*■ 3-

Figure 22
GABA immunoreactivity in the 
neonatal dorsal hem. Two days 
after birth, numerous fibres and 
sm all ce lls  (p resu m ab ly  
intemeurons) are positively 
labelled (examples are indicated 
by asterisks). Two days 
following PO sciatic axotomy, 
no GABA immunoreactivity is 
detectable within the dorsal 
hom.

PO axotomy 
+ 48 hours
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4. Discussion

It has been demonstrated in the rat that the newborn central nervous system is immature 

and continues to undergo a dynamic period o f activity-dependent growth and 

reorganisation. (Hockfield and Kalb 1993) Interruption of afferent input by peripheral 

nerve damage during this time has profound effects, including massive DRG cell death 

and subsequent central denervation and sprouting of adjacent, intact afferents into the 

vacated dorsal hom. It has been established that the sprouting response described here 

only occurs if peripheral nerve injury occurs within a critical postnatal period. Therefore, 

it is quite possible that the factors that govern the critical period are implicated in 

sprouting. The spinal cord of the newborn rat is clearly in an immature state and there are 

several major differences between it and the adult. There is still active growth and 

reorganisation of primary afferents within the dorsal hom. GAP-43, a marker for axonal 

growth, is still detectable in the dorsal hom up to the third postnatal week (Fitzgerald et al 

1991). C-fibre synapses in lamina 11 don't mature physiologically until into the second 

postnatal week (Fitzgerald 1985b; Fitzgerald 1988; Pignatelli et al 1989; Jennings and 

Fitzgerald 1999), and the final pattem of Ap and C-fibre terminal distribution is not 

apparent until around P21 (Fitzgerald et al 1994). In addition, evidence indicates that 

dorsal hom neurons are more excitable than in the adult, ie producing greater responses to 

a similar afferent input.

Changes in afferent activity, such as will occur immediately after birth, are likely to 

involve excitatory pathways and molecules such as tachykinins (Lopes and Couture 1997) 

and glutamate receptors, particularly the NMDA receptor, which has been implicated in 

plasticity in many CNS regions. NMDA receptors are more widespread in the neonatal 

spinal cord of the rat (Kalb et al 1992) and the affinity of these receptors for NMDA is 

considerably higher during the first postnatal week than in the adult (Hori and Kanda

1994) with a consequent greater response to activation. During human spinal cord 

development, all glutamate receptor subtypes are overproduced, with the NMDA receptor 

showing a higher binding capacity than in the adult (Kalb and Fox 1997). Such 

quantitative and qualitative changes in NMDA receptor expression indicate that central 

excitability may be greater in terms of NMDA slow-mediated EPSPs, wind-up etc, in the 

neonate than the adult (Fitzgerald 1995). These changes in excitable properties may be 

important with respect to activity-dependent development and also susceptibility to 

excitotoxic effects of peripheral nerve injury. That alterations in excitation can produce a
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sprouting response is also indicated by the observation that neonatal capsaicin treatment 

can initiate a sprouting response (Shortland et al 1990) presumably as a result of changes 

in central afferent activity as a result o f capsaicin mediated C-fibre depletion. In addition 

to the role of afferent activity, another important consideration is the role o f neurotrophic 

factors.

A major difference between the immediately postnatal and adult spinal cord is the state of 

active growth of the former. Peripheral nerve damage is capable of profoundly affecting 

sensory and motoneurons within the time course of HRP conjugate transport. Axotomy of 

rat facial nerve, for example, initiates motoneuron cell death within 12 hours (Rossiter at 

al 1996). Axotomy of the inffa-orbital nerve causes extensive axonal elimination within 

one day of the lesion (Golden et al 1993). If bulk labelling of a peripheral nerve with a 

tracer causes a degree of damage to that nerve, then these studies show that it is possible 

for responses to that injury to have occurred, ie cell death and axon withdrawal, during the 

course of active transport o f that tracer. The method detailed above provides a means of 

revealing primary afferent terminal distribution in defined areas of the spinal cord, at 

specific time points, without compromising the integrity of the nervous system in vivo, 

unlike previously described methods. This gives greater freedom for the investigation of 

underlying mechanisms of primary afferent sprouting, without the possibility of 

interactions/effects from neuroanatomical tracers and their application. Quantitation of the 

sprouting response in a region of the spinal cord strictly defined both rostro-caudally and 

dorso-ventrally allows subtle pharmacological or genetic manipulations of the spinal cord 

to be measured. Additionally there is an inherent advantage in that recovery experiments 

are not necessary. This is particularly pertinent to transgenic animals that may have only a 

short postnatal life or are unsuitable for surgical procedures.
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Chapter 3 

1: Introduction

1.1: The neurotrophin family of neurotrophic factors.

One of the core questions in developmental neurobiology is what the cues are that 

influence neuronal development, differentiation and subsequent survival, whether they 

arise from the local microenvironment in which the neurons develop, the neurons 

themselves, or the target tissues which those neurons innervate. The neurotrophin family 

of neurotrophic factors have been the most intensively studied regarding these key 

developmental roles. The basic neurotrophic theory proposes that target tissues produce a 

signal for innervating neurons that can selectively limit programmed neuronal death 

during development (Oppenheim 1989). In the mammalian nervous system this family 

constitutes four structurally related proteins, NGF, BDNF, NT-3 and NT-4 (Figure 23A). 

In the peripheral nervous system they have broadly similar functions in promoting 

neuronal survival and differentiation and all are constitutively expressed, although in 

varying amounts. Individual peripheral neuronal populations are generally dependent 

upon an individual neurotrophin (Snider 1994). However, in the central nervous system, 

their roles remain controversial and appear far more complex, with central neuronal 

populations commonly responding to several neurotrophins, often in contradictory ways 

(McAllister et al 1997). While neurotrophic signalling was initially thought to be 

restricted to a retrograde mode of action, it is now known to include local trophic 

interactions, autocrine and paracrine signalling as well as anterograde mechanisms (Davies 

1996; Altar et al 1997; Conner et al 1997). As a result, the basic neurotrophic concept 

outlined above clearly requires modification to encompass the complex interactions in 

which these molecules are involved.

The history of the neurotrophin family stretches back over forty years to the purification 

and identification o f NGF (reviewed in Levi-Montalcini et al 1996). The subsequent 

discovery of its relative cellular specificity to peripheral nervous system (PNS) neurons 

was one of the driving forces in the search for other factors with similar properties but 

distinct specificities. As with the discovery of NGF, in vitro assays using PNS ganglia in 

enriched neural cultures led to the discovery of BDNF. Conditioned medium of glioma 

cells was shown to support the survival of chick embryonic DRG cultures, an action that 

could not be neutralised by NGF antibodies (Barde et al 1978). Subsequently, this factor
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Neurotrophins and trk receptor binding

NGF BDNF NT-4

t rk A trfcB trkC

A: Relationship between neurotrophins and their receptors. Arrows indicate binding 
specificities with arrow thickness indicative of relative affinities.

Figure 23

Basic neurotrophin ‘molecular skeleton’

B V3

NH2 COOH

V4

V2

•  Cysteine residue 

—  Bisulphide bridge

B: Schematic diagram showing the structural plan of the neurotrophins. The thick 
line represents areas o f homology with V I-4 being the variable domains that 
distinguish the different factors. Note the six cysteine residues and bisulphide 
b rid g es  th a t are co n se rv ed  th ro u g h o u t the  n e u ro tro p h in  fam ily
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was purified from pig brain (Barde et al 1982), allowing partial sequencing of the purified 

protein and finally the molecular cloning of the BDNF gene (Liebrock et al 1989).

1.2: The BDNF gene

The neurotrophin family of neurotrophic factors share a 50-60% homology at the amino 

acid level (Funakoshi et al 1993), and particularly high conservation of all six cysteine 

residues and the amino acid sequences immediately flanking them. The differences occur 

from amino acid substitutions in four separate domains interspersed within the 

neurotrophin ‘backbone’ (Figure 23B). The secondary structure, essential for the 

neurotrophin’s biological activity, is kept intact by bisulphide bridges between the cysteine 

residues. The rat BDNF gene has been shown to be extremely complex. Within the gene 

there are four short untranslated 5’ exons and one 3’ exon that encode the full length 

protein, with a separate promoter upstream of each 5’ exon (Timmusk et al 1993). 

Alternative promoter usage and differential splicing within each of the four transcription 

units results in eight different BDNF mRNAs being generated (Timmusk et al 1995). The 

different promoters are important as they are expressed in different tissues: I-III 

predominantly in brain and spinal cord, and IV in peripheral tissues. Moreover, promoters

I-III are particularly elevated in hippocampal and neocortical neurons following neuronal 

activation (Metsis et al 1993), with III specifically shown to be increased after injury, as 

demonstrated in the dentate gyrus following forebrain ischaemia (Kokaia et al 1994). In 

addition to the tissue specific expression that occurs in the adult CNS, the multipromoter 

system of BDNF gene expression is also developmentally regulated, with the different 

promoters having specific regulation patterns during embryonic development. Postnatally, 

the regulation is coordinated in several CNS regions, suggesting the four transcriptional 

units have both common and distinct regulatory elements (Timmusk et al 1994).

1.3: Expression of BDNF during development and in adult.

During the normal course of development, BDNF exhibits discrete spatial and temporal 

patterns of expression throughout the nervous system. In embryonic CNS, detectable 

levels of BDNF appear at El 1, and rise steadily from E l2/13 until adulthood. At these 

early embryonic stages, expression is very low compared to other neurotrophins: 5-10 

fg/pg of total RNA. Even at such early stages, BDNF is clearly more abundant in highly
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innervated tissues, eg CNS and heart, whereas less densely innervated regions such as liver 

and thymus have no detectable BDNF mRNA, unlike, for example, NT-3 (Maisonpierre et 

al 1990). At the time of birth, BDNF is most highly expressed in more caudal regions of 

the brain, those that develop earliest, including the hindbrain, midbrain and diencephalon, 

with levels similar to those in the adult. Conversely, immature regions; cerebellum, 

hippocampus and neocortex, exhibit the lowest levels. In the cerebellum, neurogenesis and 

differentiation are still occuring throughout the first three postnatal weeks, with BDNF 

expression only rising towards the end of this period. Similarly, hippocampal BDNF is 

only detectable from E l7, rising steadily into adulthood. It is clear, therefore, that BDNF 

is predominantly expressed later in the development of discrete CNS regions, suggesting 

that BDNF acts mainly later in the life of neurons than other neurotrophins, possibly as a 

maturation or maintenance factor. In keeping with this trend, BDNF mRNA in the spinal 

cord is barely detectable at E12, rising to a peak at birth (10-20 fg/|ig RNA), and then 

decreasing into adulthood.

At a cellular level, BDNF shows discrete patterns of expression within forebrain 

structures. In the hippocampus, expression is only seen in principal cells, ie granule and 

pyramidal cells (Yan et al 1997a). Interestingly, there is variation within subsets of these 

cells; in CA3 there are high levels of mRNA, but very little protein, as shown by combined 

in situ hybridisation and immunocytochemical techniques, whereas the opposite is the case 

in CAl, suggesting some form of neurotrophic communication between the two areas. No 

BDNF protein or mRNA is detectable in intemeurons under normal conditions, although 

they do express full length trk-B, and are therefore capable of responding to principal-cell 

derived BDNF. Infusion of BDNF into the hippocampus results in increased neuropeptide 

expression in intemeurons, suggesting a paracrine mode of action of hippocampal BDNF. 

This connection between excitatory pyramidal/granule cells and inhibitory intemeurons 

may be of great importance in the control of hippocampal excitability and could therefore 

be implicated in pathophysiological conditions such as epileptogenesis.

1.4: Effects of BDNF on differentiation, survival and maturation of DRG neurons.

The role of neurotrophins in the developing nervous system was originally thought to be 

limited to promoting the survival of neurons. This concept has been broadened to 

encompass an effect on proliferation and differentiation o f neuronal progenitor cells, and
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subsequently regulate and maintain their gene expression throughout life. More recently, 

the survival effects of the neurotrophins have been shown to be yet more complex, with 

certain neuronal sub-groups switching their neurotrophic survival requirements during 

development (Davies 1994). Indeed, several neurotrophins may be involved at any given 

time. In vitro experiments on anatomically discrete populations of neurons, and the use of 

transgenic knock-out mice have allowed studies of neurotrophic requirements to be 

performed from the earliest stages of development. It has subsequently become clear that 

the expression of neurotrophin mRNAs, particularly for BDNF and NT-3 occurs far earlier 

in the developing nervous system than would occur for a factor whose function was 

limited solely to promoting survival of neurons during target innervation (Maisonpierre et 

al 1990). Further evidence for earlier roles of BDNF during development come from the 

demonstration that BDNF (but not NGF) increases the number of substance P expressing 

neurons in postmigratory neural crest cells (Kalcheim and Gendreau 1988), suggesting that 

BDNF promotes the differentiation as well as survival of neural crest derived sensory 

neurons. In addition, BDNF has been shown to be responsible for committing a sub

population of neural crest cells to the sensory neuron lineage (Sieber-Blum 1991). This 

finding has important consequences for estimates o f sensory neuron cell numbers in 

BDNF  ̂ and trk-B' ' knockout mice. Cell counts are reduced in the dorsal root ganglia in 

both cases (Emfors et al 1994, Klein et al 1993), and although these deficits can be 

accounted for by the survival requirements of sensory neurons for BDNF, it is possible 

that abnormal specification and differentiation occurred far earlier.

It is also apparent that BDNF plays a role in the early maturation o f sensory neurons. 

Before target innervation and subsequent target-derived neurotrophic dependence, early 

DRG neurons in culture undergo a distinct morphological change - developing spherical 

cell bodies and extending long neurites - that can be accelerated by the addition of 

extremely low levels of BDNF (10''^M), but not by NGF (Wright et al 1992). As this 

effect occurs before target innervation, it is not likely that the normal source of BDNF is 

target-derived at this stage but, as discussed earlier, BDNF mRNA is present in early 

DRGs. Early DRG neurons mature when grown in isolation, but anti-sense BDNF 

oligonucleotides inhibit this growth indicating an autocrine mode of action by BDNF at 

this stage (Wright et al 1992). Upon innervation of their target, neurons become dependent 

on neurotrophins for their survival (Davies 1994). Evidence has come from in vitro
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experiments on populations of cranial sensory neurons in chick embryos. Vestibular, 

geniculate, petrosal and nodose ganglia neurons derived from thickened regions of head 

ectoderm - neurogenic placodes - are all bom during the same stage of development, but 

their axons have differing distances to grow to their central and peripheral targets. Of 

these ganglia, vestibular neurons have the shortest distance to grow in vivo to reach their 

target, and survive for the shortest time in vitro before becoming dependent on BDNF to 

survive. Conversely, nodose ganglion neurons have the most distant targets, and survive 

for the longest period of time before becoming BDNF dependent (Vogel and Davies 

1991). Similarly, chick retinal ganglion cells in vitro survive independently of BDNF 

until the stage at which their growing axons would normally be innervating the tectum 

(Rodriguez-Tebar et al 1989). Together, this evidence suggests that the timing of 

neurotrophin dependence is controlled by events intrinsic to the innervating neurons, 

although it has been shown that BDNF dependence can be accelerated by transient pre

exposure of neurons to BDNF in vitro (Vogel and Davies 1991). The simplest method of 

coordinating neurotrophic dependence with the arrival of axons at their target would be via 

a receptor on the innervating axon. However, the evidence described above points to a 

window of time during which axons must reach a target before neurotrophin dependency is 

initiated. This putative timing programme ensures accurate target innervation, with an 

inbuilt margin of error. In the absence of such a mechanism, axons would continue to 

survive independently of neurotrophic influence until a target was reached, potentially 

allowing inappropriate connections to occur. Instead, axons that do not reach their target 

within the specified time window are eliminated by programmed cell death (Davies 1994). 

It is important in evaluating this work, to bear in mind that most neurotrophin physiology 

has been carried out on experimentally accessible neurons o f peripheral sensory and 

autonomic ganglia. Specific subsets of CNS neurons and enteric neurons need to be 

investigated in order to justify the universality of neurotrophin roles in regulating neuron 

number/differentiation. While the role of neurotrophins in some CNS neurons, eg 

motoneurons, is clear and concurs with the general concept, the anticipated dependence of 

forebrain cholinergic neurons on NGF is not supported by the phenotype of TrkA 

knockout mice (Fagan et al 1997).

In addition, the actions of neurotrophins in the CNS have been almost excusively carried 

out on projection neurons (Golgi type I). Virtually nothing is known of the neurotrophic
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requirements of type II neurons (those making local connections with very short or absent 

axonal processes). Experiments on type II cerebellar granule cells in vitro, suggests they 

are also supported by BDNF (Kubo et al 1995).

1.5: Retrograde and anterograde transport of BDNF

A target-derived factor that exerts a trophic influence upon the cell body o f the innervating 

axon must, by definition, be capable of being retrogradely transported from the axon 

terminals to the cell body. This has been shown to be the case for all the neurotrophins, 

although the properties of that transport may differ between them (DiStefano et al 1994; 

Oppenheim 1996). It is now clear that BDNF can also be transported anterogradely (Altar 

et al 1998; Conner et al 1998). BDNF immunoreactivity can be detected both proximally 

and distally to a ligature around the sciatic nerve, indicating transport in both directions 

(Zhou and Rush 1996). Pre-treatment with systemic anti-BDNF reduced the distal 

accumulation, but did not affect the proximal side. Cutting a dorsal root results in 

immunoreactivity in the peripheral stump, but not the central. This evidence is further 

strengthened by the fact that BDNF immunoreactivity in dorsal hom terminals is reduced 

after dorsal rhizotomy (Zhou and Rush 1996).

The original neurotrophin hypothesis considers a target-derived factor necessary for the 

axonal and dendritic growth of neurons innervating that target, and ultimately their 

survival (Oppenheim 1991). This role for BDNF is clearly well established. It promotes 

the survival of a subset of embryonic sensory neurons in vitro, and prevents the normal 

developmental cell death of these neurons when administered in vivo (Hofer and Barde 

1988; Davies 1994). In the light of further research, this theory has been extended to 

include the concept of paracrine and autocrine modes of action of BDNF; In normal 

peripheral nerve, BDNF levels are barely detectable. However, following nerve cut or 

cmsh, levels of BDNF rise significantly in Schwann cells in the distal stump. BDNF has 

been shown to to enhance regeneration of neurites in vitro (Lindsay 1988), and it has 

subsequently been suggested that this increased BDNF synthesis maintains the survival of 

the axotomised nerves and facilitates regeneration, ie a paracrine action of Schwann cell- 

derived BDNF maintaining survival of axotomised primary afferents. The reverse 

situation has also been demonstrated in vitro. DRG neurons, when added to non-neuronal 

cultures, produce a 2.5 fold increase in Schwann cell myelin protein that can be reversed
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by the addition of neutralising trkB-IgG fusion proteins (Pruginin-Bluger et al 1997). This 

therefore indicates a role for neuronal BDNF in mediating peripheral glial cell 

differentiation. As with the glial-derived BDNF, the effect is further controlled via the 

p75 receptor, the sequestering of which abolishes the upregulation of BDNF.

1.6: Paracrine and autocrine actions of BDNF.

BDNF and NT-3 are co-expressed by a sub-population o f DRG neurons (Schecterson and 

Bothwell 1992). This raises the possibility of local paracrine/autocrine interactions within 

the DRG itself, given further weight by the fact that NT-3 can bind to and signal through 

trkB, albeit with low affinity. During the normal phase of developmentally programmed 

cell death, BDNF mRNA is expressed in the DRG predominantly by NGF-dependent 

neurons, ie those expressing trkA. In co-culture, these NGF-dependent neurons promote 

the survival of BDNF-dependent sensory neurons by releasing BDNF into the culture 

medium (Robinson et al 1996). It is clearly possible, therefore, that such paracrine 

interactions occur in vivo. Furthermore, paracrine actions of DRG-synthesised BDNF may 

occur on central post-synaptic target cells following the anterograde transport of BDNF 

from the DRG neurons to their central terminals. With respect to this, there is evidence 

within the motor system of trophic actions of afferents (Okado and Oppenheim 1984). 

Similar paracrine interactions have been reported throughout the CNS; the forebrain, 

hippocampus, basal ganglia, cortex and hypothalamus (Miranda et al 1993, Kokai et al 

1993).

Autocrine interactions of BDNF during early development are discussed above, but there 

is also evidence for autocrine actions of BDNF in the adult as well. Unlike sensory 

neurons, axotomy of motor neurons in the adult does not produce any significant cell death 

(Lowrie and Vrbova 1992). This suggests that target-derived factors no longer contribute 

to neuronal survival for this population but trophic support may come from the local 

environment. Axotomy of facial motoneurons produces an upregulation of both BDNF 

and trkB mRNA. This increase starts within 3 hours of axotomy, peaking at 48 hours 

before returning to normal by 7 days. Western blot measures of protein show a sustained 

increase, levels increasing by 24 hours, peaking at 7 days and still significantly higher than 

normal after 2 weeks. Again, as in other injury states, the BDNF upregulation is due 

primarily to activity of the exon IV promoter. Upregulation of trkB is of the full length
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transcript only, with levels still elevated after 3 weeks (Kobayashi et al 1996). Together, 

this evidence suggests an autocrine role of BDNF in axotomised facial motoneurones with 

long lasting elevated levels of BDNF produced by the cell bodies providing trophic 

support during the critical immediate post-axotomy period.

1.7: The BDNF receptor: TrkB

An essential step in the characterisation o f the neurotrophins was the identification of their 

receptors. The first to be discovered was a 75 KD protein that bound all neurotrophins 

with equal low affinity - the p75 receptor (Benedetti et al 1993). The molecular nature of 

the specific, high affinity neurotrophin receptors came, not from cloning proteins on 

postmitotic neuronal cell membranes as might be expected, but as the product o f the 

human trk oncogene, a tropomyosin-related chimeric oncoprotein found in a human 

colonic carcinoma (Martin-Zanca et al; 1986). It was subsequently discovered that the trk 

tyrosine kinase was a member of a small family of highly related receptors that turned out 

to be the signalling receptors for each of the members of the neurotrophins. BDNF 

signalling occurs through the trk-B receptor, to which it binds with high affinity. It is also 

capable of low-affmity binding to the p75 receptor.

The trk-B gene has a complex transcriptional pattem encoding eight different transcripts 

ranging in size from 0.7-9.Okb. These transcripts occur as two distinct groups of receptor; 

the full length trk-B receptor (trkB^) and the truncated form (trkB ), of which there are two 

sub-types (trkB.Tl and trkB.T2) (Figure 24). Throughout all the trk receptor family there 

is significant homology in terms of extracellular and transmembrane domains. In addition 

there is a cytoplasmic domain consisting of a set of stmctures unique to this family 

(Martin-Zanca et al 1986), which mediates ligand-induced signal transduction via a 

tyrosine kinase-activated cascade (Klein et al 1991). In the case of the truncated receptor 

sub-types, the extracellular and transmembrane domains are identical, but with only very 

short cytoplasmic domains (23 and 21 amino acid residues for trkB.Tl and trkB.T2 

respectively) (Klein 1990), lacking the entire tyrosine kinase domain. The first twelve 

intracellular amino acids are the same for the full-length and both truncated trkB receptor
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Figure 24

The trkB gene has a complex transcriptional pattem with at least eight transcripts ranging 
in size from 0.7 to 9.0 Kb (Middlemas et al 1991). The transcripts represent two classes 
of receptor, full length and truncated (trkB^ and trkB') also deemed catalytic and non- 
catalytic. The full length trkB receptor has a catalytic tyrosine kinase domain and a short 
15 amino acid residue carboxy-terminal tail. Two truncated receptor isoforms have been 
identified. Both share the same extracellular and transmembrane domains as the fu ll- le n ^  
receptor, but are totally lacking the tyrosine kinase region. The T1 isoform has a 23 amino 
acid residue carboxy-terminal, of which the last 11 are unique. The T2 isoform has a 21 
amino acid residue tail, the last nine of which are unrelated to those found in T1 or the full 
length receptor (Middlemas et al 1991).
Figure adapted from Barbacid 1994
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types, the remaining 11 and 9 residues of the two truncated forms are unique and lack any 

homology to known protein motifs.

The role of the trk family is as the signalling receptors for the various neurotrophins. 

Activation of the full-length trk receptor is a two-stage process :-

1. Ligand-mediated oligomerization at the cell-surface, ie incorporation 

of BDNF into its structure.

2. Autophosphorylation of cytoplasmic tyrosine residues catalysing the 

subsequent signal transduction cascade.

The phosphorylated tyrosine residues act as anchors to bind the downstream signalling 

elements, involving two classes of molecules; enzymes and adaptors. After receptor 

binding the enzymes become phosphorylated, necessary for their activation. Adaptors do 

not necessarily need phosphorylating in order to function; their role is to bring other 

signalling molecules together at the cell membrane, so facilitating their interaction. The 

function of the truncated receptor has been widely proposed as an inhibitory regulator of 

available BDNF (Eide et al 1996), restricting its availability during development (Biffo et 

al 1995). Its role in sprouting responses to injury may be to sequester released BDNF for 

later presentation to full-length receptors on growing axons (Beck et al 1993). However, 

in transfected cell lines signalling mediated purely by truncated trkB has been reported 

(Baxter et al 1997). Curiously, transfection of trkB.Tl into mouse neuroblastoma cells 

induces ftlopodia and process outgrowth that is inhibited by co-transfection with trkB^, 

blocked by the tyrosine kinase inhibitor K252a, but is ligand-independent (Haapasalo et al 

1999). The ftmctional significance of these two findings in vivo, however, is yet to be 

elucidated.

TrkB is widely expressed throughout the central and peripheral nervous systems (Klein 

1990) and the full-length isoform is an intrinsic component of the adult CNS post-synaptic 

density (Wu et al 1996b). It is first detectable in mice at E8.5 in a wide range of 

developing structures: forebrain, caudal mid-brain, hindbrain, spinal cord, trigeminal

ganglia and differentiated neural crest cells destined to become dorsal root ganglion cells. 

By E l3.5, trkB is expressed in every structure of the CNS and PNS, and remains so 

throughout late foetal development. In the adult, highest levels of expression become 

limited to the CNS equally in brain and spinal cord. As with BDNF, the strongest 

expression is found in the granule and pyramidal cell layers within the dentate gyrus and
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hippocampus. In addition, there are some sites of trkB expression in non-neuronal tissues: 

the tongue, whisker pad mesenchyme and outer dermal papillae.

Within this distribution, the two trkB sub-types (full-length and truncated) are not equally 

distributed, but show highly specialised patterns of expression. In general, the functional, 

catalytic receptor is expressed solely in neurons, whereas the non-catalytic form is found 

in neurons but predominantly in non-neuronal sites, including astrocytes, oligodendrocytes 

and Schwann cells (Frisen 1993). Interestingly, glial expression o f the trkB' is also 

increased, particularly in reactive astrocytes. This may act in a regulatory role, restricting 

neurite outgrowth into areas of extensive cell death that have depleted postsynaptic targets. 

A similar role for trkB' occurs during development in restricting the availability of BDNF 

(Biffo et al 1995; Eide et al 1996). Similarly, in culture, non-neuronal trkB inhibits 

BDNF-induced neurite outgrowth (Fryer et al 1997). The presence of the truncated form 

of trkB may therefore act to ‘channel’ BDNF into more useful areas for regeneration. 

Whether the predominance of trkB' in the adult provides a similar mechanism underlying 

the restriction of axotomy-induced sprouting in the spinal cord to the strict somatotopic 

boundaries is open to question, but it certainly provides an attractive mechanism. Indeed, 

trkB' expression may be critical in the differences seen in the extent of collateral sprouting 

in the dorsal hom following peripheral nerve damage at different ages. Further 

experiments are necessary to elucidate this point and to investigate the possible role of 

trkB isoform expression in the maintenance of the critical period of postnatal plasticity 

that has been described within the CNS.

1.8: BDNF responses in sensory neurons and motoneurons to injury.

(a) Peripheral Inflammation

BDNF expression has been widely studied in response to various injury states. Recent 

studies have demonstrated a marked increase in BDNF mRNA expression in the lumbar 

DRG following peripheral hind-paw inflammation (Cho et al 1997). It is well established 

that NGF is a mediator of post-inflammatory pain states (Lewin and Mendell 1993; Woolf 

et al 1994), and a putative link has been suggested between the inflammatory induction of 

NGF and increased BDNF mRNA expression. Systemic NGF produces an increase in 

BDNF mRNA in the DRG, with a large overlap of cells expressing both BDNF and trkA, 

suggesting some form of paracrine action of BDNF (Apfel et al 1996). Complete Freund’s
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adjuvant (CFA) injection into the hindpaw produces a similar increase, peaking at 24 

hours and returning to normal levels by seven days (Cho et al 1998). Importantly, co- 

injection of CFA and anti-NGF produced no increase in BDNF mRNA, suggesting the 

effect is mediated by NGF. This is supported by the fact that expression is restricted 

mainly to small and medium diameter cells that co-express trkA. The consequence of this 

work is important, particularly with reference to the neuroprotective effects of NGF 

against experimentally induced neuropathies in mice. The effect of NGF may be via a 

paracrine mechanism whereby increases in NGF levels following inflammation mediate a 

local release o f BDNF. This BDNF expression is induced in smaller, peptidergic neurons, 

and therefore the possibility exists of an interaction between BDNF and, for example, 

substance P and CGRP in post-inflammatory pain states.

The NGF-mediated increase in BDNF mRNA expression in DRG neurons will lead to 

increased BDNF transport to the dorsal hom of the spinal cord. Post-synaptic neurons 

within the spinal cord express trkB (Wu et al 1996b), and the increased release of BDNF 

from central terminals may modulate synaptic transmission via NMDA mediated 

mechanisms (see below).

(b) Peripheral nerve injury

Axotomy of the sciatic nerve produces complex changes in BDNF mRNA expression 

within the tissues affected by the injury (Funakoshi et al 1993) (Figure 25). The first 

detectable change is a large (40%) reduction in the gastrocnemius muscle, followed by a 

rise after 12 hours, increasing to twofold control levels after 14 days (Funakoshi et al 

1993). In the normal state, BDNF mRNA is barely detectable within the intact sciatic 

nerve. However, following axotomy, there is a large increase in expression in the distal 

segment of the nerve, with levels peaking after 14 days. The increase in BDNF mRNA 

expression in the distal nerve stump, and specifically by Schwann cells, may provide 

trophic support for the injured nerve. This is supported by more detailed examination of 

BDNF gene expression. Peripheral axotomy produces an increase in BDNF mRNA 

expression due to a selective activation of BDNF promoter IV. In the normal situation, 

this is found preferentially in peripheral tissue (Timmusk et al 1993). Within the spinal 

cord, BDNF expression also shows a biphasic response; initially decreasing, then rising to 

30% above control levels before returning to normal by seven days. For any neurotrophin- 

mediated response to injury to be effective, receptors specific to those neurotrophins must
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BDNF and trkB changes following adult 
peripheral nerve axotomy

Phenotypic changes in 
BDNF expression of DRG 
neurons and altered central 
transport are describd in 
section 1.13.

® \
Increased BDNF synthesis 
associated with upregulated 
truncated trkB and p75 
combine to present BDNF 
to proximally expressed full 
length trkB to in itiate  
regeneration.

Figure 25

C o n se q u e n c e s  o f  
sciatic axotomy:
1: 40% reduction in BDNF 
in gastrocnemius muscle.
2: Initial reduction reverses 
after 12 hours and levels continue 
to increase, doubling by 14 days.
3: In c re a se d  BD NF m RN A  
expression in Schwann cells in the 
distal nerve, peaking at 14 days.
4: Truncated trkB expression increases in 
the proximal nerve stump. Levels double 
in 24 hours.
5: p75 protein  and mRNA increases as 
regeneration is initiated, associated with a 
reduction in distal truncated trkB.
6: Full length trkB levels increase proximally.
7: Phenot>pic switch in BDNF expressing DRG neurons: 
constitutive expression in small trkA  neurons is 
dow nregulated and upregulated in large neurons.
8: Changes in DRG expression alter the anterogpde transport 
properties of BDNF such that immunoreactivity is decreased 
in the superficial laminae (BDNF shown in green) and increased 
in deeper laminae o f the dorsal hom (axotomised cord shown 
superimposed over naive).

gastrocnemius
muscle
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be expressed in affected tissues. Increased levels of trkB have been shown to accompany 

the increased expression of BDNF following axotomy. The gastrocnemius muscle shows 

no detectable expression of trkB before or after sciatic nerve axotomy (Funakoshi et al 

1993) but levels in the sciatic nerve itself show a twofold increase by 24 hours, returning 

to normal levels by three days. Importantly, this increase is only of the truncated trkB 

receptor, and expression is highest in the proximal stump of the nerve. In the spinal cord, 

the pattem is more complicated; the truncated form of the receptor increasing slightly by 3 

days and returning to normal by 14 days, whereas the full-length variant increases twofold 

by 3 days, then reduces to one third normal levels by 14 days. In addition to trkB, p75 

mRNA and protein both rise markedly in the distal nerve segment as axons recontact their 

targets during peripheral nerve regeneration. This expression rapidly returns to the level 

found in intact nerve. The increase in p75 has been suggested as a mechanism for 

accumulating NGF on the surface of Schwann cells as a regeneration promoting 

mechanism (Johnson et al 1988). This mechanism could be extended to include BDNF 

(and the other neurotrophins) as they all bind to p75 with equal, low affinity. The increase 

in p75 expression is accompanied by a decrease in truncated trkB expression on the distal 

nerve perhaps to favour binding of BDNF to the low affinity p75 receptors. This bound 

BDNF is then accumulated and can be presented to the full-length trkB receptors that have 

been up-regulated on the proximal terminals of the axotomised neurons and consequently 

exert their trophic effect. The delayed increase in BDNF mRNA seen in the gastocnemius 

muscle may further facilitate axon guidance and regeneration. Therefore, increased BDNF 

mRNA expression after axotomy in the distal nerve segment and muscle suggests a role in 

promoting regeneration of axotomised nerve fibres by both target-derived and local modes 

of action, mediated by trkB^ receptors and facilitated by p75.

Responses to nerve crush differ from axotomy in several respects. Both sciatic nerve and 

dorsal root crush produce a fivefold increase in trkB' in the spinal cord, peaking 8 days 

after injury, but elicit no change in trkB^. In the DRG, all trkB transcripts increase 

threefold following either injury (Emfors et al 1993). Similarly, BDNF mRNA in the 

DRG increases over a similar time course. The increased trkB expression in the spinal 

cord after nerve crush implies that it participates in an injury response. However, as only 

the truncated form increases, its role remains unclear. Whether it acts to bind and 

concentrate BDNF as in the axotomised nerve, and thereby elicit local trophic support, or
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has an effect through its own signalling mechanism is unclear. Interestingly, the equal 

increases of BDNF mRNA resulting from either central or peripheral nerve crush indicate 

that a similar mechanism is responsible. Also, either injury produces a maximal response, 

as a combination of the two does not further increase the levels of BDNF or trkB. 

Axotomy produces death of a sub-population of adult DRG neurons, whereas nerve crush 

results in very little cell death (Swett et al 1995; Coggeshall et al 1997). It is therefore 

possible that the increased levels of BDNF expression resulting from the crush offer a 

neuroprotective effect. Indeed, this has been demonstrated by the application of 

exogenous BDNF, with functional recovery exhibited by conduction velocity 

measurements (Munson et al 1997).

(c) Central axotomy

Developing CNS neurons projecting to the periphery are dependent upon target-derived 

neurotrophic factores. If the target is removed, and hence the supply of these factors, 

massive retrograde cell death occurs. If the spinal cord of neonatal rats is hemisected, the 

axonal projections of several brain stem neurons, eg red nucleus, Clarke’s nucleus, are also 

lesioned. This results in comprehensive cell death within the nuclei that can be halted by 

the application of exogenous neurotrophins (Diener and Bregman 1994). However, 

different neurotrophins exhibit differing survival effects. Following spinal cord 

hemisection, 50% of red nucleus neurons die within five days, with a total of 70% cell 

death after 30 days. The application of exogenous BDNF, NGF and NT-3 by means of 

saturated gel foam placed at the lesion site, prevents all cell death for up to 7 days. (This 

is also true for locus coerulus and raphe nucleus neurons). While the early application of 

BDNF prevents red nucleus cell death permanently, as measured at 30 days, this is not the 

case for NT-3, where only short-term rescue is obtained. This may reflect receptor 

expression patterns. Mature red nucleus neurons express trkB abundantly, with trkC 

expressed to a much lesser extent. In contrast, neurons in the Clarke’s nucleus are not 

rescued by BDNF but are following NT-3 application, consistent with the high expression 

of trkC in the cerebellum (a normal target of Clarke’s nucleus neurons). However, as with 

the red nucleus, the survival effect ot NT-3 is not permanent, lasting only 7 days before 

death starts to occur. The transient survival of Clarke’s nucleus compared to the longer 

term effects of BDNF on the red nucleus may indicate differences in these neuronal 

populations’ ability to re-establish collaterals after injury (Diener and Bregman 1994).
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Rubrospinal neurons have many targets within the brain stem and cerebellum, many of 

which develop postnatally. The application of BDNF exogenously after injury may 

prevent the immediate effects of target deprivation and allow new collaterals to establish 

connections and receive new trophic support. Neurotrophins show distinct temporal 

patterns of expression within the CNS during development, often exhibiting reciprocal 

expression. NGF, for example, has very low levels of expression in the spinal cord, 

whereas BDNF and NT-3 are substantially higher, suggesting they have a role in the 

survival and functional maintenance of intrinsic spinal cord neurons or neurons projecting 

into the spinal cord. NT-3 is highly expressed during early spinal cord development 

(Maisonpierre 1990), whereas BDNF is barely detectable at E l2/13, peaks at birth and 

then decreases into adulthood. Therefore, NT-3 may be important in target innervation, 

whereas BDNF may be a maturation/maintenance factor. The ability of all neurotrophins 

to rescue brain stem nuclei neurons following axotomy suggests that they are able to 

replace normal trophic support during the immediate postnatal stage of development, but 

permanent survival has more specific requirements.

An important finding in relation to the role of BDNF in neuronal survival and subsequent 

axonal regrowth has been the finding that it upregulates GAP-43 mRNA (Fournier et al 

1997). Axotomy of retinal ganglion cells results in 90% cell death within 14 days but a 

single injection of intravitreal BDNF transiently rescues the neurons and elicits significant 

outgrowth (although they do subsequently retract and die). This outgrowth is associated 

with a 30% upregulation of GAP-43 mRNA (BDNF administration to normal retinal 

ganglion cells has no effect on GAP-43 expression). No effect is seen on levels of 

expression of T a l tubulin - a protein necessary if any long distance growth is to occur, 

suggesting that the BDNF induced GAP-43 stimulates local branching of injured neurons, 

rather than axonal regeneration.

1.9: BDNF knockouts.

BDNF protein structure contains six cysteine residues necessary for its biological action in 

terms of prohormone processing and interaction with the trk receptor. Mice have been 

developed with four of these residues deleted, resulting in a lack of the BDNF protein 

(Emfors et al 1994; Jones et al 1994). The homozygous mutant BDNF'^' survives for only

2-7 days after birth, although a small proportion live for up to 4 weeks. The phenotypes
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reported for these transgenic animals exhibit profound defects in many peripheral sensory 

neuron populations in terms of both cell size and cell number (table 8):

Trigeminal ganglia 16% reduction in cell volume

Geniculate ganglia 40% reduction in cell volume

Vestibular ganglia 87% reduction in cell volume

Petrosal/nodose ganglia 44% reduction in cell volume

Trigeminal ganglia 27% reduction in cell number

Petrosal/nodose ganglia 43% reduction in cell number

Dorsal root ganglia* 34% reduction in cell number

Table 8: Neuronal deficits in BDNF transgenic mouse CNS.

The dorsal root ganglia neuronal loss was originally reported to be restricted to large cells 

with myelinated fibres (Ernfors et al 1994). However, uncorrected counting techniques 

were used which have since been questioned (Carroll et al 1998). The problem of 

studying knockouts which die soon after birth was remedied by back-crossing the mice 

onto a mixed genetic background (Koltzenburg et al 1997) resulting in a survival of the 

BDNF' 'mice into the third postnatal week (Carroll et al 1998). * Counts of cutaneous 

axons of the saphenous nerve revealed no loss of myelinated fibres in 14 day old mice. 

Total cell number counts were not made of the DRG however, and so it remains possible 

that the DRG cell loss reported by Emfors et al is in the small C-fibre population. In 

contrast to the trkB’̂ ' mutant, there are no obvious deficiencies in motomeuron populations, 

and muscle innervation appears normal, presumably due to compensatory mechanisms 

involving NT-4/5 and/or NT-3 both of which can activate trkB receptors (Ip et al 1993). 

The pattern of sensory neuron depletion is consistent with in vitro observations (Korsching 

1993), and also correlates with the observed behavioural abnormalities of BDNF" ' mice. 

The most striking effects are ataxia and a difficulty in remaining upright, presumably due 

to the vestibular ganglia deficits. As with the trkB'^' mice (see below), disruption of the 

petrosal and nodose ganglia and subsequent changes in sensory input from the heart and 

lungs results in dysfunctional control over blood pressure, heart and respiratory rate and
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bronchodilation and is the most likely cause of the early lethality o f the homozygous mice 

(Emfors et al 1994).

Several more subtle changes occur in BDNF  ̂ animals in the expression of neuropeptides 

and calcium binding proteins which are restricted to discrete CNS areas. Neuropeptide Y 

expression is significantly reduced in the cerebral cortex by P I5 (Mizuno et al 1994), 

although its levels remain unchanged in the striatum. This peptide is predominantly 

expressed in GABAergic intemeurons, a population o f cells which is unaffected in the 

homozygous knockout. This would suggest that BDNF has a role in regulating peptide 

expression in these cells rather than as a survival factor. A similar situation exists for the 

calcium-binding proteins calbindin and parvalbumin (Jones et al 1994). Again their 

expression is markedly reduced in discrete areas while the cell populations expressing 

them are unaffected (Table 9):

. Substantia Nigra Calbindin/parvalbumin reduced

Striatum Calbindin reduced

Hippocampus Neuropeptide Y/calbindin/ 

parvalbumin reduced

Cerebral Cortex Neuropeptide Y/calbindin/ 

parvalbumin reduced

Table 9: Changes in calcium binding protein expression in BDNF CNS structures.

These results indicate that in addition to its role as a classical neurotrophin regarding cell 

survival, BDNF has an equally important role in maintaining peptide and protein 

expression in mature neurons.

1.10: Trk-B Knockouts.

Mice have been genetically manipulated such that the tyrosine kinase sequences of the 

trkB gene have been deleted (Klein et al 1993). As a result the expression of the trkB^ 

receptor is prevented (although truncated receptors will still persist). These mice develop 

to birth but die within the first postnatal week due to an inability to feed. At a gross level, 

there are no abnormalities in the structure of the head or stomach to account for this
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disability. However, they do show significant neurological deficiencies; they are unable to 

respond to light touch stimulus and are also unable to drink milk even when placed 

directly into their mouths.

The defects found in trkB' '̂ mice at age PO are summarised below (Klein et al 1993) (Table 

10):

Trigeminal ganglia 50% Neuron cell loss

Nodose ganglia 80% Neuron cell loss

Dorsal root ganglia 30% Neuron cell loss

Facial motor nucleus 50% Neuron cell loss

Lumbar spinal cord 30% Motoneuron cell loss

Table 10: Neuronal deficits in trkB  ̂ transgenic mouse CNS.

Of greatest significance is the 80% nodose ganglia cell loss. These neurons are known to 

relay sensory visceral information from cardiovascular, respiratory and gastrointestinal 

systems, and their absence may interrupt the complex interactions necessary for 

controlling feeding and breathing and hence play a critical role in the early lethality seen in 

these animals (Klein 1993). The 30% motoneuron loss seen in L2-L5 does not seem to 

affect spinal cord lamination or affect the surviving motoneurons, although there may be 

undetected changes in neurotransmitter phenotype or neuropeptide expression. Also of 

interest is that many structures known to express trkB in wild-type animals appear normal, 

at least morphologically. It may be that defects are present that are not immediately 

obvious, or compensatory mechanisms occur, for example via trk-C interactions.

1.11: Regulation of BDNF in vivo by physiological stimulation

The conventional neurotrophin hypothesis as already described involves neurotrophins 

synthesised by a wide variety of non-neuronal cells in the periphery (Davies 1994). They 

are constitutively expressed, regulation of their synthesis and release being independent of 

neuronal input and activity (Thoenen 1995). Conversely, in the CNS, neurotrophins are 

synthesised almost exclusively by neurons under physiological conditions. BDNF has 

been implicated as a signalling molecule in developmental and adult synaptic plasticity 

(Klein et al 1991; Thoenen 1995). Indeed, of all the neurotrophins, BDNF exhibits the
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greatest regulation by physiological stimuli and neuronal activity (Castren et al 1993; 

Thoenen 1995). Activation of excitatory or inhibitory receptors upregulate and 

downregulate BDNF synthesis respectively (Wetmore 1994). In vivo and in vitro studies 

in the hippocampus and cerebral cortex have shown that this activity-dependent regulation 

is mediated by classical neurotransmitters: BDNF is upregulated by glutamate via NMD A 

and non-NMDA ionotropic receptors (the prevalence of each being dependent upon the 

stage of development (Zaffa et al 1992) and its downregulation is mediated by GAB A 

acting via the GABA^ receptor (Zaffa et al 1991). Importantly, these regulatory actions 

are not restricted to aberrant activity in pathological conditions, but are the mechanisms 

involved in the normal maintenance of physiologically active BDNF levels (Thoenen

1995) eg by normal visual input (Castren et al 1992). Other examples of specific 

physiological activities regulating BDNF synthesis include; upregulation by osmotic stress 

as detected in the paraventricular nucleus and LTP mechanisms (Castren et al 1993; 

Castren et al 1995).

1.12: Role of BDNF in hippocampal LTP and spinal cord central sensitization

Over the last few years, much evidence has accumulated linking BDNF with LTP, learning 

and memory. LTP is severely impaired in the CAl region of the hippocampus in BDNF  ̂

mice (Korte et al 1995), and importantly, can be restored by virus-mediated gene transfer 

o f BDNF into the CAl region of mutant mice (Korte et al 1996). Successful retention 

performance of certain learning tasks results in rapid, transient increases in BDNF mRNA 

within the dentate gyrus of the hippocampal formation, and fails to occur in rats that fail to 

learn the task (Kesslak et al 1998). Pre-treatment o f normal rats with BDNF anti-sense 

into the hippocampus not only inhibits LTP but also impairs memory retention as 

indicated by impaired task performance (Ma et al 1998). However, anti-sense treatment 

after memory acquisition has no effect on subsequent performance. These results indicate 

that BDNF gene expression plays an important role in memory consolidation and in LTP 

expression. However, other studies using different learning paradigms, notably the Morris 

water maze (ie a spatial memory task), yield different results. Mutant mice again show 

reduced LTP, but no deficit in task performance. However, due to the severe sensorimotor 

deficits of homozygous mutants, heterozygous mice were used which may have influenced 

the result.
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The main body of evidence supports a causal role for BDNF in the synaptic plasticity 

underlying LTP. BDNF has been postulated as the retrograde factor necessary for any 

LTP-type mechanism but is more likely to have a more specific function as a retrograde 

modulator. Furthermore, BDNF also appears to be involved in similar activity-dependent 

plastic changes elsewhere in the CNS. Within the spinal cord dorsal horn, activity- 

dependent changes have been well-documented; eg wind-up and central sensitization 

(Woolf 1996). Central sensitization, ie increased excitability of nociceptive dorsal horn 

neurons following noxious stimulation, is a central response comparable to that which 

occurs following electrical stimulation. Therefore, a case can be made for LTP and central 

sensitization being essentially the same phenomenon. In support of this there is much 

evidence that the underlying mechanisms of the two have close parallels; activation of 

NMDA, non-NMDA and metabotropic glutamate receptors, calcium influx, stimulation of 

secondary signal transduction pathways and a decrease in sensitivity of G ABA receptors. 

All of these factors result in an increased excitability of post-synaptic neurons and/or 

presynaptic neurotransmitter release.

There is strong evidence that central sensitization of nociceptive transmission in the spinal 

cord is responsible for secondary hyperalgesia and allodynia that occur following injury. 

Therefore, chronic pain states may be considered analogous to long-term memory in that 

they result from plastic changes and possible structural modifications as a consequence of 

gene expression changes produced by second messenger systems elicited by central 

sensitization (LTP?). Recent evidence has now implicated BDNF directly as a modulator 

of pain hypersensitivity following peripheral injury (Kerr et al 1999). Chronic hindpaw 

inflammation induces BDNF upregulation within the DRG and dorsal horn in an NGF 

dependent manner (Mannion et al 1999; Thompson et al 1999). Inflammation or NGF 

treatment increases BDNF expression in trkA positive cells within the DRG and is 

anterogradely transported to the dorsal horn where it is localised in dense-core vesicles 

making it a prime candidate as a centrally acting neuromodulator (Michael et al 1997; Cho 

et al 1997). Functionally, exogenous BDNF application in vivo induces hypersensitivity 

(Mannion et al 1999). This is presumably a postsynaptic action on trkB expressing dorsal 

horn cells (The consequences of trkB activation on neuronal excitability are discussed 

further in section 4.3). Importantly, the effect can be antagonised by application of trkB- 

IgG fusion proteins. Therefore, all the lines of evidence; upregulation in small DRG
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neurons, transport to the spinal cord and subsequent release, activation of dorsal horn cells 

and selective antagonism by trkB fusion proteins, indicate that BDNF is a central 

modulator of inflammatory-mediated hypersensitivity.

1.13: BDNF and central sprouting following nerve injury.

BDNF has been proposed to have a role in the sprouting response of A-fibres following 

adult peripheral nerve injury (Mannion et al 1998; Tonra et al 1998; Zhou et al 1999). 

There is considerable evidence to support this. BDNF is constitutively expressed by small 

trkA positive neurons and this expression is upregulated after NGF treatment, peripheral 

inflammation and sciatic nerve crush (Michael et al 1997; Cho et al 1997; Cho et al 1998). 

Recent studies have provided evidence for a differential regulation of BDNF in different 

DRG sub-populations. Axotomy of the sciatic nerve induces a phenotypic switch such 

that BDNF is expressed by large DRG neurons, while at the same time is down-regulated 

in the small population (Cho et al 1998; Zhou et al 1999; Michael et al 1999). Importantly, 

this results in altered anterograde transport of BDNF protein to the spinal cord dorsal horn, 

both to superficial and deeper laminae (Zhou and Rush 1996; Michael et al 1997; Cho et al 

1998; Zhou et al 1999; Michael et al 1999). This leads to increased BDNF 

immunoreactivity in the deep dorsal horn and reduced reactivity in superficial laminae. 

Anterograde transport in afferent terminals to lamina II may have greater significance as 

BDNF has been localised to dense-core vesicles in their terminals (Michael et al 1997). 

Atrophy of these terminals results in the extra-synaptic release of their contents 

(Valtschanoff et al 1992). Since adult DRG cell death following axotomy is restricted to 

the small cell population, it is possible that BDNF positive neurons are selectively lost 

over time (Coggeshall et al 1997). Following axotomy, A-fibres sprout from deeper 

laminae into lamina II and many of the A-fibres that sprout are hair-follicle afferents 

(Shortland and Woolf 1993). Although the size of the population of DRG neurons 

expressing trkB is unclear, they tend to be medium sized mechanoreceptive Ap fibres 

(Wright and Snider 1995). The fact that the physiological properties of many hair-follicle 

afferents are regulated by BDNF supports this (Carroll et al 1998). Therefore, it is 

possible that, following axotomy, injured C-fibres release BDNF at their central terminals, 

which subsequently acts on trkB expressing A-fibres initiating a growth response and the 

consequent invasion of lamina II by these fibres. However, since this growth is not radial.
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but occurs only in the dorsoventral plane (Mannion et al 1998), there are presumably 

constraints, or guidance cues, in the pathways of growth. An alternative mechanism might 

involve induction of expression of the truncated trkB receptor as a mechanism for 

controlling local concentration gradients of BDNF and effectively acting as guidance 

molecules (Beck et al 1993). The inhibitory effects TrkB can have on neurite outgrowth in 

culture (Tannahill et al 1995) suggest that neurotrophin receptors not only influence 

neurite outgrowth by neurotrophin triggered activation, but also by cell-surface 

recognition properties, effectively acting as a cell adhesion molecule. Additionally, it may 

be possible that axotomy uncovers a developmental pathway along which A-fibres had 

originally retracted during early postnatal refinement and the sprouting fibres may use this 

pathway (Shortland and Fitzgerald 1994). The dorsoventral array of lamina II neuron 

dendrites could provide an anatomical site for the expression of such a pathway, although 

the molecular mechanism remains unknown. While circumstantial evidence implicates 

BDNF as having a role in the sprouting of A-fibres, other evidence indicates it may not be 

critically required. Attempts to induce sprouting by chronic exposure of the spinal cord to 

BDNF, or to attenuate the sprouting effect by sequestering endogenous BDNF through the 

use of trkB-IgG fusion proteins have been unsuccessful. The majority of evidence 

pointing to BDNF in sprouting has come from hippocampal studies, where the 

conditioning lesion has been within the CNS rather than peripheral (Hughes et al 1999; 

Timmusk et al 1995).

It remains likely that a change within injured C-fibres is crucial to the sprouting seen in the 

adult. It is possible that the increased sprouting seen following neonatal axotomy merely 

reflects the more dramatic consequences of neonatal axotomy compared to adult, ie 

increased DRG cell death and consequent greater central denervation. The degree of 

response in the neonate being two-fold; firstly rapid, extensive cell death indicating 

neurons still having a target-derived neurotrophic requirement, and secondly extensive 

collateral sprouting a consequence of changes to afferents still within an active growing 

state (Fitzgerald 1985a; Shortland and Fitzgerald 1994). In the adult, application of 

exogenous NGF to the nerve stump following axotomy, or directly to the cord via 

intrathecal catheter results in a total absence of visible sprouting of A-fibres into lamina II 

(Eriksson et al 1997; Bennett et al 1996). Application of NGF to the nerve stump also 

partially reverses the peptide depletion within the DRG (Fitzgerald et al 1985). As trkA
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expressing cells are almost exclusively C-fibres, these results suggest that C-fibre integrity 

can be maintained by the replacement of peripherally-derived NGF by these methods, and 

inhibit subsequent A-fibre sprouting. Furthermore, just as NGF maintains the peptidergic 

population (Fitzgerald et al 1985), application of exogenous GDNF is able to support the 

IB4 population and inhibit A-fibre sprouting (Bennett et al 1998). In the adult these two 

populations are distinct (Alvarez et al 1991) and therefore a supply of NGF or GDNF will 

selectively maintain only one of these populations, the finding that application of either is 

sufficient to totally suppress sprouting indicates a threshold of C-fibre injury that is 

required to induce sprouting of A-fibres. The more extensive injury consequent to 

axotomy in the neonate may then have some influence over the degree of the central 

response.

It is important to emphasise the differences between the systems when comparing adult 

post-axotomy changes with those in the neonate. The greater body o f work directed at 

elucidating adult sprouting mechanisms means that assumptions will inevitably be drawn 

from the adult and applied to the neonate. The crucial difference between the responses to 

axotomy of adults and neonates in that neonatal axotomy evokes widespread collateral 

sprouting resulting in gross anatomical changes within the central terminals of primary 

afferents. This effect is a true example of collateral sprouting and its extent, unlike the 

adult situation, is indicative of a mechanism involving a local diffusable factor. Particular 

emphasis must be put on the fact that the spinal cord is in an active growing state during 

the neonatal period. The final pattern of connections is still being refined and widespread 

synaptogenesis and synapse elimination are underway. Also, local inhibitory 

intemeuronal circuitry is immature as are descending pathways. The processing of an 

afferent stimulus will therefore produce different physiological responses at spinal and 

higher levels. Neonatal axotomy is fundamentally a different injury to adult axotomy in 

that the systems being studied are not alike and consequently the mechanisms involved in 

their response to that injury are likely to be different (Shortland and Fitzgerald 1994; 

W oolf et al 1995). The growth-associated protein, GAP-43, has been proposed as a factor 

that may be important in the neonatal sprouting response to injury (Skene 1989; Fitzgerald 

et al 1991; Shortland and Fitzgerald 1994). A number of observations support this. 

Firstly, its expression is developmentally regulated: it is expressed in the central terminals 

of hindlimb afferents from late embryonic stages until approximately PIO, with a steady
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decline postnatally (Fitzgerald et al 1991; Chong et al 1992). This downregulation 

coincides with the end of the period during which axotomy can induce intact collateral 

sprouting within the dorsal horn (Reynolds and Fitzgerald 1992). O f particular relevance 

to the work presented here are the studies that link GAP-43 with BDNF expression. The 

regenerative capacity of axotomised CNS neurons is enhanced via induction of GAP-43 

(Kobayashi et al 1997). Particularly relevant here is the fact that BDNF has been shown to 

increase axonal branching following axotomy through the increased expression of GAP-43 

(Fournier et al 1997). Intriguingly, mice over-expressing GAP-43 undergo prolonged 

postnatal sprouting of motoneurons, effectively sustaining their active growth state into 

adulthood. Subsequent axotomy of these neurons results in cell death which does not 

occur in wild-type mice but is seen following neonatal axotomy (Harding et al 1999). 

GAP-43 may be a key factor in initiating growth, then other factors are required for 

maintenance etc (Baetge and Hammang 1991). The finding that axotomised CNS neurons 

upregulate GAP-43 but then later die may be indicative of the induction of a growth 

response in these neurons, but the failure of necessary later mechanisms to be induced, 

resulting in cell death (Schmitt et al 1999).

From chapter 1 it is evident that during the first postnatal week, sensory neurons within the 

DRG are more vulnerable to axotomy. It is also clear that central effects occur that are 

restricted to a similar time course (reviewed in chapter 2). Previous investigations into 

central collateral sprouting of intact primary afferents have indicated the presence of a 

central factor mediating the response (Shortland and Fitzgerald 1994). The aim of the 

experiments presented here was to identify a possible involvement of a neurotrophic factor 

mediating the central consequences of neonatal peripheral axotomy. From the substantial 

body of work that exists on BDNF, its expression patterns and effects on synaptic 

transmission and stability reviewed here, it stands as a model candidate for a role in the 

effects described. Immunocytochemical and molecular biology techniques were therefore 

employed to look at BDNF protein and mRNA expression in the spinal cord following 

neonatal axotomy.
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2: Materials and methods

2.1: BDNF protein expression in the lumbar horn following neonatal sciatic axotomy.

Surgical Procedures

New-born (PO) rat pups were anaesthetised by hypothermia and an incision made at mid

thigh level to expose the sciatic nerve. The nerve was tightly ligated with 7/0 suture 

proximal to its trifurcation point and cut distal to the ligature. The wound was closed 

using vetbond cyanoacrylate adhesive and the pups warmed and returned to their mother. 

48 hours later the pups were terminally anaesthetised with pentobarbitone (200mg/ml) and 

processed for further analysis.

BDNF immunohistochemistry.

Rat pups were perfused transcardially with 0.9% saline followed by 4% paraformaldehyde. 

L4 and L5 lumbar segments of the spinal cord were identified by tracing back the sciatic 

nerve and removed and post-fixed overnight in 4% paraformaldehyde/30% sucrose 

solution.

The blocks of tissue were mounted in tissuetec and 50pm sections cut on a freezing 

microtome.

O Sections were collected and washed three times in 0.1 M PBS and then blocked in 10% 

normal goat serum (NGS) and 0.25% Triton X-100 (Sigma) in 0.1 M PBS for one hour.

0  Primary antibody:

Sections were incubated in BDNF antibody (Rabbit polyclonal IgG, 1:500; Santa Cruz) in 

1% NGS, 0.25% Triton X-100 in O.IM PBS at 4°C for 48 hours.

© Secondary antibody:

After three washes in PBS the sections were incubated in anti-rabbit biotinylated IgG 

(Vector) 1:250 in PBS for 1-2 hours at room temperature.

O After further washes in O.IM PBS, sections were processed with the standard ABC 

reaction using a standard Vectastain kit (Vector) following the manufacturer’s instructions. 

© BDNF immunoreactivity was revealed with diaminobenzidine (DAB) (Sigma): sections 

were incubated DAB solution:

lOmg DAB in 20ml distilled water + 7pl H2O2, 5-20 minutes.

The reaction was stopped by washing in distilled water.

© Sections were washed in PBS, mounted, dehydrated and coverslipped using DPX.
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2.2: BDNF mRNA expression in the lumbar horn following neonatal sciatic axotomy.

BDNF mRNA Northern blot analysis.

BDNF primers corresponding to base pair 194 sense 5'-GGACTCTGGAGAGCGTG-3' 

and 527 anti-sense 5'-GCTGTGACCCACTCGCTAAT-3', from the published sequence 

(Maisonpierre et al 1991) were used to amplify a 333 base pair band. This sequence was 

inserted into a T-vector plasmid (Promega) producing a recombinant DNA construct 

(Figure 26). The plasmid was grown in E. coll. The recombinant plasmid DNA was then 

isolated by the STET method (Sambrook et al 1989) and linearised with a restriction 

enzyme in the multiple cloning sites shown. In this case the enzyme sacll was used 

(Figure 26). The product was then phenol/chloroform extracted twice and ethanol 

precipitated (Sambrook et al 1989). The RNA polymerase SP6 recognises the specific 

promotor region in the construct, such that by addition of nucleotides (NTPs), an antisense 

strand of BDNF (antisense to cellular RNA) is produced. Transcription of cRNA and 

incorporation of radioactive ^̂ P was performed following standard protocols (Sambrook et 

al 1989).

RNA extraction.

Total cellular RNA was extracted from homogenised tissue samples by acid/phenol 

extraction according to Chomczynski and Sacchi (1987). RNA (lOjig/sample) was 

separated on 1.5% formaldehyde-agarose gels and blotted onto Hybond-N+ nylon 

membranes (Amersham) using standard conditions (Sambrook et al 1989). RNA was 

stabilised on the membrane by UV cross-linking.

Northern hybridisation.

The nylon filter membranes were prehybridised with 5ml (20x) Sodium chloride/Sodium 

Citrate (SSC), 1ml (lOOx) Denhardts solution, 0.2ml (lOng/ml) herring sperm DNA, 10ml 

of formamide and 2mls (10%) Sodium Dodecylsulphate (SDS) in 1.8ml of water for 

3hours. The prehybridisation buffer was replaced and the radiolabelled probe added. 

Hybridisation was carried out overnight at 42°C and filters washed the following morning 

with decreasing concentration of SSC as appropriate.

Filters were then blotted dry and placed in autoradiographic cassettes with film and 

developed at -70°C for two weeks.
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Figure 26

T7
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Diagrammatic representation of p-GEM-T vector map including rat BDNF 
insert in the multiple cloning site. S ad  and Sacll are the restriction enzymes 
used to excise the BDNF insert and T7 and SP6 the polymerases used to create 
sense and anti-sense strands respectively.
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2.3: Primary afferent sprouting in BDNF transgenic mice.

Given the wealth of evidence implicating BDNF in activity-dependent plasticity and 

changes in expression of BDNF protein and mRNA in the dorsal horn following neonatal 

peripheral nerve section, it stands as a prime candidate for mediating the collateral 

sprouting of primary afferents within the spinal cord after axotomy. To further investigate 

this possibility, the consequences of neonatal axotomy were examined in transgenic mice 

containing a null mutation of the BDNF gene. Due to the extremely small size of neonatal 

mice, it was technically easier to investigate the sprouting response of sciatic afferents in 

the dorsal horn following saphenous nerve axotomy. The changes in the central territory 

of sciatic afferents following this procedure have been mapped by examining the extent of 

TMP depletion (Reynolds and Fitzgerald 1992) (Figure 27).

In the normal rat, the L3 spinal segment seen in transverse section has two distinct sciatic 

territories, each being one of the two arms of the characteristic sciatic ‘U ’-shape when 

viewed in longitudinal section. The saphenous nerve territory occupies the gap inbetween. 

Following saphenous nerve section at PO, intact sciatic nerve afferents sprout into this 

territory to the extent that the two ‘arms’ join together. This effect was used to investigate 

the sprouting response. If sprouting is hypothesised to result from the upregulation of 

BDNF in the dorsal horn following peripheral nerve section, then it follows that neonatal 

saphenous nerve section should result in no change in the somatotopic distribution of 

sciatic terminals in the spinal cord of mice lacking BDNF.

BDNF heterozygote mice were kindly donated by Dr. Patrick Carroll o f INSERM-382, 

Marseilles.

BDNF^^ were paired to produce litters theoretically containing 50% heterozygote, 25% 

wild-type and 25% BDNF null mutants. PO was deemed to be within the first 24 hours of 

birth.

O Mouse pups (2 litters) were anaesthetised by hypothermia and the inner thigh excised to 

expose the saphenous nerve.

© The nerve was ligated and cut distal to the ligature. The wound was sealed with 

Vetbond adhesive and the pups warmed and returned to their mother.

© Seven days later the mouse pups were again anaesthetised by hypothermia and the 

sciatic nerves exposed at mid-thigh level. 0.5pl of 1% BHRP (Quadratech) was injected
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bilaterally. The wounds were sutured with 7/0 thread (Ethicon). The rats were warmed 

and returned to their mother.

O 24 hours later the pups were terminally anaesthetised with Sagatal and perfused 

transcardially with 1% formaldehyde, 1.25% gluteraldehyde in O.IM phosphate buffer. L3 

spinal segments were removed and processed for tetramethylbenzidine histology as 

described in chapter 4.

(N.B. Before perfusion tail tips were taken for subsequent genotyping).

Genotyping was performed by Dr. Patrick Carroll. Results from the genotyping identified 

all successfully labelled mice as heterozygotes (BDNF^^'). As primary afferent collateral 

sprouting following neonatal axotomy has not been described in mice, it was therefore 

necessary to repeat the experiment with wild-type mice of similar genetic background 

(n=6 ) in order to ensure that a sprouting response occurs as in rat pups.
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Sciatic territory expansion foilowing neonatal 
saphenous axotomy as revealed by TMP depletion

contra

B

Figure 27

Longitudinal maps constructed from serial sections 
showing the rostrocaudai extent o f TMP depletion 
following peripheral nerve axotomy.
A: Role o f  intact adjacent afferents.
The contralateral side shows the normal extent of 
sciatic (red) and saphenous (blue) territories within 
the dorsal horn as revealed by TMP depletion following 
axotomy of either nerve in the adult. Each nerve 
occupies a discrete region within the dorsal horn with 
no overlap between. The ipsilateral saphenous was 
axotomised at PO and the figure shows the extent of 
the enlarged sciatic area in the adult as a result o f 
collateral sprouting o f adjacent intact afferents. 
B: Role o f  intact adjacent and surviving neonatally 
axotomised afferents.
As above, the contralateral side shows the normal 
adult extent of the sciatic terrotory. The ipsilateral 
side had a saphenous axotomy at birth. The TMP 
depletion resulting from ipsilateral sciatic section and 
saphenous resection is shown. The extended ipsilateral 
territory in B compared to A is therefore the result of 
sprouting o f surviving neonatally axotom ised 
saphenous afferents.

Figure adapted from Reynolds and Fitzgerald 1992
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3: Results

3.1: BDNF protein expression in normal animals.

BDNF immunoreactivity within the lumbar spinal cord was examined at PO and P2 (n= 6  

for each). In each case, every fifth 50pm section of the L4 and L5 lumbar spinal cord 

segments was collected. Staining was generally absent from all sections, although 

occassional motoneuron and lateral dorsal horn neuronal staining was evident. Figure 28B 

is a typical example.

3.2: BDNF protein expression is upregulated in the dorsal horn of axotomised rats.

BDNF immunoreactivity was observed 48 hours following PO sciatic axotomy in 8 rat 

pups. As above, every fifth 50pm section of the L4 and 5 lumbar segments was collected. 

Increased immunoreactivity was evident ipsilateral to the axotomy. The extent o f the 

upregulation varied between sections. Generally, central areas of the deep dorsal horn and 

motoneurons showed the most intense staining, although occasionally this was more 

widespread. A contralateral effect was also seen but was less pronounced than ipsilateral. 

Again, the degree of staining varied between sections. Figure 28A is an example of a 

representative section.

3.3: BDNF mRNA expression is upregulated in axotomised animals.

To establish whether the increased protein levels seen in the dorsal horn following 

axotomy was due to de novo synthesis or increased anterograde transport from the DRG, 

the expression of BDNF mRNA was assayed by Northern blot. Lumbar spinal cord dorsal 

horn tissue was taken from animals 48 hours following unilateral PO axotomy and also 

from P2 naïve controls. In both cases the entire dorsal horn of L4 and L5 was taken. 

Tissue from 12 animals was pooled in each group. Results are shown in figure 29. A is a 

representative autoradiograph after 2 weeks exposure. BDNF mRNA is not detectable in 

the naïve dorsal horn as seen in the right hand lane. The dark band at the top is the 18S 

ribosomal RNA band. Two transcripts of BDNF are normally synthesised, 4.0 and 1.6 Kb 

(Maisonpierre et al 1990; Funakoshi et al 1993). After axotomy (left hand lane) there is a 

clear upregulation in expression, most evident in the 1.6Kb transcript (indicated on the 

left). Ethidium bromide fluorescence of total RNA loading (B) shows that there was a 

slightly greater gel loading of naïve RNA, suggesting that the upregulation is actually
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Figure 28

BDNF immunoreactivity in the lumbar spinal cord. Intense cellular staining is 
clearly visible in the deep dorsal horn ipsilateral to PO sciatic axotomy (A and high 
power inset). Motoneuron labelling is also evident. Age matched naïve rat pups 
show very little BDNF immunoreactivity (B).
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Figure 29

A: Northern blot of BDNF mRNA expression in the lumbar spinal cord. The left 
lane is from rat pups 48 hours following PO unilateral sciatic axotomy. The right 
lane is from P2 naïve rats. A clear upregulation of mRNA is evident, particularly 
the 1.6 Kb transcript.
B: Ethidium bromide fluorescence showing relative loading of total RNA in both 
lanes.
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greater than indicated by comparison of the two lanes. In addition, the fact that both 

ipsilateral and contralateral dorsal horns were taken, and the protein expression shows a 

lower contralateral effect relative to the ipsilateral, also suggests that the results shown are 

an underestimate of the actual upregulation of BDNF mRNA in the dorsal horn following 

neonatal axotomy.

3.4: Neonatal saphenous axotomy results in collateral sprouting of intact sciatic nerve 

central projections in wild-type mice.

BHRP labelling of the contralateral sciatic nerve of P7 mice produced a pattern of staining 

such that at the L3 lumbar segment, dorsal horn staining was clearly divided into lateral 

and medial areas with the characteristic saphenous notch between. Ipsilateral to the PO 

saphenous axotomy, sciatic BHRP labelling filled the entire dorsal horn indicating that the 

saphenous region had been entirely invaded by collaterally sprouting sciatic afferents. 

Figure 30 shows a representative section from L3. This sprouting was evident in all six 

wild-type mice.

3.5: BDNF^ mice exhibit reduced collateral sprouting following PO saphenous nerve 

axotomy.

Bilateral staining o f the spinal cord was successfully achieved in seven mice. Examination 

of transverse sections of the spinal cord L3 segment revealed that reduced sprouting of the 

sciatic nerve had occurred ipsilateral to the saphenous axotomy in four o f the seven, but 

was present in the other three. An example of the former is shown in figure 31. The two 

sides appear similar, with a discrete saphenous notch evident in the dorsal horn staining, 

unlike the situation in the wild type.
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Sciatic sprouting in wild-type mice following 
neonatal unilateral saphenous axotomy

m

Axotomy Control

Figure 30
Bilateral BHRP labelling o f the sciatic nerves of 7 day old wild-type mice that received 
unilateral saphenous axotomy on the day of birth.
A: Longitudinal representation of the lumbar spinal cord showing saphenous (blue) and 
sciatic (red) central territories before (right) and after (left) saphenous axotomy (see figure 
27). The do tted  c ircle  shows the position  o f transverse  sec tions shown. 
B,C: Bright and darkfield photomicrographs of L3 lumbar spinal cord of wild-type mice. 
The distinctive ‘saphenous notch’ (A and figure 27) is clearly visible on the intact control 
side. On the axotomised side, intact sciatic afferents have sprouted into the denervated 
saphenous territoiy.
Note also that A-fibres are present in all laminae of the dorsal horn as seen in age-matched 
rat pups.
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Axotomy-induced collateral sprouting
is reduced In BDNF  ̂ mice

Axotomy Control

Figure 31
Bilateral BHRP labelling of the sciatic nerves o f 7 day old BDNF' " mice that received 
unilateral saphenous axotomy on the day of birth.
A: As Figure 27.
B,C: Two examples of darkfield photomicrographs of L3 lumbar spinal cord of B D N F ^ '  mice. 
The ‘saphenous notch’ (A and figure 27) see on the intact control side is still evident on 

the axotomised side -  ie die sprouting of intact sciatic afferents into the denervated territory 
is reduced (cf Figure 30).

104



Chapter 3. BDNF expression following neonatal axotomy

4: Discussion.

The results presented above show that the neurotrophic response of neonatal rats to 

peripheral injury is different from that in the adult. Sciatic axotomy performed on the day 

of birth produces a marked upregulation of BDNF mRNA and protein in the dorsal horn of 

the spinal cord. BDNF mRNA is present at very low levels in the neonatal spinal cord but 

declines into adulthood (Maisonpierre et al 1990; Emfors et al 1993), where it is only 

detectable in motoneurons (Conner et al 1997). The upregulation of BDNF mRNA after 

neonatal axotomy presented here is in contrast to the adult situation where no substantial 

change occurs in the mRNA for any of the neurotrophins (Funakoshi et al 1993).

4.1: BDNF changes in DRG post-axotomy.

Change in BDNF expression in DRG in neonate and adult have been reported and indicate 

that it has an important role in response to nerve injury which is dependent upon the nature 

of the injury. BDNF protein and mRNA is normally restricted to mainly small trkA 

positive DRG neurons (Michael et al 1997; Barakat-Walter 1996). Following sciatic 

axotomy, both mRNA and protein are present in large, trkB and trkC positive DRG cells 

(Michael et al 1999; Cho et al 1998; Zhou et al 1999; Kashiba and Senba 1999) (Figure 

25). This has been reported as a phenotypic switch away from small cell expression (Zhou 

et al 1999), although expression is still present in the smaller population, albeit with lower 

intensity (Cho et al 1998) and to a slightly larger, although still trkA positive, population 

(Michael et al 1999). This change in pattern of expression is also exhibited in the central 

projections of the DRG. BDNF protein in the dorsal horn of the naïve animal is found in 

the superficial laminae (Cho et al 1998; Zhou et al 1999; Michael et al 1999). The source 

of this BDNF is the DRG from where it is anterogradely transported (Conner et al 1998; 

Altar et al 1998; Fawcett et al 1998). This anterograde transport is increased following 

sciatic nerve section (Tonra et al 1998). The laminar distribution of BDNF is shifted to 

match the change in expression in the DRG, such that immunoreactivity is reduced in 

superficial laminae (I and II) and increased in deeper dorsal horn (III and IV) (Cho et al 

1998; Michael et al 1999; Zhou et al 1999), matching the central terminal distribution of 

those DRG cells now expressing and transporting BDNF. This is not the pattern seen 

following peripheral crush or inflammatory injury. Sciatic crush induces a two-fold 

increase in BDNF mRNA expression within the trkA expressing population (Sebert and
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Shooter 1993; Cho et al 1998). A similar expression is seen following peripheral 

inflammation (Cho et al 1998; Lee et al 1999), associated with increased superficial 

laminar BDNF immunoreactivity. Systemic kainic acid treatment (Scarisbrick et al 1999) 

and intrathecal NGF (Michael et al 1997) both also increase central BDNF, mimicking the 

effects of crush and inflammation.

4.2: Mechanisms of BDNF action: role of trkB.

The BDNF upregulation seen following neonatal axotomy appears to be cellular in origin, 

with no clear fibre staining. With the upregulation in dorsal horn BDNF mRNA 

expression, this represents de novo protein synthesis. It has already been established that 

substantial DRG cell death occurs following sciatic axotomy at PO. The changes in BDNF 

expression are seen at 48 hours. In the axotomised DRG, approximately 25% of neurons 

have already died (see chapter 1) and more than 30% more o f the original total are 

destined to die by seven days post-axotomy. While it is possible that the surviving 

axotomised DRG cells do upregulate and transport BDNF centrally, thus contributing to 

the increased immunoreactivity seen after 48 hours, it is more likely that a central source is 

responsible. The question remains as to what are the consequences to the developing 

spinal cord of the neonate of increased BDNF expression, and what relevance does it have 

to sprouting o f intact adjacent afferents into the denervated cord following peripheral 

nerve axotomy? Demonstrating an increase in BDNF in the dorsal horn does not provide 

direct evidence for it being a causative factor in central sprouting that occurs following 

neonatal axotomy.

An increase in central BDNF availability can only be effective if it is capable of signalling, 

ie trkB is present postsynaptically. TrkB is expressed as a variety of transcripts that can be 

divided into two major types; full length (trkB^) and truncated (trkB ) (Middlemas et al 

1991). The truncated form has two transcripts, deemed T1 and T2 that in the adult are 

generally expressed on non-neuronal and neuronal cells respectively (Armanini et al 

1995). During early development, trkB expression tends to be limited to non-neuronal 

cells (Biffo et al 1995). Of importance here is the fact that the full length and truncated 

forms show different patterns of developmental regulation that profoundly influence the 

actions of BDNF during development. The most significant difference is that throughout 

the CNS, trkB^ is expressed earlier, such that levels peak at birth and then gradually drop
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until adult levels are attained (Emfors et al 1993; Escandon et al 1994). The development 

of expression of trkB is slower, with levels not peaking until some time after birth, and 

then remaining at that level into adulthood (Emfors et al 1993). The time at which trkB' 

peaks varies between CNS regions, eg P10-P15 in the forebrain (Fryer et al 1996), but 

generally trkB^ is the major form developmentally and trkB' predominates in the adult. 

The switch from full length to truncated in each region occurs at a time that correlates with 

the maturation of axonal connections within that region (Allendoerfer et al 1994). At late 

embryonic stages, the ratio of trkB^:trkB' in the visual system is very considerably greater 

than 1. By the end of the critical period this has changed such that trkB' is predominant. 

This is important for BDNF signalling, in vitro expression of trkB^ in oocytes confers a 

BDNF specific survival response to those cells which is drastically reduced by co

expression of trkB' (Ninkina et al 1996). BDNF responsiveness is directly modulated by 

the relative levels o f the two forms, the truncated acting as a dominant negative by 

forming non-functional heterodimers with the full length (Eide et al 1996). Expression of 

trkB' at synapses between two hippocampal neurons in culture affects BDNF-induced 

synaptic enhancement, such that increased synaptic transmission and increased frequency 

of spontaneous miniature synaptic currents are inhibited (Li et al 1998). Interestingly, this 

effect only occurs if the trkB' expression is directed to the presynaptic terminal. During 

development, when axonal arborizations and synapse formation are still actively 

occurring, trkB^ is dominant, and BDNF signalling can therefore be thought of as being 

more efficient. It is therefore possible that critical periods of synaptic plasticity may be 

defined by the onset of expression of trkB'. An extension of this would be that the 

dramatic synaptic rearrangements that occur as a result of sensory perturbations during the 

critical periods are mediated by signalling through trkB^. Mossy fibre sprouting in 

neonatal hippocampus following kainic acid-induced seizures is associated with increased 

expression of trkB^ in the regions of hippocampus into which the sprouting occurs 

(Goutan et al 1998).

4.3: Roles of BDNF.

(a) BDNF and neuroprotection.

The consequences of increased trkB^ expression are not just limited to trophic effects. 

BDNF has been shown to protect cerebellar granule neurons and cortical neurons against
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glutamate-induced neurotoxicity (Lindholm et al 1993; Shimohama et al 1993). 

Hypoxic/ischaemic injury in neonatal brain induces an increase in trkB^ that has been 

suggested to underlie the early protective mechanism of BDNF (Narumiya et al 1998). 

Glutamate has been shown to be involved in the pathophysiology of hypoxic/ischaemic 

neuronal injury (Rothman and Olney 1986) and may be implicated in central changes that 

occur following neuropathic injury (summarised in figure 32). The effects of axotomy are 

often similar to changes induced by ischaemic damage. Fimbria-fomix axotomy produces 

degenerative changes within the septum that are also seen following glutamate receptor- 

mediated excitotoxic damage (Ginsberg et al 1999). Glutamate is the predominant 

neurotransmitter of fibres projecting in the fimbria-fomix, as it is in primary afferent 

projections to the spinal cord, and therefore postsynaptic glutamate activation may provide 

a mechanism underlying the changes seen following axotomy. This is supported by 

evidence that MK-801 pre-treatment can attenuate these effects. It is therefore possible 

that excitotoxicity contributes to target neuron death following axotomy within the CNS. 

Ischaemic damage by carotid artery occlusion induces an upregulation o f BDNF mRNA in 

those brain areas within the ischaemic area. However, if the duration o f occlusion is 

limited such that neuronal death does not occur, the change in BDNF expression does not 

occur. Only when occlusion is sufficient to cause ischaemic death does BDNF 

upregulation occur (Kokaia et al 1995).

Glutamate toxicity involves all excitatory amino acid receptors, but the NMDA receptor in 

particular has been shown to play a major role. Over-activation of NMDA receptors on 

the post-synaptic membrane results in excitotoxic death of the postsynaptic neuron. This 

effect is blocked by antagonism of the receptor, eg by MK801, but can also be prevented 

by the application of sub-toxic concentrations of NMDA. This neuroprotective action of 

NMDA can be blocked by inhibitors o f RNA and protein synthesis (Marini et al 1992). 

Therefore, the neuroprotection elicited by NMDA may be an indirect action requiring 

subsequent synthesis of a peptide/transmitter. BDNF has been implicated as a candidate 

transmitter (Marini et al 1998), and importantly the kinetics of its synthesis and release are 

compatible with the rapid onset of glutamate toxicity.

The immature brain is highly susceptible to seizures, but is more resistant to cell death 

following seizures than the adult brain. This has been proposed to be a consequence of 

increased BDNF expression in the immature brain. Antisense treatment to abolish the
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Proposed role for BDNF in NMDA-medlated 
neuroprotection against glutamate toxicity
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Figure 32
1. Presynaptic term inal contents released following axotom y-induced atrophy.
2. Rapid Ca '̂  ̂ influx into quiescent post-synaptic terminal via non-NMDA and voltage 
gated calcium channels, leading to subsequent NMDA over-activation and greater calcium 
entry, release of calcium-dependent calcium stores and excitotoxic death of postsynaptic 
cell.
3. Active post-synaptic cell. The postsynaptic membrane is depolarized, NMDA receptors 
are open allowing a tonic Ca^  ̂influx. F^esynaptic glutamate release eg Kainic acid induced 
seizure. Hypoxia/anoxia, axotomy.
4. Glutamate-induced increase in Ca^^ entry induces vesicular release o f BDNF from the 
postsynaptic terminal.
5. Autocrine activation o f post-synaptic trkB receptors and subsequent phosphorylation of 
intracellular kinase domains leads to rapid synthesis of BDNF mRNA (6). Calcium-induced 
secondary messenger cascades eg via PKC activation are blocked by BDNF and further 
in trace llu la r re lease  o f  calcium  and excito toxic death are therefore halted.
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effects of BDNF results in seizure-induced cell death (Tandon et al 1999). Kainic acid- 

induced seizures lead to a rapid, transient activation of trkB^ (Aloyz et al 1999). The site 

of the trkB expression has been shown to be synaptosomal, ie adjacent to glutamate 

receptors. Similarly, ischaemic damage to the forebrain has the same effect as kainic acid 

administration, resulting in dentate gyrus and CAl neuronal death in the hippocampus. 

This is accompanied by an induction of BDNF and trkB^ mRNA in the intact granular 

layer o f the dentate gyrus, implicating them as key factors in the subsequent reorganisation 

that occurs within the hippocampus.

In the adult spinal cord, systemic administration of kainic acid dramatically upregulates 

BDNF and NT4 in motoneurons, while NT3 levels remain unchanged (Scarisbrick et al 

1999), evidence that trkB ligands participate in the spinal cord response to excitotoxic 

stimuli. Similarly, NGF expression is unaffected by kainic acid administration to cultured 

hippocampal neurons, whereas BDNF mRNA is upregulated (Castren et al 1998). In adult 

rats, systemic kainic acid administration causes excitotoxic neuronal death in the 

hippocampus. In damaged neurons, reductions in BDNF immunoreactivity are evident 

before the cells finally die (Goutan et al 1998). However, a transient increase in protein is 

observed in surviving cells peaking at 48 hours after kainic acid exposure, along with an 

increased neuronal expression of trkB^. This suggests a role for BDNF in response to 

excitotoxic damage, with a possible regenerative involvement mediated by the selective 

increased expression of functional trkB receptors on surviving neurons destined to produce 

collateral sprouts.

(b) BDNF and activity-dependent enhancement o f  synaptic transmission.

A wealth of evidence has accumulated to implicate BDNF as a modulator of synaptic 

efficacy. BDNF is synthesised in an activity-dependent manner (Zaffa et al 1992; 

Dragunow et al 1993; Castren et al 1993) and is released by neuronal depolarization 

(Goodman et al 1996). This activity-dependent synthesis and release makes BDNF an 

ideal candidate for controlling the neuronal activity which in turn regulates its own 

synthesis and release. In other words, the nature of BDNF fulfils the requirements for 

providing a feedback mechanism for synaptic efficacy. Direct evidence for this was 

originally described at the Xenopus neuromuscular junction where BDNF was shovm to 

enhance cholinergic synaptic transmission (Lohof et al 1993). Other studies have now 

extended the actions of BDNF to excitatory synapses within the mammalian CNS (Figure
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33). The focus of most research has been on LTP within the hippocampus. BDNF has 

been particularly implicated in the late phase of LTP, a phenomenon that has been shown 

to require RNA and protein synthesis (Figurov et al 1996). The mechanism of action of 

BDNF at excitatory synapses has proved elusive, and evidence exists for both pre and 

postsynaptic actions (Figure 34):

In hippocampal neuronal cultures, exogenous BDNF application increases presynaptic 

stimulus-evoked glutamate release (Takei et al 1997) an effect that can be abolished by 

expressing the dominant negative trkB' in the presynaptic, but not postsynaptic neuron (Li 

et al 1998), indicating a presynaptic effect. This is supported by electrophysiological data 

at CAl synapses that suggests the efficacy of BDNF is dependent upon the stimulation 

frequency (Gottschalk et al 1998). In addition, BDNF knockout mice show increased 

synaptic fatigue following high frequency stimulation (Figurov et al 1996) associated with 

a depletion in the vesicle docking proteins synaptophysin and synaptobrevin (Pozzo-Miller 

et al 1999) an effect that can be reversed by acute BDNF treatment. This suggests a role 

for BDNF in the fusion of vesicles to the presynaptic membrane.

The evidence for a presynaptic effect of BDNF is compelling, but there are numerous 

studies that show an increased postsynaptic responsiveness to BDNF. Specifically, there 

is a postsynaptic trkB-mediated effect (Levine et al 1995). TrkB is localised at the 

postsynaptic membrane (Wu et al 1996a) and application of the specific tyrosine kinase 

inhibitor k252a significantly attenuates EPSCs. A specific effect on NMDA responses has 

been suggested as BDNF increases EPSC amplitude in the presence of the non-NMDA 

antagonist CNQX and exogenously applied NMDA; whereas AMP A application had no 

effect and MK801 completely abolished the BDNF induced attenuation (Levine et al 1998; 

Song et al 1998). This has been further elucidated with the observation that postsynaptic 

trkB activation phosphorylates the NMDA R1 and 2B sub-units, affecting agonist binding 

and ion selectivity and rapidly increasing the single-channel open probability (Po) 

respectivley (Suen et al 1997; Lin et al 1998), an effect that is also blocked by k252a 

indicating that this response is trkB dependent rather than a direct effect of BDNF on the 

NMDA receptor itself. These findings provide evidence for a wide ranging role of BDNF 

at excitatory synapses. Short term effects mediated via posttranslational receptor 

modification and longer term effects involving gene expression and de novo protein 

synthesis are both within the realm of BDNF action.
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BDNF enhancement of EPSCs has been demonstrated in spinal motoneurons (Gonzales 
and Collins 1997); hippocampal-entorhinal cortex (Scharfman et al 1997); hippocampal 
neurons in culture (Lessman et al 1994; Levine et al 1995); cortex (Rutherford et al 1997) 
and at the neuromuscular junction (Lohof et al 1993).
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Pre and postsynaptic actions of BDNF 
in enhanced synaptic efficacy.

Pre-synaptic
BDNF binds to presynaptic trkB resulting in phosphorylation of intracellular kinase 
domains (Yan et al 1997; Scharfinan 1997).
Activation of trkB enhances vesicle clustering at the presynaptic membrane and 
increases neurotransmitter release (Martinez et al 1998).
TrkB activation increases intracellular calcium concentration by releasing intracellular 
stores (Lessman 1998).
Depolarization caused by increasing intracellular calcium concentration opens 
voltage-dependent calcium channels, leading to further depolarization and consequent 
transmitter release.
Presynaptic overexpression of the dominant negative truncated receptor TrkB^^ 
inhibits BDNF induced enhancement o f synaptic transmission (Li et al 1998). 
BDNF is anterogradely transported to presynaptic terminals (Fawcett et al 1998).
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Figure 34

Post-synaptic
7. Functional trkB receptors are intrinsic components of the adult postsynaptic density 

(Wu et al 1996).
8. BDNF binds to postsynaptic trkB - phosphorylation of kinases (Levine et al 1995).
9. BDNF enhances phosphorylation of the NMDA receptor N Rl and NR2B subunits 

increasing the open probability (PO) of the channel (Suen et al 1997; Lin et al 1998).
10. Kinase activation leads to ras/MAP kinase mediated signalling cascade.
11. Transcription o f BDNF and translation o f AMPA receptors (Narisawa-Saito et al 

(1999).
12. U pregulated  BDNF mRNA resu lts  in increased pro te in  and re lease .
13. AMPA receptor insertion into postsynaptic membrane.
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(c) BDNF as a sprouting factor.

The naive spinal cord during the first postnatal week is an extremely dynamic structure. 

Synaptogenesis of C-fibre afferents in lamina II is underway, associated with the 

withdrawal of Ap-fibres from the superficial laminae. This time constitutes the critical 

period of plasticity within the dorsal horn. Therefore, the mechanisms underlying 

axotomy-induced changes during this time are likely to be intimately associated with the 

normal developmental changes that are occurring. As reviewed earlier, neonatal axotomy 

of the sciatic nerve has several consequences to the adult animal:

1. Saphenous A and C-fibre central terminal field expansion (although C-fihre spread is 

less extensive) (Fitzgerald 1985b).

2. Laminar changes in saphenous A-fibre expanded terminal field (Shortland and 

Fitzgerald 1994).

3. Surviving sciatic A-fibres retain somatotopic distribution, but their laminar distribution 

is altered (Shortland and Fitzgerald 1994).

The fundamental events following neonatal axotomy that do not occur after axotomy in 

the adult are:

1. Widespread DRG cell death (See chapter 1), resulting in central denervation and 

subsequent opening of vacant synaptic sites (Bandok and Sansone 1984).

2. Collateral sprouting of saphenous A and C-fihres into the deafferented region within 5 

days o f axotomy (Fitzgerald 1985a; Fitzgerald et al 1990; Reynolds and Fitzgerald 1992). 

If the trigger to collateral sprouting of intact afferents in the dorsal horn is the release of, 

or increased availability of, a neurotrophic factor, there are two sources from which it may 

arise; peripherally or centrally. That a centrally acting factor is responsible is indicated by 

observations on the morphology of collateral sprouts. Afferents that innervate hairy and 

glabrous skin have distinct central terminal morphologies. Furthermore, the somatotopic 

projection of afferent inputs into the dorsal horn is such that they occupy discrete regions 

of the spinal cord. Following neonatal sciatic nerve axotomy, physiologically identified 

intact saphenous afferents have been shown to sprout into denervated sciatic territory in 

the dorsal horn. Analysis of their terminal arbor morphology reveals that the region of 

cord they sprout into determines their morphology, rather than the area of skin. Hair 

follicle afferents sprouting into central sciatic teritory normally occupied by glabrous skin 

afferents display morphologies appropriate to glabrous skin afferents and vice versa
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(Fitzgerald et al 1990). A key factor in considering the underlying mechanisms is that, 

unlike the adult, the intact, adjacent saphenous afferents are still in an active growing state. 

GAP-43, a marker for growing axons, is highly expressed at this time, levels of mRNA not 

declining until PIG (Fitzgerald et al 1991; Chong et al 1992). This time course matches 

the period over which connections are established and the ability of deafferentation to 

induce collateral sprouting (Fitzgerald 1985; Reynolds and Fitzgerald 1992). The 

expression of GAP-43 mRNA and the degree of myelination within the spinal cord are 

intrinsically linked. If rat pups are demyelinated by x-irradiation at birth, GAP-43 mRNA 

levels remain at high neonatal levels long after they have depleted in naive rats 

(Kapfhammer and Schwab 1994). Rhizotomy of these animals at PI 5 causes a three-fold 

increase in the degree of sprouting within the cord compared to the normal situation 

(Schwegler et al 1995) and increased corticospinal tract (GST) sprouting is seen following 

unilateral motor cortex ablation (Vanek et al 1998). These results have led to the 

suggestion that neurite outgrowth inhibitors associated with myelin may regulate neural 

connectivity. The inhibitory properties can be antagonised by the monoclonal antibody 

IN-1 as demonstrated in the GST following motor cortex ablation (Wenk et al 1999). This 

effect only occurs if the lesion is performed during the first two postnatal weeks. 

However, following IN-1 treatment, this rearrangement can be induced long after the 

critical plastic period (Wenk et al 1999). The recent cloning of the IN-1 antigen, Nogo, a 

myelin-associated inhibitory molecule that prevents neurite outgrowth from DRG neurons 

provides a physiological substrate for such an effect (Ghen et al 2000). The fact that 

myelination of the spinal cord is not complete until after the second postnatal week 

(Schwab and Schnell 1989) indicates reduced myelin-associated neurite inhibition may 

have an important role in the phenomenon of neonatal axotomy-induced sprouting within 

the GNS.

The DRG cell death and central deafferentation following neonatal axotomy are not 

absolute. Some DRG neurons survive as indicated by the central labelling following tracer 

injection into adult sciatic nerves axotomised at birth. Why do some cells die and some 

survive? It is possible that the relative maturity of DRG neurons is important, indicated by 

their trophic requirements (White et al 1993). A limited central souce of such a factor has 

been suggested to be necessary for survival (Yip and Johnson 1984; Reynolds and 

Fitzgerald 1992). The presence of neonatally axotomised A-fibres in superficial laminae
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is unlikely to be indicative of exuberant sprouting, but a failure of those fibres to withdraw 

postnatally (Shortland and Fitzgerald 1994; Fitzgerald et al 1994). Interestingly, the 

surviving axotomised sciatic fibres retain their central somatotopic distribution, unlike the 

intact sprouting saphenous fibres. If the mechanism underlying the sprouting response is 

based upon a central neurotrophic source, this would indicate that whereas intact afferents 

are able to respond to this by sprouting into denervated regions outside their normally rigid 

somatotopic boundaries, the surviving sciatic fibres, which would presumably survive due 

to this same factor, effectively remain in stasis, not sprouting or even undergoing the 

normal developmental withdrawal from superficial laminae.

The results presented here support the proposal that BDNF may be a central neurotrophic 

source of sprouting and reorganisation. If so, selective afferent expression of trkB^ may 

endow some fibres with a greater potential trophic source. Alternatively, discrete 

expression of trkB' on non-neuronal cells could limit the availability of BDNF to discrete 

regions. The fact that the sprouting saphenous afferents spread into areas already occupied 

by surviving axotomised fibres make the second situation less likely. Similarly, not all 

primary afferents express trkB, limiting the effect o f available BDNF. However, the 

results from the BDNF^' experiment, while not entirely conclusive, do indicate that a 

trophic mechanism underlies the sprouting.

A considerable amount of research has been carried out to investigate the actions of BDNF 

by looking at the phenotype of mice with deletions in either the BDNF or trkB gene. 

Evidence for roles in synaptic enhancement, protection against excitotoxicity and as a 

neurotrophin have yielded many diverse applications. Much effort has gone into the 

phenomenon of sprouting as a consequence of perinatal injury. Seizure-induced sprouting 

within the hippocampus is thought to underlie some forms of epilepsy, and in essence it is 

a similar phenomenon to peripheral nerve injury-induced spinal cord sprouting. Neonatal 

seizures, induced by a variety of means eg ischaemia, kainic acid or kindling, cause 

selective death of hilar neurons in the hippocampus. This results in free synaptic space on 

granule cell dendrites which mossy fibre collaterals sprout into. It is known that the 

seizure induction, and consequent sprouting, is associated with increased BDNF and trkB 

mRNA and protein levels in the dentate granule cells (Lindvall et al 1992; Nawa et al 

1995) and that kindling-induced seizures are delayed in BDNF^^' mice (Kokaia et al 1995). 

However, this does not provide direct evidence for BDNF as a ’’sprouting” factor. Some
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observations are contradictory: kainic acid-induced seizures in BDNF ' hippocampal 

organotypic cultures exhibit normal mossy fibre sprouting (Bender et al 1998). Other 

results add weight to this: BDNF overexpressing mice produce no extra sprouting (Qiao et 

al 1997), although this is less convincing as sprouting may be dependent upon free 

synaptic space and therefore the degree of sprouting seen in normal animals may be 

maximal. However, both these examples were performed in culture, and therefore may 

differ from the in vivo cases. Indeed, the demonstration of normal sprouting in knockout 

animals does not necessarily rule out a role for BDNF in wild types as compensatory 

mechanisms (particularly NT4) may be prevalent in the transgenics.

There are many cases where the effects of BDNF have been elucidated by its abolition. In 

most of these cases the effect is demonstrable in the heterozygote, for example in 

mechanotransduction (Carroll et al 1998), LTP (Korte et al 1995) and respiratory control 

(Balkowiec and Katz 1998). However, in all these cases the action of BDNF is believed to 

be an all-or-nothing effect, ie, once a critical threshold of BDNF expression is achieved, 

then the system behaves as per the wild-type (Pozzo-Miller et al 1999). This may be 

particularly relevant to sprouting in the spinal cord as BDNF levels are constitutively very 

low even in the wild-type, especially in comparison to the hippocampus. The amount and 

relative distribution of BDNF in the heterozygotes is unknown and it is possible that the 

results shown above may indicate that the constitutive expression of BDNF in the 

heterozygote spinal cord is very close to that at threshold. Indeed, there are other 

examples that show a dissociation between BDNF heterozygotes and full knockouts: The 

nigrostriatal dopaminergic system is severely depleted in BDNF'^' mice but not so in the 

heterozygotes (Dluzen et al 1999). Retinal ganglion cell axons are smaller and 

hypomyelinated in the knockout but normal in the heterozygote (Cellerino et al 1997). 

Similar situations occur with reference to synaptic fatigue (Pozzo-Miller et al 1999) and 

learning and memory retention in the Morris water maze (Montkowski and Holzboer 

1997). Only further experiments with the full null mutant will clarify this situation.

4.4: Evidence from the visual system.

The mammalian visual cortex is immature at the time of eye opening and develops during 

the initial period of postnatal life. This maturation involves substantial anatomical and 

physiological reorganisation in the midbrain, thalamus and cortex, associated with an
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increase in responsiveness and increased specificity of cortical neurons. Development can 

be broadly divided into two distinct phases: prenatally and before eye opening, 

spontaneous electrical activity along visual pathways and molecular cues provide guidance 

(Mooney et al 1996; Penn et al 1998). This provides a template for the next stage of 

development, after eye opening, when visual experience becomes necessary to fine tune 

the connections allowing correct fimctioning of the system (Cellerino and Maffei 1996).

In normal adult mammals, the visual cortex of either hemisphere receives a topographic 

representation of the contralateral field of view from the ipsilateral lateral geniculate 

nucleus (LGN), located in the thalamus. In the LGN, afferents from the two retinae are 

segregated, terminating in different regions of the nucleus. This segregation is maintained 

by the termination patterns of LGN projections to layer IV of the visual cortex, resulting in 

domains within the cortex that are preferentially innervated by input from one of the two 

eyes. These domains are called ocular dominance columns (ODCs) (Le Vay et al 1978). 

LGN afferents are intermingled neonatally, and the ODCs gradually segregate during early 

postnatal life.

This refinement is an activity-dependent process, as first demonstrated by Hubei and 

Wiesel who showed that that the physiological properties of neurons within the visual 

system are critically dependent upon early visual experience. Their seminal experiments 

showed that a period of early monocular deprivation caused a change in the ocular 

dominance patterning of the visual cortex, such that nearly all the neurons were 

subsequently driven by the normal, non-deprived eye, effectively a change in ocular 

dominance (Hubei and Wiesel 1970). Binocular deprivation, on the other hand, does not 

elicit such effects, producing an even depression of visual responsiveness. These effects 

were found not to be due to a simple degeneration, as the shift in ocular dominance 

following monocular deprivation could be reversed if followed by a period of deprivation 

of the other eye. Both these effects are only apparent if they are performed during the 

immediate postnatal period - the 'critical period' of synaptic plasticity. The changes in the 

cortex also occur throughout the retinogeniculocortical pathway.

Initial interpretations were that inputs from the two eyes compete for synaptic sites on 

visual cortex target neurons, a process that has been proposed for many plastic processes 

that occur within the CNS. Such mechanisms take as their starting point a Hebbian 

process whereby the strength of connections between two neurons will be strengthened if
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pre and postsynaptic activity is correlated, and conversely, connections will be weakened 

if that activity is not correlated. The fundamental physiological phenomenon that provides 

for this mechanism is LTP. Although initially detected in the hippocampus and seen as a 

substrate for learning and memory processes, it has now been demonstrated in numerous 

CNS regions, including the visual cortex and spinal cord and is more representative of a 

mechanism underlying synaptic plasticity in general. If, as is suggested, LTP is implicated 

in changes that occur in visual system plasticity, ie morphological changes within the 

cortex, then there must be a retrograde signal from the postsynaptic visual cortex neuron to 

the presynaptic lateral geniculate afferent. The nature of the site and molecular induction 

of LTP remains an area of intense controversy, but much evidence suggests the presence 

of a retrograde signal. In the visual cortex particularly, much evidence links neurotrophic 

factors, particularly BDNF, with this signalling. The trophic theory o f plasticity involves 

a limited supply of target-derived factor, eg BDNF, for which the afferents compete, such 

that active pathways are strengthened by a supply o f factor, while inactive pathways are 

denied and subsequently weakened (Bonhoeffer 1996).

Hebbian-based competitive theories of plasticity predict that, for ocular dominance shifts 

following monocular deprivation, the induction of LTP at synapses o f axons from the 

intact eye will result in long-term depression (LTD) at synapses involving afferents from 

the deprived eye. If, however, postsynaptic activity is blocked pharmacologically and 

combined with monocular deprivation, the active eye becomes less effective than the 

deprived eye, causing a reverse shift in ocular dominance (Hata and Stryker 1994). In 

other words, identical patterns o f presynaptic activity give rise to opposite effects, 

depending upon whether the postsynaptic target cells are active or not. In this situation, 

there should be no retrograde signal to either afferent input and no change in synaptic 

efficacy (Hata et al 1999). Clearly, a Hebbian system whereby plasticity is controlled by 

merely temporal correlation of pre and postsynaptic activity is an inadequate explanation. 

A trophic model of plasticity is equally fallible in this respect. Therefore, more complex 

variations of the above models, or another mode of plasticity are necessary (Kind 1999). 

Another mechanism that has been proposed involves homosynaptic plasticity, whereby 

unlike the above, heterosynaptic, examples where competition between synapses for a 

specific factor drives the process, each synapse is independent. An example of this is the 

Bienenstock Cooper Munro (BCM) model (Bienenstock et al 1982). This states that the

120



Chapter 3. BDNF expression following neonatal axotomy

direction of change in efficacy that will occur at a synapse, ie towards LTP or LTD, is 

dependent upon the average firing rate of the postsynaptic cell, and involves no 

competition with other afferents. This model therefore requires a threshold of postsynaptic 

activity, below which LTD is induced, and above LTP is induced. This threshold is 

modifiable, dependent upon the level of activity of the postsynaptic cell. In the normal 

situation of the active visual system, postsynaptic activity is high, and both LTP and LTD 

are possible. The modification threshold would then gradually increase until an 

equilibrium between LTD and LTP at synapses of afferents able or unable to drive the 

postsynaptic cell is achieved. In the case of binocular deprivation, where postsynaptic 

activity is virtually absent, the modification threshold would be extremely low by 

comparison, with the induction of LTD almost impossible. This has now been shown to 

be the case in recordings from visual cortex slices taken from dark-reared animals 

(Kirkwood et al 1995). The BCM theory postulates that ocular dominance shifts after 

monocular deprivation occur because afferents from the deprived eye are unable to achieve 

the modification threshold (which woulcf lie somewhere between the above two examples, 

lower than normal, but kept slightly elevated due to activity from the open eye) and 

subsequently LTD is initiated at those synapses. Therefore, activity from both deprived 

and non-deprived afferents is necessary to induce an ocular dominance shift. There is 

experimental evidence to support this theory. If an intraocular injection of tetrodotoxin is 

used to induce monocular deprivation, effectively blocking all activity, the resulting shift 

in ocular dominance is less pronounced than occurs following conventional surgical 

deprivation, which does not eliminate spontaneous activity (Rittenhouse et al 1999). It 

seems plausible, therefore, that such a model may contribute to synaptic plasticity in those 

situations where conventional competitive mechanisms are not adequate. However, there 

are examples where the opposite situation exists (Kind 1999), and it is therefore more 

likely that several forms of activity-dependent plasticity are active during development of 

the visual cortex, and elsewhere in the CNS. It has been proposed that homosynaptic 

mechanisms may be responsible for initiating plastic changes, whereas heterosynaptic 

competition may be more important for structural changes which then ensue.

As in the development o f the spinal cord, neurotrophic theories regarding the 

establishment and fine-tuning of connections within the visual system suggest a limited 

quantity of neurotrophins expressed by postsynaptic target cells for which presynaptic
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afferents compete. These function as an activity-dependent retrograde messenger such that 

more active presynaptic inputs are selectively strengthened (Thoenen 1995). This theory 

has been proposed from work investigating the segregation of LGN afferents into eye- 

specific regions in layer IV of the visual cortex (Goodman and Shatz 1993) where activity- 

dependent competition for a cortically-derived source of neurotrophin is thought to be 

responsible for synaptic refinement of geniculate afferents. This theory has been given 

credence by the demonstration that excess BDNF alters the formation and plasticity of 

ocular dominance columns (Cabelli et al 1995; Galuske et al 1996). Excess of 

neurotrophin is proposed to remove the element of competition such that all connections 

persist and therefore refinement into eye-specific columns does not occur. Monocular 

deprivation during the critical period of visual system plasticity stimulates a physiological 

shift in ocular dominance in the visual cortex towards the active eye input, as would be 

predicted from an activity-driven process (see earlier review of synaptic plasticity in the 

visual system). This effect is inhibited by intra-cortical infusion of BDNF (Cabelli et al 

1995), NT4 (Riddle et al 1995) or trkB IgG. Taken together these results suggest that trkB 

signalling is necessary for the responsiveness of cortical connnectivity to changes in 

afferent activity. These results all point to neurotrophins, particlularly trkB ligands, 

having a critical role in plasticity through their ability to augment excitatory input.

4.5: GABA, BDNF and developmental plasticity.

The rapid down-regulation of GABA immunoreactivity in the deeper dorsal horn (see 

chapter 2) could be a mediator if  GABA performs a tropic/trophic role as has been 

suggested for other systems. Alternatively, the loss o f GABA could be a consequence, or 

a cause, of altered excitability within the cord following axotomy. The interaction 

between GABA and BDNF has recently been the subject of intense study, particularly 

with reference to the postnatal development of the visual system. Recently, however, the 

model described above has been extended to encompass regulation of GABAergic 

inhibitory intemeurons (Marty et al 1997). Considerable evidence from cell culture work 

substantiates this: BDNF promotes neurite outgrowth of cortical intemeurons (Widmer 

and Hefri 1994) and regulates the strength of synaptic inhibition (Rutherford et al 1997). 

In vivo experiments indicate BDNF stimulates the expression of GABA and calcium
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binding proteins, presumably resulting in increased inhibitory activity (Ip et al 1994; Nawa 

et al 1994).

It is becoming increasingly apparent that cortical inhibition is highly implicated in 

regulating activity-dependent synaptic plasticity. The maturation of the inhibitory system 

occurs over a longer time period than excitatory processes throughout the CNS (Fitzgerald 

and Koltzenburg 1986; Luhmann and Prince 1991) and this developmental discrepancy 

has been postulated as underlying the critical period in postnatal development during 

which sensory activity is capable of influencing neuronal connectivity (Kirkwood et al 

1995). If the development of cortical inhibitory cicuitry is an activity-driven process then 

removing the source of activity should disrupt it and dark-rearing does delay the 

maturation of cortical GABAergic inhibition (Benevento et al 1995) with a consequent 

lengthening of the critical period of ocular dominance formation (Fagiolini et al 1994). 

GABA is further implicated since the ocular dominace shift due to monocular deprivation 

is disrupted in transgenic mice lacking the GABA synthesising enzyme GAD65, and 

reinstated by GABA infusion (Hensch et al 1998). When these results are considered with 

the findings that visual cortical expression of BDNF is down-regulated by dark-rearing 

(Castren et al 1992), then a picture emerges of activity-dependent BDNF expression 

regulating the maturation of inhibitory circuitry, and as a consequence influencing the 

establishment o f a critical period of synaptic plasticity.

The fundamental work on visual system plasticity was performed on cats, but has been 

confirmed in mice (Gordon and Stryker 1996), allowing the use of gene manipulation to 

investigate the role of individual molecules in plasticity. However, the actions of BDNF 

have proven difficult to elucidate in this manner due to the early postnatal death of BDNF 

knock-out mice (Emfors et al 1994 but see Knockout section). Rather than investigate the 

actions of BDNF by observing the effects of its deletion, two recent studies have addressed 

its role in cortical development by accelerating the normal postnatal rise in BDNF 

expression that occurs in the rat forebrain (Huang et al 1999; Hanover et al 1999). In wild 

type mice, BDNF expression in the forebrain gradually increases, reaching maximal levels 

by the fifth postnatal week. When BDNF was overexpressed using the promoter of 

aCAMKll, BDNF mRNA and protein levels were significantly increased throughout the 

cerebral cortex, including visual cortex, compared to wild type by P2, and levels continued 

to increase to five times the normal level of expression, although cellular distribution was
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unchanged. No change in expression of any trkB transcript was detected. The maturation 

of GABAergic innervation was also shown to be accelerated, in agreement with the 

previous reports of BDNF having a key role in the maturation of GABAergic intemeurons. 

The degree of inhibition was increased, indicating a role for BDNF in modulating 

GABAergic intemeuron plasticity (Huang et al 1999).

If the critical period is dependent upon the relative maturation of excitatory and inhibitory 

circuitry, the acceleration of GABAergic innervation should cause a concommitant 

shortening of the critical period and these experiments support this theory. Induction of 

LTP within layer III o f the visual cortex is developmentally regulated such that the period 

during which it can be evoked mirrors the critical period for synaptic plasticity, and this 

period is extended by dark-rearing (Kirkwood et al 1995). The developmental decline in 

susceptibility to LTP that normally occurs at the end of the critical period occurred earlier 

in the transgenic mice, an effect that was reversible by application of GABAA antagonists. 

Ocular dominance plasticity itself was also only attainable during a shortened period, but 

not totally abolished. Changes could be elicited at P21, despite an increased BDNF 

expression, but by P28 an age when ocular dominance shifts are possible in normal mice, 

this effect had gone. This is a crucial point as it indicates that increased BDNF expression 

causes an acceleration in the maturation of the visual system, and therefore the concept of 

competition of BDNF alone in dictating ocular dominance plasticity is too simple. Rather, 

these results suggest that the efficacy of BDNF is via its regulation of GABAergic 

inhibition.

These experiments allow a common mechanism to be established between hetero and 

homosynaptic models of synaptic plasticity as described above. The BCM model dictates 

that a critical threshold, ie level of postsynaptic depolarization, determines whether a 

synapse is strengthened or weakened, perhaps by the relative induction of LTP or LTD. 

This threshold is not set, but is modifiable relative to the activity of the postsynaptic cell 

(Bienenstock et al 1982). The amount of BDNF in a given target neuron is indicative of 

its chronic firing activity, activity has been shown to induce BDNF synthesis, and BDNF
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Excitatory postsynaptic cells are shown in green; excitatory presynaptic processes in red 
and inhibitory connections are blue.
A: Activity-dependent postsynaptic release o f BDNF. BDNF, synthesised and released in 
limiting quantities by the postsynaptic cell acts as a retrograde messenger to strengthen 
excitatory input correlated with postsynaptic activity. Those connections that are either 
inactive, or whose activity is not coincident with the postsynaptic cell do not receive the 
‘s tre n g th e n in g ’ re tro g rad e  s ig n a l, and are w eak en ed  and e lim in a te d . 
B: Another mechanism may be in regulating the threshold of plasticity. In this model, 
BDNF regulates the degree o f inhibition o f the postsynaptic cell, thereby regulating the 
degree of depolarization produced by excitatory input. BDNF levels within the postsynaptic 
cell are controlled by the chronic firing activity o f that cell. Chronically active cells will 
therefore contain h i ^  levels of BDNF relative to inactive cells. Consequently, the degree 
o f inhibition will also be high. In this case, only strong, correlated input will be capable 
of driving the postsynaptic cell. Weaker/uncorrelated inputs will fail to overcome the high 
inhibitory drive and remain sub-threshold and be eliminated.
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acts in an autocrine fashion to enhance synaptic transmission (Huber et al 1998). BDNF 

has now also been shown to regulate the amount of inhibition, either by modulating the 

number of synapses or their efficacy, that the cell receives (Huang et al 1999) (Figure 35). 

This regulation of inhibition may provide a cellular basis for the changing threshold 

mechanism of plasticity that is the core of the BMC model. In chronically active neurons, 

BDNF levels would be high, as is the case in the neonatal cortex. This high BDNF 

expression in turn would induce a strong inhibition such that only the strongest, most 

highly correlated afferent input would be able to reach the required threshold. Weak, non

correlated inputs would be sub-threshold, be depressed and perhaps finally eliminated. 

The established mode of action of BDNF and trkB activation on NMDA receptor 

phosphorylation and ion channel activation allows for a direct theoretical effect of BDNF 

on conventional plasticity mechanisms, ie LTP and LTD in which those channels are 

implicated (Akaneya et al 1997). It is likely that more than one mechanism of plasticity is 

responsible for the myriad changes that occur during development (Kind 1999), and as 

such, each model should be seen as complementing, rather than replacing, alternative 

models.

126



Chapter 4. Postnatal development o f spinal cord connectivity.

Chapter 4 

1: Introduction

1.1: The role of sensory experience in determining patterns of connectivity during 

development

A fundamental concept of neurobiology is how the precise patterns of connections in the 

mammalian CNS are established during development. The role of sensory experience 

mediating subsequent modification whereby appropriate connections are strengthened and 

inappropriate ones eliminated fulfils the criteria for a Hebbian mechanism of synaptic 

plasticity. From LTP studies, the molecular basis o f this plasticity is likely to involve 

NMDA receptor activation (Daw et al 1993).

The visual system and particularly the patterning of connections within the 

retinogeniculocortical pathway has been the most intensively studied system investigating 

activity-dependent synaptic plasticity in CNS development (Katz and Shatz 1996) as 

reviewed in chapter 3. In the LGN, afferents from the two retinae are segregated, 

terminating in different regions of the nucleus. This segregation is maintained by the 

termination patterns of LGN projections to layer 4 o f the visual cortex, resulting in 

domains within the cortex that are preferentially innervated by input from one of the two 

eyes (Figure 36A and B). These domains are called ocular dominance columns (ODCs) 

(Le Vay et al 1978). LGN afferents are intermingled neonatally, and the ODCs gradually 

segregate during early postnatal life (Elliott and Shadbolt 1998). This refinement is an 

activity-dependent process, dependent on both presynaptic afferent (Stryker and Harris 

1986) and postsynaptic target activity (Hata and Stryker 1994). Competition for target 

neurons in the cortex between axons receiving input from either eye drives the 

segregation. A Hebbian mechanism is thought to underlie the process, such that some 

synapses are strengthened at the cost o f others that are weakened and eliminated (Miller et 

al 1989).

A similar developmental process to that of visual system exists in the trigeminal system 

projections that relay sensory information from the vibrissae to the whisker barrels of the 

somatosensory cortex in the rat via the trigeminal nucleus and ventrobasal thalamus 

(Figure 36C). In both cases diffuse afferent projections at each stage along the pathway 

are refined by postnatal sensory experience to create intact somatotopic projections of 

sensory stimuli to the relevant cortical area. The pattern of refinement is progressive; 

whisker patterns are first seen on the skin at E l4, by P2 afferent segregation has occurred

126



A R ig h t e y e

L eft e y e

Eye-specific
laminae

Visual
cortex

The Retinogeniculocortical 
Pathway
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C: The pattern o f distribution of the facial whiskers is conserved at each level o f the 
trigeminal system; the brainstem, thalamus and somatosensory cortex. At each structure 
the anatomical organisation is o f dense rings o f cells surrounding a less dense central area. 
Afferent projections to each level are separated, terminating within the central area of each 
barrel, thus preserving the somatotopy.
Figure adapted from O’Leary et al 1994
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in the trigeminal nucleus in the brainstem. Barrelettes appear in the thalamus by P3 and 

over the next two days dendritic rearrangement results in the formation of whisker barrels 

in somatosensory cortex (Belford and Killackey 1979). Within the superior colliculus, 

topographic representations of visual and auditory fields are represented. Studies of the 

ferret reveal the complex pattern of connectivity underlying these representations occurs 

over the first three postnatal months (King et al 1996).

The postnatal refinement has been shown to be activity-dependent in the visual system, the 

thalamocortical projections to the somatosensory cortex and the superior colliculus 

(Schlaggar et al 1993; Schnupp et al 1995; Katz and Shatz 1996). This period of plasticity 

exists for a strictly defined critical period and can be disrupted by changing activity 

patterns either pharmacologically or physically (Gu et al 1989; Schlaggar et al 1993). 

While the formation of cortical whisker barrels and ocular dominance columns has been 

extensively studied, the action of such mechanisms in the postnatal development of 

afferent projections to the spinal cord dorsal horn have yet to be elucidated. The 

similarities in development between these different sensory systems indicate that similar 

mechanisms may indeed be responsible.

1.2: The NMDA receptor and activity-dependent plasticity during development.

Glutamate is the predominant excitatory transmitter in the mammalian central nervous 

system, acting on a range of different receptor types (Collingridge and Lester 1989). In 

order for glutamate released at an excitatory synapse to elicit a response there must be 

glutamate receptors present. The nature of the post-synaptic response is dependent upon 

the number and type of receptor present. Activity-dependent developmental changes that 

occur in excitatory transmission have been proposed to be mediated by changes in NMDA 

receptor sub-unit composition.

While much emphasis is placed upon the role of NMDA-mediated plasticity with 

reference to learning and memory, its role in other forms of plasticity is clearly crucial. 

Learning is an activity-driven process leading to a long-lasting change in stimulus- 

response relationships via alteration of the local neuronal connectivity, it is not 

unreasonable to predict a role for NMDA in other systems exhibiting plasticity in a similar 

activity-dependent manner. Since the original demonstration of long-term, activity- 

dependent changes in synaptic transmission in the hippocampus (Bliss and Lomo 1973), 

similar events have been shovm to occur in other structures in vivo and in vitro; motor, 

visual, preffontal, cingulate and entorhinal cortices, the striatum and spinal cord.
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The NMDA receptor has three unique features that distinguish it from the non-NMDA 

classes of ionotropic glutamate receptors (Figure 37):

1. Blocking action of Mg^^ ions that is highly voltage-dependent.

2. Receptor can only be activated by an agonist in the presence of a co-agonist (usually 

glycine).

3. Receptor has a significant permeability to Ca^^ ions.

NMDA receptors have been shown to have two important physiological roles in the 

vertebrate CNS -  as mediators of synaptic transmission and in neuronal plasticity, eg 

learning and memory, neocortical LTP, kindling and epileptogenesis and developmental 

plasticity.

NMDA receptors in vivo are heteromeric ion channels composed o f two sub-units, the 

NMDARl (NRl) sub-unit and an NR2 sub-unit of which four types, NR2A-2D have been 

characterized (Ishii et al 1993). The NR2 sub-type confers distinct functional properties to 

the receptor.

The NRl sub-unit is the receptor’s principal constituent, expressed in nearly all central 

neurons (Moriyoshi et al 1991) including the spinal cord (Tolle et al 1993).

Distinct NMDA receptor isoforms are preferentially expressed early in development. 

Electrophysiological studies have shown that neonatal NMDA receptors have a reduced 

sensitivity to Mg^^ (Ben-Ari et al 1988). Evidence also exists that NR2A sub-units are 

only expressed later in development and that the predominant composition of neonatal 

receptors includes NR2B sub-units (Monyer et al 1994; Sheng et al 1994). This may be 

crucial in defining critical periods of postnatal plasticity. This is discussed further at the 

end of this chapter.

1.3: The use of MK-801 as a pharmacological blocker of NMDA receptors in vivo.

MK-801 (dizolcipine) was originally described as a potent anticonvulsant agent with 

anxiolytic and sympathomimetic properties but unknown mechanism (Iversen and Kemp 

1994). It was subsequently discovered to be a potent NMDA receptor antagonist acting as 

an open channel blocker (Wong et al 1986) by the complete abolition of its binding by the 

dissociative anaesthetics phencyclidine and ketamine, both of which had previously been 

shown to produce a selective voltage dependent block of NMDA receptors (Honey et al 

1985).

Several experimental approaches to achieve chronic NMDA receptor blockade have been 

utilised to varying degrees o f success. In adult animals, the use of osmotic minipumps has 

been used to successfully deliver a wide range of drugs to areas of the CNS. For studies in
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Functional characteristics of the NMDA receptor
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A: In the absence of glutamate the NMDA receptor is closed.
B: Channel opening requires binding of glutamate and the co-agonist glycine. The receptor 
for glutamate is located on the NR2B subunit (Laube et al 1997), and die glycine receptor 
is on the N Rl subunit (Lynch et al 1994). At normal resting potential the pore o f the receptor 
channel is blocked by a magnesium ion (Mayer et al 1984).
C: Depolarization of the postsynaptic membrane causes the magnesium ion to move into 
the extracellular space, opening the channel and allowing calcium influx (Nowak et al 
1984).
D: MK.801 binds non-competitively to a site within the pore, blocking the receptor (Wong 
et al 1986).
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developing animals, this is clearly impractical, and many previous experiments have relied 

upon daily intraperitoneal injections of MK-801 (Kalb 1994; Lawson and Lowrie 1998). 

This method is unsatisfactory for three reasons; firstly, high concentrations of MK-801 

must be administered (typically 0.5-1 mg/kg) to ensure an assumed effective level of drug 

is maintained in vivo until the next injection. Secondly, such high levels result in ataxia in 

the pups leading to poor feeding and subsequent weight loss and high mortality. Large 

reductions in size and weight of rat pups receiving daily MK-801 injections have been 

reported, with a concomitant reduction in cortical size (O’Donoghue et al 1993). Thirdly, 

doses of MK-801 in this range have been shown to induce apoptosis in postnatal cortex 

(Ikonomidou at al 1999).

A viable alternative has proved to be the use of implantable sustained release polymers 

(Langer 1990). An example of such a polymer, EL VAX, has been successfully utilised in 

a number of neuroscience applications (Schnupp et al 1995; Jablonska et al 1995; Mooney 

et al 1998; Penschuck et al 1999). There are several advantages to its use in the current 

application;

O Easily manipulated -  allows for small discrete implants.

0  Reduced disturbance to the CNS area being studied.

© Restricted local release minimises effects in other areas.

O Reduced toxicity.

© Greater length of time of drug delivery.

© Constant low level release.

EL VAX is an ethylene-vinyl acetate copolymer that has been successfully used to deliver 

a number of compounds to CNS regions, eg TTX (Chiaia et al 1992), NT-3 (Doughty et al 

1998) and 5H-T (Mooney et al 1998). Its presence has been shown to have less 

deleterious effects, particularly on cytoarchitecture, than other implantable substances, eg 

gelfoam (Persico 1997). Of particular interest have been NMDA receptor antagonists 

(Cline and Constantine-Paton 1990; Schlagger at al 1993) and their release properties in 

EL VAX preparations have now been well characterised, with sustained release at a 

constant level maintained for at least 60 days (Smith et al 1995).

It is possible to draw an analogy between the two systems described above, and the

postnatal changes that occur in the dorsal horn of the spinal cord;

1. Each provide a pathway to transmit sensory information from the periphery to higher

CNS areas (Kaas et al 1983; Killackey et al 1990; Cellerino and Maffei 1996).

2. They are topographically organised.
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3. Initially diffuse projections are ‘fine-tuned’ postnatally (Fitzgerald et al 1994; 

Fitzgerald and Jennings 1999).

4. In all cases, layer/laminar specific changes occur.

1.4: Development of primary afferent innervation of the mammalian dorsal horn

The central terminals of Ap cutaneous afferents have a wider dorsoventral distribution 

within the spinal cord dorsal horn during the immediate postnatal period than in the adult. 

This was originally described by Cajal in 1909. Figures 38 shows one o f Cajal’s original 

drawings and transverse sections of Dil labelled neonatal spinal cords (see methods 

section 2.8). The primary afferent bundles projecting into the superficial laminae can be 

clearly seen. Figure 39 shows a further example. The final pattern of laminar organisation 

is not finally established until after 3 weeks of age (Fitzgerald et al 1994; Mimics and 

Koerber 1995b; Park et al 1999). During this time A and C-fibres occupy the same 

territory until the A-fibres gradually withdrawal. The developmental profile of this 

withdrawal is shown in figure 40. Sciatic nerves of rats at the ages shown were injected 

with BHRP (as described in the methods 2.6). At early ages labelling is clearly evident in 

the entire dorsoventral extent of the superficial dorsal horn. By P21 some thinning of 

labelling has occurred in SG and is gone by P28. This is in agreement with previous 

anatomical and electrophysiological reports (Fitzgerald et al 1994; Park et al 1999).

In the rat, dorsal roots first reach the lumbar spinal cord at E l2, where they bifurcate, 

projecting rostrocaudally along the dorsal columns before sending collaterals in to the grey 

matter at El 5 (Fitzgerald et al 1991). The first of these fibres to innervate the dorsal horn 

1.5: Possible mechanisms for the postnatal withdrawal of A-fihres from lamina II. 

Several hypotheses have been proposed to explain this phenomenon. From E l5 until E l9, 

cutaneous A-fibres are the only afferents terminating in the dorsal horn. While inhibitory 

factors prevent them growing into the ventral horn during this time (Fitzgerald et al 1993; 

Messersmith et al 1995), no such restrictions are apparent in the dorsal horn and therefore 

they are free to terminate throughout all the superficial laminae. At E l9, C-fibres start to 

enter the dorsal horn and proceed to terminate specifically in SG (Fitzgerald 1987). This 

is possibly due to all postsynaptic sites in deeper laminae being occupied by the earlier 

projecting Ap-fibres. From this time the two populations co-exist until A-fibre withdrawal 

is complete 3 weeks later. In the spinal cord, SG is the last region to differentiate and 

mature (Altman and Bayer 1984). Indeed, axodendritic growth does not occur until early
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Primary afferent projections into the superficial 
laminae in neonatal rats.

The course of primary afferent fibre collaterals 
from the dorsal columns into the grey matter 
as revealed by Golgi staining in the newborn 
rat. Bundles of collaterals (c) can be clearly 
seen projecting into substantia gelatinosa. 
Drawing taken from Ramon y Cajal 1909.

Dil (A) and bright field (B) photomicrograph 
of P5 lumbar spinal cord in transverse section. 
The dorsal columns have been labelled with 
Oil as described in chapter 2. Fibre bundles 
sim ilar to those above can be clearly  
distinguished. A high power image from a 
different section (C) shows another example.

Figure 38
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A-fibre withdrawal from superficial laminae

At birth, A-fibre terminals are present 
nilananïiIltvherethKg/fbrnifùiKüional 
synapses with dorsal hom cells. C- 
fibres innervate this region during the 
initial postnatal period and co-exist 
with the A-fibres. As the system 
matures over the first three weeks 
inappropriate A-fibre connections are 
eliminated and C-fibre synapses 
strengthened

A fibre terminals are present in the 
deeper dorsal hom fi-om initial 
innervation of the spinal cord and 
are retained into adulthood. 
Therefore in the adult, unlike the 
neonate, A and C-fibre input is 
segregated

Dil labelling of PO dorsal hom. Dorsal 
column-derived A-fibres can be seen 
terminating in lamina IQ (asterisks) and 
one in lamina Q (anow).

Figure 39
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postnatal life (Bicknell and Beal 1984). Many neurochemical markers associated with C- 

fibre terminals in SG, eg substance P and CGRP, are only expressed at detectable levels in 

the postnatal period and do not achieve adult levels for several weeks (Reynolds et al 

1992). In addition, the immaturity of SG cells has been proposed as underlying the lack of 

inhibitory intemeuron function in newborn rats (Fitzgerald 1991a) and C-fibre activation 

does not evoke spike activity in the spinal cord until the second postnatal week (Fitzgerald 

and Jennings 1999). Electron microscopy studies of SG fail to reveal any C-fibre afferent 

terminals within synaptic glomeruli until P5 (Pignatelli et al 1989).

Clearly, the synaptic connectivity, physiological and biochemical maturity of SG occurs 

over a prolonged postnatal period. It is therefore possible that the delayed laminar 

organization and retraction of Ap terminals from SG occurs as a direct result of this slow 

maturation of central target neurons. The environment is permissive for A-fibre presence 

until C-fibre synapses become functional at which point the two populations are in direct 

competition for postsynaptic targets. This is supported by the observation that the 

withdrawal of A-fibres commences at the start of the second week -  soon after the first 

functional C-fibre synapses are observed. Further evidence comes from neonatal 

capsaicin treatment. This destroys the majority of C-fibres, therefore reducing SG 

innervation. Analysis of the dorsal horn of capsaicin-treated rats when adult reveals 

reduced withdrawal of A-fibre terminals from SG (Shortland et al 1990; Torsney et al 

2000).

The fine-tuning of connections and withdrawal of A-fibres may be an activity-dependent 

process. The slow maturation of C-fibre synapses and SG neuronal excitability could 

account for the delay. During the immediate postnatal period, the first week, SG cells 

only receive suprathreshold A-fibre mediated input. Any C-fibre activity is weak and sub

threshold for spike production (Fitzgerald and Jennings 1999). As the C-fibre input 

matures, postsynaptic activity of SG neurons will become increasingly less correlated with 

low threshold A-fibre mediated presynaptic activity and more correlated with high 

threshold C-fibre mediated nociceptive stimuli. As a result, the C-fibre synapses will be 

strengthened and the A-fibre synapses weakened. The majority of A-fibre input is 

restricted to the deeper laminae of the dorsal hom where pre and postsynaptic activity will 

tend to be correlated.
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Developmental withdrawal of A-flbres 
from superficial dorsal horn

Adult

S cale  bar = 100pm

Figure 40
Bright field images o f dorsal hom labelling in the lumbar spinal cord following BHRP 
injections into the sciatic nerve at the ages shown. The developmental withdrawal o f fibres 
from SG is evident.
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The aim of the current experiment, therefore, was to investigate the possible role of 

synaptic activity in the postnatal withdrawal of A-fibres from SG in the developing dorsal 

hom.
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2: Materials and methods 

2.1: Elvax manufacture.

The Elvax used in these experiments was made following the method used by Smith et al 

1995, containing lOmM MK-801. Sterile saline was used as a vehicle for the drug. A 

separate batch o f Elvax was made containing only saline to control for the vehicle and any 

possible effects o f the Elvax itself.

2.2: Elvax implantation.

50pm sections o f Elvax were cut on a freezing microtome and collected in O.IM PBS. 

Previous studies have shown that there is an initial large release of MK801 that gradually 

reduces to a constant level after 48 hours (Smith et al 1995). In order to control the release 

of MK801 in vivo, Elvax sections were incubated in PBS at 37°C for 48 hours before 

implantation.

New-born rat pups were anaesthetised by hypothermia and under aseptic conditions a 

laminectomy performed over the lumbar spinal cord. An incision was made in the dura 

and a slice of Elvax inserted to cover the dorsal surface of the cord (see figure 41). The 

muscle layer and the skin were sutured closed and the rat pups warmed and returned to 

their mother.

2.3: Sciatic nerve labelling.

At approximately eight weeks o f age the sciatic nerves of the Elvax implanted rats were 

bulk-labelled with the transganglionic tracer BHRP:

Rats were anaesthetised with 2% halothane and an incision made in the hindlimb at mid

thigh level. The sciatic nerve was exposed and Ipl of 1% BHRP injected using a 

Hamilton syringe. The nerve was ligated distal to the injection site and the wound sutured 

closed.

2.4: TMB reaction for horseradish peroxidase.

Rats were left 72 hours for the BHRP to transport. They were then terminally 

anaesthetised with pentobarbitone and perfused transcardially, firstly with 0.9% saline and 

then 1% paraformaldehyde, 1.25% gluteraldehyde fixative in O.IM phosphate buffer at 

4°C. The L4/5 segments of the lumbar spinal cord were identified by tracing the dorsal 

roots. Occasionally the ELVAX implant was positioned too rostrally. These animals were
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Schematic illustration of ELVAX implant 
location in new-born rat pups

Lumbar 
spinal cord

-L5 DRG
\S c ia t ic

nerveL4 DRG

ELVAX implant

PO rat pup

Figure 41
Implantation of Elvax: 50m slices of Elvax are placed subdurally over the lumbar spinal 
cord on the day of birth.
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discarded. In animals where the ELVAX was still over the appropriate region, the L4 and 

L5 lumbar segments and DRGs were dissected out and postfixed overnight in 

fixative/30% sucrose solution. The tissue was then embedded in Tissuetek and 50pm 

sections cut on a freezing microtome. Every third section was collected serially in 

individual wells and washed once in 0.2M phosphate buffer. The extent o f BHRP 

labelling was then visualised using a peroxidase reaction. To increase sensitivity, a 

variation of the method introduced by Mesulam was used (Mesulam 1978). The reaction 

utilises tetramethylbenzidine (TMB) with sodium nitroprusside stabilization. This method 

has been shown to be the most sensitive at detecting HRP conjugates (Llewellyn-Smith et 

al 1992):

Stock Solutions

IM sodium acetate buffer pH 3.3.

0.15g TMB (Sigma) dissolved in 7.5ml absolute ethanol (4 aliquots).

0.3g sodium nitroprusside (Sigma) dissolved in 280ml distilled water with 15ml 

acetate buffer (4 aliquots).

12 mis of 0.3% hydrogen peroxide solution (4 aliquots).

Procedure

All stages of the reaction were carried out on ice.

O Mix together TMB and sodium nitroprusside solutions. Immediately immerse 

tissue sections and incubate for 20 minutes.

0  Add one aliquot of hydrogen peroxide solution and incubate for 10 minutes.

© Discard reaction solution. Mix together a second aliquot of TMB and sodium 

nitroprusside solutions and immediately add an aliquot of hydrogen peroxide. 

Incubate sections for 10 minutes.

O Repeat step 3 twice more.

© Discard final reaction solution and wash sections 3 times in 5% sodium acetate 

buffer.

© Sections mounted on gelatinised slides, allowed to dry and coverslipped with 

DPX mountant.
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2.5: Size-frequency profiles for labelled DRG neurons.

L4 and L5 DRGs labelled with BHRP were removed from adult rats from all three 

experimental groups (MK-801 ELVAX, control ELVAX and naïve, n=4 for each). Each 

ganglion was embedded as above and cut on a freezing microtome at a thickness of 30pm. 

Serial sections were collected and stained as above. All sections were mounted and 

counterstained with either cresyl fast violet (1%) or neutral red (0.1%) in order to show 

unlabelled cells. Five representative sections throughout L4 and L5 were selected as in 

chapter 1 and the diameters of all positively labelled profiles measured using Leica Qwin 

image analysis software with the criteria described in chapter 1. Size-frequency figures 

could then be constructed for each experimental group.

2.6: Developmental profile of A-fibre withdrawal from SG.

The dorsoventral extent of the central terminal fields of A-fibres during postnatal 

development was investigated by bulk-labelling of the sciatic nerve at ages PO, P3, PIO, 

P21, P28, P43 and adult (>2 months). PO and P3 rat pups were anaesthetised by 

hypothermia, the sciatic nerve exposed as described previously and 0.5pl of 1% BHRP 

(Quadratech) injected using a glass micropipette. For all other ages animals were 

anaesthetised by halothane inhalation, the sciatic nerve exposed and Ipl of BHRP injected. 

Transport times were 72 hours (adult and P43), 48 hours (P28 and P21) and 24 hours (PIO, 

P3 and PO). All tissue was then processed concurrently as described in section 2.4. Bright 

field photomicrographs were taken of representative examples at each age (Figure 40).

2.7: Immunohistochemistry.

A number o f experimental animals from each group were used to examine the anatomical 

boundaries of SG (naïve: n=3; control ELVAX: n=4; MK-801 ELVAX: n=6). A prime 

concern was to ascertain whether any cell death and subsequent shrinkage of SG and the 

dorsal hom had occurred as a consequence of the Elvax treatment. The neuron specific 

antibody Neu-N (Mullen et al 1992) was used to immunolabel all neurons and afferent 

projections to SG were labelled using antibodies to CGRP and the lectin IB4. The basic 

immunoreaction protocol was:

O Animals were perfused transcardially with 0.9% saline followed by 4% 

paraformaldehyde in O.IM phosphate buffer.
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0  Lumbar spinal cord segments L4 and L5 were dissected and postfixed overnight 

in fixative containing 30% sucrose.

© 20pm sections were cut on a freezing microtome and every fifth section 

collected free floating in O.IM PBS.

O Blocking stage: PBS + 20% normal goat serum (NGS) + 2% triton. One hour at 

room temperature.

© Primary antibody incubation:

NeuN (anti-mouse 1:1000 Chemicon)

CGRP (anti-rabbit 1:1000 Sigma)

IB4 (biotinylated lectin lOpg/ml Sigma)

In 4% NGS, 2% triton in O.IM PBS.

Overnight at room temperature.

© Sections were washed 3x10 minutes in PBS.

0  Secondary antibody incubation:

Texas Red goat anti-mouse (1:200 Molecular Probes)

Oregon Green goat anti-rabbit (1:200 Molecular Probes)

AMCA streptavidin (1:200 Molecular Probes)

In 4% NGS, 2% triton in PBS 

Three hours at room temperature.

O Sections were washed 3x10 minutes in PBS, mounted onto gelatinised slides, 

coverslipped with Pro-Long anti-fade mountant (Molecular probes) and viewed 

under epifluorescence microscopy.

© Five sections were randomly chosen per animal from each group in order to 

make neuronal profile counts of Neu-N labelled neurons in SG (collected sections 

were distant enough to ensure that no neuronal profile could be counted twice). 

Each section was photographed and imported into Freehand software. A 

rectangular counting frame was constructed that covered SG from the medial 

dorsal column edge to its most lateral edge and the full dorsoventral extent (cell 

density was used to identify the lamina II/III border). The dimensions and 

orientation of the counting frame were adjusted where necessary to account for 

rostrocaudal changes in dorsal hom size. In this way the majority of SG was 

encompassed by the counting frame. Positively labelled profiles were counted and 

the results pooled for each experimental group.
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2.8: Dil labelling of neonatal spinal cord.

Dil coated wires were inserted along the dorsal columns of newborn rat pups as described 

in chapter 2 (2.2/2.3). Following 24 hour incubation 50pm transverse sections were cut by 

vibratome, mounted on glass slides and photographed immediately. Examples are shown 

in figures 38 and 39.
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3; Results

3.1: A-fibres remain in superficial laminae after chronic MK-801 treatment.

Elvax implantation was performed on the day of birth, and its effects on primary afferent 

terminal patterns were analysed on adult animals (8 weeks of age). The growth of the 

spinal cord during this time is such that it is impossible to ensure that neonatal placement 

of an Elvax section over lumbar cord segments L4 and L5 will remain in that position into 

adulthood. Therefore, only those experimental animals where the Elvax was still in its 

appropriate position were used for subsequent analysis (n=12). After TMB 

histochemistry, transverse sections of spinal cord were examined under bright and dark 

field illumination in order to reveal the extent of Ap-fibre terminals. In normal, untreated 

animals and those with vehicle (saline) ELVAX, BHRP labelling is restricted to laminae I 

and III-V, with none in lamina II (Figure 42: E and F, cf Figure 40: Adult). Similarly, 

chronic MK801 treatment of adult rats results in no change in the laminar profile of BHRP 

labelling (Figure 42: G). In all cases where the MK801 ELVAX remained in the correct 

position, BHRP labelling was present in the superficial dorsal hom. The effect of chronic 

MK801 exposure from birth is clearly evident in Figure 42: A-D. A and B are dark-field 

images at low and high power of the same section. C and D are bright field images of A 

and B. The characteristic absence of BHRP labelling in SG seen in the naïve adult animal 

is clearly markedly reduced following MK-801 treatment.

3.2: Chronic NMDA antagonism does not alter the cellular specificity of BHRP.

Figure 43 shows the effect of ELVAX treatment on BHRP labelling specificity in the 

dorsal root ganglion. The selectivity of BHRP for large myelinated afferents has been 

questioned recently (Tong et al 1999). In order to clarify this point, DRGs from all 

experimental animals, MK-801 ELVAX, control ELVAX and naïve, were analysed 

following BHRP labelling. Cell diameters of positively labelled cells were recorded and 

the size frequency distribution of the three groups is illustrated in figure 43: A-C. 

Frequency distribution graphs shows the labelling of afferents is not significantly different 

between the three groups. E i s a  section of L4 DRG from an MK801 treated animal. The 

white asterisks indicate large cells labelled with BHRP. The red arrows show small BHRP 

negative cells labelled with cresyl violet counterstain.

The neuron specific antibody Neu-N was used to label all neurons in transverse sections of 

spinal cord taken from all three experimental groups (Figure 44). The number of Neu-N
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BHRP labelling in the spinal cords 
of ELVAX treated rats.

A,B: Dark field and bright field images of adult 
lumbar spinal cord chronically treated with MK801 
since birth. Boxed area indicates high power 
images (C and D).
E,F: Dark field and bright field images o f the 
dorsal hom of rats implanted with vehicle control 
ELVAX.
G: Dorsal horn o f  adult-im planted MK801 
ELVAX.

Figure 42
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Size-frequency distribution of 
BHRP labelled DRG neurons.
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Figure 43
A,B and C: Size-frequency graphs of all BHRP labelled cells in the L4 and L5 DRGs from 
the three experimental groups.
D: Frequency distribution curves showing the relative proportions of cell sizes within the 
three groups.

E: DRG section from an MK801 treated animal. 
White asterisks indicate examples of positively 
labelled profiles. Small, counter-stained, BHRP 
negative cells are indicated by red arrows.
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positive neurons within the counting frame were counted and the results are represented in 

graph form in figure 44. There is no significant difference between the three experimental 

groups (One-way ANOVA, p>0.2). It can be assumed that no significant cell death has 

occurred as a result of chronic NMDA antagonism.

3.3: C-fibre terminal patterns are not altered following chronic MK-801 treatment

The same sections that were labelled with Neu-N were immunolabelled with IB4 and 

CGRP (Figure 44). These selectively label C-fibres that terminate in lamina Hi and IIo 

respectively in the normal adult rat. No abnormal pattern o f labelling of either group of C- 

fibre terminals was observed in any of the experimental groups.

The results show that chronic NMDA antagonism over the first eight postnatal weeks 

results in a blockade o f the normal developmental withdrawal of Ap-fibres from SG. No 

change in the specificity of the retrograde tracer used, the morphology of SG or the pattern 

of C-fibre terminals was observed. It is therefore concluded that the normal postnatal 

refinement of the pattern of primary afferent terminals in the dorsal hom requires NMDA 

receptor activation.
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Naive

NeuN, IB4 and CGRP 
immunofluorescence.

Control MK801

I NeuN
ICGRP
IIB4

Scale bar = lOÔ im

Neu-N immunolabelling o f dorsal hom neurons and CGRP and IB4 
immunoreactive afferent fibres in the dorsal hom of ELVAX treated and 
naive rats.
Neu-N positive cells in Substantia Gelatinosa were counted (see methods 
section for details). The graph below shows the relative frequency, there 
is no statisitical difference between the three groups.
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4: Discussion

4.1: A-fibre withdrawal from SG is an NMDA-dependent phenomenon.

The apparent superficial labelling of the dorsal hom with BHRP, and therefore A(3-fibres 

could be due to the following possibilities:

1. Changes in labelling specificity of BHRP have occurred such that small unmyelinated 

fibres that normally terminate in SG have been labelled.

2. The Elvax implant has resulted in extensive cell death in the superficial laminae 

resulting in shrinkage of the dorsal hom and an artefactual increase in superficial 

labelling.

3. Chronic NMDA receptor blockade has prevented the normal postnatal withdrawal of 

Ap-fibres from SG.

Size-frequency histograms have been constmcted of positively labelled DRG neurons in 

each group (Figure 43). It is apparent that a similar size distribution o f cells is labelled in 

each case. There is no evident shift toward smaller cells being labelled in the MK-801 

group and therefore it is concluded that the presence of labelling in SG is not due to a 

change in uptake or transport of BHRP by unmyelinated primary afferents.

Neuronal profile counts of SG as revealed by Neu-N immunohistochemistry showed no 

significant change in cell number in the superficial dorsal hom and therefore if any cell 

death occurs in the dorsal hom postnatally it is not increased by the presence of ELVAX. 

It is clear from cell profile counts that no shrinkage in the dorsal hom occurs.

With all appropriate controls performed it can therefore be concluded that chronic 

postnatal MK-801 treatment of the superficial dorsal hom stops the normal developmental 

withdrawal of A-fibres from SG.

4.2: Mechanisms for functional alteration in synapse efficacy

This series of experiments provides evidence for an activity-dependent mechanism 

underlying the normal postnatal refinement o f dorsal hom connections. This pattem of 

refinement is not unique within the CNS. The changes observed within the spinal cord are 

analogous to the activity-dependent rearrangements resulting in eye-specific layers in the 

visual thalamus and ocular dominance columns in the visual cortex (Shatz 1983; Katz and 

Shatz 1996). Similarly, individual vibrissae on the rat mystacial pad project to segregated 

whisker barrels in the somatosensory cortex, a process that requires activity-dependent 

refinement of thalamocortical afferents during the immediate postnatal period.
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The molecular mechanisms responsible for these changes have been of great interest as 

they form the basis of not just neural circuit development, but also learning and memory. 

Mechanisms analogous to LTP and LTD have been proposed to mediate activity- 

dependent development (Bear et al 1987; Katz and Shatz 1996). Consequently, studies of 

LTP have focussed on identifying the factors responsible for the strengthening of synaptic 

contacts. It is not unreasonable to expect that those factors governing the Hebbian 

changes assumed to underlie LTP may also be actively involved in the developmental 

changes seen in the systems mentioned above, v^here synapse stabilisation and elimination 

refine dendritic connections. The obvious starting point for investigating such 

mechanisms is to elucidate the site of action, ie pre or postsynaptic. This has proved to be 

a major concern in LTP studies, and evidence exists for both sites being involved. 

Basically, three possibilities exist for functional alterations in synaptic efficacy: the 

probability o f presynaptic neurotransmitter release, the size of the postsynaptic quantal 

response to the transmitter and the number of functional synapses at a given synaptic 

connection. The third o f these three possible mechanisms of plasticity has received much 

attention recently with the concept of ‘silent synapse’ conversion to functionality proposed 

as a mechanism for activity-dependent plasticity.

While the focus of studies into silent synapses is now mainly confined to hippocampal and 

visual cortex models, the first evidence for their existence came from the spinal cord 

where postsynaptic depolarization enhanced single-unit activity following afferent 

stimulation. A role for activation of these previously ‘ineffective’ synapses was also 

proposed as a possible mechanism underlying plasticity in the adult spinal cord following 

injury (Wall 1977). This concept was proposed as-a mechanism for hippocampal LTP 

(Voronin 1983) although no evidence directly supported their existence. Excitatory 

synaptic transmission in the CNS is normally mediated by AMP A and NMDA receptors. 

AMP A receptors mediate a fast response, while the NMDA receptors, due to their 

physiological properties, are more modulatory, requiring postsynaptic depolarization to 

become functional. Electrophysiological studies of hippocampal CAl pyramidal cells in 

slice preparations have revealed synapses that appear to contain only functional NMDA 

receptors with no AMP A component (Isaac et al 1995; Durand et al 1996). This provides a 

mechanism for recruitment of synapses that could underlie the NMDA-mediated 

component o f LTP. Cells containing these synapses when at, or near, normal resting 

potential remain functionally silent to presynaptic transmitter release. Synaptic 

transmission only occurs with prior postsynaptic depolarization and the activation of
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experiments would provide this depolarization, activating the NMDA receptors and 

effectively ‘switching on’ the cell.

4.3: The role of “silent synapses” In developmental plasticity.

O f particular interest to developmental plasticity studies is that the proportion of silent 

synapses declines postnatally (Figure 45).
100-

% NMDA
synapses

Figure 45
2

Postnatal age (days)

Postnatal reduction in the number of pure NMDA ‘silent’ synapses (Li and Zhuo 1998)

LTP can be generated in early postnatal visual cortex (Artola and Singer 1987) and 

retinogeniculate synapses (Mooney et al 1993). Similarly, this has now been shown 

possible in the thalamocortical connections to somatosensory cortex (Crair and Malenka 

1995). What is uniformly apparent from these experiments is that the ability to induce 

LTP is age-dependent and correlates with the critical period of postnatal plasticity in each 

of the systems studied (Crair and Malenka 1995; Kirkwood et al 1995). The critical 

periods have been shown to be regulated by postsynaptic activity (Schlaggar et al 1993). 

Moreover, the topographic refinement that occurs during this time can be blocked by 

glutamate receptor antagonists (Fox et al 1996). Importantly, the critical period of visual 

cortex plasticity can be effectively prolonged by dark-rearing (Kirkwood et al 1996). In 

thalamocortical slice preparations with intact afferent projections from the ventrobasal 

thalamus to somatosensory cortex, LTP can be evoked up until P7, after which time it 

cannot be induced. This has now been shown to involve the ‘switching on’ of silent 

synapses (Isaac et al 1997). Silent synapses are present in this system in the first postnatal 

week, but decline rapidly after this, in parallel with the ability to induce LTP and the 

critical period. A similar decline has been shown to occur in the hippocampus (Durand et 

al 1996), where the silent synapse content declines rapidly after PIO.
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4.4: Mechanisms responsible for silent synapses.

The activation of AMP A receptors in the postsynaptic membrane is believed to underlie 

the synaptic change from silent to functional. This can only occur when presynaptic 

activity at silent synapses is coincident with postsynaptic depolarization, presumably 

mediated by adjacent mature excitatory synapses (Liao et al 1999). Interestingly, 

depolarization can also be achieved by GABAergic activation early in postnatal 

development (Ben-Ari et al 1997). This activation has now been shown not to involve 

pre-existing AMP A receptors, but the insertion into the postsynaptic membrane of 

receptors, possibly from intracellular vesicles that are distributed throughout the soma and 

dendritic shafts o f the postsynaptic cell. (Liao et al 1999).

Although the above evidence is strong, it may not be the sole mechanism able to explain 

the rapid changes seen in the experimental paradigms used. The silent synapses in these 

experiments are all silent in the sense that there is no postsynaptic response, ie 

neurotranmitter release is not detected. The presynaptic functioning is assumed to be 

normal. It has been proposed that these forms of silent synapses are better defined as 

‘deaf (Isaac et al 1995). A further possibility exists that some silent synapses may be 

‘mute’, ie fail to release neurotransmitter when activated (Tong et al 1996; Ma et al 1999). 

Another alternative hypothesis for the observations is glutamate spillover (Kullman and 

Asztely 1998). This theory postulates that under certain conditions, glutamate release is 

not confined to an individual synaptic cleft, but spills over onto adjacent synapses. The 

concentration that reaches the neighbouring postsynaptic surface is very low and 

subsequently selectively activates the high affinity NMDA receptors over the lower 

affinity AMP A receptors. This theory effectively ' accounts for the presence of silent 

synapses, supporting a presynaptic silence, ie ‘mute’ synapses. Evidence exists for all 

three mechanisms, and it is possible that all are functional in vivo.

The presence of silent synapses and their activation, by whichever mechanism, fulfils the 

criteria for an activity-dependent mechanism for synaptic enhancement. There is evidence 

that there are large numbers of silent synapses (ie with no AMP A content) within the 

hippocampus, allowing for large, rapid changes to occur (Isaac et al 1995; Liao et al 

1995).

The number of silent synapses at thalamocortical connections and retinogeniculate 

synapses declines postnatally, and their decline parallels with the end of the critical period 

of plasticity in both these systems. This makes for compelling evidence for a role of silent 

synapse activation mediating the Hebbian strengthening of appropriate connections.
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4.5: Developmental regulation of NMDA receptors.

Sensory deprivation prevents many of the postnatal changes that occur in cortical 

development shown particularly by visual system studies. The development of 

glutamatergic transmission in sensory cortex involves a shift in the relative contribution of 

AMP A and NMDA receptors. The proportion of synapses exhibiting AMP A currents 

increases while the decay kinetics of NMDA currents quicken (Crair and Malenka 1995). 

Both of these factors combine to reduce the relative contribution o f NMDA receptors to 

synaptic currents and are both thought to depend on synaptic activity. AMP A current 

increase results from an increase in AMP A receptor expression in the synaptic membrane 

under the control of NMDA receptors (Isaac et al 1997), and the change in NMDA 

receptor kinetics results from a switching of receptor sub-unit composition.

An important discovery that came from the work on visual system plasticity critical 

periods has been the uncovering of the necessary criteria to induce such a change. Ocular 

dominance changes due to monocular deprivation is not solely dependent upon the relative 

level of activity in afferents from the two eyes. Also of critical importance is the state of 

activation of the post-synaptic target neuron, itself dependent upon the degree of temporal 

correlation between pre- and post-synaptic activity.

The insertion of AMP A receptors into postsynaptic membranes provides an elegant 

mechanism for plasticity, whether LTP or developmental changes. It is now also clear that 

the kinetics of NMDA receptor activity are also developmentally regulated, providing a 

mechanism that allows for extremely rapid (<2 hours) changes in postsynaptic receptor 

composition. The threshold for LTP induction is lower in neonates than in adults (Kato et 

al 1991). This period o f enhanced LTP susceptibility coincides with the critical period of 

plasticity in both rats and cats. This is most likely due to a greater contribution o f NMDA 

receptor mediated conductance to excitatory transmission in younger animals (Tsumoto et 

al 1987). Two factors contribute to this effect;

1. The duration of NMDA-mediated EPSPs and EPSCs is several times longer during 

early developmental stages than in the adult (Kato et al 1991; Hestrin 1992).

2. There are more NMDA receptors in early post-natal life (Bode-Greuel and Singer 

1989; Hughes et al 1998).

The maturation of synaptic connectivity in postnatal development has been shown to be 

dependent upon sensory experience. The mechanism may involve the activation of 

previously silent synapses via AMP A receptor insertion into the postsynaptic membrane 

(Isaac et al 1997). The kinetics of silent synapses are slow. Afferent activity increases the
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AMP A component but also increases the decay kinetics of the NMDA current 

(Carmignoto and Vicini 1992; Crair and Malenka 1995). This change in NMDA mediated 

kinetics results from a switch in the sub-unit composition of the NMDA receptor (Fox et al 

1999). Immature synapses contain only mainly NMDA receptors and these are 

predominantly composed of NRl and NR2B sub-units. The NR2 sub-unit controls the 

kinetics of the receptor, and NR2B has the slowest kinetics o f all the sub-units. The result 

is weak synaptic transmission, largely mediated by NMDA receptors. Within the visual 

cortex, sub-unit expression rapidly changes at the onset o f visual stimulus, ie eye-opening, 

such that NR2A containing synapses become more predominant (Quinlan et al 1999). 

Importantly, dark-rearing maintains the previous high proportion of NR1/2B containing 

synapses, which are then rapidly converted upon exposure to light. This has important 

consequences for the mechanisms of developmental plasticity. It is clear that the number 

of silent synapses decreases with development, due to NMDA receptor activation and 

subsequent AMP A insertion. If this process also leads to NR2A sub-unit synthesis and 

expression, it would actively reduce calcium influx due to the faster decay kinetics o f the 

NR2A expression. This may provide a mechanism whereby initially weak synaptic 

connections are formed early in development by AMP A insertion, but the expression of 

faster decay kinetics reduces the efficacy of that synapse to allow further 

plasticity/elimination to occur.

4.6: Synaptic stabilisation and elimination.

The molecular processes underlying synapse stabilisation and elimination can be modelled 

by long-term potentiation and depression. Postnatal development of spinal cord 

connectivity clearly involves both fimdamental processes. The withdrawal of A-fibres 

from SG during normal development can be considered a competitive phenomenon where 

the later arriving C-fibres successfully compete for postsynaptic sites with the incumbent 

A-fibres. This competition may not necessarily be based upon a limited trophic source as 

the neurotrophic hypothesis would predict, but rely on coincidence o f activity such that 

presynaptic activity that correlates with postsynaptic depolarization is ‘rewarded’ by the 

postsynaptic cell by, for example, local release of a ‘strengthening’ factor. The 

consequences of chronic NMDA blockade in the ELVAX treated animals can be 

considered in two ways. Firstly, C-fibres have not made functional synapses with SG 

neurons, ie the element of competition has effectively been removed. Secondly, synaptic 

connectivity of both A and C-fibres is retained within SG, and the elimination of A-fibre
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synapses is prevented. An NMDA dependent mechanism underlying long-term depression 

(LTD) could account for such a phenomenon. The former example would involve a 

situation where pure NMDA synapses, normally converted to AMP A containing during 

early postnatal development, would persist into adulthood. It would then be conceivable 

that the majority of SG synapses would remain functionally silent. The latter case could 

conceivably result in active A and C-fibre synapses within SG, but the active process 

underlying elimination and withdrawal has been blocked. It is known that both A and C- 

fibres make functional synapses within SG during the early postnatal period. C-fibre 

synaptogenesis is not complete until into the second week, and A-fibre withdrawal is not 

complete until after the third week. For several days though, both are functional within 

the same region (Jennings and Fitzgerald 1996; Coggeshall et al 1996; Park et al 1999). It 

is important, however, to stress that the most likely effect of MK801 containing Elvax is to 

reduce postsynaptic responses and not to interfere with a Hebbian mechanism of 

plasrticity. In a system where many synapses only express NMDA receptors, as has been 

suggested (Li and Zhuo 1999), this postsynaptic effect would be expected to be block all 

activity. The action o f the Elvax therefore may be more extreme than would otherwise be 

expected from its effects on an adult system. Rather than disrupting the relative 

strengthening and weakening of appropriate and inappropriate connections in a Hebbian 

mechanism, all activity is effectively blocked postsynaptically. This would effectively 

halt the normal progression of developmental refinement within the spinal cord 

Studies of synaptic elimination at the neuromuscular junction (NMJ) show an analogous 

situation. A simple trophic explanation of elimination does not satisfactorily account for 

how a postsynaptic cell maintains a motor axon synapse while at the same time 

eliminating an adjacent synapse, as occurs during motor neurons and muscle innervation 

development. The concept of a ‘rewarding’ signal released postsynaptically has been 

augmented to include a postulated ‘punishment’ signal (Lichtman and Colman 2000). 

When presynaptic activity is coincident with the postsynaptic site, that synapse is 

strengthened and stabilised. Associated with this is the release of an as yet unidentified 

protection signal that prevents the synapse from being stabilised, and a punishment signal 

that is secreted and actively starts the elimination of adjacent uncorrelated synapses. Such 

secretion would act in a way that its diffusion away from the stabilised synapse would 

decrease the potency of its effect. Therefore, the nearer the inactive synapse, the greater 

the effect o f the punishment signal and the more likely it is to be eliminated. This is in 

agreement with observations o f NMJ development in vivo (Gan and Lichtman 1998).
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While the factors involved to support this mechanism have yet to be identified, it provides 

an attractive process to account for the developmental changes seen at the NMJ and other 

regions of the CNS. A role for NMDA receptors in regulating dendritic outgrowth and 

synaptic connectivity has been exhibited in spinal motoneurones (Kalb et al 1994). A 

similar regulation has been proposed in the dorsal hom (Fitzgerald 1985b; Bardoni et al 

1998; Fitzgerald and Jennings 1999). The results presented here support this role.

Dorsal hom neurons are second order neurons receiving afferent input from the periphery. 

When considering regulatory mechanisms underlying postnatal activity-dependent 

changes it is important to consider not only synaptic receptor expression changes, but also 

the ontogeny of other pathways that will have a modulatory effect. In the adult dorsal 

hom cells receive afferent input from both the periphery and descending central sources. 

An example is descending 5HT input from the rostroventral medulla (Figure 46). 

Serotoninergic activity within the dorsal hom may provide another source of stability 

during the postnatal development of synaptic connectivity. In the naïve animal, the 

normal pattem of A and C-fibre connectivity is not achieved until after the third postnatal 

week. Similarly, descending serotoninergic pathways have a similar time scale (Bergman 

et al 1987). Is it possible that 5HT provides a further stabilising influence? It has been 

demonstrated that 5HT does activate dorsal hom silent synapses (Li and Zhuo 1999). This 

action is also achieved by AMP A translation via a G-protein dependent PKC mediated 

pathway (Li and Zhuo 1999) (Figure 46C). This mechanism may account for the normal 

stabilisation of A-fibres in the deep dorsal hom, and could provide an NMDA independent 

mechanism of stabilising inappropriate A-fibre synapses in SG during chronic NMDA 

receptor antagonism.

4.7 BDNF and synaptic stability.

An activity based mechanism for synaptic competition in postnatal “fine-tuning” whereby 

active synapses can destabilise inactive synapses requires a postsynaptic mechanism 

involving both anterograde and retrograde signalling. Non-trophic actions of BDNF have 

been described (see chapter 3). The enhancement of synaptic transmission by BDNF is 

particularly relevant to developmental synaptic reorganisation. Several mechanisms have 

been proposed for this action. What is clear is that BDNF can rapidly phosphorylate 

postsynaptic NMDA subunits I and 2B resulting in increased EPSCs (Suen et al 1997; Lin 

et al 1998). An interesting development in the role of BDNF at excitatory synapses has 

been its effect on AMP A receptor expression. Recordings of thalamocortical
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The role of descending 5HT in dorsal 
horn “silent” synapse activation
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glutatamatergic synaptic activity in slice preparations taken from BDNF’̂ ’ mice show that 

NMDA responses in layer IV remain high with a reduced AMPA response compared to 

wild type (Itami et al 2000). Presumably the normal developmental activation of silent 

synapses by AMPA insertion, reducing the NMDA component of synaptic activity, is 

disrupted. This theory is compatible with the hypothesis that an LTP type mechanism 

underlies synaptic activation and stability, and that postsynaptic expression of BDNF is 

involved in such a mechanism.
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Conclusions
This series of experiments reveals two important aspects o f the consequences of neonatal 

peripheral nerve damage. Firstly, the somatosensory nervous system responds in a far 

more profound way to injury than similar damage to the adult nervous system. The 

magnitude of the response is regulated by the degree o f maturation o f the nervous system. 

Studies of the visual and trigeminal system development have revealed a critical period of 

postnatal plasticity during which synaptic connectivity is ‘fine-tuned’ by physiological 

stimuli in an activity-dependent manner. In the visual system, monocular deprivation 

during the critical period induces changes such that the cortical territory devoted to the 

non-deprived eye is increased, while that for the other, deprived, eye is reduced (LeVay et 

al 1980). Axotomy of the sciatic nerve during the immediate postnatal period has an 

analagous effect on the spinal cord territories devoted to the axotomised sciatic 

(‘deprived’) and intact adjacent saphenous (‘non-deprived’) nerves. The representation of 

the periphery innervated by the sciatic nerve within the spinal cord shrinks, and a 

concommitant expansion by collateral sprouting o f intact adjacent nerves occurs. As with 

the visual system, this effect only occurs if  axotomy is performed within a critical period 

of postnatal plasticity. The time course of denervation in the two systems is comparable: 

deprived afferents in the visual system lose half o f their arbors in less than a week 

(Antonini and Stryker 1996), and sciatic central denervation has a similar temporal course 

(Bondok and Sansone 1984; Fitzgerald 1985). This rapid restructuring o f connectivity 

underlies the second aspect o f the CNS response to early axotomy. Whereas the 

consequences of axotomy in the adult are generally detrimental to the animal; sciatic 

axotomy is an established model of neuropathic pain in rats, and has its own pattern o f cell 

loss, denervation and associated sprouting, the response of the neonate appears more 

compensatory. The sprouting o f intact adjacent afferents into the denervated central 

territory of the axotomised nerve is a mechanism that ensures a complete, if 

topographically distorted, representation o f the periphery persists within the cord. This 

conservation is also seen in the neurochemical composition o f the axotomised DRG. 

Despite extensive cell death, the overall phenotypic distribution of the ganglia remains 

remarkably conserved, due to compensatory changes within intact populations o f DRG 

neurons (Reynolds and Fitzgerald 1991, Nothias et al 1993 and chapter 1).

The mechanisms underlying these phenomena have not been elucidated within the spinal 

cord. Observations from other systems however, particularly the visual system, have
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produced some interesting possibilities. The analagous nature of the ontogeny of 

connectivity within these systems, and the activity-dependent nature of postnatal 

development and critical period plasticity make it possible to speculate that common 

mechanisms underlie normal and pathological changes within them.

In the normal animal, the representation of the periphery within the spinal cord is 

somatotopically established from initial innervation. Presumably local cues are 

responsible for this organisation. The collateral sprouting that follows neonatal axotomy 

requires that the restrictive guidance cues that determine this strict delineation are either 

removed or overcome. The nature of these cues is not known (but see chapter 2) but it is 

possible that the axotomy-induced removal of this action is a prerequisite for the initiation 

of sprouting, and may involve a totally separate mechanism. A Nogo type molecule may 

be the source o f the restrictive boundary that underlies the topographic nature of peripheral 

nerve innervation in the dorsal horn. Further investigation may reveal if  there are neuronal 

or glial markers fulfilling this role, and whether axotomy removes their central inhibitory 

influence. The evidence for BDNF as a mediator o f sprouting is strong. Whether this is 

an instructive role is not clear, further analysis of BDNF transgenic mice may hold the 

key. Alternatively, BDNF may simply be permissive. The interactions of BDNF, GAB A 

and ionotropic glutamate receptors provide several postulates. Synaptic stability and 

elimination is an important concept in the postnatal nature o f spinal cord connectivity. 

Activity-dependent excitatory activity underlies these phenomena. During the first 

postnatal week, GABA acts as an excitatory transmitter. The comprehensive 

downregulation of GABA in the spinal cord following neonatal axotomy therefore 

removes this source o f excitation. This may have two consequences; firstly, if the 

hypothesised role o f GABAergic intemeurons as signpost cells in the hippocampus has a 

spinal correlate, then this action would be removed, possibly facilitating afferent 

sprouting. Secondly, the excitatory nature of GABA may have a role in stabilising 

appropriate synapses. Removal of this may destabilise connectivity within the dorsal 

horn, again facilitating sprouting.

Is sprouting epiphenomenal?

One intriguing possibility is that intact afferent sprouting into denervated areas of cord is 

an epiphenomenon associated with the consequences of denervation. The pattern of 

BDNF immunoreactivity could perhaps derive from excitotoxic glutamate levels.

160



Axotomy at PO leads to rapid denervation within the dorsal horn, afferent terminals break 

up, releasing glutamate into the dorsal horn. This is excitotoxic and a proportion of dorsal 

horn cells undergoes excitotoxic cell death. This is supported by the appearance of 

numerous apoptotic profiles in the dorsal horn following axotomy (Oliveira et al 1997; 

Whiteside et al 1998). However, as described, a certain level of postsynaptic activation 

can be neuroprotective against glutamate toxicity involving an autocrine BDNF 

mechanism. Are the BDNF positive cells simply surviving the excitotoxic challenge by 

BDNF upregulation? The implication o f this would be that, if  the BDNF is secreted, it 

may provide a trophic source for intact adjacent afferents. BDNF released within the 

sciatic territory of the dorsal horn provides the necessary trophic source in the correct 

place for sprouting to occur. Furthermore, it may act to stabilise the synaptic connections 

that are subsequently made by a postsynaptic AMPA insertion mechanism, accounting for 

the permanency o f the effect. This speculation provides a mechanism to account for the 

sprouting phenomenon although evidence is scant. Analysis of the trkfi expression of 

sprouting afferents, for example, is necessary.

Normal developmental plasticity in the postnatal dorsal horn

The normal pattern of competition between A and C-fibres in SG, whatever the source of 

that competition, is disrupted by chronic NMDA blockade such that normal synaptic 

elimination and withdrawal is halted resulting in A-fibres remaining in SG into adulthood. 

This could represent a failure to induce long-term depression at A-fibre synapses on SG 

neurons. Silent synapse theories may not completely explain the phenomenon. Synaptic 

elimination requires activation/strengthening of other synapses to initiate it (cf NMJ). 

However, the spinal cord scenario may represent a situation whereby all synapses remain 

active, as they are in the normal situation for a short time. This is the key to the 

mechanism. The situation in the MK801 ELVAX treated animals is not necessarily 

abnormal, but simply that the normal developmental process has been halted at a particular 

point. Behavioural/electrophysiological experiments will answer this question but 

provisional results suggest this is the case. Therefore the MK801 treatment does not 

silence synapses, but removes the capacity for synapse elimination. Other developmental 

processes presumably continue as normal, eg 5HT innervation as described. This has been 

postulated as a mechanism for silent synapse activation within the dorsal horn. 5HT 

innervation is prolonged, and it is possible that its ontogeny allows for the stabilisation of 

both appropriate (in deeper dorsal horn) and inappropriate (In SG) A-fibre connections,
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whereas in the naïve animal, the A-fibres would already have withdrawn. The results 

presented here therefore have confirmed a critical period o f synaptic plasticity regulates 

the sensory nervous system responses to peripheral injury. One consequence, collateral 

sprouting within the denervated dorsal horn, is associated with an upregulation of BDNF. 

Initial studies in BDNF transgenic mice suggest that the BDNF has an instructive role in 

the sprouting response. The normal postnatal changes that occur vyithin the dorsal horn 

are activity-dependent, requiring NMDA receptor activation. The intimate link between 

BDNF and NMDA receptors in regulating synaptic transmission, long-term potentiation 

and depression provide a rich vein o f future research in further elucidating the mechanisms 

underlying critical period plasticity within the spinal cord.
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