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ABSTRACT

This study focuses on possible involvement of the neural cell adhesion 

molecules, N-CAM, polysialylated N-CAM (PSA) and LI, and the extracellular 

matrix molecule tenascin-C in the responses of CNS tissue to injury and the 

implantation o f peripheral nerve autografts in adult rats by using 

immunohistochemistry (LM/EM) and in situ hybridization methods. After peripheral 

nerve grafts were inserted into the thalamus, Schwann cells up-regulated the 

expression of N-CAM, LI and tenascin-C, regenerating thalamic axons in the graft 

became coated with PSA, N-CAM and L I, and LI mRNA was selectively up- 

regulated in the neurons of the thalamic reticular nucleus which are the major source 

o f regenerating axons in the grafts. Re-expression of the highly developmentally 

regulated PSA indicates that the regenerating axons reacquire characteristics of 

developing axons and the up-regulation of N-CAM, and especially LI, by 

regenerating CNS neurons suggests roles for these molecules in cellular interactions 

during axonal regeneration. However, regeneration of axons within the CNS was not 

consistently enhanced in transgenic mice with an LI transgene under the control of 

the GFAP promoter. Regenerating thalamic axons (unlike regenerating sciatic axons 

in situ) also acquire a coating of tenascin-C, suggesting that they express a receptor 

able to bind graft-derived tenascin-C. After injury, tenascin-C is strongly up- 

regulated in the sciatic nerve and in the dorsal roots (where axonal regeneration 

occurs) and in the dorsal columns (where axonal regeneration does not normally 

occur). The few sprouts produced after dorsal column injury are found close to and 

within areas of high tenascin immunoreactivity. Thus tenascin-C is probably not 

responsible for inhibiting axon growth into, or within the spinal cord or along nerve 

grafts. A study of the pattern of expression and distribution of tenascin-C during 

postnatal development of the rat spinal cord was also made; tenascin-C expression by 

astrocytes was progressively down-regulated with development as expected, but 

unexpectedly, from postnatal day 7 onwards, a population of tenascin-C synthesising 

neurons was identified in the lumbar ventral horn.
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CHAPTER 1 

Introduction

Neurons of the central nervous system (CNS) in lower vertebrates and of the 

peripheral nervous system (PNS) in mammals show a high capacity for axonal 

regeneration after injury (Cajal, 1928; Sunderland, 1950; Koppanyi, 1955; Guth, 

1956; Hibbard, 1963). In most circumstances the injured neurons are able to 

regenerate functional connections (Sperry, 1944; Hibbard and Omberd, 1976; 

Sunderland, 1978). In contrast, neurons of the mammalian CNS display only abortive 

regeneration after injury (Cajal, 1928; Richardson et al., 1982; Berry, 1982, 1989). 

However, mammalian CNS neurons are able to regenerate their axons into segments 

of peripheral nerve when the latter are transplanted into brain, spinal cord or retina, 

or attached to the proximal stump of the severed optic nerve (Aguayo, 1985; Berry et 

al., 1988a,b). When CNS axonal sprouts grow into the peripheral nerve graft they 

rapidly associate with Schwann cells within basal lamina enclosed tubes. Moreover, 

grafts lacking Schwann cells do not promote axonal regeneration (Smith and 

Stevenson 1988; Berry et al 1988). However, the molecular cues by which peripheral 

nerve grafts and the Schwann cells they contain promote the regeneration of CNS 

axons are poorly understood. Furthermore, the regenerative capability of CNS 

neurons or their ability to respond to the growth promoting environment provided by 

peripheral nerve grafts is not uniformly the same. Some CNS neurons are more able 

to regenerate their axons than are others (Benfey et al., 1985; Morrow et al., 1993). 

This thesis attempts to clarify certain molecular aspects of the interaction of 

regenerating CNS axons with the components of peripheral nerve grafts, and 

attempts to gain insights into, and to compare some of the molecular events 

underlying axonal regeneration in different environments — dorsal roots and 

peripheral nerve where axonal regeneration occurs; spinal cord where axonal 

sprouting is limited; and thalamus where axonal regeneration is promoted by 

implanting a segment of peripheral nerve.
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1. Regeneration in the mammalian CNS

Cell survival is the first requisite for axonal regeneration after injury. 

Axotomy usually causes a variety of changes in CNS neurons, including altered 

expression of enzymes, change in the size of perikarya and finally cell death in some 

populations of neurons (for a review see Lieberman, 1974). In general, the number 

of cells that die after axotomy is age related. For example, after transection of the 

optic nerve of neonatal mouse or rat, very few, if any retinal ganglion cells (RGCs) 

survive (0-10%) (Muchnick-Miller and Oberdorfer, 1981; Allcutt et al., 1984). In 

contrast, it has been reported that up to 20% of adult mouse RGCs survive for 10 

days after optic nerve crush (Allcutt et al., 1984) and 32% of adult rat RGCs survive 

for up to 6 months after intraorbital optic nerve crush (Barron el al., 1986). However, 

following intraorbital optic nerve transection in adult rats the number o f surviving 

RGCs at 1 month post lesion is only about 10% (Villegas-Perez, et al., 1988; Slevers 

et al., 1989). The situation is similar for neurons of the peripheral nerve system 

(PNS) after peripheral nerve injury. Sciatic nerve crush in neonatal rats results in the 

loss of most motor neurons in the sciatic pool within the lumber spinal cord by two 

weeks post lesion (Lowrie et al., 1987), but few if any motor neurons die after sciatic 

nerve crush in adult animals.

Axotomy in the adult mammalian CNS also leads to transient axonal 

sprouting (Richardson et al., 1982; Berry et a l, 1986; Zeng et a l. 1994). However, 

such axonal sprouts are not able to grow for long distances and the sprouting process 

is abortive after a few days (Richardson et al., 1982; Zeng et al., 1994). For a 

prolonged regenerative response to occur a suitable environment is needed for the 

injured axons. Such an environment can be supplied or improved by transplantation 

o f a segment of peripheral nerve, or a pellet of cultured Schwann cells, or by 

applying relevant neurotrophic factors or antibodies to neutralise inhibitory 

molecules present in the CNS. If a peripheral nerve graft is used to form a bridge 

between the site of axotomy and the normal target area of axotomised CNS neurons.
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regenerating axons are able to grow in large numbers along the peripheral nerve graft 

but only a few grow into the target region (Vidal-Sanz et a l,  1987).

A large number of observations suggest that CNS tissue is a non-permissive 

environment for axonal regeneration. Studies over the last 100 years or so have 

shown that several factors may contribute to the limited regeneration o f the adult 

mammalian CNS following injury, including the formation of a glial scar after injury, 

which might act as a physical barrier, the presence of glial-derived inhibitory 

molecules, such as tenascin-C, some proteoglycans, and oligodendrocyte/myelin- 

associated molecules, and the absence of graft derived neurotrophic/tropic factors.

la) Glial scar

Large numbers of clinical and experimental observations have shown that 

CNS lesions result in the formation of scars to which reactive astrocytes are major 

contributors (Windle et al., 1952; Reier et al., 1983, 1989), but which may also 

contain other non-neuronal elements, such as oligodendrocytes, microglia, 

macrophages, blood vessels and leptomeningeal cells (Reier et al., 1983 and 1989). 

Many early histological studies reported that axons fail to penetrate astrocytic scars 

(Cajal, 1928; Sugar and Gerard, 1940), Therefore, such scar tissue was thought of as 

a physical barrier for axonal outgrowth. This view was further supported by electron 

microscopic investigations such as those by Lampert and Cressman (1964) and Kao 

et al. (1977), who showed that following transection of dorsal columns of adult rats 

or transection of spinal cord of dogs, dorsal column axons are deflected and end 

blindly as they meet the astrocytic scar. Further evidence to support this glial scar 

barrier hypothesis comes from dorsal root injury experiments, which show that after 

regenerating dorsal root axons contact the hypertrophic astroglia in the dorsal root 

entry zone (DREZ) the majority of axons are deflected back toward the ganglion or 

form abortive terminal enlargements within the DREZ (Stensaas et al., 1987; Liuzzi 

and Lasek, 1987). However, the importance of the glial scar for blocking axonal 

growth has been challenged by several other experiments. For example, axonal 

outgrowth was not seen in some studies even when glial reactivity was minimal 

(Gilson and Stensaas, 1974; Goldberg and Frank, 1980; Guth et al., 1981) which

14



demonstrates that other factors also inhibit axonal regeneration. Moreover, frog 

retinal axons are able to regenerate through astrocytic scars of high density (see 

reviews by Berry, 1982; Reier et al., 1983). Embryonic dorsal root ganglia (DRG) 

neurites and retina have been shown to be able to grow axons in three-dimensional 

astrocyte cultures (Fawcett et al., 1989b). However, the properties of the surface of 

astrocytes in lower vertebrates may not be identical to those of astrocytes in 

mammals. Recent evidence indicates that some astroglial derived molecules may 

provide a “physiological stop signal” for axonal growth (see below; Liuzzi and Lasek 

1987; Brodkey et a l, 1993; Bovolenta et a l ,  1993; for a review see Berry et a l, 

1994).

lb) Glial derived inhibitorv molecules

A few molecules have been found to be associated with or secreted by glial 

scar tissues, for example, proteoglycans and tenascin-C. Proteoglycans (PGs) are 

cell-surface and extracellular matrix molecules (ECM), including chondroitin sulfate 

proteoglycan (CSPG), keratan sulfate proteoglycan (KSPG). heparan sulfate 

proteoglycan (HSPG) and dermatan sulfate proteoglycan (DSPG) according to the 

principal glycosaminoglycan side chains attached to the protein core (Dow et a l,  

1988; Oohira et al, 1988; Herndon and Lander 1990; Cole and McCabe 1991; for 

review see Margolis and Margolis, 1994). Growth-promoting and inhibitory 

functions of proteoglycans have been reported and have been associated with both 

the carbohydrate parts and the core proteins of the molecules (Dow et a l,  1988; 

Riopelle and Dow 1990; lijima et a l ,  1991; Oohira et a l,  1991). In general, HSPG is 

described as a promoter of neurite outgrowth (Johnson-Green el a l ,  1992; for 

reviews see Brodkey et a l, 1993; Letoumeau et a l,  1994; Margolis and Margolis, 

1994), whereas, CSPG and KSPG, as well as tenascin-C (but see Section 4a and 4c) 

act either as inhibitory or at least a non-permissive substrates for neurite outgrowth 

(Akeson and Warren, 1986; Damon et a l, 1988; Snow et a l,  1990a,b, 1991; Cole 

and McCabe, 1991; Fichard et a l ,  1991; McKeon et a l ,  1991; Oakley and Tosney, 

1991; Oohira et a l,  1991; Brittis et a l, 1992; Snow and Letourneau, 1992; for 

reviews see Brodkey et a l,  1993; Letoumeau et a l,  1994; Margolis and Margolis, 

1994). These inhibitory or non-permissive PGs were reported to be often
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concentrated where axons do not grow in vivo (Snow et al.. 1990a; Cole and 

McCabe, 1991; Brittis et al., 1992). For example, CSPG (and tenascin-C) are found 

associated with scar tissue around lesions in the cerebral cortex (McKeon et al., 

1991) and in the DREZ (Pindzola et al., 1993) and in association with degenerating 

dorsal column fibres following dorsal root injury (see Chapters 6,7 and Zhang et a l,  

1995c). In vitro studies also show that CSPG inhibits neurite outgrowth (Rudge and 

Silver 1990; Snow et a l,  1990b and 1991; Snow and Letourneau 1992; but also see 

lijima et a l,  1991). A KSPG, claustrin, isolated from embryonic chick nervous 

system, abolishes neurite outgrowth on growth-promoting substrates (Cole and 

McCabe, 1991). In vivo CSPG and KSPG were found in the glial roof plate of the 

spinal cord and the midline of optic tectum which have been shown to act as barriers 

to growth cone advance (Snow et a l,  1990 a, b; Wu et a l,  1992). Enzymatic removal 

of CS or KS from the CS/KS-PG in vitro renders the PG permissive for axon 

outgrowth (Snow et a l,  1990b). Tenascin-C has also been reported to have inhibitory 

effects on neurite outgrowth in vitro (see Section 4a). Recently a neuronal CSPG, 

neurocan, was reported to bind to cell adhesion molecules Ng-CAM and N-CAM 

(Grumet et a l,  1993) and inhibit homophilic cell binding mediated by N-CAM and 

Ng-CAM. Furthermore, Friedlander et a l,  (1994) also reported that neurocan has 

direct inhibitory effects on neuronal adhesion and neurite outgrowth when neurons 

were incubated on dishes coated with different combinations of neurocan and Ng- 

CAM. In general, the functions of PGs are complicated, not least because o f the large 

number of molecules with which they interact and, possibly, the variations in the 

protein cores or the carbohydrates, or both (for review see Margolis and Margolis,

1994).

Another molecule relevant in this context is glial hyaluronate-binding protein 

(GHBP, Bignami and Dahl, 1986a,b; Perides et a l,  1989). GHBP is a 60 kD 

glycoprotein isolated from human brain. Amino acid sequence analysis indicates that 

GHBP corresponds to the amino-terminal hyaluronic acid (HA)-binding region of 

versican, a hyaluronate-binding chondroitin sulphate proteoglycan (Zimmermann and 

Ruoslahti 1989). GHBP is present on astrocytes of white matter following the onset 

o f myelination (Bignami and Dahl, 1986 a,b; Bignami and Dahl. 1988). The proposal
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that GHBP or GHBP-HA complexes prevent axonal regeneration in mature brain was 

raised by Bignami et al. (1988). This hypothesis is supported by both in vivo and in 

vitro studies. For example, Bignami et al (1988) showed that axons do not readily 

grow on GHBP-coated coverslips in vitro, and Mansour et al (1990) reported that 

GHBP is associated with reactive astrocytes in the dorsal column, where axonal 

regeneration does not occur, secondary to Wallerian degeneration (isomorphic 

gliosis) following dorsal rhizotomy. However, GHBP is not present on reactive 

astrocytes secondary to penetrating trauma (anisomorphic gliosis), where axonal 

outgrowth occurred. Therefore, Bignami and colleagues concluded that GHAP- 

negative astrocytes responding to traumatic injury are permissive for axonal 

outgrowth and GHAP-positive astrocytes responding to Wallerian degeneration are 

non-permissive for axonal outgrowth (Mansour et al., 1990). Studies in which P C I2 

cells were seeded onto unfixed cryostat sections of spinal cord also showed that 

regions of anisomorphic gliosis, but not isomorphic gliosis, are permissive for PC 12 

cell adhesion (Frisen et al., 1994).

For many decades, the classical hypothesis of the inhibitory role of reactive 

astrocytes has held up. However, recent evidence suggests that reactive astrocytes 

may provide a permissive substrate for mammalian CNS axonal regeneration under 

certain conditions (for a review see Aubert et al., 1995). In vitro, embryonic chick 

neocortical cells incubated on frozen sections of rat brain adhere to white matter near 

lesion sites (Watanabe and Murakami, 1990) and in similar experiments embryonic 

chick DRG explants extend neurites on or near lesion sites in transected optic nerves 

o f adult rats (David et al., 1990). In vivo, regenerating CNS axons in scar tissue are 

closely associated with laminin-immunoreactive astrocytes (Frisen et al., 1995). 

When a  piece of peripheral nerve is implanted into brain, regenerating CNS axons are 

also found closely associated with astrocyte processes within the brain/graft interface 

(Campbell et al., 1992). Reactive astrocytes can also reexpress molecules they 

produce during embryonic development, including vimentin, and polysialic acid N- 

CAM (N-CAM-PSA ) as well as N-CAM (Le Gal La Salle et al., 1992; Alonso and 

Privât, 1993; Frisen et al., 1995; see Chapter 3 and Zhang et al., 1995a). N-CAM 

might help to create a suitable environment for axonal growth by limiting astrocyte

17



proliferation (Krushei et a l, 1995; Spoms et al., 1995). However, in some cases the 

strong expression of N-CAM-PSA and laminin is not associated with axonal 

regrowth (Alonso and Privât, 1993), and this could be related to the formation of a 

non-permissive scar; following dorsolateral hypothalamus lesions only scarce axonal 

profiles were detected in the core of the scar, but a large majority of reactive 

astrocytes forming the scar tissue expressed high level of N-CAM-PSA and laminin. 

Electron microscope observations showed that the astrocytic scar in the dorsolateral 

hypothalamus was mainly composed of tightly packed astrocyte perikarya and their 

processes connected by extended gap junctions. In contrast, in the same study, 

numerous regenerating axons were observed in the permissive scar matrix of the 

mediobasal hypothalamus, which had few gap junctions and only a slight 

immunostaining for N-CAM-PSA and laminin (Alonso and Privât, 1993). In 

addition, Grierson et al., (1990) analysed the topographic and molecular basis of two 

morphologically distinct sub-types of hypothalamic astrocytes in vitro. They found 

that so-called “rocky” astrocytes, which form an uneven monocellular layer in culture 

and are a poor substrate for neuronal attachment and neurite outgrowth, expressed 

high level of tenascin-C, whereas “flat” astrocytes, which form a smooth 

monocellular layer and support neurite outgrowth, expressed low levels of tenascin- 

C. Nevertheless, reactive astrocytes, at least in the presence of nerve growth factor 

(NGF), may be a permissive substrate for axonal outgrowth both in vitro and in situ 

(Kawaja and Gage, 1991; Eagle et al., 1995). For example, following the 

implantation of NGF-producing primary fibroblasts within the striatum, 

unmyelinated cholinergic axons grow into grafts of NGF-producing cells only on 

reactive astrocyte processes (Kawaja and Gage, 1991). Furthermore, in adult rats 

with unilateral lesion of the fimbria-fornix pathway and grafts of primary fibroblasts, 

genetically modified to produce NGF, inserted at the injury site, axotomized septal 

cholinergic neurons were able to reinnervate the hippocampus and bring about 

functional recovery in a simple task assessing habituation (Eagle et al., 1995).

Therefore, different types of astrocytes may have different and perhaps 

contradictory influences on axonal regeneration. In general, the ability o f astrocytes 

to support neurite growth in vitro (Smith et al., 1990) and in vivo (Smith et al., 1986;
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Snow et al., 1991) is age related and correlated with their synthesis of proteoglycans 

and tenascin-C (Smith et al., 1990; McKeon et a i,  1991; Berry et al., 1994; 

Letoumeau et al., 1994), or a progressive down-regulation in the production o f 

neurotrophic/tropic molecules (Banker, 1980). The mechanisms by which growth 

factors render astrocytes a favourable substrate for axonal regrowth remain to be 

fully elucidated. Some factors, such as basic fibroblast growth factor (bFGF), 

transforming growth factor-p (TGF-P), and NGF can regulate in vitro the astroglial 

production of recognition molecules, such as tenascin-C, N-CAM or LI (Meiners et 

al., 1993; Saad et al., 1991). These factors may be involved in modulating astrocyte 

neurite outgrowth-promoting properties. However, it seems that the induction o f LI 

mRNA in PC 12 cells by NGF does not occur through the high-affmity NGF receptor 

and is modulated by cell-cell contact (Itoh et al., 1995).

Ic) Oligodendrocvte- and CNS mvelin-associated molecules inhibitorv to neurite 

outgrowth

The hypothesis that CNS myelin or some unidentified by-product of its 

breakdown may inhibit axonal outgrowth, possibly by affecting growth cone 

stmcture or function, altering perikaryal protein synthesis or disrupting the properties 

o f receptor(s) on growth cones or perikarya, was first proposed by Berry (1982). 

There is much in vivo and in vitro experimental evidence to support this hypothesis. 

For example, Bjorklund and Stenevi (1979) found that some non-myelinated or 

thinly myelinated fibres in the adult mammalian CNS were able to regenerate after 

chemical injury. This finding is consistent with that of Adams el al. (1969) who 

found that after section of the pituitary stalk, within which all axons are normally 

non-myelinated, axons appeared to reinnervate their normal target areas by the end of 

a year. In addition, in co-cultures of dissociated glial cells and neurons, a clear-cut 

difference emerged between glial cell classes as to their effects on growing neurites: 

astrocytes and oligodendrocyte precursor cells were permissive and favourable for 

neurite growth; in contrast, mature oligodendrocytes were strictly avoided (Schwab 

and Caroni, 1988). Similar results were also obtained by Fawcett et al. (1989a). 

Furthermore, in a video time-lapse study by Bandtlow et al. (1990), DRG growth 

cones growing on a laminin substrate in the presence of NGF were compared with
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respect to their interaction with individual astrocytes and oligodendrocytes. Contact 

with astrocytes resulted in an unchanged or slightly reduced growth. However, 

contact with oligodendrocytes always led to rapid arrest of neurite growth, and 

interestingly, contact between the tips of the growth cone filopodia and the processes 

o f oligodendrocytes was sufficient to arrest these growth cones. This hypothesis was 

further approved by Caroni and Schwab (1988a), who found that when membranes 

from oligodendrocyte-enriched cultures and CNS myelin membranes were used as a 

substrate for neurons, a strong inhibitory effect was observed. Separation o f spinal 

cord myelin proteins by SDS-PAGE identified two highly growth-inhibitory 

membrane protein fractions with molecular weights of 35 kD and 250 kD, named NI- 

35 and NI-250 (Caroni and Schwab, 1988a). A monoclonal antibody, IN-1, was then 

raised against both these proteins, and was found to bind with high affinity to the 

surface o f differentiated oligodendrocytes (Caroni and Schwab, 1988b). NI-35 and 

NI-250 have been found in all CNS regions containing white matter, including the 

optic nerve in mammals, but are absent from mammalian sciatic nerves and fish 

CNS, in both of which axonal regeneration occurs after injury (see Schwab et a i, 

1993 for review). Additional evidence supporting this hypothesis comes from studies 

o f responses to CNS injury in the developing chick, a strong relationship has been 

demonstrated between myelinogenesis and functional and anatomical restoration of 

the lesioned spinal cord (Shimizu et al., 1990; Hasan et al., 1991, 1993; Keirstead et 

al., 1992). Myelination of fibre tracts in the avian spinal cord begins on embryonic 

day (E) 13. Transection at the thoracic level before E l3 is associated with complete 

anatomical repair and functional recovery, but both diminish over the period E 13- 

E l 4, and are unachievable if lesions are made after E l5. Delaying the onset of 

myelination by complement-mediated killing of oligodendrocytes with a mouse 

galactocerebroside monoclonal antibody extends the repair/recovery period at least 

until E l 5 (Keirstead et al., 1992; for review see Nicholls and Saunders, 1996).

In the presence of neutralising antibody lN-1 against Nl-35 and NI-250, DRG 

neurites can grow over oligodendrocytes in culture and into optic nerve explants 

(Caroni and Schwab, 1988b; Bandtlow et al., 1990). Preincubation of cryostat 

sections o f adult rat spinal cord with the IN-1 antibody made the white matter of
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spinal cord a permissive substrate for neuroblastoma cells (Savio and Schwab, 1989). 

Studies in vivo have shown that in animals treated with antibody IN-1, lesioned 

corticospinal tract (CST) axons can elongate at least 4-7 mm, and under certain 

conditions some CST axons can elongate up to 10-20 mm. whereas, in control 

animals CST axons only sprouted for a distance of about 1 mm at the lesion site 

(Savio and Schwab 1990; Schnell and Schwab, 1990, 1993; for a review see Schwab 

et al., 1993). A similar enhancement of regeneration by IN-1 antibody has been 

obtained for the septo-hippocampal tract (Cadelli and Schwab, 1991) and for the 

adult rat optic nerve (Schwab et al., 1990). When animals received combined 

treatment with either IN-1 antibody together with the neurotrophin NT-3 (Schnell et 

a i,  1994), or IN-1 antibody together with implants of embryonic spinal cord tissue 

(Schnell and Schwab, 1993), regeneration of lesioned CST axons was enhanced in 

adult rats. Recently, application of this antibody has been shown not only to enhance 

regeneration o f lesioned CST axons in adult rats, but also to improve motor recovery 

(Bregman et al., 1995).

However, this hypothesis has also been called into question by some 

experiments involving Browman-Wyse (BW) mutant rats, in which the absence of 

oligodendrocytes and CNS myelin in the optic nerve was shown to be not enough to 

promote regenerative outgrowth of lesioned optic axons as would be expected if the 

oligodendrocyte/myelin inhibitory hypothesis was correct (Berry et al., 1992). After 

optic nerve lesion, injured RGCs in BW rats were only able to extend fibres into 

those regions of the optic nerves containing endogenous Schwann cells; the 

oligodendrocyte- and CNS myelin-free regions, which contained astrocytes only, 

were unable to support the regenerative growth of optic axons (Berry et al, 1992). 

When a piece of BW optic nerve was transplanted between the proximal and distal 

stumps o f sectioned sciatic nerve as a bridge, peripheral nerve axons were also 

unable to regenerate into the oligodendrocyte- and CNS my el in-free optic nerve 

tissue unless Schwann cells were present (Hall et al., 1992). This shows that 

oligodendrocytes and CNS myelin are not the only inhibitory influences in CNS 

tissue. Recently, Berry et al (1996) reported that when a piece of peripheral nerve 

was implanted into the vitreous body, ROC axons were able to regenerate for long
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distances beyond a crush injury in the optic nerve. This demonstrates that the 

surfaces of degenerating oligodendrocytes and CNS myelin appear not to be 

absolutely inhibitory in nature; a sufficiently powerful regenerative response can 

overcome their inhibitory influence. Moreover, experiments in vivo involving 

embryonic neural tissue transplants into adult CNS also indicate that adult CNS 

oligodendrocytes and myelin are not inhibitory to axonal outgrowth (Wictorin et al., 

1990, 1992; Davies et al., 1993, 1994). For example, embryonic mouse hippocampal 

neurons microtransplanted into the fimbria (Davies et al., 1993) and into the corpus 

callosum and cingulum (Davies et al., 1994) o f adult rats extended along host 

myelinated fibre tracts as fast as 1 mm per day. These fibres were intimately 

integrated and aligned with the host glia and left the white matter tracts at the correct 

place in order to invade their appropriate terminal fields. Furthermore, Lund and 

colleagues (Klassen and Lund, 1990; Radel et al., 1995a,b) have also shown that fetal 

retina transplanted to the brain of neonatal or mature rats, the contralateral eye of 

which had been removed, are capable of making pretectal connections and restoring a 

pupillary light response. Why do embryonic neurons implanted into the adult CNS 

appear to find myelinated fibre tracts permissive? One possibility is that embryonic 

neurons do not express the receptor for the myelin-associated neurite inhibitor. 

Understanding more about the expression of these putative receptors and their 

interactions with the inhibitory molecules, together with the characterisation of 

molecules modulating receptor expression and receptor-ligand interactions will be 

important in finding ways of overcoming or overriding the inhibitory environment of 

the mammalian adult CNS. However, until receptors for glial-derived inhibitory 

factors are identified such ideas will remain speculative.

2. Lack of permissive neurotrophic/tropic factors in the adult CNS

In recent years, a number of neurotrophic factors have been identified and 

characterised. These trophic factors have great potential to influence the survival, 

differentiation and cormectivity of different populations of neurons (for recent 

reviews see Jelsma and Aguayo, 1994; Isackson, 1995; Lewin and Barde, 1996). 

These include members of the neurotrophin family (NGF, brain derived neurotrophic
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factor (BDNF), neurotrophin-3 (NT-3), neuro trophin-4/5 (NT-4/5), neurotrophin-6 

(NT-6), glial cell line derived neurotrophic factor (GDNF), ciliary neurotrophic 

factor (CNTF), fibroblast growth factor (FGF), epidermal growth factor (EGF), 

insulin-like growth factor (IGF), transforming growth factor p (TGFP) families. This 

review will focus on the members of the neurotrophin family and GDNF, which have 

particular influence on lesioned CNS neurons.

2a) NGF

The best characterised neurotrophic factor is NGF which has been shown to 

be essential for the development of many PNS neurons. In vivo, following injection 

o f antibodies against NGF into new-born mice, more than 90% of sympathetic 

neurons disappeared from the superior cervical ganglion (Cohen, 1960; Levi- 

Montalcini and Booker 1960). The importance of NGF for the survival of neonatal 

sympathetic neurons was confirmed in more recent studies of “knock-out” animals 

lacking functional NGF or trkA (the high affinity receptor through which the 

biological effects of NGF are mediated) genes (Crowley et a i ,  1994; Smeyne et a i,

1994). The trophic factor relationships of primary sensory neurons in mammals are 

more complicated. There is a 70-80% reduction of sensory neurons in the DRG or the 

trigeminal ganglion if rat or guinea pig foetuses are exposed to the same antibodies 

that eliminate sympathetic neurons (Johnson et al., 1980, 1986: Pearson et al., 1983). 

However, only about 40% of mature DRG neurons appear to express high-affmity 

binding sites for NGF and sufficient levels of trkA receptors to be detected by in situ 

hybridization and immunocytochemistry (Verge et al., 1989, 1992; Averill et al.,

1995). DRG neurons retain their sensitivity to NGF through to adulthood (Johnson 

al., 1986), although NGF is no longer essential for their survival (Lindsay, 1988).

In the adult PNS, non-neuronal cells express low levels of NGF (Heumann et 

al., 1987). Following sciatic nerve transection there is a dramatic accumulation of 

NGF in the distal stump of transected sciatic nerve (Heumann et al., 1987), which 

probably occurs because of the continued retrograde transport of the molecule before 

degeneration of the distal axons and also because of a considerable increase in NGF 

mRNA expression (Meyer et al., 1992). It has consequently been widely assumed
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that the NGF available in the distal stump may be retrogradely transported by 

lesioned sensory and sympathetic axons to their perikarya to prevent neuronal death 

and support axonal regeneration. There is evidence showing that NGF is able to 

rescue immature sensory and sympathetic neurons (for a review see Thoenen and 

Barde, 1980) and mature sensory neurons (Rich et al., 1987) from death following 

axotomy. Infusion of NGF into the subarachnoid space, or into the proximal stump of 

a cut nerve, can partially prevent or reverse the down-regulation of neurofilament 

synthesis in the DRG (Verge et al., 1990) and the atrophy of dorsal root axons (Gold 

et al., 1991). Moreover, NGF has been shown to promote axonal regeneration when 

placed in chambers through which a nerve is allowed to regenerate (Hollowell et al.,

1990). However, the effects of NGF on axonal regeneration seems to be indirect, 

because at least some of the axonal regeneration is of large myelinated axons, which 

do not normally respond to NGF (Lewin et al., 1993) and might not express the 

appropriate receptors (McMahon el al., 1994).

Although the role of NGF in the development of the CNS is not clear, there is 

evidence that NGF is involved in the maintenance and regeneration of some CNS 

neurons in the adult, specially forebrain cholinergic neurons. For example, NGF is 

retrogradely transported by cholinergic neurons in the basal forebrain from their 

target neurons (Schwab et al., 1979; Whittemore et al., 1988). Cholinergic neurons in 

the rodent basal forebrain, which would normally die or degenerate after interruption 

of the septo-hippocampal fibre tract, can be rescued by intraventricular 

administration of exogenous NGF (Tuszynski et al., 1990; Koliatsos et al., 1990). 

The atrophy and loss of cholinergic marker enzymes from axotomized septal neurons 

can also be prevented by injection of NGF (Peterson et al., 1990; Naumann et al., 

1992, 1994). NGF has also been shown to promote axon growth into and along a 

freeze-killed peripheral nerve graft in the cut septo-hippocampal tract (Hagg et al.,

1991). In addition, NGF is able to reverse the atrophy and loss of cholinergic marker 

enzymes of septal neurons, which are normally seen in a proportion of ageing rats, 

and to improve their behavioural performance (Fischer et al., 1987, 1994; Hagg et 

al., 1989; Fischer and Bjorklund 1991).
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2b) Other neurotrophins

A number of studies have indicated that other population of neurons which do 

not respond to NGF can be supported by other neurotrophins. For example, in the 

PNS placode-derived neurons, which are not NGF responsive (Davies and Lindsay 

1985), can be supported by BDNF or NT-3. Among neural crest-derived primary 

sensory neurons, the BDNF-responsive population only partially overlaps the NGF- 

responsive one, and a pure proprioceptive neuronal population responds to BDNF 

and NT-3, but not to NGF (Hohn et al., 1990). In the DRG, the survival o f many 

muscle-innervating sensory neurons is specifically supported by NT-3 (Hory-Lee et 

a i, 1993, LoPresti and Scott, 1994). The analysis of NT-3 -/- mice indicates that 

muscle spindle afferents are missing (Emfors et a l ,  1994); in fact, they never reach 

the muscle spindles in these knockout mice (Kucera et al., 1995). In NT-3 +/- mice 

there is a 50% loss of proprioceptive end organs (Emfors et al., 1994). In the chick, 

local injection of antibodies against NT-3 leads to the loss of muscle spindle 

afferents (Oakley et al., 1995). Furthermore, trkC (a high affinity receptor for NT-3) 

is prominently expressed by a distinct population of neurons in DRG (Wetmore and 

Olson, 1995), suggesting that NT-3 may act as a target-derived factor for these 

neurons. BDNF has also been shown to rescue many sensory ganglion neurons from 

naturally occurring cell death in vivo (Hofer and Barde, 1988). Recent studies 

indicate that trkB (a high affinity receptor for BDNF) is predominantly expressed on 

medium- to large-sized DRG neurons in adult animals (Mu el al.. 1993; Wright and 

Snider 1995). Furthermore, Wetmore and Olson, (1995) recently reported that 

satellite cells in the DRG, as well as a population of small to medium sized neurons, 

express BDNF mRNA, suggesting that, in addition to target-derived neurotrophic 

effects, there may be autocrine or paracrine trophic interactions within populations of 

neurons and between neuronal and nonneuronal cells.

In intact peripheral nerve, BDNF is not detectable by in situ hybridization 

(Meyer et al., 1992), whereas NT-3 mRNA is detectable by in situ hybridization 

(Funakoshi et al., 1993). Following sciatic nerve injury, BDNF mRNA is not 

detected until 3 days post axotomy and is gradually up-regulated over a period of 

several weeks (Meyer et al., 1992). However, NT-3 is initially down-regulated in
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injured nerve and only returns to normal by two weeks. In addition, NT4/5 is up- 

regulated by two weeks after injury (Funakoshi et al., 1993).

The neurotrophins BDNF, NT-3 and NT-4 can prevent motor neuron death in 

vitro (Henderson et al., 1993). In vivo a significant proportion of motor neurons can 

be temporarily rescued (for about one week) by administration of BDNF following 

axotomy in new-born rodents (Kuno, 1990). In trkB -/- animals there is a substantial 

loss of motor neurons in the facial nucleus and spinal cord (Klein et al., 1993). 

However, there is no decrease in the numbers of motorneurons in BDNF -/- or in 

BDNF -/- and NT-4/5 -/- double “knockout” animals (Emfors et al., 1994, Jones et 

al., 1994, Conover et al., 1995, Liu et al., 1995). Examination of NT-3 -/- and, 

especially the trk C -/- “knockout” mice also indicates that the y motor neurons might 

be missing (Klein et al., 1994; Kucera et al., 1995). The role of BDNF, NT-3 and 

NT-4/5 in the development, maintenance and regeneration o f intrinsic CNS neurons 

is still unclear. In particular the CNS of NT-3 and BDNF knockout animals appears 

largely normal ( for reviews see Snider, 1994; Silos-Santiago et al., 1995) although 

receptors for these neurotrophins are widespread in the brain and spinal cord 

(Lamballe et al., 1994; Muragaki et al., 1995). However, intraocular injections of 

BDNF and NT-4/5 can rescue significant numbers of RGCs from death following 

transection of the optic nerve in adult rats (Mansour-Robaey et al., 1994). However, 

although the cells are rescued their axons failed to regrow into peripheral nerve grafts 

(Mansour-Robaey et al., 1994). So far no changes have been reported in the retina or 

in the optic nerve of BDNF -/- or NT-3 -/- mice (Jones et al., 1994). But treatment of 

new-born rats with NT-3 blocking antibodies causes a substantial reduction in the 

number of oligodendrocytes in the optic nerve (Barres et al., 1994). In addition, 

locally injecting NT-3 (but not BDNF) into the lesioned spinal cord increases the 

regenerative sprouting of the transected CST (Schnell et al., 1994).

2c) Glial cell line derived neurotrophic factor fGDNF)

GDNF is a newly discovered member of the TGF-P superfamily (Lin et al., 

1993; Oppenheim et al., 1995). GDNF is expressed in the striatum of developing rats 

(Stromberg et al., 1993) and in the developing chick limb bud (Lindsay, 1995),
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which is compatible with the suggestion that GDNF may act as a target-derived 

trophic factor for neurons of the substantia nigra and for developing motor neurons. 

It has been shown that GDNF is a survival factor for dopamine neurons both in vivo 

and in vitro (Lin et al., 1993; Beck et al., 1995) and embryonic spinal motor neurons 

in vitro (Henderson et a l, 1994). Recent reports indicate that GDNF can rescue most 

developing and mature motor neurons after axotomy and prevent atrophy o f facial 

motor neurons following facial nerve interruption in rodents (Henderson et al., 1994; 

Yan et al., 1995; Oppenheim et al., 1995; see Lindsay, 1995 for review). In two 

experimental (rat) models of Parkinson’s disease produced by injection of the 

dopaminergic neurotoxin MPT? (Tomac et al., 1995) and transection o f the medial 

forebrain bundle (Beck et al., 1995), the intracerebral administration of GDNF 

prevents neuronal loss and maintains the integrity of the nigrostriatal dopaminergic 

system. These results suggest that GDNF could be used as a potent therapeutic agent 

for the treatment of Parkinson’s disease.

In intact rat sciatic nerve, GDNF mRNA levels are very low. Following 

sciatic nerve transection, GDNF mRNA levels increased dramatically and reach peak 

2 days after the lesion and decreased thereafter (Trupp et al., 1995). These authors 

also reported in the same study that purified recombinant GDNF produces “robust 

bundle-like, fasciculated” neurite outgrowth from chick sympathetic ganglion 

explants in vitro (Trupp et al., 1995). However, there is no report available about 

whether GDNF has any effect on thalamic neurons.

3. Growth associated protein GAP-43

The ability of neurons to express growth associated proteins including GAP- 

43 and cell recognition / adhesion molecules may be of great importance for their 

ability to regenerate axons. GAP-43 is a membrane- and cytoskeletal-associated 

phosphoprotein (Zwiers et al., 1985; Benowitz and Routtenberg, 1987; Skene, 1989; 

Coggins and Zwiers, 1991). GAP-43 is expressed at high levels in neurons during 

axonal growth and synapse formation; it accumulates in axonal growth cones and
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presynaptic nerve terminals (Jacobson et al., 1986; Kalil and Skene, 1986; Meiri et 

al., 1990; Fitzgerald et al., 1991). Once innervation of targets is achieved, the level 

of GAP-43 decreases in most parts of the nervous system. In the adult CNS GAP-43 

is expressed in significant amounts only in restricted regions that have been 

associated with high plasticity (Benowitz and Routtenberg, 1987; Kruger et al.,

1993).

GAP-43 appears to play a prominent role in neurite outgrowth. Aigner and 

Caroni, (1993) reported that antisense GAP-43 oligonucleotides can decrease neurite 

extension from cultured DRG neurons and lead to absence of persistent spreading 

and branching of growth cones (Aigner and Caroni, 1995). Injection of anti-GAP-43 

antibodies into neuroblastoma cells decreases neurite formation (Shea et al., 1991). 

In keeping with these facts, overexpression of GAP-43 in PC 12 cells increases 

neurite extension (Yankner et al., 1990) and in vivo overexpression of this protein 

induces spontaneous nerve sprouting (Aigner et al., 1995). However, there is also 

some evidence indicating that expression of GAP-43 is not an absolute requirement 

for neurite outgrowth in vitro. For example, Baetge and Hammang (1991) found that 

PC 12 cells with greatly decreased levels of GAP-43 can nevertheless extend neurites. 

Moreover, most parts of the nervous system in GAP-43 null mutations are grossly 

normal although there are defects in neuronal pathfmding during early development 

(Strittmatter et al., 1995).

Despite the contrary evidence, large numbers of experiments indicate that 

GAP-43 is involved in axonal regeneration after neural injury. Following peripheral 

nerve injury, GAP-43 is greatly up-regulated by PNS neurons (Skene and Willard, 

1981; Hoffman, 1989; Tetzlaff et al., 1991; Bisby et al., 1988), as well as by 

denervated Schwann cells (Tetzlaff et al., 1989; Bisby et al., 1991; Curtis et al.,

1992). In the adult mammalian CNS, GAP-43 levels are transiently increased in 

some populations o f axotomized neurons, particularly in the neurons close to the 

lesion (Doster et al., 1991; Tetzlaff et al., 1991; Vaudano et al., 1995). The failure of 

CNS axonal regeneration has been correlated with the inability to sustain expression 

o f GAP-43 (Vaudano et al., 1995). Vaudano et al (1995) reported that although
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mechanical injury transiently stimulated GAP-43 mRNA up-regulation in the 

thalamus, particularly in the thalamic reticular nucleus, prolonged up-regulation of 

GAP-43 was only found in the presence of a living peripheral nerve graft. These 

authors also found that regenerating thalamic axons growing into peripheral nerve 

grafts are GAP-43 positive (Campbell et al., 1992; Vaudano et al.. 1995), suggesting 

that the prolonged expression of GAP-43 is correlated with successful CNS axonal 

regeneration. Such a correlation is also found in the cerebellum. Deep nuclei of the 

cerebellum exhibit a strong regenerative capacity in the presence of a peripheral 

nerve graft and they maintain up-regulation of GAP-43 mRNA in the presence of 

such a graft. However, Purkinje cells of the cerebellar cortex, which do not respond 

to the peripheral nerve grafts by regenerating their axons, do not up-regulate GAP-43 

expression (Vaudano et al., 1993). The correlation between the up-regulation of 

GAP-43 and the growth state of neurons has led to the use of this protein as a marker 

for axonal growth.

4. Neural cell adhesion molecules

Intercellular adhesive interactions play a part in all stages of development, 

such as cell migration, axonal fasciculation, guidance of neurite outgrowth and 

formation of synapses. Thus cell adhesion is of fundamental importance in the 

establishment and maintenance of the organised structure and function of 

multicellular organisms. Following nervous system injury adhesive cellular 

interactions are also involved in repair mechanisms. In addition to and independent 

of their mediating stable intercellular binding, cell adhesion molecules (CAMs) also 

participate in transmembrane signalling which leads to the promotion of neurite 

outgrowth (see Section 4c).

The majority of adhesion molecules which have been identified in the 

nervous system fall into one of three families, based on sequence analyses; the 

immunoglobulin superfamily (Ig-SF), the integrins and the cadherins (Schachner et 

al., 1990; Takeichi, 1990; Reichardt and Tomasselli, 1991; Stappert and Kemler,

1993). The Ig-SF can be subdivided into at least five groups of related molecules
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based on the number of Ig-like domains, fibronectin type III (FN III)-like repeats 

and the mode of membrane attachment (for a review see Doherty and Walsh, 1992; 

Martini, 1994); N-CAM, LI, TAG-1, MAG and PO. This brief review will focus 

attention on LI, N-CAM and N-CAM-PSA which were studied in the work reported 

in this thesis.

4a) Neural cell adhesion molecule fN-CAMl

N-CAM is a membrane associated glycoprotein containing the L2/HNK-1 

epitope. N-CAM was first isolated and purified from chick neural retinal cells by 

Edelman’s group in 1977 (Brackenbury et a l,  1977; Thiery et al., 1977). 

Independently, in more general studies of major brain surface components, 

monoclonal antibodies to chicken (224-1A6, Lemmon et al., 1982), mouse (BSP-2, 

Him et al., 1981) and polyclonal antibodies to rat (D2, Rasmussen et al., 1982) N- 

CAM have been produced in other laboratories. N-CAM is derived from a single 

gene but is expressed in multiple forms (180kD, 140kD and 120 kD) which result 

from the translation of alternatively spliced mRNA (Covault et al., 1986; 

Cunningham et al., 1987; Gennarini et al., 1986; Murray et al., 1986; Owens et al., 

1987). The 180 and 140kD isoform are both transmembrane glycoproteins which 

differ in the length of their cytoplasmic domain (Cunningham et a l.  1983; Gennarini 

et al., 1984a,b). N-CAM-180 is linked to the cytoskeleton and is involved in 

secondary messenger pathways (see Section 4c). The smaller 120kD form lacks a 

transmembrane domain (Hemperly et al., 1986; Barthels et al., 1987) and is linked to 

the membrane via a phosphatidylinositol. This suggests a specific release mechanism 

that could be used by astrocytes and neurons for the regulation of adhesion between 

cells. The release o f N-CAM from surfaces by an endogenous phosphatidylinositol 

phospholipase C could lead to de-adhesion, either by the removal of a surface ligand 

resulting in reduction of binding affinity between cells, or by acting as a competitive 

inhibitor o f N-CAM-mediated adhesion by the released N-CAM incorporated into 

the extracellular matrix.

All three forms of N-CAM have five Ig loops followed by two fibronectin 

type 111 (FN 111) domains. Each of the Ig domains is associated with a different
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function (for a review, see Daniioff et al., 1994; Fryer and Hockfield, 1995); Igl has 

been implicated in a variety of functions, including cell adhesion and neurite 

outgrowth (Frei et a l,  1992); Ig 2 participates in heparin binding (Cole and Akeson,

1989); Ig3 binds to N-CAM present on the surfaces of other cells by homophilic 

mechanisms (Rao et al., 1992); Ig 4 contains the variable alternatively spliced exon 

(VASE) that, when present, inhibits neurite outgrowth (Doherty et al., 1992; Saffell 

et al., 1994); and Ig5 contains the site for polysialylation (see Section 4d).

N-CAM is expressed by neurons, glial cells and striated muscle cells during 

development and in the adult (Crossin et al., 1985; for a review see Edelman 1985). 

The expression of different isoforms is also dependent on both tissue source and age. 

For example, N-CAM-180 is expressed restrictively by neurons alone but N-CAM- 

140 is expressed by neurons, glial cells and muscle cells (Noble et al., 1985; 

Gennarini et al., 1986; Rutishauser and Goridis, 1986). In contrast to N-CAM-120 

and N-CAM-140 which are present on proliferating neuronal precursors, N-C AM- 

180 is not found on such precursors (Schachner et al., 1990), but becomes detectable 

only at later stages in the differentiation of a particular neuron after stable cell 

contacts are formed (Pollerberg et al., 1985; Persohn and Schachner, 1987). The age- 

dependent ehanges within a tissue appear to affect relative amounts, but not the size, 

of the different isoforms (Hansen et al., 1985).

4b) Ll/NILE/Ng-CAM

E l i s a  transmembrane glycoprotein purified from postnatal mouse brain by 

Rathjen and Sehachner in 1984. It is homologous to three other molecules isolated 

from embryonic chick brain: the Ng-CAM (Grumet and Edeman, 1984; Grumet et 

al., 1984), 8D9 (Lemmon and McLoon, 1986) and G4 (Rathjen et al., 1987). These 

LI-like moleeules are immunologically similar to the NGF-induced large external 

glycoprotein NILE in rat (Stallcup and Beasley, 1985; Bock et al., 1985). 

Homologous molecules have also been deseribed in human (Hlavin and Lemmon,

1991). Although the vertebrate homologue LI was thought to exist as a single 

transcript, recent studies have shown that an alternative splicing exists in the 

cytoplasmic domain of mouse, rat and human Ll(M iura et al.. 1991; Reid and
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Hemperly, 1992). The molecular weight of LI varies between 200 and 230 

depending on the tissue. It contains six Ig loops and five FN Ill-like repeats (Rathjen 

and Schachner, 1984; Moos et al., 1988). The intracellular domains are involved in 

signal transduction (see Section 4c). In the CNS, LI is most prominently expressed 

by axons during axonal outgrowth, and less prominently by dendrites and cell bodies 

(Persohn and Schachner, 1987). It is also expressed by immature astrocytes (Saad et 

al., 1991). In the PNS, LI is expressed by unmyelinated Schwann cells (for review 

see Martini, 1994).

4c) Functions of LI and N-CAM in nervous svstem

N-CAM and LI are transiently expressed early in embryogenesis in many 

tissues and down-regulated in the adult. Both molecules mediate Ca'^-independent 

cell adhesion via homophilic mechanisms (Schachner et al., 1985; Rutishauser and 

Jessell, 1988) and both may also participate in heterophilic binding to other 

molecules (Grumet and Edelman, 1988; Werz and Schachner. 1988: U Bartsch et al., 

1989; Drazba and Lemmon, 1990; Pollerberg et a l,  1990; Kuhn et a i,  1991). LI and 

N-CAM at the cell surface also interact with each other via oligomannosidic 

carbohydrates to form complexes with an enhanced affinity for LI (Kadmon et al., 

1990a,b; Horstkorte et al., 1993). There is evidence from both in vivo and in vitro 

studies that N-CAM and LI are involved in multiple, significant aspects of nervous 

system development (reviews by Edelman, 1985; Jessell, 1988: Rutishauser and 

Jessell 1988, Schachner et al., 1988); they appear to mediate adhesion of neurons and 

glia to one another (Edelman, 1985; Schachner et al., 1985), to be involved in 

cerebellar granule cell migration (Lindner et a l, 1986) and axonal fasciculation 

(Rathjen et al., 1987; Persohn and Schachner, 1987). Antibodies to LI and N-CAM 

have been shown to interfere with axonal fasciculation (Fischer et al.. 1986) and cell 

migration (Lindner et al., 1983, 1986), although the interference in cell migration by 

LI antibodies was greater than interference by antibodies against N-CAM. LI and N- 

CAM also mediate the enhanced neurite outgrowth on cultured Schwann cells, 

although LI is more effective than N-CAM (Seilheimer and Schachner, 1988; Bixby 

et al., 1988). LI is also important for axonal elongation from retinal ganglion cells on 

Schwann cell and Müller cells in vitro (Kleitman et al., 1988; Drazba and Lemmon,
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1990). It is interesting that LI is not expressed on CNS glia following optic nerve 

injury in vivo when regeneration is abortive (Mohajeri et al., 1996). When rat 

cerebellar cortical astrocytes are transfected with the LI gene using herpes simplex 

virus (HSV) vector, rat cerebellar neurons showed increased migration and neurite 

extension on a feeder layer of the transfected astrocytes (Yazaki et a i ,  1995). 

Mohajeri et al (1995, 1996) also show that mouse cerebellar neurons extend up to 

400% longer neurites on cryostat sections o f lesioned optic nerve of mice with an LI 

transgene under the glial fibrillary acidic protein (GFAP) promoter and chick DRG 

neurons extend up to 50% longer neurites on monolayers of the LI-expressing 

astrocyte prepared from such animals.

During the development of peripheral nerve, LI and N-CAM show a similar 

staining pattern. Both are localised on small, nonmyelinated, fasciculating axons and 

on axons ensheathed by nonmyelinating Schwann cells and on nonmyelinating 

Schwann cells (Mirsky et al., 1986; Sanes et al., 1986; for a review see Martini,

1994). In the initial stage of myelination, when Schwann cell processes have 

completed 1.5 to 2 loops around the axons, axons and Schwann cells no longer 

display detectable L I, whereas N-CAM is found periaxonally and more weakly in 

compact myelin of myelinated fibers. Therefore, the authors concluded that LI and 

N-CAM are involved in axon fasciculation, initial axon-Schwann cell interaction, 

and the onset of myelination (for review see Schachner et al., 1988 and Martini,

1994), while N-CAM may also be further involved in the maintenance of compact 

myelin. Following sciatic nerve injury both molecules are greatly up-regulated by 

Schwann cells (Martini and Schachner, 1988; Tacke and Martini, 1990; for review 

Martini, 1994) and help to provide a permissive environment for axonal regeneration. 

The expression of L I, but not N-CAM, by Schwann cells is found to be regulated by 

NGF (Schachner et al., 1990). Antibodies against NGF abolish the effect of NGF on 

LI expression.

Recent evidence suggests that LI and N-CAM are involved in signal 

transduction from the cell surface to the cytoplasm by several second messenger 

systems. For example, LI and N-CAM have been shown to mediate signal
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transduction via a G-protein dependent influence (Schuch et al., 1989). Both 

molecules are also able to modulate the activity of protein tyrosine kinases or 

phosphatases in the axonal membrane (Atashi et al., 1992), e.g., bring about the 

down-regulation of pp60‘'‘®'‘'-dependent tyrosine phosphorylation of a  and p tubulin 

in growth cone membranes, which could in turn enhance tubulin polymerisation and 

help to stabilize the cytoskeleton of elongating axons. Moreover, CAM-dependent 

neurite outgrowth also requires activation of second messenger pathways (Schuch et 

al., 1989; Doherty and Walsh, 1991; Frei et al., 1992; vos Bohlen und Halbach et al., 

1992; reviewed by Doherty and Walsh, 1992; Doherty, et al., 1995). Doherty et al 

(1995) have also shown that neuronal FGF receptor (FGFR) function is required for 

LI and N-CAM to stimulate neurite outgrowth (Williams et al., 1994a,b). They 

found that a soluble recombinant Ll-Fc chimera (consisting of the Fc region of 

human IgG and essentially the whole extracellular domain of human LI) stimulated 

cerebellar neurons to extend long neurites, and such a response is inhibited by 

pretreating neurons with antibodies against LI or antibodies against the FGFR.

4d) Polvsialic acid N-CAM (N-CAM-PSA)

N-CAM-PSA differs from the adult form of N-CAM in its high content of 

sialic acid at the Ig 5 domain (Nelson et al., 1995). Polysialic acid (PSA) is a 

polymeric form of a-2,8-linked sialic acid. Although PSA is abundant in the 

glycocalyx of bacteria, it has been detected only on N-CAM and sodium channels in 

mammals (Zuber et al., 1992). Polysialylation of N-CAM is controlled by 

sialyltransferases. Recently, the sialyltransferase most likely to perform the 

polysialylation o f N-CAM has been cloned (Eckhardt et al., 1995; Nakayama et al.,

1995). Transfection of this sialyltransferase cDNA into a mutant Chinese hamster 

ovary cell line and NIH 3T3 cells, both of which are normally incapable of N-CAM 

polysialylation and do not express the sialyltransferase mRNA, leads to PSA 

synthesis (Eckhardt et a l ,  1995; Nakayama et al., 1995). Further evidence supporting 

sialyltransferases as a key factor controlling polysialylation o f N-CAM came from 

the study by Oka et a l ,  (1995), who found that a subcellular fraction isolated from 

chicken embryo brain, polysialylates exogenous N-CAM in vitro, and reducing the
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polysialylating activity in developing chicken brain and optic tectum brings about 

decreased levels of N-CAM-PSA in these structures.

N-CAM-PSA is highly developmentally regulated in the nervous system. It is 

widely spread in whole brain during early development and restrictively expressed in 

the adult (Bonfanti et al., 1992), as a result of which it is sometimes called 

embryonic N-CAM (E-N-CAM). In early postnatal development, the level of N- 

CAM remains high while the level of N-CAM-PSA decreases. For example, N-CAM 

is present throughout the tectum before retinal axons invade the tectum, whereas, N- 

CAM-PSA is restricted to the retinoreceptive layers. Immediately following retinal 

innervation, N-CAM-PSA is down-regulated without an accompanying decrease in 

abundance or change in the distribution of N-CAM (Yamagata et al., 1995). The 

conversion from the embryonic form to adult form of N-CAM occurs over the first 3- 

4 postnatal week in mice and the conversion rates are distinctly different in different 

neural tissues (Chuong and Edelman, 1984). During nervous system development N- 

CAM-PSA is involved in a variety of morphogenetic events (Hekmat et al., 1990; 

Landmesser et al., 1990; Rutishauser and Landmesser, 1991; Ono et al., 1994; Tang 

et al., 1992; 1994). In vivo study has shown that N-CAM-PSA is expressed by 

cerebellar granule cells during migration but it is not detectable at the end of 

migration (Hekmat et al., 1990), suggesting that N-CAM-PSA is involved in granule 

cell migration. Direct evidence that N-CAM-PSA plays a role in the migration of 

neuronal precursors has been obtained by Ono et al. (1994), who have shown that 

migration of subventricular zone (SVZ) cells into the olfactory bulb is remarkably 

reduced after digesting N-CAM-PSA on the surface of SVZ cells by injecting a 

specific endosialidase into the SVZ. In genetically engineered mice lacking genes for 

N-CAM or N-CAM -180 the size of the olfactory bulb is significantly reduced, and 

N-CAM-PSA is essentially absent in the CNS of mice lacking N-CAM. The smaller 

olfactory bulb is caused by a dramatic reduction in the number of granule cells and 

probably result from an abnormality in migration o f granule cell precursors 

(Tomasiewicz et al., 1993; Cremer et a l ,  1994). This fact suggests that the deficit in 

N-CAM mutant mice may be caused by the loss of N-CAM-PSA. In peripheral nerve 

development, N-CAM-PSA is present in nerve trunks, where branching of
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developing motor neuron axons normally occurs, and is down-regulated when axons 

innervate the muscle (Landmesser et al., 1990). Removing N-CAM-PSA by injecting 

endosialidase into chick embryos result in an increase in axonal fasciculation and a 

reduction in axonal branching (Landmesser et a l, 1990), and motor axon projection 

errors (Tang et a l, 1992, 1994), suggesting that N-CAM-PSA plays a role in axonal 

branching and pathflnding. Indeed, N-CAM-PSA is less adhesive than N-CAM and 

LI (Edelman, 1985; Rutishauser and Jessell 1988; Rutishauser and Landmesser, 

1991; Yang et a l, 1992). N-CAM-PSA is also able to modify (reduce) the adhesive 

properties o f LI and other CAMs (Hoffman and Edelman, 1983; Doherty et al., 

1990; Landmesser et al., 1990; Acheson et al., 1991).

N-CAM-PSA is also involved in neurite outgrowth and axonal regeneration 

(Rutishauser and Landmesser, 1991; H. Zhang et a l ,  1992). In the adult nervous 

system N-CAM-PSA is restrictively expressed in areas known to display plasticity 

(Le Gal La Salle et a l,  1992; Bonfanti et al., 1992), for example, the dentate gyrus 

(Le Gal La Salle et a l,  1992; Bonfanti et a l ,  1992), the hypothalamo- 

neurohypophysial system (Theodosis et a l ,  1991), substantia nigra (Aaron and 

Chesselet, 1989), optic nerve and retina (U. Bartsch et a l,  1990), and olfactory bulb ( 

Miragall et a l,  1990). After denervation of rat dentate gyrus N-CAM-PSA is up- 

regulated and involved in the reinnervation of the dentate gyrus (Miller et a l,  1994). 

In vivo and in vitro experiment shows that N-CAM-PSA is associated with rapidly 

elongating axons during development (Tang et a l ,  1992; Van den Pol and Kim, 

1993). Experimental removal of N-CAM-PSA inhibits the speed of neurite extension 

in vitro (Boisseau et a l,  1991; H. Zhang et a l,  1992). In lesioned peripheral nerve, 

N-CAM-PSA detected by Western blot analysis is up-regulated (Daniioff et a l,  

1986). But there is absence of information on the origin of N-CAM-PSA in the 

lesioned nerve. More significantly, functional recovery in injured nerves is disrupted 

by applying antibodies against N-CAM-PSA into silicon tubes which connect 

transected nerves (Remsen et a l,  1990). The evidence, taken as a whole, strongly 

suggests that N-CAM-PSA play a role in axonal regeneration.
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5. The extracellular matrix molecule tenascin-C

Tenascin-C is a member o f a large extracellular matrix glycoprotein family 

including tenascin-R and tenascin-X. Tenascin-C-like molecules were independently 

isolated from human, mouse and chicken in several laboratories (Chiquet and 

Fambrough, 1984a,b; Erickson and Inglesias, 1984; Bourdon et a i,  1985; Grumet et 

al., 1985; Kruse et a i, 1985; reviewed by Erickson and Bourdon, 1989) and given 

different names including hexabrachion (Erickson and Inglesias 1984; Vaughan et 

a l,  1987), J 1-200/220 ( Kruse et al 1985), tenascin (Faissner et al., 1988), cytotactin 

(Grumet et a l, 1985; Hoffman and Edelman, 1987; Hoffman et a l ,  1988), 

myotendinous antigen (Chiquet and Fambrough 1984a,b), and glioma mesenchymal 

ECM antigen (GMEM) (Bourdon et al. 1983, 1985). These molecules have been 

shown immunochemically and by cDNA sequence analysis to be highly related, if 

not identical, matrix glycoproteins (Faissner et al., 1988, Pearson et al., 1988; Jone 

et al., 1989; Spring et al., 1989. Gulcher et al., 1989; Weller et al., 1991). The name 

of tenascin has now been adopted by almost all laboratories working in this area as 

suggested by Bristow et al., (1993). Another newer family member tenascin-R was 

independently discovered and named as restrictin in chicken by Rathjen et al (1991), 

Jl-160/180 or janusin in rat by Pesheva et al (1989). Both restrictin and J-160/180 

were sequenced by Norenberg et al (1992) and Fuss et al (1993). These proteins are 

closely related to one another and are distantly related to tenascin-C (Norenberg et 

al., 1992; Fuss et al., 1993). The third family member tenascin-X was originally 

reported as a partial sequence encoded by gene X (Morel et al., 1989). The same 

gene was identified by Matsumoto et al (1992), who showed that the sequence in 

human MHC class 111 region is similar to tenascin. Bristow et al (1993) reported an 

almost complete sequence of this very large protein. Erickson (1993b) suggested to 

use a coherent nomenclature for this protein family: tenascin-C (C for cytotactin, the 

name associated with the first published sequences) for the original tenascin, 

tenascin-R for restrictin and tenascin-X for the tenascin-like gene of the MHC class 

111 locus, originally described as human gene X (Morel et al., 1989). This review will 

focus attention on tenascin-C which has been extensively studied and was 

investigated ini this thesis.
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Tenascin-C belongs to a family of molecules characterised by the presence of 

the L2/HNK-1 carbohydrate epitope common to many cell recognition molecules 

(Kruse et al., 1985). Tenascin-C has a characteristic six-armed appearance by 

electron microscopy performed on rotary shadowed preparations (Erickson and 

Iglesias 1984). Each arm consists of a 190 to 220 kD polypeptide chain connected by 

disulphide bridges to the other five chains, thus forming the six-armed 

(hexabrachion) molecule. Tenascin-C subunits have a multidomain: a cysteine-rich 

amino terminal domain followed by 13.5 EGF-like repeats in chicken and 14.5 EGF- 

like repeats in mouse and human (Spring et al. 1989; Jones et al., 1989; Nies et al., 

1991; Siri et al., 1991; Weller et al., 1991), eight FN 111 homologous repeats, and 

fibrinogen p and y homologous domains at the carboxy-terminal end. An increasing 

number of isoforms have been found, which appear to be generated by insertion of 

additional, alternatively spliced FN 111 homologous repeats between the constitutive 

FN 111 homologous repeats 5 and 6 (Spring et al., 1989; Jones et al.. 1989; Nies et 

al., 1991; Siri et al., 1991; Weller et al., 1991). The post-transcriptional modification 

may play a role in further structural heterogeneity that could lead to a multiplicity of 

functions during development and injury.

5a) Tenascin-C in the development of nervous svstem

In the nervous system, tenascin-C is highly developmentally regulated (Kruse 

et al., 1985; Grumet et al., 1985; Crossin et al., 1986; Hoffman et al., 1988; Faissner 

et al., 1988; Prieto et al., 1990; Tucker, 1991; S. Bartsch et al.. 1992, 1995; U. 

Bartsch et a i,  1992). In the developing CNS, tenascin-C appears early and 

transiently and mainly in association with astrocytes (Crossin et al.. 1989; Grierson 

et al., 1990; Hoffman et al., 1988; Steindler et a l,  1989) as well as at the surface of 

developing axons, including cerebellar granule cell axons (S. Bartsch et al., 1992) 

and optic nerve axons (U. Bartsch et al., 1992). Recent evidence suggests that 

tenascin-C is involved in a variety of morphogenetic events during CNS 

development, such as the migration of neural crest cells (Tan et a l, 1987, 1991; 

Mackie et al., 1988; Bronner-Fraser, 1988), interactions of neurons with glia (Kruse 

et al., 1985; Faissner and Kruse, 1990; Grierson et al., 1990) and formation of the
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boundaries of the barrels of the somatosensory cortex in whisking rodents (Crossin et 

al., 1989; Steindler et al., 1989). In the developing PNS, tenascin-C is reported to be 

absent from the early limb mesenchyme in regions penetrated by the first axons 

(Wehrle-Haller gf a/., 1991, Martini and Schachner, 1991; Martini, 1994), suggesting 

that tenascin-C may not necessarily act as a guidance regulator. In the developing 

avian retinotectal system, tenascin-C is abundant in the stratum opticum of the 

tectum, the target of retinal axons in the brain, and along the prospective pathway of 

growing retinal axons (Perez and Halfter, 1993, 1994; S. Bartsch et al., 1995). Based 

on in vitro evidence for a significant reduction in the growth rate of RGC neurites 

when retinal explants are cultured on substrate-bound homogeneous tenascin-C, 

Perez and Halfter (1993, 1994) concluded that the accumulation of tenascin-C in the 

developing stratum opticum may reduce the growth rate of RGC axons. They 

suggested that tenascin-C might act as a stop signal for axonal growth when RGC 

axons arrive at their appropriate target region. The slowing of optic fibre outgrowth 

may then facilitate terminal arborization and synapse formation within the tectum. 

The abundant tenascin-C in synaptic layers may also serve to stabilize synapses once 

they have formed. However, S. Bartsch et al., (1995) demonstrate that substrate- 

bound tenascin-C, when offered in a no-choice situation supports isolated RGC 

neurite growth at certain concentrations; they suggest that tenascin-C in the 

developing and prospective stratum opticum might serve as a preformed pathway to 

support growth of RGC axons. Indeed, there is conflicting evidence as to whether 

tenascin-C promotes or inhibits axonal outgrowth. In fact, the different effects of 

tenascin-C on neurite elongation appears to depend on how the molecule is offered to 

the cells. When tenascin-C is offered as a homogeneous substrate it promotes neurite 

elongation of a variety of different nerve cell types, including hippocampal and 

mesencephalic neurons, small cerebellar neurons and dorsal root ganglion cells 

(Chiquet 1989; Wehrle and Chiquet 1990; Lochter et al., 1991; Husmann et al., 

1992; Taylor et al., 1993), and also promotes neuronal polaritization (Lochter and 

Schachner, 1993). Using monoclonal antibodies and recombinant tenascin-C 

fragments, the neurite-outgrowth promoting region of the tenascin-C molecule has 

been localised to the FN III repeats 3, 6-8 and 11 (Husmann et al., 1992; Taylor et 

al., 1993, Vamum-Finney et al., 1995; Faissner et al., 1995; Phillips and Crossin
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1995); When tenascin-C is offered as a sharp boundary with a substrate permissive 

for neurite growth, it inhibits growth cone advance (Faissner and Kruse, 1990; Taylor 

et al., 1993). The growth cone repulsion at sharp substrate boundaries is mediated by 

the EGF-like repeats 3-5 and FN III repeats 4 and 5 (Taylor et al.. 1993). Moreover, 

the different effects of tenascin-C on neurite elongation are also dependent on the cell 

types under investigation (Taylor et al., 1993), possibly because different cells have 

different quantities or types o f tenascin-C receptors (see below), and the source of the 

tenascin-C. Probstmaier (1990) has demonstrated that tenascin-C originating from 

fibroblasts has different binding specificities from tenascin-C of glial origin.

In the adult, tenascin-C is restrictively expressed in few regions in CNS, such 

as the molecular layer of the cerebellum (S Bartsch et al., 1992), the optic nerve 

head (U Bartsch et al., 1992) and the olfactory bulb (Miragall et al., 1990). In the 

PNS tenascin-C is found in the perineurium and at the nodes of Ranvier (Rieger et 

al., 1986; Martini et al., 1990). In vitro and in vivo studies have shown that tenascin- 

C is synthesised by astrocytes, Schwann cells and other non-neuronal cells in the 

nervous system (Prieto et al., 1990; Tsukamoto et al., 1991; S. Bartsch et al., 1992; 

U. Bartsch et al., 1992) and it was almost universally accepted until very recently 

that tenascin-C is not produced by neurons anywhere in the nervous system. 

However, recent evidence has shown that tenascin-C is also expressed by some types 

o f neurons, such as RGCs (Tucker, 1991), amacrine cells and horizontal cells (S. 

Bartsch et al., 1995) in chicken retina and neurons, including immature hippocampus 

neurons (Ferhat et al., 1995) and motor neurons in the ventral horn of rat lumbar 

spinal cord (see Chapter 5 and Zhang et al., 1995c). It is relevant to mention here that 

the expression of tenascin-C in the nervous system varies between different species 

(Rettig et al., 1992).

5b) Putative tenascin-C receptors

A number o f potential receptors have been described for tenascin-C (Hoffman 

et al., 1988; Sriramarao et al., 1993; Prieto et al., 1993; Vaughan et al., 1994; 

Grumet et al., 1994; Vamum-Finney, et al., 1995; Schnapp et al., 1995). Most of 

them  are members of the integrin family, a superfamily of cell-surface heterodimers
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(Bixby and Harris, 1991; Prieto et al., 1993); neural cell adhesion molecule 

contactin/F 11 (Vaughan et al., 1994; Vamum-Finney et al., 1995), a member o f the 

immunoglobulin superfamily; heparan sulphate proteoglycan, glypican (Vaughan et 

al., 1994) and chondroitin sulphate proteoglycans, neurocan and phosphacan 

(Grumet et al., 1994). Several different integrin heterodimers have the ability to bind 

tenascin-C as well as other ECM. Several laboratories have reported that ROD 

(Arginine-glycine-aspartic acid) a sequence in the third FN III repeat in tenascin-C 

functions as a cell attachment site and that multiple integrins can mediate the binding 

of different cells to tenascin-C (Prieto et al., 1993; Schnapp et al., 1995; Vamum- 

Finney, et al., 1995). For example, aS p l integrin which is expressed in neural cells 

during development binds to the RGD-containing third FN III repeat of tenascin-C 

and fibronectin (Schnapp et al., 1995). In vitro experiment have shown that aS p i 

mediates neurite outgrowth of embryonic sensory and motor neurons on tenascin-C 

via 6-8 FN III (Vamum-Finney et al., 1995). Joshi et al (1993) also demonstrated 

that integrin a5p3 may be involved in the binding of endothelial cells to tenascin-C. 

It will be interesting to find out how receptors for tenascin-C are expressed at 

particular times during development and injury, to help understand the functions of 

tenascin-C in different circumstances.

5c) Tenascin-C in axonal regeneration

There is also conflicting evidence as to whether tenascin-C is an inhibitory or 

permissive molecule for axonal regeneration in vivo. There are 

immunohistochemical and in situ data suggesting that tenascin-C is re-expressed by 

astrocytes near lesions in cerebral cortex and cerebellum, and the up-regulation of 

tenascin-C is associated with the formation of scar tissue (McKeon et al., 1991; 

Laywell et al., 1992). Based on these observations and on the fact that CNS axons in 

mammals do not normally penetrate such scars, the authors suggested that tenascin-C 

may inhibit axonal outgrowth. But there is no increase in tenascin-C along the 

lesioned optic nerve in adult mice (U Bartsch et al., 1992), although capillaries, 

leptomeningeal cells and astrocytes bordering such lesions of the optic nerve, in both 

mice and rats, do become immunoreactive for tenascin-C (AJemian et al., 1994; U 

Bartsch et al., 1992). In contrast, after transplantation of a piece of tibial nerve to the
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cerebellum (unpublished results of Zhang et al.) or after chemical lesion of the 

cerebellar cortex by 3-acetylpyridine (Wintergerst et at., 1996), tenascin-C mRNA is 

reduced in Golgi epithelial cells near the lesion. Furthermore, following injury to 

peripheral nerve tenascin-C is greatly up-regulated by Schwann cells distal to the 

lesion (Martini et a l,  1990; Martini, 1995). Tenascin-C immunoreactivity is found in 

the distal nerve along its entire length, in the distal end of the proximal nerve stump 

and in the fibroblast-containing bridge connecting the two stumps, suggesting that 

the signal for tenascin-C up-regulation may depend on loss of contact with axons and 

that tenascin-C may play a role in promoting axonal regeneration (Sanes et al., 1986; 

Daniioff et al., 1989; Martini et al., 1990, 1994). Martini et al., (1990) often found 

growth cones in close proximity to tenascin-C positive collagen fibrils within the 

bridge, suggesting a possible role in axonal guidance. The strongest evidence 

supporting this view came from Langenfeld-Oster et al., (1994) and Mege et al.,

(1992)., who found that local injection of polyclonal antibody against tenascin-C 

delays the reinnervation of motor end plates after injury in mouse and frog.

Finally, it is necessary to bear in mind that the genetically engineered mice 

lacking the tenascin-C gene develop normally, without obvious defects (Saga et al.,

1992). However, it is possible that in the mutant mice the essential functions of 

tenascin-C, if there are any, are replaced by another member of the tenascin-C 

family, or that bypass mechanisms exist to ensure normal development in cases of 

accidental dysfunction.

6. CNS axonal regeneration through peripheral nerve grafts

In contrast to the successful outgrowth of PNS axons through the injury site 

and along the distal stump of an injured peripheral nerve, which often results in 

functional reinnervation of sensory and motor end-organs, failure o f axonal 

regeneration is a common consequence of injury to CNS neurons in adult mammals. 

In the early part of this century Tello (cited in Cajal’s paper, 1928) and Cajal (1928) 

were the first to introduce the idea of using peripheral nerve grafts to bridge lesions 

and stimulate axonal outgrowth from injured CNS neurons. They found that
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segments of peripheral nerve implanted into the brain became invaded by host axons. 

In Cajal’s own words ‘sprouts, wandering through the scar, can be nourished and 

oriented by the cells of Schwann that are forming bands of Biingner in the grafted 

nerves' (Cajal, 1928). So he suggested that the failure of CNS axonal regeneration is 

because of ‘external conditions, the presence or absence of auxiliary factors that are 

indispensable to the regenerative process’. Since then numerous studies have 

followed this line. However, all of these studies were marred by the same weakness, 

the origin o f axons in the graft could not be unequivocally identified as the axons by 

CNS neurons. It was only in the I980’s that Richardson et al (1980) and David and 

Aguayo (1981), and Berry et al (1986) took advantage of the newly available 

techniques for retrograde labelling of the cells of origin of axons with horse radish 

peroxidase (HRP) and demonstrated the central origin of fibres regenerating into 

peripheral nerve grafts implanted into the CNS. In the late 1980’s and early 1990’s 

Vidal-Sanz et al., (1987, 1991) demonstrated that lesioned optic axons are able to 

grow through peripheral nerve grafts and extend up to 500 pm into the brain when 

the distal end of grafts were inserted into the superior colliculus of adult rats. Carter 

et al. ( 1994) further confirmed this in hamsters and showed that the synapses formed 

in the superior colliculus are found in the layers in which retinal axons normally 

terminate. The newly formed synapses in the colliculus are morphologically 

indistinguishable from normal retino-tectal synapses (Carter et al., 1989) and have 

been shown to be functional by electrophysiology (Keirstead et al., 1989). Moreover, 

if severed optical axons are guided by a peripheral nerve graft into the pretectal 

region, regenerating optic axons are able to create synaptic connection with 

appropriate target cells and the interrupted light-induced pupillary constriction reflex 

can be restored (Thanos et al., 1992)

6a) Schwann cells are kev components in promoting axonal regeneration

Schwann cells are the major cell type of peripheral nerve; there are smaller 

numbers o f endoneurial fibroblasts, resident macrophages, other connective tissue 

cells and endothelial cells. It is generally believed that the most important factor 

within peripheral nerve grafts in relation to the support of axonal regeneration is the 

presence o f living Schwann cells. As noted above, Cajal (1928) recognised that
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Schwann cell columns (bands of Biingner) are the microenvironment utilised for 

axonal elongation in peripheral nerve grafts in CNS tissue. This was later confirmed 

by Hall and Berry (1989) and Campbell et al. (1992). Several experiments suggest 

that the basal laminae of peripheral nerve grafts are unable, in the absence of 

Schwann cells, to support either prolonged peripheral axonal regeneration (Anderson 

et al., 1983; Hall, 1986; Nadim el al., 1990; but see also Bresjanac and Sketelj, 1989) 

or CNS axonal outgrowth (Berry et al., 1988a; Smith and Stevenson. 1988). I de et al. 

(1983) have demonstrated that regenerating peripheral axons are able to grow for 

short distances along the inner aspect of the basal lamina in the absence o f Schwann 

cells. But CNS axons appear to be unable to grow into a peripheral nerve graft if  the 

cells of the graft are destroyed by repeated freeze-thawing before the graft is 

implanted (Smith and Stevenson, 1988; Berry et al., 1988a). However, similar 

acellular peripheral nerve grafts pre-treated with purified b-NGF before implantation 

into the lesioned septo-hippocampal pathway are apparently able to support almost as 

many regenerating axons as fresh cellular grafts (Hagg et al., 1991). Recently, 

cultured Schwann cells have been used to promote axonal outgrowth in both PNS 

and CNS. Bunge’s group has been using guidance channels seeded with cultured 

Schwann cells transplanted between the proximal and distal stumps of transected 

adult rat spinal cord, and they have consistently obtained evidence for the successful 

axonal regeneration of some axons along the Schwann cell channels (Xu et al., 1995; 

Paino et al., 1994; see Bunge, 1994 for review). By applying neurotrophins and other 

neuroprotective agents, such as methylprednisolone in such Schwann cell-seeded 

channels, the number of regenerating axons could be significantly increased (Bunge 

et al., 1996). Many groups have also obtained significant CNS axonal regeneration 

by injecting suspensions of Schwann cells into brain or spinal cord (Montero-Mener 

et al., 1992; Brook et al., 1993; Li and Raisman, 1994). For example. Brook et al

(1993) found that Schwann cells derived from neonatal peripheral nerve of rat 

microtransplanted into the thalamus rapidly dispersed from the transplantation site 

and became intimately associated with host grey and white matter. Although donor
I

Schwann cells migrated along host blood vessels (also see | Blakemore, 1984) and 

fibre tracts, a large number remained along the axis of the injection track running 

between the thalamus and the hippocampus via the choroid fissure to form a column.
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The Schwann cell tracks were able to support the elongation of regenerating host 

axons from thalamus to the hippocampus.

Schwann cells probably promote axonal outgrowth by secreting neurotrophic 

factors and ECM. Several studies have shown that Schwann cells up-regulate 

neurotrophic factors, such as NGF, BDNF and NT-4/5 (see Section 2a and 2b), and 

the extracellular matrix glycoprotein tenascin-C (see Section 5c) following peripheral 

nerve injury. Neurotrophic factors have been shown to promote cell survival and 

axonal outgrowth (see Section 2). Furthermore, Schwann cells could provide 

regenerating axons with a permissive or growth promoting environment by virtue of 

the presence on their surface of cell adhesion molecules, such as LI and N-CAM, 

and by the secretion of growth-supporting ECM.

6b) Interactions between CNS tissue and implanted peripheral nerve grafts

In a similar manner to mechanical injury of the CNS, implantation o f a 

peripheral nerve graft stimulates a strong injury response from glial cells: a strongly 

GFAP immunoreactive glia limitans is formed at the graft/brain interface, OX-42 

immunoreactive macrophages accumulate around the glia limitans and in the lesion 

site, and the blood brain barrier breaks down in the brain parenchyma around the 

graft (Zhang et a l,  1995e). The newly formed glia limitans, which consists of many 

astrocyte processes and an incomplete basal lamina, can be identified as early as 5 

days after graft implantation at the graft/brain interface (Campbell et al., 1992). This 

layer becomes continuous by approximately 14 days after grafting and eventually 

forms a complex and multiple layer at later stages (Campbell et at., 1992). Between 

the glia limitans and the graft there is a junctional zone containing fibroblasts, 

macrophages, oligodendrocyte processes, small blood vessels and nonmyelinated 

axons associated with Schwann cell processes, astrocyte processes and mixed 

bundles o f astrocyte and Schwann cell processes. There is at present no detailed 

information available on the responses of oligodendrocytes to peripheral nerve grafts; 

However, mechanical injury is known to induce a large numerical increase in 

oligodendrocytes in the brain parenchyma around the lesion (Xie et al., 1995). The
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functional roles of increased oligodendrocytes and macrophages around the lesion are 

not clear.

It is widely believed that peripheral nerve grafts implanted into the CNS 

undergo similar structural and molecular changes to those of the distal stumps of 

injured nerves left in situ: the existing axons die, Schwann cells proliferate, myelin 

and other debris are removed by invading macrophages, and by 8 days after 

implantation columns of Schwann cells surrounded by basal lamina (Bands of 

Biingner) can be identified (Hall and Berry, 1989; Campbell et al., 1990, 1992). 

However, there is some evidence for differences between the responses of peripheral 

nerve grafts inserted into the CNS and the distal stumps of injured nerves. 

Preliminary evidence from our laboratory suggests that removal of axonal and myelin 

debris from the graft is slower than in the distal stumps of injured nerves 

(unpublished observations). More significantly, tenascin-C up-regulation in grafts is 

much slower than in the distal stump of injured nerves (see Chapter 4 and Zhang et 

a i,  1995b). Moreover, Vaudano et al (1992, 1996) reported that Schwann cells in the 

proximal part of the graft within CNS environment express little or no c-jun, in 

contrast to the massive up-regulation of c-jun by Schwann cells in the distal stump of 

injured nerve in vivo. Campbell et al. (1992) also reported the appearance of 

astrocyte processes in the proximal parts of grafts never, of course, a feature of the 

distal stump in situ, and axonal sprouts are commonly associated with mixed bundles 

of astrocyte and Schwann cell processes. Astrocyte processes, however, do not 

appear to conduct or form a preferential path for the growth of regenerating axons 

from thalamus into the graft (Campbell et al., 1992).

6c) The responses of CNS neurons to peripheral nerve grafts

As described above, many types of neuron are able to respond to the presence 

of peripheral nerve grafts close to their damaged axons by regenerating axons into 

and along the grafts. However, the regenerative capability of CNS neurons is 

variable. For example, cerebellar cortical neurons notably Purkinje cells appear to be 

unable to regenerate their axons into peripheral nerve grafts, but neurons o f deep 

cerebellar nuclei and of brain stem nuclei projecting to the cerebellum, are apparently
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able to regenerate axons into the same grafts (Dooley and Aguayo, 1982; Vaudano et 

al., 1993). Benfey and Aguayo (1982) also demonstrated that the regenerative 

capability of different neocortical neurons was not equal. They reported that 

regenerating neocortical neurons were scattered but not equally distributed through 

layers II-VI of sensory cortex within 1.5 mm of the intracerebral tip of the graft. 

However, in unpublished studies. Campbell et al in this laboratory found that 

neurons of the cerebral cortex were very poor at regenerating axons into peripheral 

nerve grafts inserted into the cortex (personal communication). Similarly, Woolhead 

et al (1996) demonstrated that the great majority of axons which grow into peripheral 

nerve grafts inserted into the neostriatum originate from the substantia nigra pars 

compacta, whereas, a relatively smaller number of axons grew into the grafts from 

the neostriatum itself.

Another population of neurons which show a strong regenerative capability 

are the neurons of the thalamic reticular nucleus (TRN), which is a thin sheet-like 

nucleus covering the dorsolateral and anterior aspects of the dorsal thalamus and 

intercalated between the dorsal thalamus and the internal capsule. The TRN is part of 

the ventral thalamus and contains GABA-ergic neurons, which project to the dorsal 

thalamus and receive inputs from dorsal thalamus and cerebral cortex (Ohara and 

Lieberman, 1985). Benfey et al. (1985) demonstrated that most of the CNS axons 

growing into peripheral nerve grafts implanted into the thalamus of adult rats 

originated from the TRN rather than from dorsal thalamic neurons. This finding was 

confirmed and expanded by Morrow et al (1993) and Campbell et al (personal 

communication) who found tliat about 90% of retrogradely labelled neurons 

following the application of HRP to the distal end of grafts implanted in the dorsal 

thalamus are TRN neurons.

The reasons for the variable regenerative capability of different CNS neurons 

in response to the presence of a peripheral nerve graft are not clear. Vaudano et al 

(1993, 1995) have shown that the successful regeneration of CNS neurons is 

associated with early and prolonged expression of GAP-43 and c-jun by the 

regenerating neurons. They also found that neurons which are unable to regenerate
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their axons into peripheral nerve grafts, such as Purkinje cells, do not express these 

molecules (Vaudano et a l,  1993, 1995)

7. Aims of this study

Although the ability of CNS axons to regenerate into peripheral nerve grafts 

has been shown for several years, and that, as reviewed above, this regeneration is 

dependent on the presence in the graft of living Schwann cells, there is very little 

information available on the molecular basis of the interactions between regenerating 

CNS axons and the Schwann cells of the graft. The molecular cues by which 

peripheral nerve grafts promote axonal outgrowth and the reasons why some types of 

CNS neuron are able to respond to peripheral nerve grafts by regenerating their 

axons, while other are less able to do so, are not known. It is generally believed that 

the regenerative process in some way resembles and recapitulates the process of 

development. If so, regenerating CNS neurons are likely to regain some o f their 

original developmental potential and reexpress developmentally regulated molecules. 

Cell adhesion molecules LI, N-CAM, N-CAM-PSA and the ECM tenascin-C are all 

developmentally regulated molecules, and all are known to be involved in axonal 

outgrowth in development (see Chapter 1, section 4, 5). These molecules are also up- 

regulated by Schwann cells following peripheral nerve injury, probably to provide a 

growth permissive substrate for regenerating axons (Martini and Schachner, 1988; 

Martini et al., 1992; Martini, 1994). In this thesis in situ hybridization and 

immunocytochemistry, including both light and electron microscopy (LM/EM), 

techniques were employed to study the expression, distribution and detailed 

localisation of L I, N-CAM, N-CAM-PSA and tenascin-C and their mRNAs (except 

N-CAM-PSA) in and around peripheral nerve grafts implanted into the thalamus of 

adult rats (Chapters, 3 and 4). In addition, this thesis also examines tenascin-C 

expression and distribution after varies types of injury in the spinal cord, particularly 

in the context of the relationship between expression of tenascin-C and axonal 

sprouting. The latter include studies of changes in tenascin-C in the dorsal columns 

of the spinal cord following Wallerian degeneration brought about by dorsal root 

injury (Chapter 6), or following direct lesion of the dorsal column (Chapter 7). These
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studies also led me to undertake investigations of tenascin-C expression in the 

developing spinal cord (Chapter 5) and of dorsal column axon regeneration in 

transgenic mice with an extra LI gene under the control of the GFAP promoter 

(Chapter 8).
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CHAPTER 2 

M aterial and Methods 

1. Animals

la) Rats

Adult female Sprague-Dawley rats, weighing 200-3 OOg, were used for most 

of the experiments and were supplied by UCL Biological Services. They were 

housed in standard polypropylene cage and maintained under a 12 hours light and 12 

hours dark illumination cycle, and were fed food pellets and water ad libitum.

The remaining experiments were performed on postnatal pups o f Sprague- 

Dawley rats o f both sexes between the day o f birth (pO) and two weeks of age (p i4).

lb) L 1 transgenic mice

The LI transgenic mouse line, a gift from Dr. M. Schachner’s lab, was 

produced by Dr. Hasan Mohajeri (Mohajeri et al, 1995; 1996). In these animals the 

neurite outgrowth promoting neural recognition molecule LI was expressed by 

astrocytes by use of the transcription machinery of the gene for GFAP. The two 

transgenic lines used expressed LI in astrocytes 34% and 13% higher at the mRNA 

level and 40% and 30% high at the protein level, compared to the expression of 

endogenous LI of wild type animals. The breeding of transgenic mice was made by a 

positive female mate to a negative litter mate, or vice versa.

2. Surgical procedures

2a) Sterilisation of equipment

All surgical instrument, drapes and swabs were autoclaved for 20 minutes at 

121 °C prior to use.
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2b) Anaesthetic

All the animals were initially induced using a mixture of 1.5% oxygen, 3% 

nitrous oxide and 4% Halothane (Fluothane, ICI) delivered through a scavenging 

nose cone from an IME portable anaesthesia station or central control station in the 

UCL Biological Services. Once deep anaesthesia was established, i.e. no reflexes 

could be elicited after toe-pinching, the Halothane level was reduced to 1.5-2%.

2c) Preparation

The operation areas were shaved using veterinary hair clippers and the 

exposed skin was cleaned with 70% ethanol. Animals were placed on a heated pad 

and covered with a sterile drape. An anaesthesia nose cone was secured in place. The 

surgery was performed using a Zeiss operating microscope.

2d) Graft implant to the thalamus

An incision was made in the skin of the left thigh following the direction of 

femur and the underlying quadriceps muscles were exposed and separated. The 

sciatic nerve was located and a segment of the tibial branch, about 15mm long, was 

removed. All the adhering fat was trimmed carefully. The excised segment of tibial 

nerve was kept in Hanks’ Balanced Salt Solution (HBSS, Gibco, Life Technologies 

Ltd.) before autografting. The scalp was opened along the midline and the bregma 

was exposed. The position of the underlying thalamus was defined using stereotaxic 

co-ordinates from the atlas of Paxinos and Watson (1986). A craniotomy about 

2mmx2mm around the point (4mm caudal to the bregma and 2mm left midline) was 

made in the skull using a dentists’ drill (burr size RdP.C. 7, round) until a thin layer 

of bone was left. The remaining bone was carefully removed using micro blood 

vessel forceps and the dura mater was opened with a fine syringe needle to allow 

access to the brain. Using a fine glass pipette the tibial nerve graft was pushed 6mm 

vertically into the thalamus through the incision in the dura. The graft was attached 

to the dura by a single 10/0 suture or glued to the dura with Histoacryl adhesive (B. 

Braun, Melsungen AG, Germany). The distal end of the graft was left open-ended 

beneath the scalp and the skin was sutured.
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As a control some animals received acellular grafts. In these animals the tibial 

nerve was subjected to at least 7 cycles of freeze-thawing in liquid nitrogen before 

being implanted into the thalamus as described as above.

2e) Sciatic nerve crush

The left sciatic nerve was exposed at mid-thigh level as described above. For 

adult animals the sciatic nerve was crushed 5-6 times with a pair of watchmakers' 

forceps. For early postnatal rats, the sciatic nerve was crushed more gently and only 

three times. The skin incision was sutured with 3/0 sutures.

2f) Dorsal root crush or transection and ventral root injury

An incision was made in the skin at the level of the L3 vertebra following the 

direction o f the spine. The underlying left musculature was incised using a scalpel 

blade along the left side of the spine to expose the lamina of L3. A left 

hemilaminectomy of L3 was performed using bone scissors and the dura was opened 

with microsurgical scissors. The left L 4, L5 and L6 dorsal roots were located under 

an operating microscope (L4 and L5 are much larger than L6) and were individually 

crushed about 15mm from their entrance into the cord; each root was crushed 3 times 

carefully with a pair of watchmakers' forceps and 10-0 sutures were attached to the 

crushed roots for later identification. In one animal the left L4 and L5 dorsal roots 

were completely excised to isolate the spinal cord from the injured roots. After 

surgery muscle and skin incisions were closed with 3/0 sutures.

In three further adult animals, the L4 and L5 ventral roots, which are found 

under the dorsal roots, were located using an operating microscope and crushed three 

times with a pair of watchmakers' forceps; 10-0 sutures were attached to the crushed 

roots for later identification.

2g) Dorsal column stab wound or transection

The sixth thoracic vertebra (T6) was exposed by a laminectomy and the dura 

was opened with microsurgical scissors as described above. A stab wound lesion was 

made by pushing a needle with a diameter of 1 mm into the left dorsal funiculus to a
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depth o f approximately 2 mm, or alternatively the dorsal part o f spinal cord was 

entirely transected with microsurgical scissors. Fibrinogen (Sigma) was placed over 

the transection site in the spinal cord to stop bleeding. For later identification 10-0 

sutures were attached to the dura of the lesion site. In some of the animals the left 

sciatic nerve was also crushed several times with a pair of watchmakers' forceps at 

mid-thigh level, in order to enhance the regenerative potential of the central 

processes of the primary sensory neurons. After surgery the muscle and skin were 

sutured separately with 3/0 sutures.

2h). Application of retrograde tracers to the sciatic nerve

The left sciatic nerve was exposed at mid-thigh level and a loose knot was 

lied around it using a 3/0 suture. Meanwhile the retrograde tracer solutions were 

prepared by mixing 0.3pl of cholera toxin subunit-B-conjugated HRP (CT-HRP, 

Sigma) solution, and 0.3pi of wheat germ agglutinin-conjugated HRP (WGA-HRP, 

Sigma) solution and 0.3pl sterile water (Antigen Pharmaceuticals). The mixed tracer 

solutions were drawn into a 5 pi Hamilton syringe attached to a fine cannula. A small 

nick was made in the perineurium of the tibial nerve through which the fine cannula 

was inserted and pushed along the inside o f the sciatic branch until the tip o f the 

needle was pushed at least 2mm past the 3/0 suture knot. The suture knot was gently 

tightened around the barrel of the needle and the mixture of tracer solutions was 

slowly injected into the tibial nerve. As the needle was withdrawn the suture was 

tightened and knotted to form a ligature to prevent the tracer solutions leaking out of 

the nerve. The sciatic nerve was crushed three times carefully with watchmakers’ 

forceps to facilitate tracer transport. The skin incision was closed with 3/0 sutures.

In later experiments only a single tracer, cholera toxin subunit-B-conjugated 

HRP, was used. In this case 3pi cholera toxin subunit-B-conjugated HRP was mixed 

with 3pi sterile water for injection.

In experiments involving LI transgenic mice, only half of the amount of 

tracer used for rats was injected into the tibial nerve.
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2i) Postoperative care

After surgery all the animals were left in an incubator to recover full 

consciousness before being returned to a cage.

3. Perfusion

Animals were briefly anaesthetised by ether or halothane and then overdosed 

with 7-8 ml Sagatal (sodium pentobarbitone, Rhone Merieux) by intraperitoneal 

injection. When reflexes were no longer present but before respiration failed, the 

ventral abdominal wall was opened along the midline and the diaphragm was cut 

around part o f its periphery. The rib cage was opened with scissors along both sides 

and pulled back and secured with clamps to widely expose the heart. A blunt 

cannula attached to a Watson-Marlow peristaltic pump was immediately inserted into 

the left ventricle and up into the aorta. The right atrium was opened with a pair of 

scissors to release venous blood. The animals were first rapidly exsanguinated with 

150-200ml O.IM phosphate buffered saline (PBS) at a flow rate about 20-24 

ml/minute (when perfusing a mouse 20ml O.IM PBS at a flow rate about 

12ml/minute) and then perfused with different types of fixative dependent on the 

experimental design.

3a) For EM immunocvtochemistrv

Rats were rapidly perfused with 100ml O.IM  PBS followed by 500 ml Palay 

fixative (Palay and Chan-Palay, 1974; 2% paraformaldehyde and 0.25% 

glutaraldehyde in 0.12M phosphate buffer) at an initial flow rate of about 20-24 

ml/minute for the first 200ml of fixative followed by 15ml/minute for the remaining 

300ml. The fixative was made as listed below.

(1). A stock solution of 0.4 M standard phosphate buffer (PB) (pH 7.3-7.4) was 

prepared from

NaH^PO, x lH , 0 ------------------------------------------------- 10.6g

K2HPO4------------------------------------------------------------- 56g

Distilled H^O---------------------------------------------------------1000ml
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(2). 20g of paraformadehyde was dissolved in 200ml distilled water by heating on a 

hot plate to 60°C and stirring continuously.

(3). The solution was cleared with a few drops of IM NaOH.

(4). 150ml o f 0.4M standard PB and 5ml 25% glutaraldehyde was added to the 

cooled solution.

(5). 2ml o f 0.5% CaClj was slowly added, drop by drop, to the solution.

(6). The solution was filtered through Whatman No.l paper and the final volume was 

made up to 500ml with distilled water.

(7). The pH was adjusted to 1.1-1Â  by adding IM hydrochloric acid (HCl) or IM 

NaOH.

3b) For general electron microscopv

Animals were not prewashed with O.IM PBS as above but rapidly perfused 

with 500ml 2% paraformaldehyde and 2% gluteraldehyde in O.IM PB (pH 7.2-7.4) at 

a flow rate about 20-24 ml/minute for the first 200ml fixative and 15ml/minute for 

the remaining 300ml.

3c) For HRP retrograde tracing

Animals were rapidly perfused with 150-200ml O.IM PBS followed by 

500ml fixative containing 1% paraformaldehyde and 1.25% glutaraldehyde in O.IM 

PB (pH 7.2-7.4) at a flow rate of 20-24 ml/minute for a rat and 12 ml/minute for a 

mouse for the first one third of the fixative, followed by 15 ml/minute for a rat and 

8ml/minute for a mouse for the remaining fixative; 100ml of fixative was sufficient 

to perfuse a mouse.

4. Dissection

When dissecting tissues for in situ hybridization all instruments and 

equipment were washed with D90 and treated with 100% ethanol. Animals were 

anaesthetised with ether or halothane and quickly decapitated.

4a) Brain tissues
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Animals were decapitated, the scalp was opened and the connective tissue 

which covering the distal end of graft was carefully cut away leaving the external 

portion of the graft free. The skull covering the cerebellum and the right temporal 

bone was removed using bone forceps while the left temporal bone was carefully 

chipped away without disturbing the graft. The distal graft was gently mobilised and 

transected with fine scissors just above the surface of the cerebral cortex. The 

remaining skull was removed, the brain was taken out and the cranial nerves and 

olfactory bulbs were trimmed off. The portion of brain containing the graft was 

trimmed into a block.

4b) Spinal cord

The segments of spinal cord to be removed were located by tracing the sciatic 

nerve into the dorsal rami and into the vertebral canal which was opened via an 

extensive laminectomy using bone forceps. For dorsal root crush experiments spinal 

cord segments L4-5 and L2-3 and mid-thoracic and cervical segments of cord were 

removed. For spinal cord stab wound or dorsal column transection experiments the 

mid-thoracic segment, about 0.6-1cm in length, containing the lesion site, together 

with a portion of upper thoracic cord about 0.5 cm long were removed.

4c) Sciatic nerve

The distal stumps of crushed sciatic nerve were removed.

5. Preparing blocks and sectioning tissues

After perfusion and dissection all blocks of tissue were postfixed in the same 

fixative as the perfusate for at least 2 hours to overnight. The blocks of tissue for 

light microscopy were left in 30% sucrose (BDH) in O.IM PB at 4°C until they had 

sunk.

5a) For electron microscopv — vibroslice sectioning

After postfixation the brain or spinal cord tissues were stuck, ventral side 

downwards, to the vibroslice plate with cyanoacrylate adhesive (RS Components)
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and immersed in O.IM PBS. Horizontal brain sections containing the graft were cut 

on a Vibroslice (Campden instruments, London) at 80-100pm; mid-thoracic spinal 

cords containing the lesion site were cut horizontally at 50-80 pm and the distal 

stumps of crush sciatic nerves (embedded in 5% Agar in O.IM PBS) were cut 

transversely at 80-100 pm. Sections were collected in O.IM PBS.

(1) Embedding sciatic nerve in 5% Agar

5g Agar (Sigma) was dissolved in 100ml O.IM PBS and heated to 70°C on a 

stirring hot plate. The dissolved solution was cooled to about 50°C and poured into a 

plastic well and the sciatic nerve was placed in the well. After cooling to room 

temperature the Agar solution became solid and the embedded nerve was ready to be 

sectioned.

5b) For histochemistry — microtome sectioning

Tissue blocks were taken from the 30% sucrose solution and rapidly frozen 

with solid carbon dioxide and positioned on a Reichert freezing microtome using 

OCT mounting medium (Miles Inc.). Blocks of mid-thoracic spinal cord containing 

the lesion site were cut sagittally at 30 pm; blocks of upper thoracic spinal cord were 

cut transversely at 30pm. Sections were collected into O.IM PBS.

5c) For in situ hvbridization and immunofluorescence — crvostat sectioning

After removing the brain from unperfused animals the blocks of fresh brain 

tissue were mounted, caudal side downward, on a piece of cork using OCT and 

immediately frozen in iso-pentane precooled in liquid nitrogen. Coronal sections 

were cut at 12-20 pm. Mid-thoracic spinal cord blocks containing the lesion site were 

placed into plastic wells filled with OCT in longitudinal orientation and all the other 

segments o f spinal cord were placed in transverse orientation. All blocks were 

immediately frozen in iso-pentane precooled in liquid nitrogen. Most mid-thoracic 

spinal cord blocks containing the lesion site were cut horizontally but some were cut 

sagittally or transversely at 12 -14 pm. Other segments of spinal cord were cut 

transversely at 12-14pm. Sections of adult tissue used for immunohistochemistry 

were mounted on slides coated in 1.5% gelatine and 1% chrome alum. Postnatal
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spinal cords for immunohistochemistry were mounted on slides coated in 1.5% 

gelatine and 1% chrome alum and 0.02% poly-L-lysine. All slides were air dried 

overnight. Sections used for in situ hybridization were thaw-mounted onto slides 

coated with 3 -aminopropy 1-triethoxy-silane and immersion fixed in 4% 

paraformaldehyde in PBS.

6. Subbing slides

6a) Subbing slides for immunofluorescence of adult tissues

In order to make a 1.5% gelatine and 1% chrome alum subbing solution, 

14.5g of gelatine was dissolved in 240ml distilled water by heating to 50°C on a 

stirring hot plate and then cooled. 3g of chrome alum (dissolved in 60ml distilled 

water) was then added to this and the final solution was filtered through Whatman 

No.l filter paper.

Pre-cleaned twin frost slides were loaded into staining racks and placed in 

distilled water before being dipped into the above subbing solution for a few minutes. 

The racks were agitated ensure the slides were well-coated and the slides dried in an 

oven at 50-60°C and stored in a clean, dry slide box. The slides were used within a 

month of subbing.

6b) Subbing slides for immunofluorescence of postnatal spinal cord

Gelatine and chrome alum coated slides (see above) were immersed in a poly- 

L-lysine solution and agitated for 10 minutes. This solution was prepared by 

dissolving lOOmg of poly-L-lysine Hbr (Sigma) in 500 ml o f distilled water and 

filtering through Whatman No.l paper. The solution was stored at 4°C and could be 

re-used if re-filtered. The slides were rinsed for 20 seconds in distilled water and 

briefly re-dipped ten times in the poly-L-lysine solution before being dried in an 

oven at 50-60°C overnight. The slides were stored in a dry slide box and used within 

1 month of subbing.

6c) Subbing slides for in situ hvbridization
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Clean twinfrost slides were washed in 10% D90 for 2 hours and rinsed in tap- 

water for at least 20 minutes and washed in distilled water for a few minutes. The 

slides were then rinsed in 15ml 37% HCl and 985 ml 95% ethanol for 15 minutes and 

washed in distilled water for a few minutes before being dried in an oven at 160°C. 

They were then cooled and rinsed in 6% 3-aminopropyltriethoxy-silane in 100% 

acetone for 5 minutes, 100% acetone twice for a few minutes and then twice in 

distilled water for a few minutes. Once air dried, the slides were ready for use.

7. In situ hybridization

7a) Probes

L I, N-CAM total and tenascin-C cRNA probes were gifts from Dr. M. 

Schachner’s laboratory.

LI and N-CAM total, the extracellular part of LI specific DNA comprising 

the first 3.3 Kb of the mouse Ll-cDNA (Moos et al., 1988) or the extracellular part 

o f N-CAM-specific DNA comprising the first 1.6 Kb of mouse N-CAM cDNA 

(Goridis et al., 1985) were subcloned into the pBluescript KS vector (Stratagene, 

Zürich), to produce the pBlue LI-extra and the pBlue 120-N-CAM plasmids. The N- 

CAM total probe recognises all isoforms of N-CAM.

Tenascin-C antisence probes were a mixture of antisense cRNA transcripts 

obtained from plasmids pTEGF and pTFN, which, taken together, cover the complete 

coding sequence of mouse tenascin-C with the exception of the sequence coding for 

the alternatively spliced FNIII repeats.

Anti sense and sense cRNA probes labelled with digoxigenin were generated 

according to the manufacturer's recommendations using an RNA labelling kit 

(Boehringer Mannheim, Germany). After transcribing, the probes were digested 

under alkaline conditions to obtain an average length of approximately 300 

nucleotides.
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7b) In situ hvbridization procedures

In situ hybridization was carried out as described by S Bartsch et al. (1992) 

and Dorries et al. (1993). All the procedures were done wearing gloves, and all the 

solutions and glass wear were kept RNAase free, i.e.: all the glassware was either 

baked in an oven at 160°C or rinsed with 0.1% diethyl-pyrocarbonate (DEPC)- 

treated H2O overnight and then autoclaved. All the solutions were either treated with 

0.1% DEPC overnight and autoclaved, or made with molecular grade chemicals 

dissolved in 0.1% DEPC-treated millipore water.

(1) Fixation and permeabilization o f  tissue

Cryostat sections (12-14 pm) were thaw-mounted onto slides coated with 3- 

aminopropyltriethoxy-silane, and immediately fixed in precooled 4% 

paraformaldehyde in PBS for at least 2 hours to overnight at 4°C. After washing 5 

minutesx3 in PBS (DEPC-treated lOxPBS diluted in DEPC-treated millipore water), 

sections were place into 70% ethanol diluted with DEPC-treated water for 5 minutes, 

(sections can be stored for several days in 70% ethanol at 4°C at this stage). Before 

prehybridization, sections were washed in DEPC-treated water 5 minutesx2 , treated 

with O.IM HCl for 10 minutes, washed with PBS 10 minutesx2 and incubated in 0.1 

M triethanolamine, pH 8.0, containing 0.25% acetic anhydride for 20 minutes (to 

reduce the ability of charged probes to bind ‘electrostatically" to the section). 

Sections were then washed with PBS 5 minutesx2, dehydrated in an ascending 

ethanol series (70%, 80% diluted with DEPC-treated water and 100%) for 5 minutes 

respectively and air dried for a couple of minutes.

(2) Prehybridization

Before prehybridization the sections on the slides were encircled with a PAP 

grease-pen to minimise the volume of hybridization solutions required. The slides 

were placed in an incubation chamber humidified with filter paper soaked with 

formamide-PBS 1:1. A mixture of prehybridization buffer/deionized Formamide 

1:1 (containing 50% formamide (Fluka), 25mM ethylenediaminetetra acetic acid 

(EDTA, Sigma), 50mM, pH 7.6 Tris-HCl (Sigma), 2.5x Denhardfs solution (Sigma), 

0.25mg/ml tRNA (Boehringer Mannheim), and 20 mM NaCl (BDH)) was then
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pipetted on the sections and the incubation chamber was left in a 37°C oven for at 

least 3 hours to overnight.

(3) Hybridization

Before use, the hybridization solutions were prewarmed to 55°C in a 

waterbath. The digoxigenin labelled LI, N-CAM and tenascin-C cRNA sense and 

anti-sense probes were prepared at a concentration of 4 pl/ml with hybridization 

buffer containing 50% formamide, 20mM Tris-HCl (pH 7.50), ImM EDTA, Ix 

Denhardfs solution, 0.5 mg/ml tRNA, 0.1 mg/ml poly A RNA (Sigma), 0.1 M DTT 

(Sigma), and 10% dextran sulfate (Sigma). Once prepared, the probes (hybridization 

mix) were also kept in the 55°C waterbath until use. The incubation chamber was 

removed from the 37°C oven. The slides were then taken from the incubation 

chamber one by one, the prehybridization mixture was poured off and heated 

hybridization mixture was quickly pipetted onto the sections. This step was done as 

quickly as possible in order to avoid low stringency hybridization and, once 

completed, the incubation chamber was sealed with tape and left in an oven at 55°C 

overnight.

(4) Washing

All the washing solutions were prewarmed in a 55°C waterbath. The 

incubation chamber was removed from the 55°C oven and the slides were loaded into 

a staining rack and pre-rinsed in pre-warmed 0.2x standard saline citrate (SSC, 

containing 30 mM NaCl and 3mM Na-citrate, pH 7.0; diluted from 20x SSC) for a 

few seconds before being washed in 0.2x SSC for 30 minutesx2. and then in O.lx 

SSC/ 50% formamide 3x60 minutes.

(5) Development

The sections were rinsed in 0.2xSSC for 10 minutes and equilibrated with 

buffer 1 (lOOmM Tris-HCl, 150 mM NaCl, pH 7.5; diluted from lOx buffer 1) for 10 

minutes at room temperature before being incubated in modified buffer 2 (1% 

Boehringer blocking reagent, 0.5% BSA fraction from Sigma in buffer 1) for 30 

minutes at room temperature. The sections were then incubated with alkaline
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phosphatase-coupled antibodies to digoxigenin (Boehringer Mannheim) at a dilution 

o f 1:700 in modified buffer 2 overnight at 4°C. The following steps were all carried 

out at room temperature. The sections were washed twice in buffer 1 for 15 

minutesx2, equilibrated for 2 minutes in buffer 3 (100 mM Tris-HCl, 100 mM NaCl, 

50mM M gCf, pH 9.5), and then developed in the dark with buffer 3 containing 0.34 

mg/ml 4-nitroblue tétrazolium chloride (Boehringer), 0.175 mg/ml 5-bromo-4- 

chloro-3s-indolyIphosphate (Boehringer), and 0.25 mg/ml levamisol (Sigma). 

Development was usually carried out overnight or until brown cells were visible 

under the microscope. The colour reaction was stopped by washing with buffer 4 

(lOmM Tris-HCl, ImM EDTA, pH 8.0) for 10 minutes and with distilled water for 5 

minutesx2. Slides were either mounted with 90% glycerol (BDH) and 10% O.IM 

PBS or Aquamount Mountant (BDH). For permanent storage the slides were air 

dried overnight and briefly rinsed in Histoclear (to wash out the PAP pen marker 

grease) and mounted with DPX mountant (BDH).

Specificity of the hybridization signal was verified by using antisense and 

sense probes of comparable specific activity hybridized under identical conditions. 

No hybridization signal was seen in control sections in which the anti-sense probes 

were replaced by sense probes.

8. Immunocytochemistry

8a) Primarv antibodies

Rabbit polyclonal antibody recognising all three forms of N-CAM and rabbit 

polyclonal antibody against L i  were used for LM and EM immunocytochemistry at 

dilutions of 1:100 and 1:50 (anti-N-CAM) and 1:200 and 1:100 (anti-L 1 ) 

respectively (gifts from Dr. M. Schachner’s lab, see Martini and Schachner, 1986). 

Monoclonal antibody 735D4 directed against the capsule of group B meningococci, 

which cross-reacts specifically with the highly sialylated form of N-CAM (N-CAM- 

PSA: Frosch et a i, 1985; Rougon et al., 1986; Firme et al., 1987; gift from Dr. M. 

Schachner’s lab), was used for EM immunocytochemistry at a dilution o f 1:50. This
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antibody was not used for LM studies because it yields unsatisfactory results in 

immunofluorescence studies of tissues containing large amounts of ECM.

For most experiments, a well-characterised rabbit polyclonal anti serum 

against mouse CNS Jl/tenascin (isolated from PI-PI 5 mouse brains) was used 

(Faissner & Kruse, 1990; Martini et a l,  1990; gift from Dr. M Schachner’s 

laboratory), at a dilution of 1:200 for immunofluorescence and at a dilution o f 1:100 

for immunoelectron microscopy. Some batches of this antiserum had been affinity- 

purified. There were no differences between the staining patterns obtained with 

affinity purified and unpurified antisera. A second affinity-purified antiserum to 

tenascin-C was also used at a dilution of 1:200 (see Taylor et al., 1993; Fruttiger et 

al., 1995; gift from Dr. M. Schachner’s lab) in postnatal and adult spinal cord after 

dorsal root injury experiments. This antiserum produced identical results. Finally, in 

a few experiments involving P I4 spinal cord and adult rats with crushed dorsal roots, 

a monoclonal anti-tenascin-C antibodv (Affinity; clone EB2) was tested and used at a 

dilution of 1:10. The pattern of staining with this monoclonal antibody was very 

similar to that seen with the polyclonal antisera, but much fainter.

Two types of monoclonal neurofilament HSfF) antibodies were used. In the 

study of graft transplantation into the thalamus (Chapters 3, 4) a monoclonal 

antibody against the 140 kD component of NF (Boehringer Mannheim) was used at a 

dilution of 1:50 for immunofluorescence. In all the other studies (Chapters 5-8) 

monoclonal antibodies against both the phosphorylated and non-phosphorylated 

200kD subunit of NF (Sigma) were used at dilution of 1:1000 for 

immunofluorescence and for the avidin-biotin-peroxidase (ABC) 

immunohistochemical method.

A monoclonal antibody directed against GFAP (Sigma) a marker for 

astrocytes was used at a dilution of 1: 1000, and a monoclonal antibody against OX- 

42 (Serotec), a marker for macrophages and microglia, was used at a dilution of 1: 10 

for immunofluorescence and 1: 1000 for ABC methods.
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8b) Secondary antibodies

For EM immunocytochemistry peroxidase-coupled protein A (Sigma) was 

used at a concentration of 0.036 mg/ml. For immunofluorescence fluorescein 

isothiocyanate (FITC)-conjugated goat antibodies to rabbit IgG (Sigma, diluted 

1:100) tetramethylrhodamine isothiocyanate (TRITC)-conjugated goat antibodies to 

mouse IgG (Sigma) diluted 1:100, biotinylated horse anti-mouse IgG diluted 1: 200 

and Streptavidin Texas Red (Amersham Life Science) diluted 1:400 were used as 

secondary antibodies. For the ABC method, biotinylated horse anti-mouse IgG 

diluted 1: 200 and Vectastain Elite ABC kit at a dilution 1:200 were used.

8c) Phosphate buffer for immunocytochemistry

For a 0.4M PB stock solution 10.49g of NaH2P04 xlH^O was dissolyed with 

46g o f Na2HP04 (anhydrous) in 1000ml of distilled H2O. This solution was diluted 

with distilled water 1:4 to make O.IM PB 9g of NaCl was added to 1000ml O.IM PB 

to make PBS.

8d) Double indirect immunofluorescence staining for NF and N-CAM or NF and LI 

Before staining, sections were outlined with a PAP- grease pen to minimise 

the yolume of antibodies used as preyiously described. Sections were first rinsed in 

O.IM PBS for 5 minutes and incubated in a blocking solution containing 1% boyine 

serum albumin (BSA, Sigma) in O.IM PBS, before being incubated in a monoclonal 

antibody directed against the 140 kD subunit of NF oyernight at 4°C. The next day 

the same sections were incubated in polyclonal antibodies against either N-CAM or 

LI for 1 hour. After washing in the same blocking solution as used aboye for 10 

minutes the sections were further incubated in a mixture of antibodies containing 

FITC-conjugated goat antibodies to rabbit IgG and TRITC-conjugated goat 

antibodies to mouse IgG diluted in the blocking solution. The sections were rinsed in 

O.IM PB for 10 minutes and finally coyerslipped with mounting medium containing 

90% glycerol, 10% O.IM PBS and 2.5% DABCO (Sigma). It was possible to 

preserve the intensity of the immunofluorescence for at least 1 month by storing the 

sections at 4°C. Sections were yiewed under Zeiss Axioplan fluorescence 

microscope.
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8e) Double immunofluorescence for tenascin-C and GFAP. tenascin-C and NF, and 

tenascin-C and OX-42

The protocol for tenascin-C and GFAP, tenascin-C and NF double 

immunofluorescence was the same as that described above: sections were either 

incubated in antibodies against GFAP or NF overnight at 4°C and then were 

incubated in antibody against tenascin-C for 2 hours at room temperature. For 

tenascin-C and OX-42 double immunofluorescence, sections were postfixed in PLP 

fixative (see below) for 30 minutes and rinsed in O.IM PBS 2x10 minutes. After 

incubation with a blocking solution containing 1% BSA, 10% normal goat serum, 

10% normal horse serum and 0.05% Triton X-100 (Sigma) in O.IM PBS for 1 hour at 

room temperature, the sections were incubated with a monoclonal antibody directed 

against OX-42 diluted with blocking solution overnight at 4°C. These sections were 

subsequently incubated with rabbit polyclonal antibody against tenascin-C for 2 

hours at room temperature. After washing in 2% non-fat dried milk in O.IM PBS 

2x10 minutes the sections were incubated with biotinylated horse anti-mouse IgG 

and FITC-conjugated goat antibodies to rabbit IgG for 2 hours at room temperature. 

After washing in 2% non-fat milk in O.IM PBS for 2x 10 minutes the sections were 

incubated in Streptavidin Texas Red for 3 hours. Sections were rinsed in PBS for 

2x10 minutes and mounted in a mixture of glycerol and PBS (9:1) containing 2.5% 

DAPCO and coverslipped. Sections were viewed in a Leica scanning laser confocal 

microscope and Zeiss photomicroscope 3.

1 litre o f PLP fixative was prepared as follows:

(1). 250ml of 8% paraformaldehyde was dissolved in double distilled HjO at 

60°C, cooled and then filtered tlirough No. 1 Whatman paper.

(2). 750ml L-lysine solution was prepared by dissolving 13.6g L-lysine, 

2.84g Na2HP04 (anhydrous), and 0.78g NaH2P04 in 750ml double distilled H2O.

(3). The two solutions were chilled on ice and only mixed just before 

perfusion. 2.13g sodium periodate was added to the final solution and the pH was 

adjusted to 7.2-7.4.
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8f) Immunofluorescence staining for tenascin-C

The protocol for tenascin-C immunofluorescence was similar to that 

described in Section 8b.

8g) In situ hvbridization and GFAP immunofluorescence double staining

Some sections used for in situ were also immunostained with a monoclonal 

antibody against GFAP in order to identify those cells synthesising tenascin-C. After 

rinsed in buffer 4 (see Section 7b.5) sections were further rinsed in O.IM PBS 2x 10 

minutes and then incubated in 1% BSA in O.IM PBS for 1 hour and incubated in a 

monoclonal antibody against GFAP at a dilution of 1:400 overnight at 4°C. After 

washing in O.IM PBS for 10 minutes the sections were incubated in FITC- 

conjugated goat antibodies to mouse IgG for 1 hour at room temperature. Sections 

were coverslipped as described in Section 8e.

8h) ABC immunohistochemistrv method

Cryostat sections were postflxed in either 4% paraformadehyde (for NF 

staining) or PLP fixative (for OX-42 staining) for 30 minutes or overnight. After 

rinsing in O.IM PBS 2x10 minutes the sections were incubated in a blocking solution 

containing 1% BSA, 10% normal horse serum and 0.05% Triton-X 100 in O.IM 

PBS for 1 hour. This step was followed by incubation in a primary antibody against 

either the 200kD subunit of NF or an antibody against OX-42 at a dilution of 1: 1000 

overnight at 4°C. Sections were rinsed in O.IM PBS 3x10 minutes and then 

incubated in biotin-conjugated anti-mouse antibody raised in horse for 2 hours at 

room temperature. The avidin-biotin signal amplification complex (Vectastain Elite 

ABC kit) was prepared half an hour before use at a dilution of 1:200. The sections 

were incubated in this complex for 1.5 hours at room temperature and then were 

rinsed in O.IM PB for 3x10 minutes. Finally the sections were incubated in a 0.04% 

3,3’-diaminobenzidine tetrahydrochloride (DAB, Sigma) and 0.03% hydrogen 

peroxide until the dark brown reaction product was visualised. The reaction was 

stopped by rinsing in O.IM PB for 3x 10 minutes. After air drying the sections were 

dehydrated in an ascending series of ethanol (see table below) and mounted with 

DPX (BDH).
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Control sections for both immunofluorescence and ABC methods with 

polyclonal and monoclonal antibodies were processed in either normal rabbit serum 

(for polyclonals) or normal mouse serum (for monoclonals) or PBS (for polyclonals 

and monoclonals) in place of the primary antibody.

Table 2-1. Schedule for dehydration in a graded series of ethanols

75% ethanol 10 seconds

95% ethanol 10 seconds

100% ethanol 10 seconds

Histoclear 15 minutes

95% ethanol 5 minutes

100% ethanol 5 minutes

100% ethanol 10 minutes

Histoclear 10 minutes

9. Immunoelectron microscopy

Pre-embedding techniques were employed as described by Martini and 

Schachner (1986). Vibrotome-cut free floating sections were collected in O.IM PBS 

in 4x6 Corning eell wells and rinsed in O.IM PBS 3x 10 minutes. Sections were 

incubated with 0.1% BSA in O.IM PBS overnight at 4°C, treated sequentially with 

O.IM NalOq , 1% NaBHq for 15 minutes and 20% DMSO 20 minutes. Between 

each treatment sections were rinsed in 0.1% BSA or O.IM PBS 5 minutesx] and 

rinsed at least 5 minutesx4 after DMSO treatment. After incubating with polyclonal 

antibodies against N-CAM or LI, or monoclonal antibodies 735D4 against N-CAM-
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PSA and tenascin-C for 20 hours at 4°C and 4 hours at room temperature on a 

shaker. The sections were washed in O.IM PBS for at least 2 hours (20 minutesx6). 

The sections were then incubated with peroxidase-coupled protein A for 20 hours at 

4°C on a shaker. The sections were washed in O.IM PBS for 2 hours and fixed with 

0.5% glutaraldehyde in 0.01 M PB. Following washing in 0.0IM PB for 10 minutes 

the sections were incubated with 0.02% DAP in 0.04 M Tris-buffer at pH 7.6 for 30 

minutes, and then incubated in 0.02% DAP plus 0.01% hydrogen peroxide in 0.04M 

Tris-buffer at pH 7.6 until the colour reaction had taken place. After rinsing in 0 .0IM 

PB 3x 5 minutes the sections were osmicated with 1% 0 s 0 4  in 0.0IM PB for 30 

minutes, washed in O.OIM PB 10 minutesx2 and dehydrated in graded acetone (30%, 

50%, 70%, 90%, 96%, 100%x2 for 10 minutes respectively). This step was followed 

by incubation of the sections in a mixture of acetone: Spurr resin 2:1 and then in the 

same mixture at a ratio of 1:2, each for 30 minutes. Sections were incubated in the 

Spurr resin overnight at room temperature on a rotating mixer before being 

embedded in Spurr resin between Melinex sheets in an oven at 50°C for 16 hours. 

Ultrathin sections about 60nm thick were cut with a diamond knife and collected 

onto copper coated grids. The sections were viewed without counterstaining, or 

occasionally after counterstaining with 2% lead citrate in double distilled water, in 

either JEOL 1010 or Philips 300 electron microscopes.

Spurr resin was made as follows: mix lOg vinyl cyclohexene dioxide (ERL 

4206, TAAB), 6g DER 736 Resin (TAAB), 26g nonenyl succinic anhydride (NSA, 

TAAB) and 0.4g dimethylaminoethanol (DMAE, TAAB) while stirring 

continuously.

No immunoreactivity was detectable in control material in which the primary 

antibody was replaced by PBS.

10. Transmission electron microscopy

Vibratome sections were collected in O.IM PB and, after being rinsed in 

O.IM PB 10 minutesx2. The sections were osmicated for 45 minutes at 4°C in 1%
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0 s0 4  (Agar Scientific) in O.IM PB and then washed in O.IM PB for 5 minutes and 

O.IM sodium acetate buffer at pH 7.4 for 15 minutesx2. Sections were block stained 

in 2% uranyl acetate (Agar Scientific) in sodium acetate buffer for 45 minutes at 4°C. 

After this step it was possible to keep sections in O.IM sodium acetate buffer 

overnight at 4°C as required. Sections were washed in O.IM sodium acetate buffer 

for 10 minutesx2 and then dehydrated in a series of ascending concentrations of 

ethanol (25%, 50%, 70% ethanol for 5 minutes respectively and 90% ethanol for 5 

minutesX2 and 100% ethanol for 10 minutesx4) and cleared in propylene oxide for 5 

minutesx5. The sections were then embedded in propylene oxide: araldite resin at a 

ratio of 1:1 for 45 minutes and araldite resin for ovemightx2 on a rotating mixer. The 

sections were then embedded in araldite resin, sandwiched between Melinex sheets 

in an oven at 50°C for 16 hours. Ultrathin sections about 60nm were cut and 

counterstained with 2% lead citrate in distilled water and viewed in JEOL 1010 

electron microscope.

Aradite resin was made as follows: mix lOg dodecenyl succinic anhydride 

(DDSA, Agar Scientific), lOg Araldite CY212 (TAAB) and 0.8g dibutyl phthalate 

(Agar Scientific) by heating to 40°C on a hot plate, while stirring. Then 0.4g of 

benzyldimethylamine (Agar Scientific) was added to the mixture which was then 

stirred for a further two minutes without heating.

11. Tetramethylbenzidine (TMB) method of HRP visualisation

Free floating microtome sections were collected into O.IM PB and rinsed 5 

minutesx2 in phosphate buffer. The sections were stored at 4°C while the incubation 

solutions were prepared. Solution A : 0.3g sodium nitroferricyanide (Sigma) was 

dissolved in 280 ml distilled water, 15ml of pH 3.3 acetate buffer (acetate buffer: 

4.1 g sodium acetate (Sigma) dissolved in 50 ml distilled water, and 47.5 ml 1.0 M 

hydrochloric acid made up to 250 ml with distilled water and adjusted to a pH o f 3.3 

with concentrated sodium hydroxide). Solution B: 0.015g 3,3’, 5,5’ TMB (Sigma) 

dissolved in 7.5ml absolute ethanol (Analar, BDH). Solution C: 0.3% hydrogen 

peroxide in distilled water. Solutions A, B, C and the incubation trays were chilled
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on ice, and the incubation was carried out on ice in order to slow down the TMB 

reaction and reduce the level of background staining. Before reaction the sections 

were rinsed in distilled water for a few seconds, then incubated in a mixture o f 49ml 

solution A and 1.25ml solution B (made seconds before introduction of the tissue 

sections), for 20 minutes. The sections were then incubated in a mixture o f 49ml 

solution A + 1.25ml solution B + 2 ml solution C five times for 5 minutes. The 

sections were then rinsed in post reaction solution (200ml of the acetate buffer in 800 

distilled water) on ice 5 minutes for six times and mounted onto clean gelatinised 

slides. Sections were air dried for about five hours or in some cases at 4°C overnight. 

The dried sections were quickly passed through an ascending series of ethanols 

(70%, 95% and 100% for a few seconds each) and Histoclear clearing agent for about 

two minutes, before being coverslipped with DPX mountant and left to air dry at 

room temperature before inspection.
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CHAPTER 3

The Expression and Distribution o f Cell Adhesion M olecules in 

and around Peripheral Nerve Grafts in the Adult Rat Thalamus

1. Introduction

It is well established that peripheral nerve grafts provide an environment 

capable of promoting the regeneration of CNS axons (Aguayo, 1985; Aguayo et al.,

1991). However, the identity and modes of actions of the molecular cues present in or 

derived from peripheral nerve grafts that promote CNS axonal regeneration are poorly 

understood. The key component in peripheral nerve grafts is the Schwann cell (Berry et 

al., 1988a; Smith and Stevenson 1988; Paino and Bunge, 1991); when axons enter the 

grafts they rapidly become associated with Schwann cells and their subsequent growth 

into the distal part of the graft is exclusively within basal lamina-enclosed columns of 

Schwann cells (Campbell et al., 1992) and CNS axons will not grow into grafts in 

which the Schwann (and other) cells have been destroyed by freeze-drying or freeze- 

thawing (Smith and Stevenson 1988; Berry et a l, 1988a)

Furthermore, the regenerative capacity of different types of CNS neurons 

responding to peripheral nerve grafts varies. Some CNS neurons are more capable of 

regenerating their axons into nerve grafts than others. It is not known why but it is 

reasonable to propose that such successfully regenerating neurons may more readily 

revert to an immature state in which their growth potential is enlianced. Neural cell 

adhesion molecules N-CAM, LI and N-CAM-PSA are developmentally regulated 

molecules and are involved in a variety of morphogenetic events during nervous 

system development (reviews by Edelman 1985; Jessell. 1988; Rutishauser and Jessell, 

1988 and see Chapter 1, Section 4c). Following sciatic nerve injury N-CAM and LI are 

greatly up-regulated by Schwann cells (Martini and Schachner, 1988; Martini, 1994), 

possibly to provide at their surface a growth-promoting substrate for regenerating
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axons. These changes in CAMs expression may also be of great importance in 

promoting CNS axonal regeneration. The purpose of the study reported in this chapter 

was: (1) to investigate the molecular basis of interactions between the elongating CNS 

axons and the cells and extracellular matrix of the grafts (see also Chapter 4) and to 

establish to what extent these interactions resemble those which occur in regenerating 

peripheral nerve; (2) to investigate some of the molecular changes in neurons 

undergoing regeneration — whether, for example, the regenerating CNS neurons regain 

their developmental potential by reexpressing developmentally regulated neural cell 

adhesion molecules. By using in situ hybridization and light and electron microscopic 

immunocytochemistry the expression and distribution of CAMs in and around tibial 

nerve grafts transplanted into the thalamus of adult rats were studied.

2. Summary of methods used

Autologous tibial nerve grafts and frozen killed acellular tibial nerve grafts 

were implanted into the left thalamus of adult rats. For in situ hybridization, rats 

implanted with living grafts at 1 (n=2) and 3 (n=3) days, and 1 (n=4), 2 (n=3) 4 (n=2), 

6 (n=l) and 8 weeks (n=3) postoperation (dpo; wpo) and with frozen-killed grafts at 1 

dpo (n=2), 7, 11, 14 dpo(n=4) and 4, 7.5, 10 wpo (n=3) were decapitated. Coronal 

cryostat brain sections containing the graft were hybridized with digoxigenin-labelled 

LI and N-CAM total cRNA probes. For immunofluorescence staining, rats at 1, 2, 3, 4 

and 8 wpo (n=9) were decapitated and coronal cryostat brain sections containing the 

grafts were double immunostained with polyclonal antibodies against N-CAM or LI 

and monoclonal antibody against NF. For immunoelectron microscopy, rats at 6, 9, and 

10 dpo (n=4), 2 and 4 wpo (n=5) and 8 and 13 wpo (n=4) were perfused with 4% 

paraformaldehyde and 0.25% gluteraldehyde in 0.12 M Palay buffer. Horizontal 

vibroslice brain sections containing the graft were cut at 80-100 j.im and 

immunostained with polyclonal antibodies against LI, or N-CAM, or monoclonal 

antibody 735 D4 against N-CAM-PSA.
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3. Results

In all forty nine animals the proximal portion of the graft, and its tip, were 

located in the thalamus (e.g. Fig. 3.1a). The microanatomy of such peripheral nerve 

grafts and the brain-graft interface after implantation in the thalamus has been 

described in detail by Campbell et al. (1992). In brief (see Fig. 3.1b) Schwann cell 

columns of the proximal part of the grafts and the endoneurium around them were 

separated from comparatively normal brain tissue by a iunctional zone (which at short 

survival times after grafting comprises an extensive extracellular space within which 

are scattered axonal sprouts intermingled with processes of astrocytes, macrophages 

and Schwann cells, and which at later survival times becomes more cellular and 

compact), and an astrocytic glia limitans (which begins to form within days, is more or 

less continuous around the graft two weeks or so after implantation and later becomes 

multilamellar and complex) and a parenchvmal border zone of thalamic tissue 

containing a mixture of normal and abnormal neuronal elements, reactive glia, and 

numerous axonal sprouts. In this experimental model the great majority of CNS axons 

which regenerate through the grafts are derived from the neurons of the TRN (Benfey 

et a i, 1985; Morrow g/ûf/., 1993).

3a) In situ hvbridization 

Control material

Very few cells in control (unoperated) peripheral nerve expressed either N- 

CAM total or LI (Figs. 3.3b, 3.5b). In the thalamus of control brain and in the 

contralateral thalamus of animals with peripheral nerve grafts there was sporadic, 

moderate labelling with N-CAM total probe (Fig. 3.2a) and more extensive but still 

comparatively moderate labelling with the LI probe (Figs. 3.4a, 3.7a). Both N-CAM 

total labelled cells and LI labelled cells were increased in the graft and the brain tissue 

around the graft as detailed below.

N-CAM total and LI mRNAs in /ivi/i2  srafts

Both N-CAM total and LI mRNA-containing cells were more numerous in the 

grafts than in control nerves (Figs. 3.3a, 3.5a). There was considerable interanimal
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variation in the density and number of labelled cells in the grafts, and although a 

thorough study of the expression patterns of LI and N-CAM total in grafts was not 

carried out, the morphology and position of the labelled cells were compatible with the 

hypothesis that Schwann cells were in both cases the predominant labelled cell type. 

Overall N-CAM total mRNA expression seemed to be heavier than that of LI mRNA.

N-CAM total mRNA in the brain after implanting a Uvin2 sraft

N-CAM total mRNA-containing cells were found mainly around and close to 

the graft, especially in the junctional zone from 7 dpo to 6 wpo (Fig. 3.2a,b,c). Most of 

these cells were probably glial cells because of their location, shape and small size and 

because of the EM immunocytochemical findings (described below). In a few cases, 

some thalamic nuclei close to the grafts, such as the ventral posterior, posterior and 

lateral posterior nuclei, and the zona incerta, expressed more N-CAM total mRNA than 

the corresponding nuclei on the contralateral side, where overall labelling was sparse. 

In the more heavily labelled aieas close to the graft, some N-CAM total mRNA- 

containing cells resembled neurons because of their large size and shape (Figs. 3.2b,c). 

When the graft encroached on the TRN a few N-CAM total mRNA-containing cells, 

resembling neurons, were found in that nucleus (Fig. 3.2b).

LI mRNA in the brain after implantin2  a livins sraft

The number of LI-mRNA-containing cells was greater than the number of cells 

labelled with the N-CAM total probe; the labelling of individual cells, however, was 

never very heavy except for the neurons of the TRN (see below). All of the labelled 

cells appeared to be neurons on the basis of their size, location and shape. The dorsal 

thalamic nuclei in which such cells were found in these experiments included the dorsal 

lateral geniculate, ventral posterior, lateral posterior and posterior nuclei. Labelled 

cells were also occasionally present in the zona incerta. However, the heaviest and most 

concentrated labelling was of neurons in the TRN. These neurons, which do not 

express LI mRNA in unoperated animals or on the side contralateral to the graft in 

experimental animals (Figs. 3.4a, 3.7a), were moderately labelled with the LI 

anti-sense probe at 3 dpo and were heavily labelled at 2, 4 and 8 wpo. The largest 

number of TRN neurons expressing LI mRNA was found in an animal in which the
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graft tip was more laterally located than usual and encroached directly on the dorsal 

portion of the TRN (Figs. 3.4a,b).

N-CAM total and LI mRNAs in acelliilar grafts

In most animals the acellular grafts were washed out in the in situ procedure, In 

those animals in which some of the graft remained LI mRNA and N-C AM total 

mRNA were not present in the graft (Figs. 3.6b, 3.8a), or occasionally a minute number 

of LI mRNA and N-C AM total mRNA containing cells were present in the graft.

N-CAM total mRNA in the brain after implantins an acellular sraft

N-C AM total mRNA was up-regulated mainly around the graft from 7 to 45 

dpo. Cells up-regulating N-CAM total mRNA were mainly small-medium sized and 

were located close to and predominantly around the graft, especially in the junctional 

zone (Figs. 3.6a,b); the labelled cells appeared to be glial cells.

LI mRNA in the brain after implantins an acellular 2raft

There was very little difference in the expression of LI mRNA in the thalamus 

contralateral to, and in the thalamus containing a frozen-killed acellular graft (compare 

Fig. 3.7a and 3.7b). In none of the 9 animals was LI mRNA up-regulation apparent in 

the TRN (Figs. 3.7b, 3.8a,b), even in short survival time animals.

3b) LM immunocvtochemistrv

Seven days (n=2) after graft implantation numerous NF positive neurites, 

possibly representing regenerating axonal sprouts, were present in the brain 

surrounding the graft (see Fig. 4.8b in Chapter 4). The brain parenchyma immediately 

adjacent to the grafts exhibited strong diffuse staining for N-CAM and LI. At this stage 

very little NF immunoreactivity was found in the graft, but some Schwann cells were 

strongly immunoreactive for N-CAM and LI (Figs. 3.9, 3.10). As far as could be 

ascertained by LM inspection, these cells were not usually associated with myelin 

debris and were therefore probably derived from nonmyelinating cells. At 2, 3 and 4 

wpo (n=5) NF immunoreactive axons could be seen in the junctional zone associated 

with N-CAM and LI positive structures (Figs. 3.11, 3.12), which in the case of LI
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appeared to be primarily Schwann cells (Fig. 3.12). Axons in the graft immunoreactive 

for NF were both N-CAM and L 1 positive and some of them were clearly associated 

with N-CAM and LI positive Schwann cell columns (Figs. 3.13, 3.14). At this stage 

most of both the nonmyelinating Schwann cells and the previously myelinating 

Schwann cells (identified by their association with myelin debris), were strongly 

immunoreactive for N-CAM and LI. At 8 wpo (n=2) affer implantation, the level of 

immunoreactivity and the pattern of staining for both adhesion molecules remained 

very similar to that at 4 wpo.

3c) EM immunocvtochemistrv

First, the fine structural relationships between the axonal sprouts and glial cells 

and other elements in the graft and parenchymal border zone of the brain are briefly 

described, for a fuller account of which, see Campbell et al. (1992). Then, the location 

of N-CAM-PSA immunoreactivity in the graft and parenchymal border zone is 

described. Finally, the pattern of immunoreactivity for N-CAM and LI is described 

together as these two molecules exhibited similar (albeit not identical) patterns of 

expression and distribution in the grafts at all postoperative intervals, although their 

patterns o f expression in the brain were distinctly different.

The structure o f  the brain/sraft interface

At 6 to 10 days after grafting axonal sprouts were most numerous in the 

parenchymal border zone, where they were in contact with astrocytes, and were also 

present in the junctional zone where they were often found to lack cellular contact of 

any kind. Within the graft itself, the sprouts were found predominantly individually or 

in small clusters between the Schwann cell processes of Schwann cell columns, and 

were much more common at 9 and 10 dpo than at 6 dpo. At 9 and 10 dpo and later 

survival times the sprouts were seldom found at the periphery of the Schwann cell 

columns directly abutting the basal lamina. Instead, most resided more deeply within 

the Schwann cell column. At 2 and 4 weeks affer grafting large bundles of axonal 

sprouts were still present in the brain parenchymal border zone and at this stage a more 

or less continuous astrocytic glia limitans had formed at the brain/graff interface. Many 

axonal sprouts were present in the Junctional zone and within the graft. In the junctional
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zone, sprouts were often in contact with Schwann cell processes and sometimes with 

astrocyte processes. In the grafts most axonal sprouts were clustered in the central part 

of Schwann cell columns, separated from the basal lamina by Schwann cell processes 

and commonly with a larger than normal extracellular space around them. At 4 weeks 

postgrafting, but not at 2 weeks, a few myelinated axons were found in the graft. At 8 

and 13 weeks after grafting bundles of sprout-like axonal profiles were still present in 

the brain parenchymal border zone. The glia limitans was thicker than at earlier times 

and the junctional zone, which was less distinct than at earlier stages (Campbell et al.,

1992), contained nonmyelinated axons associated with Schwann cell processes, 

astrocyte processes and mixed bundles of astrocyte and Schwann cell processes. 

Similar mixed bundles were present in the proximal graft, together with more typical 

Schwann cell columns. The grafts contained more axons myelinated by Schwann cells 

than at earlier times.

N-CAM-PSA immunoreactivity in the sraft

At 6 - 10 dpo and 2 and 4 wpo immunoreactivity was present around and 

between the axonal sprouts in the grafts (Figs. 3.15-3.17), but was absent from 

Schwann cell surfaces distant from the sites of axonal contact (Fig. 3.15). Only at and 

close to areas of contact with N-CAM-PSA-positive axonal sprouts was reaction 

product present close to the surface of Schwann cell processes (Figs. 3.15, 3.17a), 

suggesting that the N-CAM-PSA was of neural origin. The surfaces of growth 

cone-like profiles were also coated with reaction product (Fig. 3.17b), and the wide 

extracellular spaces between adjacent axonal sprouts were filled with reaction product 

(Fig. 3.16). On the rare occasions when the regenerating axonal sprouts touched the 

basal laminae of Schwann cells, immunoreactivity was absent from the axonal surface 

at the point of contact (small arrow. Fig. 3.16). When axonal sprouts were enwrapped 

by Schwann cell processes, reaction product was present between the axonal and 

Schwann cell membranes but not between the Schwann cell surfaces forming the 

mesaxon, except immediately adjacent to the axon (Fig. 3.17a). The reaction product 

was absent from the myelinated axonal sprouts. Astrocyte processes, whenever present 

within the graft, were coated with reaction product (not illustrated). A few collagen 

fibrils, fibroblasts, macrophages and basal laminae surrounding Schwann cell or

77



astrocyte processes were occasionally associated with weak reaction product. At 8 and 

13 wpo most axons in the graft were N-CAM-PSA negative (not illustrated).

N-CAM-PSA immunoreactivity in the parenchymal border zone

Reaction product was present on the surface of numerous regenerating axonal 

sprouts (Fig. 3.18), and was more extensive at 2 and 4 wpo than at earlier stages. 

Immunoreaction product was present not only around small axonal sprouts, but also 

around larger nonmyelinated axonal profiles, dendritic profiles and some neuronal 

somata. Presynaptic axonal terminals and postsynaptic dendritic profiles were also 

sometimes outlined by reaction product. At 2 wpo the surfaces of astrocyte processes 

forming the glia limitans between the brain and graft were immunoreactive (Fig. 3.18) 

whereas at earlier survival times the only N-CAM-PSA immunoreactivity associated 

with astrocyte surfaces was that observed at contiguities with immunoreactive axonal 

profiles. At 8 and 13 wpo reaction product was found around most of the small sprout

like nonmyelinated axons and was much more extensive on astrocyte processes than at 

earlier stages (not illustrated).

N-CAM and LI immunoreactivity in the 2raft

At 6 to 10 dpo, N-CAM and LI immunoreaction products were present on the 

surfaces of axonal sprouts in the junctional zone and graft (Figs. 3.19, 3.20). The 

immunoreactivity was stronger at 2 and 4 wpo (Figs. 3.22, 3.24. 3.25) and at 8 and 13 

wpo small nonmyelinated axons invaginated into Schwann cells and immature axonal 

sprouts with only small areas of focal apposition with Schwann cells were also labelled 

(Figs. 3.26, 3.27). At these longer survival times, immunoreactivity for both molecules 

around larger axons individually invaginated into Schwann cells was weaker than that 

around smaller axons surrounded by Schwann cell processes or embedded in Schwann 

cell processes in clusters (Figs. 3.26, 3.27), and the loss of immunoreactivity around 

larger, more mature axons was more obvious for LI (Fig. 3.27) than for N-CAM (Fig. 

3.26). Growth cone-like profiles and varicose portions of axonal sprouts containing 

synaptic-like vesicles were both found to be N-CAM and LI positive at 2 and 4 wpo 

(e.g. Fig. 3.21). Where axonal spouts touched the basal lamina of the Schwann cell 

column no immunoreactivity was present on either the axonal membrane or the basal

78



lamina (small arrows, Figs. 3.20-3.21). At all post grafting survival times, modest 

quantities of immunoreaction product were also present on some Schwann cell 

processes showing no signs of previous involvement in myelination and especially at 2 

and 4 wpo on some formerly myelinating Schwann cells, identifiable by their content 

of myelin debris (not illustrated). In addition, at 2 and 4 wpo some contiguous 

Schwann cell processes displayed moderate to strong immunoreactivity for N-CAM 

(paired arrow heads, Fig. 3.22; Fig. 3.23) and LI (paired arrow heads. Fig. 3.25); such 

immunoreactivity was especially obvious at mesaxons (Fig. 3.25) but was also found 

on some Schwann cell processes not closely related to axons (Fig. 3.23). 

Immunoreactivity for N-CAM in these sites was more commonly encountered and 

more extensive than immunoreactivity for LI. N-CAM but not LI immunoreactivity 

was present on astrocyte processes within the graft, particularly at survival times of 2- 

13 wpo when such processes were common within the grafts. In some areas, sparse 

immunoproducts for both molecules were also found on collagen fibrils and basal 

laminae surrounding Schwann cells, and weak immunoreactivity for N-CAM was 

occasionally seen on fibroblasts at 2 and 4 wpo and at 8 and 13 wpo (not illustrated).

N-CAM and LI immunoreactivity in the parenchymal border zone.

Immunoreactivity for N-CAM and LI was widespread and dense at 2 wpo (Fig. 

3.30), 4, 8 and 13 wpo (e.g. Figs. 3.31, 3.32) and less widely distributed and weaker at 

earlier stages (Figs. 3.28, 3.29, 10 dpo). N-CAM immunoreactivitv was present on 

axonal sprouts (Figs. 3.28, 3.30, 3.31), on astrocyte processes where they were in close 

contiguity (arrowheads Fig. 3.30) and occasionally on oligodendrocytes. Reaction 

product was absent from the surface of astrocyte processes abutting the basal lamina of 

the glia limitans and around blood vessels (Fig. 3.30; cf. Bartsch et al., 1990). LI 

immunoreactivitv was more restricted and present only around and between axonal 

sprouts (Figs. 3.29, 3.32); astrocyte processes were associated with LI reaction product 

only where they were contacted by LI-positive axonal sprouts (Fig. 3.29).

Summary

N-CAM-PSA was present at the surface of most nonmyelinated axons in the 

graft between 6 dpo and 4 wpo, but had disappeared from these surfaces at 8 and 13
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wpo. In contrast, in the brain parenchymal border zone N-CAM-PSA 

immunoreactivity was more extensive and common on nonmyelinated axons at 

survival times of 2-13 wpo than at earlier stages. There was also a difference in the 

labelling of glial cell surfaces. Schwann cell surfaces were coated with N-CAM-PSA 

in the graft only where they apposed positive axon surfaces whereas many astrocyte 

processes in the brain were positive, particularly at 2 - 13 wpo. N-CAM and LI were 

present at the surface of most nonmyelinated axons in both the graft and brain at all 

survival times but decreased in the graft, especially around larger, individually 

enwrapped axons, at 8 and 13 wpo. Schwann cell surfaces with no apparent axon 

contact were occasionally and weakly labelled for N-CAM and LI at survival periods 

of less than 2 weeks but more commonly and more heavily at 2-4 wpo, especially in the 

case of N-CAM. Astrocyte labelling was different for N-CAM and LI; N-CAM was 

present on astrocyte surfaces (except those underlying basal lamina) particularly at 2-13 

wpo whereas LI did not coat astrocytes unless they abutted LI positive axons.

Control material

In all experiments, some nonmyelinated axonal profiles with low levels of 

N-CAM and LI reaction product at their surface were found in the apparently 

undamaged thalamic parenchyma some distance from the graft on the operated side, 

and also in the contralateral thalamus and in the thalamus of a normal (unoperated) 

adult rat. No N-CAM-PSA-immunoreactive axons were found in any of these sites. 

The N-CAM and LI immunostained axons were individually and irregularly scattered 

in the neuropil; they were not arranged in fascicles, and did not therefore resemble the 

regenerating axonal sprouts which are found in the thalamic parenchyma close to the 

grafts, and for the most part in large clusters (Campbell et al., 1992).
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Fig. 3 .1 Panel a is a photomicrograph of a coronal section of the left side of an adult rat 

brain 2 weeks after insertion of a tibial nerve autograft. The graft (G) traverses the 

cerebral cortex (C) and the hippocampus (H), and terminates in the most ventral part of 

the ventrobasal nucleus (VB) with part of the posterior nucleus (PO) lying medial to it. 

The small arrows delineate the region of the glia limitans around the tip of the graft, within 

which the junctional zone is exaggerated by slight shrinkage of the graft away from the 

surrounding brain tissue. The tip of the proximal portion of the graft is devoid of 

penneurial and epineurial sheaths; sheath elements are, however, present at more distal 

levels (e.g. at arrowheads). V = third ventricle. Bar = 1mm.

Panel b is a diagrammatic representation of a horizontal section of the thalamus, enclosing 

the transversely sectioned proximal portion of the graft to show the parenchymal border 

zone, glia limitans, junctional zone and graft. Sections such as this were cut for the EM 

part of the study while LM observations were made on coronal sections such as the one in 

Fig. 3.1a.
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Fig. 3.2-3.3 Distribution and localisation of N-CAM mRNA in the thalamus and graft 

at 2 wpo (Fig. 3.2) and 4 wpo (Fig. 3.3a). H=hippocampus.

Fig. 3.2a.b.c N-CAM mRNA-containing cells are unevenly distributed in the 

contralateral thalamus (CT). Medially located nuclear group are more heavily labelled 

than lateral group. The hypothalamus also contains many labelled cell. In the operated 

thalamus many small, heavily labelled cells, probably glia, are situated at the interface 

between the graft (G) and brain, in the junctional zone and adjacent parenchymal 

border zone (e.g. at arrows in Fig. 3.2a,b,c). Larger labelled cells in the thalamic 

parenchyma (e.g. at open arrows in Fig. 3.2a,b,c), may be neurons. Fig. 3.2b shows a 

graft encroaching directly on TRN. In this case a few (presumably TRN) neurons (at 

open arrow in Fig. 3.2b) express N-CAM total mRNA. Fig. 3.2c shows N-CAM total 

mRNA-containing cells in and around the tip of a graft (G) at 2 wpo. The thalamic 

parenchyma is at the bottom and left. Numerous labelled cells (presumably Schwann 

cells) are present within the graft (at top and right). Bar = 500|im in Fig. 3.2a, 400|Lim 

in Fig. 3.2b and 100|xm in Fig. 3.2c.

Fig. 3.3a.b High magnification photomicrographs of non-counterstained in situ 

preparations of the proximal portion of a graft at 4 wpo (Fig. 3.3a) and a normal 

unoperated sciatic nerve (Fig. 3.3b). N-CAM total mRNA-containing-cells in the graft 

appear to be predominantly Schwann cells (Fig. 3.3a). N-CAM total mRNA is not 

detectable in the normal unoperated sciatic nerve (Fig. 3.3b). The orientation of the 

grafts is 90° to that in Figs. 3.2a,b (i.e. the longitudinal axis is from left to right). Bar = 

20|im in both figures.
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Figs. 3.4-3.5 Distribution and localisation of LI mRNA-containing cells in the brain 

and graft at 4wpo.

Fig. 3.4a.b LI mRNA is widely distributed in the contralateral thalamus (CT) with the 

exception of the thalamic reticular nucleus (TRN, dashed lines in Fig. 3.4a) in which 

LI mRNA is not detectable. Neurons in the dorsal portion of the TRN (e.g., open 

arrows in Fig. 3.4a) on the operated side are heavily labelled with probe for LI mRNA 

4 weeks after insertion of a graft (G) which traverses the hippocampus (H) and 

encroaches directly on TRN. The labelled neurons (e.g. at open arrows) are more 

clearly seen in an enlargement in Fig. 3.4b. Bar = 500pm in Fig. 3.4a and 200pm in 

Fig. 3.4b.

Figs. 3.5a.b High magnification photomicrographs of non-counterstained in situ 

preparations of the proximal portion of a graft at 4 wpo (Fig. 3.5a) and normal 

unoperated sciatic nerve (Fig. 3.5b). The LI mRNA containing-cells in the graft appear 

to be predominantly Schwann cells (Fig. 3.5a). LI mRNA is not detectable in the 

normal unoperated sciatic nerve (Fig. 3.5b). The orientation of the grafts is 90“ to that 

in Figs. 3.4a,b (i.e. the longitudinal axis is from left to right). Bar = 20pm in both 

figures.



3.4a

L1
34b

ivf.

«
. . K

i f .'%

4 g

. #
* *.  *

83



Figs. 3.6a,b Distribution of N-CAM total mRNA in the brain and graft 11 days (Fig. 

3.6a) and 45 days (Fig. 3.6b) after implanting a segment of frozen-killed tibial nerve 

into the thalamus.

N-CAM total mRNA-containing cells are predominantly at the interface between the 

graft (G; in fact G shows where the graft, which was washed away during processing 

for in situ hybridization, had been located) and brain, in the junctional zone and 

adjacent parenchymal border zone (e.g., at open arrows). Cells containing mRNA are 

not detectable in the freeze-killed graft in Fig. 3.6b. Bar = 400)im in Fig. 3.6a and 

lOOjim in Fig. 3.6b.
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Fig. 3.7-3.8 Distribution of LI mRNA in the brain and graft 11 days (Fig. 3.7) and 30 

days (Fig. 3.8) after implanting a segment of frozen-killed tibial nerve into the 

thalamus. C, Cortex; H, hippocampus; G, frozen-killed graft or the position occupied 

by a frozen-killed graft lost during tissue processing.

Fig. 3.7a.b LI mRNA-containing cells are widely spread in the contralateral and 

operated side thalamus with the exception of the TRN (dashed line). TRN neurons do 

not upregulate LI mRNA in the presence of a frozen-killed graft (compare contralateral 

TRN (CTRN) in Fig. 3.7a with TRN on the side containing the graft in Fig. 3.7b). Bar 

= 400|xm (applies to both figures).

Figs. 3.8a.b. TRN neurons do not express LI mRNA in the presence of a frozen-killed 

graft at 1 mpo. The TRN (dashed line) is more clearly seen in an enlargement in Fig. 

3.8b from a section immediately adjacent to Fig. 3.8a. LI mRNA is not detectable in 

the frozen-killed graft (G in Fig. 3.8a). Bar = 400 p,m in Fig. 3.8a and 200p.m in Fig. 

3.8b.
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Figs. 3.9-3.14 Single (Figs. 3.9 and 3.10) and double immunofluorescence localisation 

(Figs. 3.11-3.14) of N-CAM (Figs. 3.9, 3.11b and 3.13b), LI (Figs. 3.10, 3.12b and 

3.14b) and NF (Figs. 3.11a, 3.12a, 3.13a and 3.14a) in the proximal graft (Figs. 3.9, 

3.10, 3.13, 3.14), and in the junctional zone (Figs. 3.11, 3.12) 1 week (Figs. 3.9-3.10) 

and 2 weeks (Figs. 3.11-3.14) after graft implantation.

Figs. 3.9 and 3.10 show N-CAM (Fig. 3.9) and LI (Fig. 3.10) associated with Schwann 

cell processes in longitudinal sections through the proximal part of a graft at 1 wpo. 

Figs. 3.11 and 3.12 show NF-positive axonal sprouts (Figs. 3.1 la and 3.12a, arrows) in 

the junctional zone, where there is also widespread N-CAM immunoreactivity (Fig. 

3.11b) and LI immunoreactivity (Fig. 3.12b); in Fig. 3.12 the NF-positive axonal 

sprouts in the junctional zone are associated with LI-immunoreactive structures that are 

presumably axons and Schwann cells (arrows. Fig. 3.12b). In Figs. 3.13 and 3.14 NF- 

positive axonal sprouts within the proximal graft (Figs. 3.13a, 3.14a, arrows), are 

associated with N-C AM-positive (Fig. 3.13b, arrows) and LI-positive Schwann cell 

columns (Fig. 3.14b, arrows). G, graft; J, junctional zone; PBZ, parenchymal border 

zone. Bars = 300p.m in Figs. 3.9 and 3.10 and 25|Lim in Fig. 3.1 la (applies to all panels 

in Figs. 3.11-3.14).
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Figs. 3.15-3.18 Immunoelectron microscopic localisation of N-CAM-PSA in the 

proximal graft (Figs. 3.15-3.17) at 9 dpo (Figs 3.15, 3.17b) and at 15 dpo (Figs.3.16, 

3.17a) and in the parenchymal border zone close to the graft tip at 15 dpo (Fig. 3.18). 

In Fig. 3.15. a fibroblast cell body (F) with narrow radiating processes partially 

segregates groups of Schwann cell columns. Reaction product is present in small 

amounts, and only around axonal sprouts within some Schwann cell columns (e.g. at 

arrows). In Fig. 3.16. at higher magnification, reaction product is present around every 

axon-like profile in a column at the level of several Schwann cell processes (S) and a 

Schwann cell body (nucleus at S'). Immunoreactivity is especially heavy around 

sprouts abutting only other sprouts. Reaction product fills the interstices of the large 

intercellular spaces around such sprouts. Where axons abut Schwann cell processes the 

reaction product is generally less dense (e.g. at arrows). There is no reaction product 

where Schwann cells or Schwann cell processes are contiguous (e.g. between paired 

small arrow heads) or where they abut the basal lamina (large arrowheads) or where an 

axon abuts the basal lamina (small arrow). In Fig. 3.17a a single regenerating axon 

(asterisk) containing microtubules is heavily coated with reaction product. Reaction 

product is absent between apposed Schwann cell processes(S) except close to the axon. 

Fig. 3.17b shows immunoreactivity around a growth cone-like profile (at asterisk) in a 

small Schwann cell column. Fig. 3.18 shows an area of brain lying just below the 

continuous glia limitans (gl) which surrounds the graft. Sprout-like profiles in a large 

aggregate at the bottom of the picture, are covered in immunoreaction product as are 

many larger neuronal profiles (both axons and dendrites; central portion of figure). In 

contrast to earlier postgrafting survival times, PSA reaction product is now found at the 

surface of astrocyte processes, most conspicuously those forming part of the glia 

limitans (e.g. at 'gl'). Bars = 1.5pm (Fig. 3.15), 0.25pm (Figs. 3.16, 3.17) and 1.0pm 

(Fig. 3.18).
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Figs. 3.19 - 3.23 N-CAM and LI in the proximal graft at 6 dpo (Figs. 3.19, 3.20) and 

at 15 dpo (Figs. 3.21-3.23). In Fig. 3.19 N-CAM reaction product is heavy at the 

surface of axonal sprouts embedded in Schwann cells (e.g. at arrows), light between 

some Schwann cell processes (e.g. at paired arrowheads), and absent from the external 

surfaces of Schwann cell processes and cell bodies. In Fig. 3.20 the distribution of LI 

reaction product is similar; heavy around axons embedded in Schwann cell processes 

(e.g. at asterisks), present between some Schwann cell processes (e.g. between the 

profiles labelled S), and absent where Schwann cell processes abut the basal lamina. 

Reaction product is also absent where axonal sprouts directly contact the basal lamina 

(small arrows). In Figs. 3.21 and 3.22 individual or clusters of putative sprouts and 

growth cone-like profiles (asterisks Fig. 3.21), all associated with Schwann cell 

processes (S) display heavy surface immunoreactivity. The reaction product is 

particularly heavy around small sprouts in large bundles, where it fills the large 

intercellular spaces around the sprouts and displays a granular substructure (e.g. at large 

arrows. Fig. 3.22). Lighter deposits of reaction product mark some, but not all areas of 

contact between Schwann cell processes (e.g. at paired arrowheads Fig. 3.22). Note that 

the surface membrane of the axon abutting the basal lamina in Fig. 3.21 has no reaction 

product (small arrow). Fig. 3.23 shows an anaxonal Schwann cell column in which the 

apposed surfaces of adjacent Schwann cell processes display N-CAM reaction product. 

Bars = 0.5|4,m except for Fig. 3.21 which is 0.25|im.
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Figs. 3.24 - 3.27 illustrate the distribution of LI in the proximal graft at 15 dpo (Figs. 

3.24, 3.25) and N-CAM and LI in the proximal graft at 13 wpo (Figs. 3.26, 3.27). Fig. 

3.24 shows about a dozen Schwann cell columns almost all of which contain some, but 

highly variable numbers, of LI-immunoreactive axonal sprouts. Fig. 3.25 shows a 

single Schwann cell column from a different area of the same graft, containing 

numerous sprouts, some packed together in bundles, others (asterisks) individually 

invaginated into Schwann cell processes. The external surfaces of Schwann cell 

processes at the basal lamina are completely devoid of reaction product (arrowheads) 

and only very light deposits are present between some apposed Schwann cell processes 

(e.g. between paired arrowheads). Reaction product between Schwann cell membranes 

forming mesaxons progressively disappears as the mesaxon is traced away from the 

immunoreactive axon (e.g. at small arrows). Figs. 3.26 and 3.27 show that even in 

long term grafts N-CAM and LI are present on the surface of all, or almost all small 

axonal profiles (e.g. at large arrows). Reaction product is heaviest on the smaller axons 

with the least intimate association with Schwann cells (arrowheads); larger axons, 

individually invaginated into Schwann cell processes (e.g. at asterisks), show lower 

surface immunoreactivity. Reaction product is absent where axons abut the basal 

lamina (small arrow). Bar = 1.5|im in Fig. 3.24 and 0.5)LLm in Figs. 3.25-3.27.
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Figs. 3.28-3.32 N-CAM (Figs. 3.28, 3.30, 3.31) and LI (Figs. 3.29, 3.32), in the 

parenchymal border zone close to, and in the case of Fig. 3.30 immediately adjacent to 

the graft (G) at 10 dpo (Figs. 3.28, 3.29), at 15 dpo (Fig. 3.30) and at 13 wpo (Figs. 

3.31, 3.32). Figs. 3.28 and 3.29 show that at 10 dpo both N-CAM (Fig. 3.28) and LI 

(Fig. 3.29) are present around the tiny presumptive axonal sprouts (e.g. at arrows), and 

around other neural components such as axonal varicosities (e.g. at asterisks). Note that 

N-CAM is also present (paired arrowheads Fig. 3.28) between contiguous astrocyte 

processes (A), but LI is detected at the astrocyte surface only where the astrocyte 

process abuts an LI immunoreactive sprout (e.g. at arrowheads, Fig. 3.29). In Fig. 

3.30, a large aggregation of axonal sprouts is sandwiched between a stout astrocyte 

process (A, at right of figure), other astrocyte processes, and the wall of a small blood 

vessel (endothelium at E). The axons are uniformly and heavily coated by reaction 

product. Reaction product is also present between apposed astrocyte processes (e.g. at 

arrowheads) but none is present where astrocyte processes abut basal lamina at the glia 

limitans around the blood vessel (e.g. at arrows), or on the endothelial cells or pericytes 

of the blood vessel. Figs. 3.31 and 3.32 show that even in long term grafts, N-CAM 

(Fig. 3.31) and LI (Fig. 3.32) are present on the surface of all, or almost all small axon 

profiles (e.g. at arrows). Bars = 0.5|im for all figures.
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CHAPTER 4

The Expression and Distribution of Tenascin-C in and around 

Peripheral Nerve Grafts in the Adult Rat Thalamus

1. Introduction

In addition to the growth promoting effects of cell adhesion molecules, 

extracellular matrix molecules expressed by Schwann cells, such as laminin, laminin- 

heparan sulphate proteoglycan, fibronectin (Lander, 1987; Sandrock and Matthew, 

1987) and tenascin-C (Chiquet, 1989; Wehrle and Chiquet, 1990; Lochter et a l, 1991) 

also have the potential to influence axonal regeneration. Tenascin-C is an extracellular 

matrix glycoprotein of the L2/HNK-1 carbohydrate family. There is evidence that 

tenascin-C is involved in a variety of morphogenetic events in nervous system (see 

Chapter 1, Section 5a). In the nervous system, tenascin-C is present during 

development in association with Schwann cells (Martini and Schachner, 1991) and 

Bergmann glial cells (S. Bartsch et aL, 1992) and also at the surface of cerebellar 

granule cell axons (S. Bartsch et a l, 1992) and optic nerve axons (U. Bartsch et al, 

1992) but very little is present in the postnatal CNS (S. Bartsch et a l, 1992; U. Bartsch 

et a i, 1992). Following sciatic nerve injury, tenascin-C is greatly up-regulated by 

Schwann cells, suggesting that this molecule may play a role in promoting axonal 

regeneration. Direct evidence that tenascin-C plays such a role has been obtained by 

Langenfeld-Oster et a l (1994), who have shown that reinnervation of gluteus maximus 

muscle in adult mice is delayed in the presence of polyclonal antibody against tenascin- 

C. In this chapter the distribution of tenascin-synthesising cells and of tenascin-C in 

and around tibial nerve grafts implanted into the thalamus of adult rats were studied by 

using in situ hybridization and LM/EM immunocytochemistry methods.
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2. Summary of methods used

Graft implantation

A segment of tibial nerve was autografted into the thalamus of adult rats. The 

animals were killed 1 day to 8 months after inserting the graft. Cryostat-cut brain 

sections containing the grafts were used for tenascin-C in situ hybridization and LM 

immunocytochemistry. Vibratome-cut horizontal brain sections containing the 

proximal grafts were used for EM immunocytochemistry.

Sciatic nerve crush

Left sciatic nerves of two adult rats were crushed at mid-thigh level. After 6 and 

11 days the animals were perfused for EM immunocytochemistry. The distal stumps 

were processed for tenascin-C immunocytochemistry at the EM level.

3. Results

The proximal graft tip was located in the thalamus in all forty-two animals.

3a) In situ hvbridization

One day after graft implantation (dpo, n=5) tenascin-C mRNA-containing cells 

were very rare in the endoneurium of the graft and in the junctional zone around the 

graft (Fig. 4.1a,b). Three (n=2) and seven days (n=3) after graft implantation tenascin- 

C mRNA was detected mainly in the junctional zone (Figs. 4.2a, 4.3a). Few labelled 

cells were found in the graft itself at 7dpo (Fig. 4.3). Two to 4 weeks after operation 

(wpo) (n=4) many strongly labelled tenascin-C mRNA-containing cells were present 

throughout the length of the graft (Fig.4.4), but at 8 wpo (n=2) the number of such cells 

had fallen again (Fig.4.5). In the brain parenchyma around the grafts, cells containing 

tenascin-C mRNA were found in the cerebral cortex, subcortical white matter, 

hippocampus and thalamus along the length of the grafts (Fig. 4.1a) at 1 dpo. The 

numbers of tenascin-C mRNA containing cells and density of tenascin-C mRNA in the 

subcortical white matter and along the pia around the thalamus were much greater than
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in the parenchyma around the grafts (Fig. 4.1a). A few labelled cells were also detected 

around blood vessels in the thalamus and along the glia limitans around the thalamus 

on the operated side. Three days after transplantation, tenascin-C mRNA containing 

cells were ^Uppresent in the brain parenchyma close to the graft; however, large 

number of tenascin-C mRNA-containing cells were found concentrated in the 

junctional zone at this time (Fig.4.2a). Some of the mRNA-containing cells in the brain 

parenchyma around the grafts, but not the cells in the junctional zone, were identified 

as astrocytes by immunostaining with antibody against GFAP (Fig. 4.2b). Seven days 

later, cells displaying a strong tenascin-C mRNA signal were rare in the brain 

parenchyma surrounding the grafts (Fig. 4.3), except in a few cases in which densely 

labelled cells of uncertain identity were found very close to (<150 pm from) the tip of 

the graft (Fig. 4.6). Many weakly labelled cells, of uncertain identity, were scattered 

throughout the thalamus both ipsilateral and contralateral to the graft. On the ipsilateral 

side such cells were not concentrated close to the graft.

3b) Lisht microscopic immunocytochemistry

Three days after graft implantation (n=2), tenascin-C was strongly present in 

the perineurium and more weakly apparent in the junctional zone at the tip of the graft 

(Fig. 4.7), but immunoreactivity was virtually undetectable in the endoneurium of the 

proximal graft (Fig.4.7). Seven days after grafting, tenascin-C immunoreactivity was 

widely distributed in the endoneurium of the grafts (n=2) (Fig.4.8a). However, at this 

stage no immunoreactivity was apparent within the Schwann cell columns (compare 

Fig. 4..8a and 4.8c) or in the surrounding brain parenchyma (Fig. 4.8a). Very little NF 

immunoreactivity was found in the graft at this stage, but numerous NF-positive 

neurites, possibly including regenerating axonal sprouts, were present in the 

surrounding brain (Fig. 4.8b).

Two, three and four weeks after grafting (n=6) NF-positive neurites could be 

identified in the highly tenascin-C immunoreactive junctional zone (Figs. 4.9a,b) and 

within Schwann cell columns in the graft. Some immunoreactive processes, 

corresponding in position to regenerating CNS axons (see below), were present within 

columns of Schwann cells which were themselves surrounded by tenascin-C
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immunoreactivity (Fig. 4.10 at arrows). Tenascin-C immunoreactivity could not be 

detected in the brain surrounding the graft (Fig. 4.11). Sparse immunofluorescence in 

the form of fine fibre-like structures, assumed to correspond to Schwann cells or to 

Schwann cell-axon units, was seen in some parts of the junctional zone between 2 and 

8 wpo and occasionally a few immunofluorescent fibres were observed to extend into 

the adjacent CNS parenchyma (Fig. 4.12).

Eight weeks after implantation (n=2) the level of tenascin-C immunoreactivity 

in the grafts was reduced but the reduction was variable, being more marked in one 

animal than the other. In both animals Schwann cells near the proximal tip of the graft 

were more strongly immunofluorescent than those located more distally (at the level of 

the superficial cerebral cortex or in the part of the graft protruding from the brain) (not 

illustrated).

3c) Electron microscopic immunocytochemistry

Six (n=2), nine and ten (n=2) days after graft implantation, tenascin-C 

immunoreactivity was present in the grafts around many collagen fibrils, in the basal 

lamina surrounding Schwann cells and at the surface of some fibroblasts and 

macrophages. Apposed Schwann cell surfaces were either weakly immunostained, or 

not at all. The surfaces of axonal sprouts were the most strongly immunoreactive 

structures in the graft (Fig. 4.13). Dense reaction product coated the surfaces of axons, 

both in the junctional zone, where they were often devoid of contact with other cells 

(Fig. 4.14), and within Schwann cell columns (Fig. 4.13). Schwann cell surfaces were 

adjacent to reaction product only where they faced the mesenchyme or abutted 

tenascin-C-coated axons.

In most parts of the CNS parenchymal border zone close to the grafts, 

immunoreactivity was hardly detectable except for a very light, possibly nonspecific 

diffuse reaction product at the surface of some astrocyte processes of the glia limitans, 

and small deposits of intracellular reaction product in a few axons (not illustrated).
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At 15 and 16 dpo (n=3) and 4 wpo (n=3), tenascin-C immunoreactivity in the 

graft was much stronger than at 6-10 dpo. The endoneurium of the graft contained 

heavy deposits of reaction product, especially in association with the Schwann cell 

basal laminae, around collagen fibrils and at the surface of endoneurial fibroblasts (Fig. 

4.15). Some immunoreactivity was present in vesicles within Schwann cell cytoplasm 

(Fig. 4.16 small arrows). Immunoreactivity was also particularly dense at the surface of 

regenerating axons within the graft (mainly deep within Schwann cell columns; Figs. 

4.15, 4.16), but was also detectable, at a lower intensity, between some adjacent 

Schwann cell processes (Figs. 4.15, 4.16). Small diameter axonal profiles were more 

strongly immunoreactive than the occasionally seen larger axonal profiles, packed with 

organelles, which may represent growth cones (Fig. 4.17). Tenascin-C 

immunoreactivity was also found in the basal laminae covering the external surfaces of 

astrocyte processes within the proximal graft (identified by their content of densely 

packed intermediate filaments, mitochondria and few other organelles (Weinberg and 

Raine, 1980; Campbell et a l, 1992). Weak and sparse immunoreaction product was 

sometimes present between apposed astrocyte processes (Fig. 4.18), but was otherwise 

present adjacent to astrocyte cell membranes only where astrocytes were in contact 

with tenascin-C-coated axons. Where the glia limitans appeared to be incomplete, 

tenascin immunoreactivity was found on the surface of some axonal sprouts in the 

brain parenchyma immediately adjacent to the graft (Fig. 4.19). In such regions 

astrocyte surfaces were more weakly stained than those of axons. In most regions of 

CNS parenchyma separated from the graft by an apparently continuous glia limitans, 

no immunoreactivity was found except for light, diffuse intracellular staining of some 

astrocyte processes in the glia limitans or surrounding blood vessels. Occasionally, 

axons very close to the graft were covered with reaction product even though the glia 

limitans in that region appeared to be intact (Fig. 4.20). This was interpreted as 

indicating that those axons were close to the point at which they penetrated the graft 

and were consequently exposed to graft-derived tenascin-C.

Between 8 and 13 weeks after graft implantation (n=4) the intensity of 

immunoreactivity in the graft was reduced but the pattern of staining (Fig. 4.21) 

remained much the same as at 2 to 4 wpo. By these survival times some axons had
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became myelinated by Schwann cells, the basal laminae of which were 

immunoreactive (Fig. 4.22). In brain parenchyma surrounding the graft, 

immunoreactivity was found at the surface of small sprout-like axonal profiles mainly 

in regions where the glia limitans appeared not to be completely continuous and always 

within 50 [im of the graft (Fig. 4.23). A larger proportion of the sprout-like axons in the 

brain were coated with reaction product at these longer survival times than was the case 

for shorter survival periods. Other than in the immediate vicinity of the graft, 

immunoreactivity was hardly detectable in the brain tissue. As at shorter postgrafting 

intervals, a few astrocyte processes at the glia limitans displayed a diffuse, weak 

intracellular deposition of reaction product.

Eight months after graft implantation (n=l), tenascin-C immunoreactivity was 

hardly detectable in either graft or brain. In this animal the graft contained many 

myelinated axons.

3d) Crushed sciatic nerve in situ

In order to compare the distribution of tenascin-C in grafts within the brain with 

the distribution in the distal stump of a peripheral nerve following interruption of axons 

in situ, we examined distal stumps of the sciatic nerve 6 and 11 days following sciatic 

nerve crush injury. Basal laminae and collagen fibrils in the distal stump of the nerve 

were strongly immunoreactive for tenascin-C. Regenerating axons, however, were not. 

They showed an association with reaction product only where they directly abutted the 

basal lamina in which there were heavy deposits of reaction product (Figs. 4.24, 4.25). 

The absence of reaction product around the surface of axons deep within Schwann cell 

columns was in striking contrast to the close association with tenascin-C of similarly 

positioned CNS axons within grafted peripheral nerve segments.
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Fig. 4.1-4.2 Localisation of tenascin-C mRNA (Fig. 4.1a,b and Fig. 4.2a) and dual 

localisation of tenascin-C mRNA and GFAP (Fig. 4.2b) in and around the proximal tips of 

peripheral nerve grafts implanted in the thalamus of adult rats at 1 (Fig. 4.1) and 3 dpo 

(Fig. 4.2). G, graft; C, cortex; H, hippocampus; T, thalamus.

Fig. 4.1a Many tenascin-C mRNA-containing cells are present in the cortex, hippocampus 

and thalamus around the graft. Very few tenascin-C mRNA + cells are present at the 

brain/graft interface and none are detectable within the graft itself. Tenascin-C mRNA- 

containing cells are more clearly seen in an enlargement in Fig. 4.1b. At 3 dpo (Fig.4.2a) 

tenascin-C mRNA containing cells are mainly concentrated in the junctional zone and a 

few are present in the brain parenchyma close to the graft. The endoneurium of the grafts 

in Figs. 4.1 and 4.2a is tenascin-C mRNA negative. In Fig. 4.2b tenascin-C mRNA- 

containing cells in the junctional zone are GFAP negative. A few tenascin-C mRNA- 

containing cells in the brain parenchyma appeared to be GFAP+ astrocytes (e.g., arrows). 

Bar = 400pm in Fig. 4. la and 200pm in Fig. 4. lb and Fig. 4.2a, 50pm in Fig. 4.2b.

GFAP immunoreactive astrocytes at the right of Fig. 4.2b appear white.
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Fig. 4.S-4.6 Localisation of tenascin-C mRNA, by in situ hybridization, in and around the 

proximal tips of peripheral nerve grafts implanted in the thalamus of adult rats between 7 

days and 8 weeks post operation (dpo/wpo). G, graft; J, junctional zone, PBZ, brain 

parenchymal border zone.

In Fig. 4.3, at 7 dpo, tenascin-C mRNA is expressed chiefly in the junctional zone. Very 

few mRNA positive cells are present in the endoneurium of the graft at this stage. At 14 

dpo (Fig. 4.4) many mRNA-containing cells are present in the endoneurium but none can 

be seen in the brain parenchyma and very few in the junctional zone. In another animal at 

14 dpo (which was overreacted with chromogen; Fig. 4.6). a few mRNA containing cells 

(e.g., at arrows) are located in the brain parenchymal border zone around the tip of the 

graft. At 8 wpo (Fig. 4.5) a few tenascin-C mRNA containing cells are still present in the 

endoneurium but there has been a very considerable down-regulation of expression. Bar = 

100pm for all panels.
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Figs. 4.7-4.12 Immunofluorescence localisation of tenascin-C and NF-140 in the proximal 

portions of grafts and in the surrounding brain parenchyma between 3 days and 3 weeks 

after graft implantation. Fig. 4.7 shows the localisation of tenascin-C in a longitudinal 

section through the proximal portion of the graft at 3 dpo. Immunofluorescence is strong 

in the graft perineurium (arrow) and apparent but weak in the junctional zone 

(arrowheads) near the tip of the graft. The endoneurium of the graft (asterisk) is devoid of 

tenascin-C immunoreactivity. In Fig. 4.8 double immunofluorescence localisation of 

tenascin-C (Fig. 4.8a) and NF 140 (Fig. 4.8b) is shown in the proximal portion of a graft 

(G, in the phase contrast micrograph of the same field shown in Fig. 4.8c) and in the 

surrounding brain parenchyma (PBZ, Fig. 4.8c) at 7 dpo. Tenascin-C immunoreactivity is 

widely distributed in the endoneurium of the graft (Fig. 4.8a) but is not apparent within 

the Schwann cell columns (arrows) which are outlined by the heavy immunoreactivity of 

the surrounding basement membrane and endoneurial connective tissue. In Fig. 4.8b, NF- 

positive neurites are numerous in the parenchymal border zone close to the graft, but 

decrease further away from the graft. These NF positive neurites are tenascin-C negative 

(cf Fig. 4.8a). The same Schwann cell columns are arrowed in Fig. 4.8a and 4.8c. Fig. 4.9 

also shows double immunofluorescence localisation of NF (Fig. 4.9a) and tenascin-C (Fig. 

4.9b) in the parenchymal border zone (PBZ) and in the junctional zone (J) at 14 dpo. ' NF 

positive axonal sprouts (arrows in Fig. 4.9a) appear to extend from the brain (PBZ) into 

the tenascin-C positive junctional zone (J). Fig. 4.10 At 3 wpo tenascin-C 

immunofluorescence is seen not only around Schwann cell columns as at earlier survival 

times but is now also seen as one or more points or islands of immunofluorescence within 

the columns (e.g. at arrows), almost certainly corresponding to individual or clusters of 

tenascin-C-coated regenerating axons (cf. Figs. 4.15, 4.16). Fig. 4.11

Immunofluorescence localisation of tenascin-C in a longitudinal section of the proximal 

portion of a graft (G) at 3 wpo. The brain parenchyma around the graft (PBZ) is tenascin- 

negative. Fig. 4.12 Similar preparation to that in Fig. 4.11, but at higher magnification (3 

wpo). Immunoreactive structures within the graft (G) are fibre-like and probably represent 

Schwann cell columns. In this case, a few fine, tenascin-C-immunoreactive fibres 

(arrows) are present in the parenchymal border zone (PBZ). Bar = 50pm in Figs. 4.7, 4.8 

and 4.12, 100pm in Fig. 4.11 and 25pm in Figs. 4.9 and 4.10.
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Figs. 4.13-4.16 Immunoelectron microscopic localisation of tenascin-C in the proximal 

portion of the graft (Figs. 4.13, 4.15, 4.16) and the junctional zone (Fig. 4.14) at 9 days 

(Figs. 4.13,4.14) and 15 days (Figs. 4.15, 4.16) after graft implantation. Fig. 4.13 axonal 

sprouts (one of which is marked with an asterisk) coated with reaction product within a 

Schwann cell column. The interface between two apposed Schwann cell processes (S) 

displays only very weak deposits of reaction product. In Fig. 4.14. at the same postgrafting 

interval, axonal sprouts (asterisks) embedded in a matrix of tenascin-C immunoreactive 

collagen fibrils are present in the junctional zone. In Fig. 4.15. at 2 wpo, two presumptive 

axonal sprouts (arrows) surrounded by reaction product, are located deep within a large 

Schwann cell column. Two Schwann cell nuclei (S) are present at this level. Schwann 

cell processes within the column are associated with tenascin-C only close to areas of 

contact with the axons (single arrowheads) and close to the external surface of the 

processes (e.g. paired arrowheads) where they abut the immunoreactive basal lamina and 

adjacent collagen fibrils from which tenascin-C (or reaction product) may have diffused 

between the Schwann cell processes. In Fig. 4.16. at the same postgrafting interval, axonal 

sprouts coated heavily with tenascin-C (arrows) are present within a small Schwann cell 

column. Reaction product is also associated with basal laminae surrounding this and 

adjacent Schwann cell columns (large arrowheads), collagen fibrils and the surface of 

endoneurial fibroblast processes (e.g. open arrows). Some cytoplasmic vesicles within 

Schwann cells display immunoreactive contents (e.g. at small arrows). Weak labelling is 

also seen between some Schwann cell processes (small arrowheads). S, Schwann cell 

nuclei. Bar = 0.5|im in all figures.
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Figs. 4.17-4.20 Tenascin-C immunoreactivity present on the surface of axonal sprouts 

within the graft (Figs. 4.17, 4.18) and parenchymal border zone (Figs. 4.19, 4.20) at 15 

dpo. In Fig. 4.17 reaction product coats the surface of small axonal profiles (arrows) in a 

Schwann cell column (Schwann cell processes at S) but two growth cone-like structures 

(asterisks) are associated with partial and only veiy light deposits of reaction product. The 

basal lamina of the column and adjacent collagen fibrils are also immunoreactive (e.g. • 

arrowheads). In Fig. 4.18 tenascin-C-coated axonal sprouts (arrows) are present within a 

mixed column of Schwann cell and astrocyte processes (A). Reaction product is also 

present in the basal laminae covering the glial cell surfaces (large arrowheads) but between 

apposed astrocyte processes tenascin-C staining is very weak (small arrowhead). In Fig. 

4.19. at the same postgrafting interval, axonal sprouts (e.g. at arrows) coated with reaction 

product are shown in a region of the brain parenchymal border zone in which a continuous 

glia limitans cannot be identified. In Fig. 4.20 in another part of the parenchymal border 

zone, very close to the graft (G), a few presumptive axonal sprouts are coated with 

reaction product (e.g. at arrow) but most of the axonal sprouts in this region are tenascin-C 

negative (e.g. in region of arrowheads). Bar = 0.5|im in all figures.
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Figs. 4.21-4.23 Tenascin-C immunoreactivity within the proximal graft (Figs. 4.21, 4.22) 

and parenchymal border zone (Fig. 4.23) 8 weeks postgrafting. In Fig. 4.21 small axonal 

profiles heavily coated with reaction product are present within a mixed astrocyte (A) 

Schwarm cell (S) column in the proximal graft. Immunoreactivity is also associated with 

the basal lamina (arrowheads) surrounding the mixed column and with collagen fibrils and 

the surface of endoneurial fibroblasts (open arrows), but immunoreactivity associated with 

extracellular matrix components is much weaker than at earlier survival times. In Fig. 4.22 

a group of regenerated, Schwann cell-myelinated axons is seen in the proximal graft. 

Immunoreactivity is confined to the basal lamina of the Schwann cells and perineurial-like 

cells and the endoneurial collagen fibres. In Fig. 4.23 numerous small sprout-like axons 

coated with reaction product (e.g. at arrows) run in the parenchymal border zone close to 

the interface between the glia limitans and graft (at the left of the figure; arrowheads). Bar 

= 0.5|Lim in all figures.
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Figs. 4.24. 4.25 Immunoelectron microscopic localisation of tenascin-C in the distal 

segment of a crushed sciatic nerve in situ, at 11 dpo. Immunoreactivity is associated with 

basal laminae (arrowheads) and collagen fibrils. The regenerating PNS axons (e.g. at 

asterisks) are devoid of reaction product except at the periphery of the Schwann cell 

columns where they directly contact the tenascin-C-rich basal lamina (e.g. at open arrow in 

Fig. 4.24). The tenascin-C (or tenascin-C reaction product) in this region may have spread 

here from the basal lamina/endoneurial compartment. This preparation is from heavily 

reacted tissue with strong deposits of reaction product; basal laminae also display reaction 

product in lightly labelled preparations. Bar = 0.25|im in both figures.
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CHAPTER 5

The Expression and Distribution of Tenascin-C by Neurons and 

Glial Cells in the Rat Spinal Cord: Changes during Postnatal

Development

1. Introduction

Tenascin-C, a multifunctional extracellular matrix molecule, is developmentally 

regulated and its distribution suggests that it is involved in a variety of morphogenetic 

events in the nervous system (Kruse et al., 1985; Tan et a l, 1987, 1991; Bronner- 

Fraser, 1988; Mackie et al. 1988; Crossin et a l, 1989; Steindler et a l, 1989; Faissner 

and Kruse, 1990; Grierson et a l, 1990; Mitrovic et a l, 1994). Tenascin-C exerts 

powerful and apparently contradictory effect on neurite growth in vitro (Lochter et a l, 

1991; Taylor et a l, 1993). The evidence in the past overwhelmingly suggested that 

tenascin-C in nervous tissue is synthesised only by Schwann cells, astrocytes and other 

types of non-neuronal cell (Prieto e ta l, 1990; Tsukamoto et a l, 1991; S. Bartsch et a l, 

1992; U. Bartsch et a l, 1992). In this chapter the expression and distribution of 

tenascin-C mRNA and tenascin-C in developing and adult rat spinal cord have been 

studied by using in situ hybridization and immunofluorescence methods. That neurons 

in the spinal cord synthesis tenascin-C was first reported in the present study.

2. Summary of methods used

Seventeen rat pups of both sex at the day of birth (PO, n=4), the fourth day after 

birth (P3, n=2), the eighth day after birth (P7, n=3), and the fifteenth day after birth 

(PI4, n=4), and female adult rats (n=4) were overdosed with ether and decapitated. The 

lumbar spinal cord was removed and cryostat sections were processed for tenascin-C in 

situ hybridization and immunofluorescence. In one adult rat, sections immediately
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adjacent to those used for in situ hybridization were immunostained with a monoclonal 

antibody against the 200 kD subunit of NF to help characterise cells expressing 

tenascin-C mRNA. In this animal tenascin-C mRNA containing neurons and NF- 

positive neurons in adjacent sections of the ventral horn were counted. The sizes of 

tenascin-C mRNA containing neurons in the lumbar spinal cord of tliree adult rats were 

measured with the aid of an Apple II computer and graphics tablet and standard 

software.

Sciatic nerve crush

The left sciatic nerve of two neonatal rat pups on the day of birth were crushed 

in the thigh using watchmakers' forceps. This procedure leads to the death of 60-70% 

of the motor neurons in the sciatic pool within two weeks of operation (Lowrie et a l, 

1987). After 13 days the animals were decapitated. The lumbar enlargement of the 

spinal cord was removed and frozen for in situ hybridization. Tenascin-C mRNA 

containing neurons were counted in the ipsilateral and contralateral ventral horn.

3. Results

3a) Tenascin-C in developing and adult rat lumbar spinal cord: immunofluorescence 

observations

These results were obtained using polyclonal antisera except where otherwise

stated.

From PO to P3 tenascin-C immunoreactivity was heavily and essentially 

homogeneously distributed in both grey matter and white matter with the exception of 

the developing dorsal column where immunoreactivity was low (Fig. 5.1a). In the 

ventral horn, large non-immunoreactive cell bodies, presumably of motor neurons, 

were surrounded by neuropil displaying strong immunoreactivity (Fig. 5.1b). By P7, 

tenascin-C was strongly expressed in the lateral and ventral white columns, but 

continued to be much more weakly expressed in the developing dorsal column (Fig. 

5.2a). In the grey matter the pattern of immunoreactivity was similar to that at PO and 

P3 but slightly less intense in the ventral horn than at earlier stages (Fig. 5.2b). At P14 

heavy immunoreactivity was for the most part confined to the white matter and was
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especially prominent in the dorsal column (Fig. 5.3a). Most of the grey matter, 

including the dorsal horn, was only weakly immunoreactive. However, tenascin-C 

immunoreactivity was still present in the neuropil around the large neuronal cell bodies 

in the ventral horn, although the cell bodies themselves remained immunonegative 

(Fig. 5.3b). The pattern of tenascin-C immuno-reactivity at P14 was confirmed using 

monoclonal antibody EB2 (not illustrated). In the adult, a thin band of 

immunoreactivity was present at the periphery of the spinal cord, deep to the GFAP 

positive glia limitans, and in the dorsal root entry zone, but otherwise was no longer 

detectable in the dorsal columns or any other part of the white matter (Fig. 5.4a). In the 

grey matter immunoreactivity was restricted to a region around the central canal and 

irregular dense patches around immunonegative neuronal cell bodies in the ventral 

horn; the heaviest immunoreactivity appeared to be associated with the smaller cell 

bodies (Fig. 5.4b).

Control sections of neonatal lumbar spinal cord (PO-P14) and normal adult spinal 

cord showed no staining except for some normal rabbit serum controls which exhibited 

intracellular staining of some neurons and glia (not shown), a pattern quite different 

from that obtained with specific anti sera.

3b) Tenascin-C mRNA in neurons and glia in the developing and adult lumbar spinal 

cord: in situ hvbridization observations

Cells containing tenascin-C mRNA, identified as glial cells by their location and 

small size, were distributed throughout both grey and white matter from PO to P3; such 

cells were, however, much less densely distributed in the developing dorsal columns, 

and in the area of the presumptive CST mRNA-containing cells were rare at PO and P3 

(Figs. 5.5, 5.6). At PO some of the mRNA-containing cells appeared to be arranged 

linearly, in a column, or row, with an approximately radial orientation (arrows. Fig.

5.5), and were more concentrated in the intermediate zone around the central canal than 

more peripherally. By P3, however, mRNA-containing cells were more 

homogeneously distributed, although there was a noticeable concentration in the 

ventral white columns; some mRNA-containing cells were still radially aligned 

(arrows. Fig. 5.6). Larger cells, presumably neurons, were identified in the ventral horn
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at PO and P3 but they displayed no hybridization signal for tenascin-C. At P7, glial 

cells containing tenascin-C mRNA were reduced in numbers in the dorsal horn, and 

even more so in the ventral horn, relative to P3. However, at P7, for the first time, 

relatively small numbers of much larger cells in the ventral horn, almost certainly 

neurons on the basis of their location and size, were heavily labelled (Fig. 5.7). Large 

numbers of glial cells containing tenascin-C mRNA were still present in the white 

matter at this stage. In the lateral and ventral white columns these cells were present at 

high density and again radial columns or rows of such cells were apparent in the lateral 

and ventral columns (Fig. 5.7). In the dorsal white column, the density of mRNA 

containing cells was lower and a radial pattern of organisation not obvious; the density 

of mRNA-containing cells appeared to be lowest in the region of the dorsal column 

containing the developing CST (Fig. 5.7). At P14 the numbers and labelling intensity 

of mRNA-containing cells in the white and grey matter were reduced by comparison 

with P7 (Fig. 5.8a) except in the dorsal columns. The labelled glial cells, still 

predominantly in radial rows or columns, were almost entirely confined to the 

periphery of the ventral and lateral white columns; labelled cells were sparse and 

scattered in the dorsal columns. At this stage, the only mRNA-containing cells in grey 

matter were clusters of cells in the ventral horn (Fig. 5.8a); all of these cells appeared to 

be neurons (Fig. 5.8b).

In the adult, the only mRNA-containing cells present in the lumbar spinal cord 

were in the ventral horn (Fig. 5.9) and had the appearance of small neurons (Figs 5.9- 

5.11). The cross sectional area of these cells was determined by tracing the outline of 

tenascin-C in situ reaction product with a cursor on a graphics tablet, and was 401 pm" 

(S.E = 40pm^; measurements from 246 cells in 3 different animals). The identity of the 

cells as neurons was confirmed by observations on adjacent sections immunoreacted 

for NF200 which showed that in situ labelled cells are also NF200 immunoreactive 

(Figs. 5.10, 5.11). By counting NF200 immunoreactive neurons and in situ labelled 

cells in pairs of adjacent sections, we determined that approximately 5% of neurons (= 

NF200 positive cells) in the lumbar ventral horn of the adult rat express tenascin-C 

mRNA. Although counts were not carried out on the postnatal animals the proportion 

of neurons containing tenascin-C mRNA appeared to be higher at P7 and P14 than in
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the adult. There were no tenascin-C mRNA containing cells in the dorsal root entry 

zone or the adjacent dorsal root in the adult.

Control sections incubated with sense probe did not display hybridization signals 

from neurons or glia that were above background level (not illustrated).

3c) Tenascin-C mRNA and protein in the spinal cord after neonatal sciatic nerve crush 

The number of tenascin-C mRNA positive neurons in the lumbar enlargement 

on the operated side of P14 rats was considerably reduced; there were between 40 % - 

60% fewer labelled cells on the injured side than on the contralateral side.

108



Figs. 5.1-5.4 Immunofluorescence localisation of tenascin-C in transverse sections of the 

developing and adult lumbar spinal cord (Fig. 5.1, PO; Fig. 5.2, P7; Fig. 5.3, P14; Fig. 5.4, 

adult). In each case (a) is a low magnification photomicrograph of the dorsal/median 

portion of the cord (in which asterisks indicate the midline) and (b) is a high magnification 

photomicrograph of the ventral portion of the ventral horn (in which arrows indicate 

neuronal cell bodies). In Fig. 5.1a heavy tenascin-C immunoreactivity is present in the 

dorsal horn and roof plate (arrows) at PO, but the developing dorsal column displays very 

low immunoreactivity. In the ventral horn (Fig. 5.1b) large non-immunoreactive neuron 

cell bodies (some arrowed) are surrounded by a heavily immunoreactive neuropil. In Fig. 

5.2a. at P7, immunoreactivity is still heavy in the dorsal horn and is now also present in the 

peripheral part of the dorsal columns, although the ventral part containing the corticospinal 

tracts is almost completely devoid of immunoreactivity. In Fig. 5.2b the pattern of 

tenascin-C immunoreactivity in the ventral horn is similar to that at PO but the fluorescence 

is slightly less intense. In Fig. 5.3a. at P14 heavy immunoreactivity is present throughout 

the dorsal column but the dorsal horn (DH) is only weakly immunoreactive. In Fig. 5.3b 

the ventral horn immunoreactivity is fiirther reduced but still present around the 

immunonegative neuronal cell bodies (some are arrowed). In Fig. 5.4 tenascin-C 

immunoreactivity is present only at the extreme periphery of the adult spinal cord (arrows 

in Fig. 5.4a), and in the ventral horn (Fig. 5.4b) where it is patchy but particularly 

concentrated around many small neuronal cell bodies (arrowheads). Weaker 

immunoreactivity is present around the large neurons (e.g. at arrows). Bar = 100|Lun in a 

and 50pm in b.
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Figs. 5.5-5.9 Tenascin-C mRNA shown by in situ hybridization in developing (Figs. 

5.5-5.8) and adult (Fig. 5.9) lumbar spinal cord. At PO (Fig. 5.5) glial cells containing 

tenascin-C mRNA are widespread in both future grey and white matter with the 

exception of the developing dorsal columns (arrowheads). At P3 (Fig. 5.6) tenascin-C 

mRNA containing cells are more homogeneously distributed in the spinal cord, but 

their density is lower in the region of the presumptive corticospinal tract (arrowheads) 

than elsewhere. At PO and P3 many tenascin-C mRNA containing cells are radially 

aligned in thin columns (arrows Figs. 5.5, 5.6). At P7 (Fig. 5.7) glial cells containing 

tenascin-C mRNA are sparse in the ventral horn but some neurons in this region now 

express tenascin-C mRNA (e.g. at arrows). Tenascin-C mRNA-containing cells are still 

sparse in the region of the corticospinal tract (arrowheads). At P14 (Fig. 5.8) glial cells 

containing tenascin-C mRNA are almost entirely confined to the periphery of the 

anterior and lateral parts of the spinal cord and to the dorsal columns, including the 

region of the corticospinal tract. In the grey matter, neurons in the ventral horn are the 

only cells expressing tenascin-C mRNA (arrows). The group of neurons indicated by 

the open arrow in Fig. 5.8a is enlarged in Fig. 5.8b. In the adult (Fig. 5.9) a few neurons 

in the ventral horn are the only cells containing tenascin-C mRNA (open arrows). Bar = 

300pm (Figs. 5.5-5.8a) 30pm (Fig. 5.8b) 500pm (Fig. 5.9)
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Figs. 5.10-5.11 Co-localisation of tenascin-C mRNA and neurofilament protein in 

ventral horn neurons of adult rat. Fig. 5.10a shows 6 tenascin-C mRNA containing cells 

and a blood vessel (arrowhead) under phase contrast illumination. Fig. 5.10b shows the 

same area under dark field illumination. The same tenascin-C mRNA positive cell 

bodies (1-6) and the blood vessel (arrowhead) are labelled. Also seen are the cell bodies 

of several neurons which do not express tenascin-C mRNA (A, B, C). In Fig. 5.10c the 

immediately adjacent section is immunostained with antibody against NF200. All of 

the neuronal perikarya recognisable in Fig. 5.10b, including mRNA positive cells (1-6) 

and mRNA negative cells (A, B, C) are neurofilament immunoreactive, confirming 

their neuronal phenotype. Fig. 5.11 shows part of the field in Fig. 5.10 at high 

magnification; Fig. 5.11a is a dark field photomicrograph showing four of the tenascin- 

C mRNA positive neurons (1-4) and parts of two larger neurons (A, B) which do not 

express tenascin-C mRNA. In the immediately adjacent section (Fig. 5.11b) the 

neurofilament immunoreactivity of cells 1-4 and of all other neuronal cell bodies in this 

area is apparent. Note also the neuronal morphology of cells 1 and 2 and that all four 

are small neurons. Bar = 50|xm in Fig. 5.10a,b. Bar in b also applies to c. Bar = 10p,m 

in Fig. 5.11.
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CHAPTER 6

The Expression and Distribution of Tenascin-C in the Rat 

Spinal Cord after Dorsal Root and Sciatic Nerve Injury

1. Introduction

In adult mammals following dorsal root crush injury regenerating central 

processes of primary sensory neurons elongate vigorously in the dorsal roots but stop 

abruptly at the DREZ in which CNS glial cells are present (Carlstedt, 1988). Thus, 

the molecular environment in the dorsal roots, DREZ and in the degenerating dorsal 

column, regions in which the regeneration of the same sensory axons differs 

remarkably, is of considerable interest. Tenascin-C is a multifunctional extracellular 

molecule whose expression patterns vary in different parts of the CNS after injury. 

Immunohistochemical data have shown that tenascin-C is reexpressed by astrocytes 

near lesions in the cerebral cortex and cerebellum (McKeon et al., 1991; Laywell et 

a l, 1992) but there is little or no up-regulation of this molecule in the injured optic 

nerve except by meningeal cells and endothelial cells close to the injured site (U. 

Bartsch et al., 1992; Ajemian et a l, 1994). After transplantation of a piece of tibial 

nerve to the cerebellum (unpublished results) and after chemical lesioning of the 

cerebellar cortex by 3-acetylpyridine (Wintergerst et a i, 1996) tenascin-C mRNA, 

detected by in situ hybridization, was reduced in astrocytes near the lesion. Although 

there is controversy as to whether injury-induced tenascin-C inhibits or has the 

potential to support axonal regeneration in vivo (McKeon et a i, 1991; Laywell et a i, 

1992; Mege et al., 1992; Pindzola et al., 1993; Taylor et al., 1993; Langengeld-Oster 

et a l, 1994; Zhang et a l, 1995b,c) there is no doubt that tenascin-C can exert 

powerful effects on neurite outgrowth in vitro (Lochter et a i, 1991; Taylor et al., 

1993). Furthermore, the results presented in Chapter 4 have shown that regenerating 

thalamic axons bind tenascin-C and indicate that tenascin-C is a permissive substrate 

for CNS axonal elongation in peripheral nerve grafts.
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In this chapter sensory axonal regeneration and the expression and distribution 

of tenascin-C in lesioned dorsal roots, DREZ and degenerating dorsal column was 

studied by using in situ hybridization and immunofluorescence methods.

2. Summary of methods used

Dorsal root crush or transection

L4, L5 and L6 dorsal roots of fifteen adult rats were crushed (Fig. 6.1). In three 

additional animals both left dorsal roots L4, L5, L6 and the left sciatic nerve were 

crushed in order to see if there was any interaction between the injuries. The animals 

were allowed to survive 11 to 30 days after surgery. In one animal the left L4 and L5 

dorsal roots were completely excised to isolate the spinal cord from the injured roots; 

this animal was allowed to survive 13 days after injury. After 3 (n=3), 7 (n=3), 11-14 

(n=4), 30 (n=l), 60 (n=2), 120 (n=l) and 200 (n=l) days the rats were decapitated. 

Spinal cord segments L4-5 and L2-3, and mid-thoracic and cervical segments were 

removed and immediately frozen in isopentane precooled in liquid nitrogen.

Ventral root injury

L4 and L5 ventral roots of tliree adult rats were crushed. After 7, 8 and 15 days 

the animals were killed and the L4 and L5 segments of the spinal cord processed for 

tenascin-C immunofluorescence and tenascin-C in situ hybridization.

Sciatic nerve iniurv

The left sciatic nerve of five adult rats was crushed (Fig. 6.1) with a pair of 

watchmakers’ forceps at mid-thigh level. After 6 (n=2), 15 days (n=2) and 7 

weeks(n=l) the animals were decapitated and spinal cord segments L4-5 and L2-3, and 

mid-thoracic and cervical segments were processed for tenascin-C immunofluorescence 

and in situ hybridization.
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In situ hybridization and immunohistochemistry

Cryostat sections cut at 12-14 p.m were hybridized with a digoxigenin labelled 

tenascin-C cRNA probe. After hybridization some of the sections were immunostained 

with a monoclonal antibody against GFAP in order to identify the tenascin-C 

expressing cells. The sections adjacent to those used for in situ hybridization were 

double immunostained with a monoclonal antibody against either GFAP or OX-42, 

together with a polyclonal antibody against tenascin-C, in order to identify the tenascin- 

C-positive structures.

3. Results

3a) Tenascin-C immunofluorescence in the spinal cord after dorsal root crush

Between 3 days and 2 months after injury the crushed dorsal roots were heavily 

tenascin-C immunoreactive (Fig. 6.6). The DREZ, however, was less intensely 

immunoreactive than either the injured dorsal root or the degenerating dorsal column 

(Figs. 6.6, 6.8a). A region of intense immunofluorescence was usually found in the 

region of the pia/root sheath junction (Fig. 6.6). At 4 months, immunoreactivity was 

still present in the dorsal roots, but much weaker, and by 6.5 months virtually all 

immunoreactivity had disappeared from them. From 3 days to 4 months after injury 

immunoreactivity was detected in those regions of the ipsilateral dorsal column 

containing degenerating fibres in all spinal cord segments between L4-5 (Figs. 6.2,

6.6) and approximately mid-cervical levels (Fig. 6.5). (Levels caudal to L5 and rostral 

to mid-cervical cord were not examined). In one animal, 7 days after dorsal root crush, 

sections were reacted with a monoclonal antibody to tenascin-C. The pattern of 

immunofluorescence was identical to that seen with polyclonal antisera, but much 

fainter.

Using double immunofluorescence for tenascin-C and either GFAP (Fig. 6.8) or 

OX-42 (Fig. 6.9), it was apparent that the tenascin-C immunoreactivity was not, in the 

main, associated with GFAP positive astrocytes (compare Fig. 6.8a and b. Fig. 6.8c) or 

OX-42 positive macrophages and microglia (Fig. 6.9). However, a few cells 

immunoreactive for one or other of these markers did also stain for tenascin-C. At 6.5
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months after dorsal root crush, immunoreactivity in the affected (ipsilateral) dorsal 

column had returned to control level (not illustrated). Thirteen days after complete 

excision of the left L4 and L5 dorsal roots immunoreactivity in the dorsal columns was 

indistinguishable from that found after dorsal root crush (not illustrated). Neither the 

distribution nor the intensity of immunoreactivity in the ventral horn was affected by 

crushing the L4 and L5 dorsal roots (not illustrated).

Control preparations, in which the primary antisera were omitted showed no 

staining apart from some normal rabbit or normal mouse serum controls in which there 

was faint intracellular staining of neurons and of astrocytes in the degenerating dorsal 

columns. This pattern was quite distinct from the pattern of staining obtained with the 

specific antisera.

3b) Tenascin-C mRNA in the dorsal roots and spinal cord after dorsal root crush

Large numbers of cells containing tenascin-C mRNA were visualised by in situ 

hybridization in the crushed dorsal roots 3, 7 and 14 days after injury (Figs. 6.3, 6.7) 

but very few were seen in the injured roots after 4 months. Cells containing tenascin-C 

mRNA were also found in the ipsilateral dorsal column, in lumbar, thoracic and 

cervical segments, 3 days after injury; such cells were confined to the region of 

degeneration and did not extend into the area containing the CST (Fig. 6.3). Double 

labelling showed that some of these cells were immunoreactive for GFAP (Fig. 6.4) but 

most GFAP immunoreactive cells were not tenascin-C mRNA positive. There were 

many more GFAP immunoreactive cells than tenascin-C mRNA positive cells but it 

was difficult to determine what proportion of the cells containing tenascin-C mRNA 

were immunoreactive for GFAP. Surprisingly, by 7-14 days after injury very few cells 

in the dorsal columns of the L4 and L5 segments of the spinal cord contained tenascin- 

C mRNA (Fig. 6.7) and no tenascin-C mRNA containing cells were found in the dorsal 

columns of the LI, L2, thoracic or cervical segments of the spinal cord, even though 

the regions containing degenerating fibres were immunoreactive for the protein (Fig.

6.6). Cells containing tenascin-C mRNA were very difficult to find in any part of the 

degenerating dorsal column at survival times of more than 14 days. Crushing dorsal 

roots had no effect on the expression of tenascin-C mRNA in the ventral horn (not
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illustrated). A few tenascin-C mRNA positive cells were usually noted at the pia/root 

sheath junction.

Control sections incubated with sense probe showed no hybridization signal in 

the injured dorsal roots or dorsal columns (not illustrated).

3c) Tenascin-C mRNA and protein in the spinal cord after sciatic nerve or ventral root 

crush

There was no apparent effect on the expression patterns of either tenascin-C 

mRNA or tenascin-C immunoreactivity in the spinal cord at any of the post injury 

survival times examined. In experiments in which the sciatic nerve was crushed at the 

same time as the dorsal roots, the distribution of tenascin-C immunoreactivity in the 

lumbar spinal cord was identical to that in experiments involving dorsal root crush 

alone. In the experiment involving adult ventral root crush the distribution of tenascin- 

C in the lumbar spinal cord was identical to that seen in unoperated animals, 

confirming that injury to the axons of motor neurons has no effect on tenascin-C 

expression in the ventral horn (not illustrated).
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Fig. 6.1 Schematic diagram illustrating the sites at which the axons of dorsal root 

ganglion cells were interrupted by crushing dorsal roots and the sciatic nerve.
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Fig. 6.2 Tenascin-C immunofluorescence in the ipsilateral dorsal column (IDC) 3 days 

after crushing lumbar dorsal roots 4-6. The arrow shows the border between 

degenerating and non-degenerate dorsal column. The asterisk indicates midline. CDC, 

contralateral dorsal column. Bar = 50|im.

Fig. 6.3 Tenascin-C mRNA-containing cells (seen as small black dots) in the dorsal 

root (DR) and ipsilateral dorsal column (IDC) of the lumbar spinal cord section 

adjacent to that shown in Fig. 6.2. The asterisk shows the midline and the arrow 

indicates the dorsal root entry zone. CDC, contralateral dorsal column; DH, dorsal 

horn. Bar = 200 pm.

Fig. 6.4 Ipsilateral dorsal column of lumbar spinal cord 3 days after L4-6 dorsal root 

crush. Double exposure photomicrograph of a section double labelled with probe for 

tenascin-C mRNA (bright-field image) and antibody against GFAP (fluorescent 

image). GFAP immunofluorescence is seen as bright areas corresponding to the cell 

bodies and processes of astrocytes. Two of the astrocytes show in situ label (arrows) 

and thus express tenascin-C mRNA; another possible but equivocal double labelled 

astrocyte is seen at the arrowhead. The remaining astrocytes appear not to express 

tenascin-C mRNA. Bar = 25pm.
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Figs. 6.5-6.V Tenascin-C immunofluorescence (Figs. 6.5, 6.6) and mRNA (Fig. 6.7) in 

the ipsilateral dorsal columns (IDC) of the spinal cord 14 days after crush lesion of 

lumbar dorsal roots 4-6. Asterisks indicate the midline. CDC, contralateral dorsal 

column. Bar = 100|im.

Fig. 6.5 Cervical spinal cord; tenascin-C immunoreactivity in the ipsilateral fasciculus 

gracilis (IDC, delineated by arrows) which contains degenerating fibres.

Fig. 6.6 Lumbar spinal cord; heavy tenascin-C immunoreactivity is present in the 

injured dorsal root (dr) and in the medial portion of the ipsilateral dorsal column (IDC, 

delineated by small arrows). There is a patch of intense immunofluorescence 

(arrowhead) where what is probably a large blood vessel lies between the root sheath 

and the dorsal root entry zone (large arrow).

Fig. 6.7 In situ preparation of section adjacent to that shown in Fig. 6.6. Tenascin-C 

mRNA containing cells are present in the injured dorsal root (dr) but are rare in the 

dorsal root entry zone (large arrow). A single tenascin-C mRNA containing cell 

(double arrowhead) is present in the ipsilateral dorsal column (IDC, delineated by small 

arrows). A few mRNA containing cells (one of which is marked by an arrowhead) are 

also present in the region between the dorsal root entry zone and the dorsal column.
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Fig.6.8 Confocal images of double immunofluorescence staining with antibodies 

against tenascin-C (green) and GFAP (red) in the ipsilateral dorsal column of the 

lumbar spinal cord 8 days after cmshing lumbar dorsal roots 4, 5 and 6. Some of the 

tenascin-C immunoreactive stmctures (arrows in Fig. 6.8a) are also labelled with the 

GFAP antibody (arrows in Fig. 6.8b). In Fig. 6.8c double labelled structures appear 

yellow. Note however that most of tenascin-C immunoreactive structures are GFAP 

negative. Asterisks indicate the midline; DH, dorsal horn; DC, dorsal column; EZ, 

dorsal root entry zone. Bar: see Fig. 6.9

Fig. 6.9 Confocal image of double immunofluorescence staining with antibodies 

against tenascin-C (green) and OX-42 (red) in the ipsilateral dorsal column of the 

lumbar spinal cord 8 days after cmshing lumbar dorsal roots 4, 5 and 6. Most red OX- 

42 immunoreactive macrophages/microglia (some are arrowed) are tenascin-C 

immunonegative. Asterisk indicates the midline. Bar = 50|Lim; applies also to Fig. 

6.8a,b,c.
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CHAPTER?

The Expression and Distribution of Tenascin-C and Axonal 

Sprouting in the Rat Spinal Cord Following Dorsal Column

Injury

1. Introduction

Dorsal root injuries, studied in Chapter 6, produce Wailerian degeneration in 

the ascending dorsal columns without direct injury to the CNS. It has been shown 

that the response of CNS glia to Wailerian degeneration (isomorphic gliosis in the 

terminology of Mansour et a l, 1990) is different from that to direct penetrating 

injury (anisomorphic gliosis). These include differences in the production of ECM 

(Mansour et a l, 1990; Bovolenta et a l, 1992) and in the extent to which regions 

involved in the two types of gliosis can be penetrated by regenerating axons 

(Mansour et al., 1990; Bovolenta et al., 1992). Lesions of the dorsal columns 

produce both types of glial reaction: anisomorphic gliosis at the lesion site and 

isomorphic gliosis in the degenerating dorsal column at more rostral levels, a 

conceptually similar process to that seen following dorsal root injury. The purpose of 

the work presented in this chapter was to (1) compare the expression and distribution 

of tenascin-C in the dorsal column undergoing Wailerian degeneration following 

direct dorsal column injury with that which follows dorsal root injury; (2) compare 

the expression and distribution of tenascin-C near direct injuries to the dorsal 

colunms (i.e., in regions undergoing anisormophic gliosis) with that which occurs 

during Wailerian degeneration; (3) study the relationship between axonal sprouting 

and the expression and distribution of tenascin-C, by using the immunofluorescence 

and in situ hybridization methods.
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2. Summary of methods used

Twenty-eight adult female Sprague-Dawley rats were anaesthetised and the 

mid-thoracic spinal cord was exposed by a laminectomy. A stab wound lesion was 

made by pushing a 1 mm diameter needle into the left dorsal funiculus to a depth of 

approximately 2 mm. In some of the animals the left sciatic nerve was crushed 

several times with a pair of watchmakers' forceps at mid-thigh level, in order to 

enhance the regenerative potential of the central processes of the primary sensory 

neurons. In four rats the dorsal funiculus were entirely transected with microsurgical 

scissors; they were allowed to survive 4 days (n=l), 9 days (n=2) and 8 weeks (n=l) 

after surgery.

Three (n=2), 7 (n=4), 9 (n=l), 12-16 (n=6), IS (n=l), 30 (n=2) days and 8 

weeks (n=2) after operation the animals were decapitated. A segment of middle 

thoracic cord containing the lesion site and a portion of upper thoracic cord were 

removed. Cryostat sections were double immunostained with a polyclonal antibody 

against tenascin-C and a monoclonal antibody against one of the following antigens: 

NF 200, GFAP or OX-42. Animals with lesions of more than 30 days were only used 

for tenascin/NF-200 immunostaining. In order to identify tenascin-C mRNA positive 

cells, sections used for tenascin-C in situ hybridization were also immunostained 

with monoclonal antibody against GFAP.

Two animals at 12 days after stab wound lesion in the dorsal column of the 

spinal cord and 4 animals at 4 days (n=l), 6 days (n=l) and 30 days (n=2) after 

complete transection of the thoracic dorsal columns were perfused for 

electronmicroscopy in order to further identify the structures within the lesion site.

3. Results

3a) The lesion sites

122



Transection of the dorsal columns produced large^ lesions with a rostro- 

caudal extent of up to 1.5 mm (Figs. 7.1a,b; 7.2a,b; 7.3). The stab wound lesions 

were variable in shape and up to 0.6 mm in diameter (Figs. 7.4, 7.5, 7.6, 7.7a). 

Between 3 and 30 days after a stab wound or complete dorsal column transection, 

areas largely devoid of GFAP immunoreactive astrocytes (Figs. 7.1a, 7.5, 7.6) were 

present in the region of the injuries and were defined as the lesion sites. These 

regions were packed with OX-42 positive macrophages (Fig. 7.8a,b) and cells of 

uncertain identity which were neither GFAP nor OX-42 immunoreactive. Strongly 

GFAP positive astrocytes were found bordering the lesion (Figs. 7.1a, 7.5, 7.6). 

Using electron microscopy, many macrophages, leptomeningeal cells, fibroblasts, 

Schwann cells, astrocytes, collagen fibres and cellular debris in an expanded 

extracellular space were found within the lesion site following both stab wound and 

dorsal column transection injuries (Figs. 7.9, 7.10). Large diameter axons wrapped 

by Schwann cells and /or astrocytes (Fig. 7.9) and capillaries with a morphological 

appearance suggesting they were newly formed (Fig. 7.10) were also found within 

the lesion site. Astrocyte processes covered with a basal lamina formed a glia 

limitans bordering the lesion around most of the periphery of the stab wounds (Fig. 

7.11, examined at 12 dpo) but an astrocytic glia limitans was difficult to identify 

around transection injuries (examined at 4, 6 and 30 dpo), which characteristically 

showed a more gradual transition between injured CNS tissue and the lesion site. The 

topography of the interface (where it could be defined) in transection injuries was 

complex because of the protrusion of astrocyte processes into the lesion site and the 

passage of blood vessels and axons, sometimes with accompanying astrocyte 

processes, between distinct spinal cord tissue and the lesion site. A few small 

diameter profiles which may have been axonal sprouts were present in small clusters 

in the dorsal columns; these were usually found immediately adjacent to the glia 

limitans caudal to stab wounds (Fig. 7.11) and in a more extended region of the 

spinal cord parenchyma caudal to transection injuries. Larger bundles of small 

diameter axonal profiles were present in the grey matter of the dorsal horn adjacent to 

transection injuries.
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3b) Tenascin-C immunofluorescence in lesioned spinal cord and the identity of the 

tenascin-C immunoreactive structures

An irregular zone of variable extent around the lesion site and the entire 

dorsal funiculus rostral to the lesion site, displayed a moderate to weak, and at low 

resolution predominantly diffuse immunofluorescence for tenascin-C (Figs. 7.1b, 

7.2b, 7.3, 7.4, 7.5 and Fig. 7.12a, 7.13). In animals in which both the dorsal horn and 

dorsal column had been injured there seemed to be little difference in the pattern or 

amount of tenascin-C expressed around the lesion in the grey and white matter. The 

diffuse tenascin-C immunoreactivity was not totally coextensive with GFAP positive 

astrocytes (compare Fig. 7.1a and 7.1b, Fig. 7.5). The tenascin-C immunoreactivity 

was much stronger immediately around and within the lesion site than at more distant 

sites (Figs. 7.1b, 7.2b, 7.3-7.5). After dorsal column transection, dense tenascin-C 

immunoreactivity largely filled the lesion site (Figs. 7.1b, 7.2b, 7.3) but in dorsal 

column stab wounds it was less abundant and appeared predominantly in the form of 

filaments (Figs. 7.4-7.7). Within the areas of intense fluorescence, linear, 

occasionally branching streaks of immunoreactivity were commonly apparent, 

resembling tenascin-C coated cell processes (Figs. 7.1b, 7.2b, 7.3, 7.5, 7.6, 7.7b). A 

subpopulation of capillaries in the spinal cord around the lesion site was also strongly 

immunoreactive (Figs. 7.14a,b and 7.15), the tenascin-C immunofluorescence being 

less extensive than the GFAP positive astrocyte processes around such vessels (Fig. 

7.15).

Heavy tenascin-C immunoreactivity was also found in the pia of the spinal 

cord close to the lesion site at all survival times. In both dorsal column transection 

and stab wound cases the strong filamentous tenascin-C positive structures appeared 

to be invading into the lesion region of the spinal cord from the scar tissue which was 

formed at the surface of the spinal cord wound (Figs. 7.1b, 7.2b, 7.3, 7.16a,b). 

Double immunofluorescence with a polyclonal antibody against tenascin-C and a 

monoclonal antibody against GFAP confirmed that most of the GFAP positive 

astrocytes around the lesion were not tenascin-C immunoreactive (e.g. compare Figs. 

7.17a and 7.17b). Most of the dense tenascin-C immunoreactive structures within the 

lesion site displayed no GFAP immunofluorescence (compare Figs. 7.1a and 7.1b,
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Figs. 7.5-7.6) and were also devoid of OX-42 immunoreactivity (compare Figs.7.8b 

and 7.8c). However, a few GFAP positive astrocytes bordering the lesion were 

associated with tenascin-C immunofluorescence (compare Figs. 7.1a and 7.1b; 7.12a 

and 7.12b). Some other patches or strands of immunofluorescence were observed at 

the surface of OX-42 positive cells within the lesion but most OX-42 positive 

macrophages/microglia were devoid of tenascin-C immunoreactivity (compare Figs. 

7.8b and 7.8c). The regions of dense tenascin-C immunoreactivity were present 3 

days after lesion and were more extensive and had greatly increased in fluorescence 

intensity by 7-16 dpo, but were reduced in extent and intensity by 30 dpo. At 8 weeks 

after dorsal column transection strong tenascin-C immunoreactivity was still present 

in the lesion site (Fig. 7.20b).

3c) Tenascin-C mRNA in the lesioned spinal cord and the identitv of the mRNA- 

containing cells

Large numbers of tenascin-C mRNA-containing cells were present within and 

close to the lesion 3 to 7 days after injury (Fig. 7.18a,b). Many of the labelled cells in 

the region surrounding the lesion were identified as astrocytes by double staining 

with monoclonal antibody against GFAP (Fig. 7.18c). However, most of the 

tenascin-C mRNA-containing cells within the lesion were GFAP negative (Fig. 

7.18b) and many of the GFAP positive reactive astrocytes around the lesion did not 

display detectable levels of tenascin-C mRNA (Figs. 7.18b,c). By 14-16 dpo 

tenascin-C mRNA-containing cells appeared to be reduced in number (Fig. 7.19) and 

most were devoid of GFAP immunoreactivity. By 30 dpo tenascin-C mRNA- 

containing cells were hardly detectable, although tenascin-C immunoreactivity was 

still present at this time. In the degenerating dorsal column rostral to the lesion, 

tenascin-C mRNA-containing cells were also found at 3 dpo (Fig. 7.18d) but not at 7 

dpo or later. Most of these cells identified as GFAP positive astrocytes by double 

labelling. Large numbers of tenascin-C mRNA-containing cells were also found in 

the pia of the spinal cord close to the lesion site.

3d) Relation between axonal sprouts and tenascin-C immunoreactivity
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Three days after injury, NF positive axons were rarely seen in the lesion 

areas. By 7 dpo, however, many NF positive axons were present in the zone of 

diffuse tenascin-C immunoreactivity and among the densely tenascin-C 

immunoreactive filamentous structures in the spinal cord parenchyma around the 

lesion (Figs. 7.2a,b and Figs. 7.3, 7.4). Large number of axons appeared to traverse 

the region of diffuse tenascin-C immunoreactivity and enter the lesion area, where 

stronger tenascin-C immunoreactivity was present (compare Fig. 7.2a and 7.2b, 

Figs.7.3, 7.4). By 14 dpo there were more NF positive axonal sprouts within the 

lesion area and the axonal sprouts were still present within the lesion site at 8 wpo 

(Figs. 7.20a). Some of the axons were closely associated with tenascin-C 

immunoreactive structures (Fig. 7.3, compare Figs. 7.20a and 7.20b) but we could 

not identify any NF positive axonal sprouts that were unambiguously tenascin-C 

immunoreactive.
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Figs. 7.1a.b Double immunofluorescence for GFAP (Fig. 7.1a) and tenascin-C (Fig. 

7.1b) in a horizontal section through the site of a dorsal column transection made 9 

days early. The dorsolateral surface of the cord is on the left side of the micrographs. 

The lesion area is devoid of GFAP+ astrocytes, but is packed with strongly 

fluorescent tenascin-C+ structures predominantly in the form of branched linear 

structures probably corresponding to bundles of tenascin-C coated cell processes 

(arrowheads). Some tenascin-C + structures around the lesion are associated with 

GFAP+ structures (e.g. arrows). Bar = 50pm.
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Figs.7.2a.b Double immunofluorescence for NF (Fig.7.2a) and tenascin-C (Fig.7.2b) 

in a horizontal section of the spinal cord adjacent to Fig. 7.1. Strongly tenascin-C+ 

structures are present in the lesion area (L) where a few NF+ axonal sprouts are also 

present. Bar = 50|im.



128



$
a

y
&

M

129



Fig. 7.3 Confocal image of double immunostaining for tenascin-C (green) and NF 

(red) in a horizontal section of the spinal cord adjacent to Fig. 7.1. The lesion area (L) 

displays strong branching streaks of tenascin-C immunofluorescence. Axonal sprouts 

are present in areas of diffuse tenascin-C immunofluorescence and to a lesser extent 

within the lesion area itself. Note that some of the axonal sprouts are closely 

associated with tenascin-C+ structures (e.g. arrows). However, most NF+ axonal 

sprouts are tenascin-C negative. Bar = 50|im.
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Fie. 7.4 Confocal image of double immunofluorescence staining for tenascin-C 

(green) and NF (red) in a horizontal section through a stab wound lesion site (L) 7 

days after injury. Diffuse tenascin-C immunofluorescence is present around the lesion 

site and strong tenascin-C immunofluorescence, much of it in the form of linear 

streaks, is present within the lesion site. A few sprout-like NF+ axonal profiles appear 

to have grown into the lesion site (e.g. arrowheads). Bar =100|im.



" " - i l  •

131



Fig. 7.5 Confocal image of double staining of tenascin-C (green) and GFAP (red) in a 

horizontal section of spinal cord adjacent to Fig. 7.4. Strong linear tenascin-C 

immunofluorescent structures are seen within the lesion site (L) and diffuse tenascin- 

C immunofluorescence is present around the lesion (at left and bottom); neither type 

of tenascin-C immunofluorescence is associated with GFAP+ astrocytes. Bar = 

100pm.
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Fig. 7.6 Confocal image of double staining for tenascin-C (green) and GFAP (red) in 

a sagittal section through a stab wound lesion tract (L) in the spinal cord 7 days after 

operation. Strong linear tenascin-C immunofluorescent structures are present in the 

lesion tract and few, if any, show colocalisation with GFAP+ structures. Bar = 

100|im.
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Fig. 7.7a.b Confocal image of double immunofluorescence of tenascin-C (green) and 

GFAP (red) in a horizontal section of spinal cord 7 days after stab wound lesion. 

Strong tenascin-C immunofluorescence within the lesion is very limited associated 

with GFAP+ astrocytes. L indicates lesion site. Bar = lOOjim in Fig. 7.7a and 50p.m 

in Fig. 7.7b.
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Figs. 7.8a OX-42 immunoreactivity in horizontal sections through a stab wound 

lesion site in the spinal cord 7 days after injury. The lesion site (L) is packed with 

0X42+ macrophages. Bar = 50pm

Figs. 7.8bx Double immunofluorescence for OX-42 (Fig. 7.8b) and tenascin-C (Fig. 

7.8c) within a stab wound lesion site in a section adjacent to Fig. 7.8a. Only very few 

tenascin-C + structures are associated with OX-42+ macrophages (e.g. arrowheads). 

Bar = 50pm.
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Fig. 7.9-7.10 Electron micrographs illustrating the organisation and cellular 

composition of lesion sites in the dorsal columns 12 days after a stab wound (Fig. 

7.9) and 30 days after dorsal column transection (Fig. 7.10).

Fig. 7.9 Large diameter unmyelinated axons wrapped by Schwann cells (S) and/or 

astrocytes (A) are present within the lesion site. Macrophages (M) are also present. 

Asterisks indicate extensive extracellular space within which fine cell processes of 

uncertain identity and bundles of collagen fibres are apparent. Bar = 2pm.

Fig. 7.10 The lesion area is packed with debris, macrophages (M), fibroblasts (F), 

collagen fibres, all in an extensive extracellular space (asterisks). A capillary (C), 

with ultrastructure features suggesting it is newly formed, is also present. Bar = 2pm.
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Fig. 7.11 Electron micrograph of interface between lesion cavity (L) and neural tissue 

of the dorsal horn 12 days after a stab wound injury. Astrocytes (A) form a 

discontinuous glia limitans at the interface and the processes facing the lesion cavity 

are covered by a basal lamina (arrowheads). The neural tissue contains a few 

apparently normal, but mostly abnormal myelinated fibres and scattered small 

profiles that may be axonal sprouts (e.g. at open arrows). Bar = 2|Lim.
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Figs.7.12a,b Double immunolocalisation of tenascin-C (Fig. 7.12a) and GFAP (Fig. 

7.12b) in transverse sections through a stab wound lesion site in the dorsal column 8 

days after operation. GFAP+ astrocyte processes are associated with tenascin-C only 

along part of the cord/lesion interface. L indicates the lesion site, which is packed 

with debris. Note that GFAP+ astrocytes have largely disappeared from a region near 

the primary lesion (asterisk) and that this region also lacks tenascin-C 

immunofluorescence. Bar = lOOjim.

Fig. 7.13 Tenascin-C immunofluorescence in a transverse section of the dorsal 

portion of upper thoracic spinal cord, rostral to a stab wound lesion made 8 days 

previously. Tenascin-C immunofluorescence is present only in the area of dorsal 

column containing degenerating fibres (outlined by arrowheads). DDC=degenerating 

dorsal column. Bar = 100pm.
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Fie. 7.14a.b Tenascin-C immunofluorescence (7.14a) and phase contrast (7.14b) 

photomicrographs of blood vessels near (about 1 mm rostral to) a lesion site 9 days 

after transection injury. The vessels display heavy tenascin-C immunoreactivity 

around their walls. The phase contrast image shows that the other constituents of the 

spinal cord in this region display little immunoreactivity. Bar = 20p.m.

Fig. 7.15 Confocal image of double immunostaining for tenascin-C (green) and 

GFAP (red) in the dorsal column close to (about 1 mm rostral to) a transection site in 

a section adjacent to Fig. 7.14. Green tenascin-C immunofluorescence is associated 

with the wall of a capillary and is less extensive than red GFAP+ astrocyte processes 

around the capillary. Bar = 20p.m.
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Fig. 7.16-7.17 Double immunostaining for tenascin-C (7.16a,b) and NF (7.16c), and 

tenascin-C (7.17a) and GFAP (7.17b) in a parasagittal section of a lesion site in the 

dorsal column 7 days after stab wound.

In Fig. 7.16a strong tenascin-C immunofluorescence is associated with the scar tissue 

(asterisk) at the surface of the stab wound (dashed line indicates the surface of spinal 

cord). Filamentous or fibre-like tenascin-C positive structures appeared to be 

invading into the lesioned region of the spinal cord from the scar tissue (e.g. arrows). 

This area is shown at higher magnification in Figs. 16b and c. Note that the tenascin-C 

positive “trabeculae” in Fig. 7.16b are surrounded by NF+ axons in Fig. 7.16c and 

that axons, probably of peripheral origin, are present in the densely tenascin-C 

positive scar tissue (openarrow). In Fig. 7.17 a.b a very limited association (e.g. at 

arrow) is shown between tenascin-C (7.17a) and GFAP (7.17b) immunopositive 

structures within the stab wound lesion site. Bar =100)Lim in all panels.
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Figs. 7.18-7.19 Horizontal sections (all but Fig. 7.18d), showing cells expressing 

tenascin-C mRNA within and close to a stab wound lesion site in the spinal cord 3 

days (Figs. 7.18a-d) and 16 days (Fig. 7.19) after operation. Open arrows indicate the 

lesion site. Asterisks in Fig. 7.19 show midline. DC=dorsal column; DH=dorsal horn; 

DR=dorsal root; CDR=contralateral dorsal root.

In Fig. 7.18a a large numbers of cells expressing tenascin-C mRNA are present 

within and close to the lesion site in the dorsal column. Note that the presumably 

injured dorsal root (DR, arrow) contains many cells expressing tenascin-C mRNA. In 

Fig. 7.18 b-c dual localisation of tenascin-C mRNA positive cells and GFAP within 

and around a stab wound lesion site is illustrated in a section adjacent to that in Fig. 

7.18a; most of tenascin-C mRNA containing cells within the lesion site are GFAP 

negative. Fig. 7.18c illustrates 4 or 5 cells containing tenascin-C mRNA which can be 

unequivocally identified as astrocytes. Fig. 7.18d shows a transverse section of the 

dorsal portion of the upper thoracic spinal cord, rostral to a stab wound lesion 3 days 

after injury. Tenascin-C mRNA+ cells are present in the degenerating dorsal column. 

In Fig. 7.19 the numbers of tenascin-C mRNA containing cells in and around a stab 

wound lesion site at 16 dpo are much lower than at 3 dpo. Bar = 400|Lim in Figs. 

7.18a and 7.19; 200|im in Fig. 7.18d; 100p.m in Fig. 7.18b and 50|im in Fig. 7.18c.
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Figs. 7.20a.b Double immunostaining for tenascin-C (Fig. 7.20a) and NF (Fig. 7.20b) 

in a parasagittal section through the site of a dorsal column transection made 8 weeks 

early. Tenascin-C immunofluorescence has declined compared with earlier 

postoperative survival times and is mainly concentrated at the lesion site which 

passes through both grey (G) and white (W) matter. Many NF+ axonal sprouts are 

found around the lesion and some of them appear to traverse the lesion site and 

associate with strong tenascin-C fluorescence (e.g. arrows). Asterisks outline the 

lesion site. Bar = 100p.m.
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The results relating to the LI transgenic mice presented in 

Chapter 8 are preliminary; further studies are necessary to clarify 

the level of expression of transgene in the spinal cord and more 

animals need to be studied in both the experimental and control 

groups.



CHAPTER 8

Regeneration of Sensory Axons in the Spinal Cord after Dorsal 

Column Transection in Adult Rats and LI Transgenic Mice

1. Introduction

From evidence presented in Chapter 3 it was known that Schwann cells in a 

piece of peripheral nerve transplanted into the thalamus up-regulate LI, which 

presumably constitutes part of the growth-providing environment through which the 

CNS axons elongate. Thalamic axonal sprouts grew into and through the peripheral 

nerve graft along the L1 -immunoreactive Schwann cell surfaces rather than along the 

Ll-immunonegative basal lamina. Consequently, the lack of LI expression by 

astrocytes of the adult CNS could be partially responsible for the poor regenerative 

ability of axons in the adult CNS. Evidence for this comes from in vitro studies in 

which HSV have been used to introduce a full length cDNA for LI into rat cerebellar 

cortical astrocytes. Rat cerebellar neurons showed increased migration and neurite 

extension on a feeder layer of the transfected astrocytes (Yazaki et al., 1995). As part 

of an ongoing collaboration with the laboratory of Dr. M. Schachner in Zürich we 

were given access to LI transgenic mice produced by Dr. Hasan Mohajeri in Dr. 

Schachner’s laboratory. In these animals the neurite outgrowth promoting neural 

recognition molecule LI is expressed by astrocytes under the control of the GFAP 

promoter so that astrocytes in which the GFAP gene is active, such as reactive 

astrocytes responding to CNS injury, will also express LI (Mohajeri et al., 1996). In 

vitro experiments have shown that mouse cerebellar neurons extend up to 400% 

longer neurites on cryostat sections of lesioned optic nerve of L1 transgenic mice and 

chick DRG neurons extend up to 50% longer neurites on LI-expressing astrocyte 

monolayers prepared from such animals (Mohajeri et ai, 1995, 1996). The purpose 

of the work reported in this chapter was to test the hypothesis that the regeneration of 

adult CNS axons in vivo would be enhanced in LI transgenic animals, by studying
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the regeneration of the ascending central axons of primary sensory neurons after 

transection o f the dorsal columns in the thoracic spinal cord.

In addition, it has been shown that interruption of the sciatic nerve at the 

same time or 1 and 4 weeks prior to dorsal column injury results in enormously 

increased growth of lesioned dorsal column axons into a peripheral nerve graft 

(Richardson and Issa, 1984), a phenomenon associated with up-regulation o f GAP-43 

mRNA in the DRG (Chong et al., 1996). Another purpose of this study was therefore 

to test whether sciatic nerve crush could also enhance the regeneration of the central 

fibres of primary sensory neurons within the spinal cord in adult rats and LI 

transgenic mice. For both parts of this study, advantage was taken of the ease with 

which the central processes of primary sensory neurons can be transganglionically 

labelled following sciatic nerve injection of HRP-conjugated tracers.

2. Summary of methods used

The thoracic spinal cord was exposed by a laminectomy at the T8 or T9. 

Dorsal columns were transected by using a pair a microsurgical scissors. The lesion 

site was marked with 10-0 sutures for later identification. In some animals the left 

sciatic nerve was crushed at the same time in order to see if that led to enhancement 

of central sensory axonal regeneration. Ten days to 2 months after operation a 

mixture of CT-HRP and WGA-HRP or CT-HRP alone, were injected into the sciatic 

nerve on left side. Two to 3 days later, animals were perfused with 1% 

paraformaldehyde and 1.25% gluteraldehyde in O.IM PB. Horizontal sections 

containing the lesion site were processed for visualisation of HRP using the TMB 

reaction. In order to confirm LI expression by astrocytes of the transgenic animals 

some of the transgenic animals were decapitated and the spinal cords containing the 

lesion site were fresh frozen in iso-pentane precooled in liquid nitrogen. Cryostat 

sections were double immunostained with a monoclonal antibody against GFAP and 

a polyclonal antibody against L 1 and some sections were also double immunostained 

with a monoclonal antibody against GFAP and a polyclonal antibody against NF.
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Genotvping

The most caudal 50-70mm of the tails of all the mice used in this study were 

amputated while the animals were under halothane anaesthesia and digested in 25 pi 

of lOmg/ml proteinase K in 700pl of 50mM Tris buffer containing lOOmM EOT A 

and 0.5% SDS overnight in a 55°C water bath. After digestion the tails were sent to 

Dr. M. Schachner’s laboratory in Zürich for genotyping by Southern blotting.

Most transgenic mice (n=5) were operated when aged between 2.5 and 3 

months, two additional transgenic mice were operated at age 11 months.

3. Results

3a) Axon regeneration in the spinal cord of adult rats after dorsal column transection

In most cases the lesions included the entire cross sectional area o f the dorsal 

column including the CST and parts of the dorsal horns. The areas affected by the 

lesions extended about 1.5mm rostro-caudally and 1.2mm dorso-ventrally. The 

centre of the lesion consisted of an area of cellular disorganisation, characterised by 

many cavities of variable size, cellular debris, exudate and large numbers of 

macrophages, which had presumably invaded the area from damaged / and normal 

blood vessels.

Ten (n=2) to 30 days (n=6) after dorsal column transection, HRP labelled 

axons were identified at the caudal periphery of the lesion. There were considerable 

numbers of labelled sprouting or branched axons close to or within the expanded 

lesion areas (Figs. 8.1, 8.2), but no labelled axons passed through the grossly 

disorganised lesion site. The terminal parts of the labelled axons displayed a variety 

of morphologies (Fig.8.3a-h): many of them had swollen ends (Figs. 8.1, 8.3a) and 

some large and small diameter axons displayed a mass of varicosities (Figs. 8.3b, c, 

d, e, f); some small and medium diameter axons showed multiple varicosities leading 

to a nonvaricose recurved terminal segment (Figs. 8.3g); short sprouts often branched 

out from the spherical varicosities at the tips of injured axons (Figs. 8.3e); some 

axonal sprouts formed complex loops or knots (Figs. 8.2, 8.3h); some of the axonal
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arborizations were nonvaricose, ending freely within the expanded lesion areas 

among a space largely filled with macrophages (Fig. 8.1).

There was no obvious difference in the extent of axonal regeneration between 

animals in which the sciatic nerve was crushed (n=5) and animals in which the sciatic 

nerve was intact (n=3).

3b) Axon regeneration in the spinal cord of LI transgenic mice after dorsal column 

transection

Although the lesion region in the spinal cord of LI transgenic mice was 

similar to that caused in the spinal cord of the rat after the same manner of surgery, it 

was a feature of this experiment that the lesion site in the mice invariably appeared 

to be less expanded and less disorganised than the comparable lesion site in the rats 

although sometimes a large cavity was present in the lesion site. The explanation for 

this is not clear but it appears that the caudal and rostral boundary of the severed 

dorsal columns suffered a lesser degree of degeneration or retraction in the mice than 

that in the rats, although other explanations are possible.

Double immunofluorescence for LI and GFAP in LI transsenic mice with dorsal 

column lesion

In unoperated LI transgenic mice there was a considerable variation in the 

strength of LI immunoftuorescence in the spinal cord; in general in the white matter 

much of the LI immunofluorescence colocalised with GFAP immunofluorescence, 

confirming that the transgene was being expressed by astrocytes. Five and eight 

weeks (n=2) after dorsal column transection, astrocytes around the lesion site (both 

caudal and rostral to the lesion) were heavily GFAP immunoreactive (Figs. 8.4a, 

8.5a, b). Many GFAP immunoreactive astrocytes close to the lesion also showed 

strong LI immunoreactivity (compare Figs.8.4a and 8.4b). Confocal microscopy 

showed the close overlap between GFAP and LI immunofluorescence in some 

regions (Fig. 8.5a,b) and confirmed that some reactive astrocytes up-regulate LI 

around the lesion site. However, the up-regulation of GFAP in the dorsal column 

rostral to the lesion was not as obvious as that around the lesion site. In keeping with
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this observation, astrocytes showed only very low or undetectable level of LI 

immunoreactivity in the degenerating dorsal column rostral to the lesion site.

Double immunofluorescence for NF and GFAP in L I transgenic mice with dorsal 

column lesion

Five and eight weeks after dorsal column transection the lesion areas were 

surrounded by heavy GFAP immunoreactive astrocytes (Fig. 8.6a). However, the 

central part of the lesion area was devoid of GFAP immunoreactivity and was filled 

with macrophages. Many fine NF positive axonal sprouts were present within and 

around the lesion areas which were devoid of GFAP immunoreactivity (compare 

Figs. 8.6a and b).

Trans2 an2 lionicallv labellins in the dorsal column o f  L I transsenic mice followins 

dorsal column lesion

Twenty six to seventy days (n=6) after dorsal column transection in LI 

transgenic (LI +/-) mice the dorsal column caudal to the lesion did not appear to have 

retracted. Most of the transganglionically labelled axons were present at the level of 

the cut rather than retracted from it. At the cut end most axons displayed varicosities. 

The degree of axonal regeneration varied in different cases. In those cases in which 

only very few axonal sprouts were found within the lesion, the non-varicose axons 

often formed large loops (Fig. 8.7). Other varicose axons close to the lesion also 

mostly recurved to avoid the centre of the lesion which was filled with macrophages 

and exudate (Figs. 8.8 a,b). However, in some cases there were considerable numbers 

o f axonal sprouts lying freely within the disorganised lesion site; in these cases there 

were fewer macrophages and exudate within the centre of the lesion (Figs. 8.9a,b and 

Figs. 8.10 a-f). Some axons had advanced to the central portion of the lesion and a 

few had reached the rostral border of the lesion (Figs. 8.9a,b). In the most successful 

case (an animal labelled 30 dpo) three axonal sprouts were found to cross the lesion 

site (Figs. 8.10a-f) and were traced rostrally 3mm beyond the lesion site. These axons 

appeared to have grown through the CST rather than through the degenerate regions 

of the dorsal columns.
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In two non-transgenic animals (labelled at 30 and 40 dpo) HRP-labelled 

axons were found predominantly at the caudal margin o f the disorganised tissue of 

the lesion site. Only very few labelled axons were found within the lesion areas 

(Figs. 8.1 la,b).

LI transgenic animals in which the sciatic nerve had been crushed did not 

show an obvious or consistent enhancement of regeneration of the central projection 

of sensory axons in the lesioned areas of the dorsal columns. However, the one 

animal in which axonal regeneration had extended rostral to the lesion was one of the 

animals which also had a sciatic nerve crush.

149



Fig.8.1-8.2 Ascending sensory axons in the dorsal column of adult rat immediately 

caudal to a transection lesion made 1 month previously. The axons are 

transganglionically labelled with HRP applied to the sciatic nerve 3 days before 

sacrifice.

Fig. 8.1 Most of the cut axons have swollen ends and terminate caudal to the site of 

transection (open arrow). The solid arrow indicates part of a small labelled axon 

which is shown in greater detail in Fig. 8.3h. In Fig. 8.2 HRP labelled axons 

terminating caudal to the transection site are shown. Some labelled axons at the cut 

end form a complex knot of tangled axons (e.g., at arrow). The transection site is just 

rostral to the lefl; edge of the field shown. Bar = lOOfim in Fig. 8.1 and 50|im in Fig. 

8 .2 .
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Fig. 8.3a-h. Morphology of the terminal portions of transganglionically labelled 

sensory axons in the spinal cord 1 month after dorsal column transection. The 

transection site is to the left in all pictures. Many cut axons terminate at the 

transection site with swollen end bulbs (Fig. 8.3a). Some axons, both of small and 

large diameter, display multiple varicosities (Figs. 8.3b,c,d,e,f). Short sprout-like 

processes often extend from the spherical varicosities at the tips of injured axons 

(e.g., at arrow in Fig. 8.3e). Some axonal sprouts at and close to the lesion site 

appear to curve back (e.g., arrow in Fig. 8.3g) or form a loop (Fig. 8.3h). Bar = 

20pm.
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Fig. 8.4a,b Double immuno-colocalisation of GFAP (Fig. 8.4a) and LI (Fig. 8.4b) at 

a lesion site 37 days after dorsal column transection in an LI transgenic mouse. DC, 

dorsal column; DH, dorsal horn. The lesion site (L) is almost devoid of GFAP 

immunofluorescence. Strongly GFAP+ astrocytes (arrows in Fig. 8.4a) around the 

lesion site also display LI immunofluorescence (cf. arrows in Fig. 8.4b). Bar = 

100p.m.
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Fig. 8.5a,b Confocal image of double immunofluorescence labelling for GFAP (red) 

and LI (green) in the lesion site in a section adjacent to Fig. 8.4, showing that some 

of the GFAP immunoreactive astrocytes close to the lesion are also LI 

immunoreactive (e.g. arrows). The double labelled astrocytes indicated by arrows in 

Fig. 8.5a are enlarged in Fig. 8.5b. Bar = lOOjim in Fig. 8.5a and 30|im in Fig. 8.5b.
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Fig. 8.6a.b Double immunofluorescence for GFAP (Fig. 8.6a) and NF (Fig. 8.6b) in 

the lesion site in a section adjacent to Fig. 8.4. The lesion site (L) is devoid of GFAP 

immunoreactivity (Fig. 8.6a). Many NF + axonal sprouts are present around the 

lesion site and some of them have penetrated into the lesion site (Fig. 8.6b). Bar 

=100pm.
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Fig. 8.7 Axons in the dorsal column transganglionically labelled with HRP 26 days 

following dorsal column transection in an LI transgenic mouse. The axons were 

labelled with HRP applied to the sciatic nerve and are viewed under dark field. Open 

arrow indicates the transection site. Arrows indicate macrophages clustered at the 

centre of the lesion. Most of the labelled axons display swollen end bulbs and 

terminate at the level of the cut and some of them form loops (arrowhead) apparently 

turning back from the lesion site. Bar = 50|im.





Fig. 8.8 Transganglionically labelled axons in the dorsal column in a section 

adjacent to Fig. 8.7. Open arrow indicates the transection site. Arrows indicate 

macrophages clustered at the centre of the lesion. Most of the labelled axons display 

swollen end bulbs and terminate at the level of the cut and some of them appear to 

turn back from the lesion site as in Fig. 8.7. The terminal portions of the labelled 

axons in Fig. 8.8a are enlarged and viewed in bright field in Fig. 8.8b. Only a minute 

number of axonal sprouts (arrowhead in Fig. 8.8b) enter the centre of the lesion site. 

Bar = 100p.m.
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Fig. 8.9 a,b Transgangionically labelled axons in the dorsal column 10 weeks 

following dorsal column transection in an LI transgenic mouse. Rostral is to the 

right and the section is photographed under dark field conditions. Open arrow 

indicates the transection site.

In Fig. 8.9a most of HRP labelled axons in the dorsal column terminate at the level 

of the cut. A few axonal sprouts (e.g. arrowhead) appear to have advanced into the 

centre of lesion site. Fig. 8.9b is an enlargement from a section adjacent to Fig. 8.9a. 

Bars = 100pm.
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Fig. 8.10a-f Serial parasagittal sections of HRP-labelled axons in the dorsal column of 

another LI transgenic mouse 4 weeks following a dorsal column transection. The 

axons were transganglionically labelled from an injection of HRP into the sciatic 

nerve. The open arrow indicates the transection site, and the solid arrow in Fig. 8.10b 

indicates macrophages in the centre of the lesion.

In Fig. S.lOa-c most of the labelled axons terminate at the caudal extremity of the 

transection site (rostral is to the right). A few axonal sprouts penetrate the centre of 

the lesion site and extend rostral to it (arrowheads in Fig. 8.10a-c). In Fig. 8.10d,e 

two labelled axonal sprouts (arrowheads) appear to have grown across the lesion site 

and to have elongated within the corticospinal tracts, d and e are dark field 

photomicrographs, f  is a diagrammatic representation of a serial sections based on a 

camera lucida drawing. Rostral is to the left in d-f. Bar = 100pm in Fig. 8.10 a,b,d,e 

and 50pm in Fig. 8.10c.
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Fig. 8.11a,b HRP labelled axons in the dorsal column 4 weeks following dorsal 

column transection in a non-transgenic mouse. The transganglionically labelled 

axons in the dorsal column terminate far from the transection site. Open arrow 

indicates the lesion site. Parasagittal sections. Bar = 50pm.
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CHAPTER 9 

Discussion

The experiments in this thesis have been directed towards investigating the 

roles of certain neural CAMs and the extracellular matrix molecule tenascin-C in the 

responses of adult mammalian CNS tissue to injury. This has included studies of 

CNS axonal regeneration into the growth promoting environment provided by 

peripheral nerve grafts, and of the changes of tenascin-C which occur in the dorsal 

columns of the spinal cord following Wallerian degeneration brought about by dorsal 

root injury, or following direct lesion of the dorsal column. These studies also led me 

to undertake an investigation of tenascin-C expression in the developing spinal cord, 

and a study of dorsal column axonal regeneration in transgenic mice with an extra LI 

gene under the control of the GFAP promoter.

1. CAMs in CNS axonal regeneration after transplantation of 

segments of tibial nerve into the thalamus

The results in Chapter 3 have shown that N-CAM-PSA was present at the 

surface of most nonmyelinated axons in the graft between 6 dpo and 4 wpo, but had 

disappeared ftom these surfaces at 8 and 13 wpo. In contrast, in the brain parenchymal 

border zone N-CAM-PSA immunoreactivity was more extensive and common on 

nonmyelinated axons at survival times of 2-13 wpo than at earlier stages. There was 

also a difference in the labelling of glial cell surfaces. Schwann cell surfaces were 

coated with N-CAM-PSA in the graft only where they apposed immunopositive axon 

surfaces whereas many astrocyte processes in the brain were immunopositive, 

particularly at 2 - 13 wpo. N-CAM and LI were both present at the surface of most 

nonmyelinated axons in both the graft and brain at all survival times but decreased in 

the graft, especially around larger, individually enwrapped axons, at 8 and 13 wpo. 

Schwann cell surfaces with no apparent axon contact were occasionally and weakly
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labelled for N-CAM and LI at survival periods of less than 2 weeks but more 

commonly and more heavily at 2-4 wpo, especially in the case of N-CAM. Astrocyte 

labelling was different for N-CAM and LI; N-CAM was present on astrocyte surfaces 

(except those underlying basal lamina) particularly at 2-13 wpo whereas LI did not 

coat astrocytes unless they abutted LI positive axons. By in situ hybridization N-CAM 

and L 1 mRNA are up-regulated in neurons in the thalamus around the tip of the graft. 

LI mRNA is strongly up-regulated in the neurons of the ipsilateral TRN from 3 days to 

2 months. This is a specific effect of the presence of a living graft because there is no 

up-regulation of LI and N-CAM mRNA in TRN after frozen killed grafts are 

transplanted into the thalamus. N-CAM mRNA is also up-regulated by some glia cells 

in the junctional zone around the grafts.

la) Expression of N-CAM and LI during CNS regeneration

N-CAM and LI were present at the surface of CNS axonal sprouts, both within 

the brain parenchyma adjacent to the graft tip, and within the proximal portion o f the 

peripheral nerve grafts into which such axonal sprouts grow. Where immunoreactive 

axons were adjacent to Schwann cell bodies or processes within the graft, or to 

astrocyte processes within the brain, reaction product filled the intercellular space 

between the axon and glial cell membranes and could not be recognised as more 

intimately associated with one of them than with the other. Because reaction product 

was weak and uncommon between adjacent Schwann cell plasma membranes at short 

postgrafting survival times except where they were in contiguity with an 

immunoreactive axon, and because regenerating sprouts were L 1 and N-CAM positive 

irrespective of the cells with which they were in contact, it is likely that, particularly in 

the early stages of the response to injury or nerve grafting, these CAMs are 

predominantly of neuronal origin. However, at later survival times, reaction products 

for N-CAM and LI appear on Schwann cell membranes in the graft (especially N- 

CAM) and reaction products for N-CAM and N-CAM-PSA appear on astrocyte cell 

membranes in the brain and may be produced by these cells. The in situ data support 

these interpretations. N-CAM and LI mRNA are up-regulated in neurons in the 

thalamus around the tip of the graft and LI is strongly up-regulated in the neurons of 

the ipsilateral TRN, within 3 days of graft implantation. It is. therefore, a reasonable
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assumption that much of the N-CAM and LI detected at the surface of the axonal 

sprouts in the brain and graft is newly synthesised by the parent cell bodies of the 

sprouting axons. The up-regulation of both genes in the graft provides the basis for the 

increased amounts of N-CAM. and to a lesser extent LI, that are detected on apposed 

Schwann cell surfaces at later stages. In broad terms, these changes in N-CAM and LI. 

associated with the regeneration of CNS axons into a peripheral nerve graft, are similar 

to those that occur in the course of the regeneration of PNS axons. However the 

patterns of change in LI and N-CAM gene expression in the parent cell bodies of the 

neurons whose axons regenerate in an injured sciatic nerve in situ (i.e. spinal motor 

neurons, dorsal root ganglion cells and postganglionic autonomic efferent neurons), 

have yet to be determined.

It was known from previous work that the great majority of the CNS axons 

which grow into peripheral nerve grafts implanted in the caudolateral thalamus arise 

from neurons of the TRN, with a minor population regenerating from thalamic 

projection neurons with cell bodies close to the graft tip (Benfey et ciL, 1985; Morrow 

et a i, 1993). It is, therefore, highly significant that the present in situ hybridization 

results reveal heavy up-regulation of LI mRNA in neurons of the TRN, which in 

normal animals do not contain detectable levels of this molecule. Moreover, the 

neurons showing LI up-regulation were situated rostral to the graft tip in the region of 

TRN known to project axons to that part of the thalamus containing the graft tip (Ohara 

and Lieberman, 1985) and to be the source of regenerating axons elongating along 

similarly placed grafts (Morrow et a l, 1993). It is curious that whereas dorsal thalamic 

neurons around the graft showed moderate up-regulation of both L 1 and N-CAM and 

apparently comparable amounts of LI and N-CAM were present around regenerating 

axonal sprouts in brain and graft, the up-regulation of LI mRNA in the TRN was so 

much greater than that of N-CAM mRNA. It is possible that N-CAM expression in the 

TRN neurons is regulated at both transcriptional and post-transcriptional levels, and/or 

that the technique used in this study is not sensitive enough to detect relatively small 

increases in N-CAM transcription.
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lb) The role of LI and N-CAM in the regeneration of CNS axons into peripheral nerve 

grafts

The results of the present study showed that the axonal sprouts within the grafts 

were predominantly clustered at the centre of Schwann cell columns where both the 

axonal and Schwann cell surfaces were LI and N-CAM positive. Few axons made 

direct contact with the Schwann cell basal lamina, where the molecules were usually 

undetectable. These results suggest that Schwann cell surfaces are the principal 

substratum for CNS axons regenerating through nerve grafts, and suggest that LI and 

N-CAM may be involved in supporting such regenerative events. This conclusion 

would be in keeping with an extensive body of antecedent literature. In the injured 

peripheral nerve LI and N-CAM are also found on the surface of regenerating axons 

and their associated Schwann cells (Martini and Schachner. 1988), although the 

topography of the axon-Schwann cell relationship is different in that the regenerating 

PNS axons do not cluster in the centre of Schwann cell columns. Regenerating 

peripheral axons in C57BL/OLa mice, where Wallerian degeneration is delayed after 

axotomy, appear to grow preferentially along nonmyelinating Schwann cells (Perry et 

a i, 1990; Brown et al ., 1991) which are LI-positive (Fruttiger ei al .. 1995). Both LI 

and N-CAM have been shown to mediate the enhanced neurite outgrowth which occurs 

on cultured Schwann cells but LI is more effective than N-CAM (Seilheimer and 

Schachner, 1988; Bixby et a l, 1988). This molecule (LI) is also important for axonal 

elongation from retinal ganglion cells on Schwann cell and CNS glial cell surfaces in 

vitro (Kleitman et al.. 1988: Drazba and Lemmon, 1990), and it may be significant that 

LI is not expressed on CNS glia following optic nerve injury in vivo, when 

regeneration is abortive (Mohajeri et a l, 1996). These findings together with the 

present findings strongly suggest that up-regulation of LI by some injured CNS 

neurons (for example, those of the TRN) may be of critical importance for their special 

ability to regenerate into peripheral nerve grafts in the brain.

However LI and N-CAM may promote axonal growth by complex and 

multiple mechanisms (see Doherty and Walsh. 1992 for review). Molecules of LI and 

N-CAM at the cell surface can interact via oligomannosidic carbohydrates to form 

complexes with an enhanced affinity for LI (Kadmon et al.. 1990a: Horstkorte et al..
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1993). Thus, although N-CAM mRNA does not appear to be massively up-regulated 

by regenerating TRN neurons, the N-CAM which is none the less present on the 

surface of the elongating neurites and the N-CAM which is up-regulated by Schwann 

cells may have an important effect on their cellular interactions through an association 

with LI. The binding of these molecules to neuronal surfaces is important not just for 

adhesion but can also affect several second messenger systems (Schuch et al., 1989; 

Doherty and Walsh, 1992; Frei et al., 1992; von Bohlen und Halbach et al., 1992) 

which are known to produce diverse effects on cellular physiology. For example, LI 

and N-CAM have been shown to bring about the down-regulation of pp60‘''®"‘'’dependent 

tyrosine phosphorylation of a  and p tubulin in growth cone membranes (Atashi et al., 

1992), which could in turn enhance tubulin polymerisation and help to stabilize the 

cytoskeleton of elongating axons. Thus although the evidence from this and previous 

studies (Bixby et al., 1988; Seilheimer and Schachner, 1988) would tend to assign a 

greater importance to LI than to N-CAM in terms of the regeneration o f CNS axons 

into peripheral nerve grafts, it may be that both are necessary for significant 

regeneration to occur.

Ic) Distribution of LI and N-CAM in peripheral nerve development, peripheral nerve 

regeneration and CNS axonal regeneration

During the development of peripheral nerves, large clusters o f axons are 

initially surrounded and separated from the mesenchyme by Schwann cells. LI and 

N-CAM are found on the surface of the axons and the surface of the Schwann cells 

abutting the axons, and to a lesser extent on contiguous Schwann cell surfaces, but not 

on the abaxonal Schwann cell surface facing the mesenchyme (Martini, 1994) (see Fig. 

9.1c). This is very similar to the situation described in this study, in which CNS axons 

grow into peripheral nerve grafts (Fig. 9.1a,b), Thus both CAMs are involved in axon- 

axon and axon-Schwann cell contacts but seem not to be involved in interactions 

between cell processes and basal laminae. However, regenerating peripheral axons 

elongating in Schwann cell colurrms of the distal stump tend to be larger than CNS 

axons elongating in Schwann cell columns of the graft as described in the present study 

(although axonal size may vary according to the specific neuronal population) and are 

commonly located between the Schwann cells and the basal lamina (Fig. 9 .Id). In the
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case of regenerating PNS axons lying between Schwann cell processes and the basal 

lamina, LI and N-CAM are present between the axons and the Schwann cell processes, 

but not on the surfaces of the axons where they contact the basal lamina (Martini and 

Schachner, 1988). Similarly, in the relatively uncommon cases in the present study in 

which CNS axons were found in contact with basal lamina, neither LI nor N-CAM 

were present along the axonal surface abutting the basal lamina. The observation that 

the regenerating CNS axons seem to avoid the basal lamina and cluster, instead, in the 

central parts of Schwann cell columns, is in keeping with observations by Kleitman et 

al. (1988) who showed that retinal ganglion cell axons avoid basal laminae in vitro. It 

may also be that adhesion between regenerating CNS axons is greater than that 

between such axons and Schwann cell processes or between regenerating peripheral 

nerve axons; the specific up-regulation of LI by regenerating CNS neurons may 

underly such putative differences in adhesiveness (Rutishauser and Edelman, 1980).

Id) Re-expression of N-CAM-PSA during CNS regeneration

N-CAM-PSA is undetectable by immunoelectron microscopy in the normal 

adult thalamus. Thus the appearance of this molecule on axonal sprouts in the grafts 

and in the brain around the grafts, and later also on the surfaces of astrocytes close to 

the graft, is of some interest. Although it is not possible to obtain in situ hybridization 

data on the synthesis of the molecule, the distribution of immunoreactivity suggests 

that it is expressed predominantly by neurons and to a lesser extent by astrocytes under 

the present experimental conditions. This molecule is characterised by its high content 

of sialic acid residues which make adjacent cell processes expressing it less adhesive 

and thus less likely to fasciculate than would be the case for N-CAM (see reviews by 

Finne, 1990; Seki and Arai, 1993). It is present at the surface of rapidly elongating 

axons during development in vivo (Tang et al., 1992) and in vitro (Van den Pol and 

Kim, 1993), is present in regions of developing nerve trunks where branching occurs 

(Landmesser et al., 1990), is down-regulated when development is complete (Hekmat 

et al., 1990), and in the adult is present only in very few regions of the CNS, all o f them 

associated with high levels of anatomical plasticity in adult life (Theodosis et al ., 

1991; Le Gal La Salle et a l 1992). Thus the presence of N-CAM-PSA on the early 

sprouts would be expected to emhance the rate of axonal elongation, and, although the
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regenerating axons are fasciculated in the central part of the Schwann cell columns, the 

presence of N-CAM-PSA suggests that they would defasciculate easily under 

appropriate conditions.

Two to three months after graft implantation, most of the axons in the graft 

were either devoid of or showed only weak N-CAM-PSA immunoreactivity. However, 

at the same postgraft survival periods, small unmyelinated sprout-like axonal profiles in 

the brain parenchymal border zone remained strongly immunopositive. This interesting 

observation is interpreted in the following way. Axons in the grafts in long term 

experiments were larger and most had developed a more intimate relationship with 

Schwann cells than at earlier stages, although in many cases this relationship was 

abnormal by comparison with regenerating peripheral axons at similar postoperative 

survival times. Presumably, a signal related to one or other aspect of the maturation of 

the axons produces a down-regulation of N-CAM-PSA expression by the regenerating 

neurons, and/or loss of the molecule from the surface of axons in the graft. The small, 

immunoreactive axonal profiles in the brain parenchymal border zone could therefore 

be sprouts which failed to grow into the grafts before the formation of the glia limitans, 

or sprouts which were generated after the glia limitans had formed. In either case it can 

be hypothesised that the axons retain an immature phenotype, including the expression 

of N-CAM-PSA at their surface, because they fail to receive appropriate signals from 

cellular associations (with Schwann cells and/or target cells) in the graft. A similar 

explanation is also proposed for the prolonged presence of tenascin-C reaction product 

around small axons in the parenchymal border zone, long after most axons in the graft 

have ceased to be closely associated with tenascin-C (see below).

2. The extracellular matrix molecule tenascin-C and CNS axonal 

regeneration after transplantation of segments of tibial nerve into the

thalamus

The results in Chapter 4  have shown that in the proximal portion of a segment 

of peripheral nerve implanted into the thalamus of adult rats there is a very large 

transient increase in the expression of the ECM glycoprotein tenascin-C. Tenascin-C
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immunoreactivity became widespread in the endoneurial spaces within the graft but 

was particularly prominent at the surface of the regenerating CNS axons which grew 

into the proximal portion of the implant. Although the regenerating CNS axons were 

apparently covered with tenascin-C, they were found mainly deep within the Schwann 

cell columns where immunoreactivity was otherwise weak. In contrast, only small 

amounts of tenascin-C were detectable in the brain parenchyma after graft 

implantation.

2a) Axon bound tenascin-C

Regenerating axonal sprouts in the graft (as well as in the brain under some 

circumstances, see below) were covered with dense tenascin-C reaction product. This 

contrasts very strongly with the distribution of this molecule in normal and 

regenerating sciatic nerve in which the surfaces of both normal and regenerating axons 

are largely devoid of tenascin-C-specific reaction product, as shown in Chapter 4 and 

previously reported by (Martini et al., 1990). Not only do the observations on 

regenerating CNS axons differ from those on regenerating PNS axons, they also 

represent the first description of tenascin-C on regenerating mammalian CNS axons, 

although tenascin-C has previously been reported on the surface of granule cell axons 

during the development of the cerebellum and on developing retinal ganglion cell 

axons (S. Bartsch et al., 1992, 1995; U. Bartsch et al., 1992). On the assumption that 

regenerating thalamic neurons do not synthesise tenascin-C, and there is no evidence 

from previous or the present in situ studies that they do, the surface deposits o f reaction 

product suggest that the shafts of these axons express a surface molecule capable of 

binding tenascin-C derived from other sources, most probably cells of the graft (see 

below). Because growth cone-like regions of regenerating CNS axons were much less 

strongly immunoreactive than axon shafts, the putative tenascin-C receptor may be 

expressed at relatively low levels on growth cones. Such a conclusion may fit with 

observations on the developing nervous system which show that the wavefront of 

outgrowing axons is not strongly tenascin-C immunoreactive (see review by Brodkey 

et al., 1993). Similarly, because the great majority of PNS axons regenerating into the 

denervated sciatic nerve in situ are not associated with tenascin-C (Martini et al., 1990 

and see Fig. 4.25), these axons may express lower levels of tenascin-C receptor or may
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not express tenascin-C receptor at all, although it is also possible that tenascin-C 

receptors are present on these axons but occupied by other molecules which prevent 

tenascin-C binding.

It was interesting to note that some axonal sprouts in the brain parenchymal 

border zone were still closely associated with tenascin-C 8-13 wpo, when the 

concentration of the molecule on basal laminae, collagen fibrils and most axons in the 

grafts was apparently declining. This observation may be explained in one of two ways. 

The first possibility is that the axons surrounded by reaction product are relatively 

newly formed sprouts expressing high level of tenascin-C receptor. This explanation 

would be in keeping with evidence from other studies which indicate that sprouting of 

injured CNS axons may continue for many weeks or even months beyond the initial 

period of massive sprouting that occurs in the first three weeks after injury 

(unpublished observations in our laboratory). Alternatively the axons with heavy 

tenascin-C deposits at long survival periods could be axons whose maturation has been 

blocked and as a result continue to express high levels of tenascin-C receptor. In 

keeping with this explanation, many axons in the parenchymal border zone at these 

long survival times express N-CAM-PSA. Thus it is suggested that this too may be 

because maturation of regenerating axons has been blocked. If this hypothesis is 

correct, it would be expected that the axons which retain high levels of tenascin-C 

receptor at long survival periods after graft implantation also continue to express high 

levels of N-CAM-PSA.

2b) The site of svnthesis and distribution of tenascin-C in the graft

The observations at the present study strongly suggest that tenascin-C is 

synthesised predominantly by cells of the graft. In situ preparations showed that at 3 

and 7 dpo tenascin-C mRNA-containing cells were located primarily in the junctional 

zone, which is the most superficial region of the graft, interposed between the Schwann 

cell columns and the forming glia limitans of the disrupted brain tissue. This is 

reminiscent of the findings of U. Bartsch et al. (1992) and Ajemian et al. (1994) who 

reported that capillaries, leptomeningeal cells (and according to the Ajemian et al, 

some astrocytes) bordering the site of optic nerve transection in adult rodents became
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immunoreactive for tenascin-C. Later (2-4 wpo), cells containing tenascin-C mRNA 

were abundant throughout the endoneurium of the grafts. The immunocytochemical 

findings were largely consonant with the in situ results, in that immunoreactivity was 

very strong in the junctional zone and within the grafts but very little was detected in 

the brain surrounding the grafts. Some cells expressing tenascin-C mRNA were 

observed apparently within the brain parenchyma very close to the proximal tip of the 

grafts. It is possible that such cells, whose identity could not be definitively 

established, were CNS glial cells. However it is also possible that they were Schwann 

cells, perineurial cells, or other graft cells which had migrated into the brain tissue, or 

conceivably meningeal cells carried into the brain with the grafts. It is also possible that 

the cells were not, in fact, within the CNS parenchyma. The interface between brain 

and graft in this region is sometimes very irregular, with deep interdigitations between 

graft tissue and brain parenchyma (Campbell et a l, 1992) which make the boundary 

between brain and graft difficult to delineate by light microscopy, especially in in situ 

preparations.

Whether or not there are tenascin-C-producing cells within the brain tissue 

around grafts, there was no doubt about the presence of this molecule at the surface of 

some axonal sprouts, in what was unequivocally brain parenchyma around the graft, in 

some of the animals. In most cases in which such observations were made, it was also 

noticed that the adjacent glia limitans was incomplete or difficult to define. Thus it is 

conceivable that the sprouts within the brain become coated with tenascin-C which 

penetrates the parenchyma from the junctional zone through discontinuities in the glia 

limitans. The fact that tenascin-C is present in particularly high concentrations in the 

junctional zone strongly supports this suggestion.

In the graft, and in marked contrast to the brain, tenascin-C was widely 

distributed and was associated with collagen fibrils, with basal laminae around 

Schwann cell columns, and with the surfaces of Schwann cells, fibroblasts, perineurial 

cells and macrophages (but not endothelial cells). In situ hybridization studies have 

shown that tenascin-C mRNA is present in denervated Schwann cells (Martini et a l, 

unpublished observations) which are probably the major source of the molecule.
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However, since perisynaptic fibroblasts near neuromuscular junctions are also an 

established source of tenascin-C (Gatchalian et al., 1989), endoneurial fibroblasts may 

also play a role in its production. Perineurial cells are also a possible source of tenascin- 

C (Martini et al., 1990) but are unlikely to make a major contribution in this situation 

because there is no perineurium around the most proximal portion of the grafts (see 

Campbell et al., 1992). Since there is no evidence that thalamic neurons produce 

tenascin-C it is likely that much of the tenascin-C associated with axonal sprouts in the 

proximal graft is derived from graft Schwann cells and endoneurial fibroblasts.

The distribution of tenascin-C in association with the surface of Schwann cells 

was distinctly polarised; immunoreactivity was heavy close to the external surface of 

Schwann cells where they abut on the tenascin-C-rich basal lamina but was weak or 

absent where Schwann cell bodies or Schwann cell processes were in contact with one 

another and otherwise was present close to the Schwann cell plasma membrane only 

where the latter was contiguous with tenascin-C-coated axons. This is comparable to 

what has been observed in embryonic nerves in the PNS (Martini and Schachner, 1991) 

except that in the latter the axons are not associated with tenascin, and may reflect the 

polarised distribution of a tenascin-C receptor, which complements and in a sense is the 

mirror image of the distribution of cell adhesion molecules which are never found at 

the external surface of the Schwann cell (see Chapter 3, and Zhang et al., 1995a). The 

surface of Schwann cells abutting the basal lamina therefore constitutes a distinct 

environment, rich in tenascin-C but relatively low in N-CAM and LI (see Martini,

1994). Interestingly, this region appears to be avoided by most regenerating CNS 

axons, but not by regenerating axons in the PNS. It is noteworthy that the astrocytes in 

the injured thalamus near implanted segments of peripheral nerve are not 

immunoreactive for tenascin-C. Some of the astrocyte processes which penetrated the 

most proximal portion of some grafts had tenascin-C immunoreactivity at their surface, 

although it was weak except where the cells were in contact with basal lamina; it may 

be that these cells also express a tenascin-binding molecule at low density. If so the 

expression may have been induced by the abnormal environment of these cells since 

similar processes in the surrounding brain were not coated with reaction product. It is
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possible, however, that the latter also express a tenascin-C receptor but that tenascin-C 

was unable to penetrate far into the CNS parenchyma from the graft or junctional zone.

2c) Regulation of tenascin-C expression

Tenascin-C is expressed at low levels in the endoneurium of intact peripheral 

nerves, where it is detectable by immunofluorescence only at nodes of Ranvier (Rieger 

et al., 1986; Martini et a i, 1990). In the distal segment of transected nerves, tenascin-C 

expression is rapidly up-regulated (Martini et al., 1990) so that the molecule is "widely 

distributed in the endoneurium by 2 dpo. Tenascin-C expression becomes maximal 

about 14 dpo and then, so long as target reinnervation is not prevented, declines to 

control levels by about 40 dpo (Sanes et al., 1986; Martini et al., 1990). In pieces of 

tibial nerve implanted into the thalamus both the up-regulation and the eventual down- 

regulation of tenascin-C expression were delayed when compared with similar events 

in transected peripheral nerves.

The signal for tenascin-C up-regulation by Schwann cells following peripheral 

nerve injury appears to be dependent on the loss of contact with axons (Martini et al., 

1990) and may be mediated by increased production of interleukin-1 (IL-1) and/or 

transforming growth factor -13 (TGF-13) both of which have been shown to enhance 

tenascin-C expression by other cell types (Pearson et al., 1988; McCachren and 

Lightner, 1992) and both of which are increased in the distal stump of transected nerves 

(e.g. Lindholm et a l, 1987; Scherer et al, 1993). Whatever the details of the 

mechanism, it could be expected that the time course of tenascin-C up-regulation in 

segments of nerve implanted in the brain would be similar to that in the distal stump in 

situ. However, recent evidence from our laboratory shows that not all events in 

peripheral nerve grafts within the brain are identical to those in injured peripheral 

nerves in situ. Thus it has been observed that after post injury intervals at which 

massive c-jun up-regulation has occurred in Schwann cells in the distal stump of a 

transected peripheral nerve in situ and in the most distal part of a peripheral nerve graft, 

lying outside the brain, the Schwann cells in the proximal part of the graft, within the 

CNS environment, express little or no c-jun (Vaudano et a l, 1992, 1996). Moreover, it 

has also been observed that the removal of axonal and myelin debris may be slower in

175



nerve segments implanted into the brain than in the distal stumps of injured peripheral 

nerves in situ (unpublished observations). The eventual down-regulation of tenascin-C 

expression in the distal stumps of injured peripheral nerves is prevented by chronic 

denervation (Martini, 1994), which suggests that the down-regulation may be brought 

about by target reinnervation (Martini et a l, 1990). It would be expected that any signal 

for down-regulation mediated by contact between axons and other cells could be 

delayed in grafts in the thalamus compared with similar events in transected/crushed 

peripheral nerves because the invasion of such grafts by regenerating CNS axons is 

slow compared with regeneration in peripheral nerves (compare Campbell et a l, 1992 

with Anderson et a l, 1983). Regenerating axonal sprouts have penetrated only the 

junctional zone of grafts implanted into the brain at 7 dpo and do not become 

widespread in the endoneurium of the proximal graft until 2-4 wpo. Furthermore, some 

of the regenerating axons are not invaginated into Schwann cell processes and thus 

retain an immature relationship with Schwann cells even after long postgrafting 

survival time (Campbell et a l, 1992). Nevertheless many of the regenerating CNS 

axons become myelinated after postgraft survival periods of more than one month 

(Campbell et al., 1992) and such maturation may be associated with down-regulation 

of tenascin-C production by graft Schwann cells and other cells and perhaps by down- 

regulation of tenascin-C receptor production by neurons with regenerating axons. In 

keeping with this possibility, the animal examined at 8 months after grafting, in which 

graft tenascin-C was barely detectable, displayed a large number of surviving 

myelinated fibres in the graft. It is assumed that down-regulation is unlikely to be 

related to the formation of functional synaptic contacts by the axons regenerating 

through the grafts. Although CNS axons regenerating through peripheral nerve grafts 

are capable of making structurally and functionally normal synapses if led back to their 

normal target area (Aguayo et al., 1991), in the present experiments the regenerating 

axons could not be expected to reach a normal target. However, although this makes it 

improbable that down-regulation of tenascin-C in the grafts is related to synapse 

formation by the regenerating axons, the cellular organisation of the distal portion of 

the graft in long term survival animals has not yet been examined. Therefore, the 

possibility that abnormal synaptic contacts are established by the regenerating axons 

which might initiate down-regulation of tenascin-C in the graft can not be excluded.
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2d) Comparison of CNS axonal regeneration with peripheral nerve development and 

regeneration

The regeneration of CNS axons into nerve grafts in the thalamus is a process 

which can be distinguished morphologically and immunohistochemically from 

peripheral nerve development or regeneration (Fig. 9.2). During the early stages of 

regeneration, CNS axons are of small diameter and fasciculate in the central parts of 

Schwann cell columns (Fig. 9.2a). The axons are immunoreactive for N-CAM, N- 

CAM-PSA and LI (see Chapter 3 and Zhang et aL, 1995a) and are surrounded by 

tenascin-C; the heaviness of the deposits decreases with time, especially around the 

larger axons (Fig. 9.2b). Regenerating peripheral nerve axons are generally of larger 

diameter and are commonly described as growing between the Schwann cell processes 

and the basal lamina of Schwann cell columns (Fig. 9.2d). Such axons are 

immunoreactive for N-CAM and LI (Martini, 1994) but are not usually associated with 

tenascin-C (see also Martini et a i, 1990; Martini, 1994). Developing peripheral nerves 

to some extent resemble reinnervated peripheral nerves grafted into the brain: the axons 

are fasciculated, are surrounded by Schwann cell processes, and are not in contact with 

basal lamina (Fig. 9.2c and see Webster and Favilla, 1984). Developing peripheral 

axons are, however, immunoreactive for LI, N-CAM, and N-CAM-PSA but not 

tenascin-C (Martini, 1994). Consequently, thalamic axons regenerating through nerve 

grafts may be distinguished from regenerating peripheral nerve fibres by their generally 

smaller diameter, fasciculated state, and association with tenascin-C. It remains to be 

seen whether these characteristics are also displayed by axons of other types of intrinsic 

CNS neuron as they grow into and along peripheral nerve grafts.

2e) The role of tenascin-C in the regeneration of CNS axons into nerve grafts

The significance of the pattern of tenascin-C expression in lesioned peripheral 

nerves and in grafts within the CNS is not clear at present. There is very persuasive 

evidence from in vitro studies that tenascin-C containing substrates are repulsive to 

neuronal cell bodies (Faisner and Kruse, 1990) and to the growth cones of dorsal root 

ganglion cells and retinal ganglion cells when the latter, growing on laminin, approach 

a sharp boundary with a substrate containing tenascin-C (Taylor et al., 1993). It is this
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property of tenascin-C which may be responsible for its morphogenetic role during 

development; for example tenascin-C is present at the boundaries of, and defines the 

developing barrel field in the rodent somatosensory cortex (Steindler et al., 1989). On 

the other hand the neurites of some neurons (e.g. dorsal root ganglion cells) advance 

more rapidly on a uniform substrate containing tenascin-C than on a substrate of 

laminin alone (Taylor et a i, 1993) and other studies underscore the neurite-growth- 

promoting properties of substrate bound tenascin-C(e.g. Wehrle and Chiquet, 1990; 

Lochter et a i, 1991 ; Husmann et a i, 1992).

The relevance of these in vitro data to the present observations is not entirely 

clear, but it is clear that the present observations provide no support for the notion that 

tenascin-C in nerve grafts is repulsive for CNS axons; nor do observations on 

regenerating peripheral nerves (Sanes et a i, 1986; Daniloff et a i, 1989; Martini et a i, 

1990). First, axons in regenerating peripheral nerves traverse the tenascin-C-containing 

cellular "bridge" connecting proximal and distal stumps, and then grow along 

tenascin-C-containing Schwann cell basal laminae in the distal stump. The high 

concentration of tenascin-C in the junctional zone of the brain/graft interface soon after 

graft implantation and the initial localisation of tenascin-C mRNA containing cells to 

that region suggest that, in some ways, the junctional zone may be considered as 

analogous to the tenascin-C positive bridge between the proximal and distal stumps of 

transected peripheral nerves; this bridge is traversed by the regenerating CNS axons. 

Second, the surfaces of CNS axons entering peripheral nerve grafts in the brain become 

closely associated with tenascin-C, but nevertheless fasciculate and elongate. In this 

case, and unlike the situation in vitro or in the regenerating sciatic nerve in situ, the 

regenerating CNS axons are not growing along a tenascin-C containing substrate. 

Nevertheless the observations strongly suggest that tenascin-C may act as a permissive 

or even outgrowth-promoting molecule in peripheral nervous tissue both in situ and 

after grafting to the CNS.

3. Tenascin-C expression in postnatal development of rat spinal cord
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The results in Chapter 5 have shown that tenascin-C is expressed by both glial 

cells and neurons in the postnatal (P0-P14) spinal cord of rats. The expression o f this 

molecule is developmentally regulated in both cell types, but according to very 

different timetables. In the normal adult spinal cord the only cells that synthesise 

tenascin-C appear to be a subpopulation of neurons in the ventral horn.

3a) Tenascin-C expression bv glial cells in the neonatal spinal cord

Tenascin-C is expressed by cells, identified as glia because of their size and 

distribution, in both grey and white matter during early postnatal development. At PO, 

and P3 glial cells containing tenascin-C mRNA and tenascin-C were distributed 

throughout the grey and white matter except for the dorsal columns where there were 

lower levels of both. At P7 mRNA-containing glial cells were reduced in number in the 

ventral horn and at P14 such cells were no longer present in the grey matter and were 

confined to the dorsal columns and to the periphery of the ventral and lateral white 

columns. Thus both the appearance and the disappearance of tenascin-C mRNA are 

delayed in the glial cells of the dorsal columns relative to other parts of the lumbar 

spinal cord. From PO to P 14 the ventral white columns contained the largest numbers of 

mRNA-containing glia. In adult rats such cells were almost undetectable in any part of 

the spinal cord. The results indicate that the expression of tenascin-C by glial cells in 

the spinal cord is differentially regulated in different regions of the white matter and is 

reduced in all regions as the spinal cord matures. These observations are compatible 

with other in situ hybridization and immunocytochemical studies which have shown 

that tenascin-C is down-regulated with tissue maturation in other parts of the CNS 

(Faissner et al., 1988, Steindler et al., 1989 a,b; Prieto et al., 1990; S. Bartsch et al., 

1992; U. Bartsch et a i, 1992; Mitrovic et a l, 1994). Presumably the differential 

regulation of tenascin-C in the different regions of white matter relates to the timing of 

the growth of axons into those regions and their subsequent interactions with glia. For 

example the CST only reaches the lumbar spinal cord at about P7 (Gribnau et al., 1986; 

Joosten et al., 1987) and only around that time do tenascin-C mRNA containing cells 

appear in the ventral regions of the dorsal columns.
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There have been to date, so far as I am aware, three studies o f the

distribution/expression of tenascin-C in the spinal cord of the neonatal rat: Perides et al. 

(1993); Pindzola et al. (1993); and the present study. There are significant differences 

in the findings of all three studies. Perides et al. (1993) using immunofluorescence with 

a polyclonal antibody, were unable to detect tenascin-C in the rat spinal cord prior to 

P8, at which time it was located only at the periphery of the cord, extending to all o f the 

white matter at P I3 and thereafter. Pindzola et al. (1993) described tenascin-C 

immunoreactivity only near the midline, just lateral to the roof plate, at PO, extending 

more laterally towards the dorsal root entry zone by P2. They also found very little 

tenascin-C immunoreactivity in the grey matter between PI and P2. In the present 

study, between PO and P7 immunoreactivity was almost homogeneously distributed in 

all parts of the lumbar spinal cord except for the dorsal column, where

immunoreactivity was very weak. The reasons for the different results in each of these 

studies are not clear but may depend on differences in the antibodies and technical 

factors; fixed spinal cord tissue was used for immunostaining by Pindzola et al. (1993) 

whereas Perides et al. (1993) used unfixed material as also did we. Fixation can greatly 

reduce tenascin-C immunofluorescence (see Chapter 4 and Zhang et al., 1995b), but

the differences in the three studies are so profound that they are unlikely to be

explained solely by differences in immunohistochemical technique. The close 

correlation between the immunohistochemical and in situ hybridization findings in the 

neonatal spinal cord in the present study (especially in the light of the fact that two 

different polyclonal antisera used in this study gave identical results) support the 

conclusion that the immunohistochemical observations in the present study reliably 

reflect the distribution of tenascin-C during this period of development. It is clear, 

however, that further studies, including studies of the distribution of tenascin-C 

receptors in the spinal cord will be necessary to resolve the existing discrepancies.

3b) Tenascin-C expression bv neurons

Despite previous reports that the expression of tenascin-C in the CNS is 

restricted to glial and meningeal cells (Prieto et a l, 1990; Tsukamoto et al., 1991; S. 

Bartsch et al., 1992 and U. Bartsch et al., 1992), and previous studies of developing 

and adult rat spinal cord in which little or no immunoreactivity was detected in the grey
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matter (Rettig et al., 1992; Pindzola et al., 1993; Perides et al., 1993), the present 

results show that a population of neurons in the ventral horn of the lumbar spinal cord 

begins to express tenascin-C mRNA on or around P7 and some of them continue to do 

so into adult life. Thus neurons in the spinal cord can now be included amongst the cell 

types in the CNS known to express tenascin-C. It is not clear if these neurons include 

both motor neurons and intemeurons among their number; nor is it clear if the motor 

neurons include both alpha and gamma subtypes. The fact that, in the adult rat, the 

tenascin-C mRNA-containing cells are small in somal diameter suggests that they are 

most likely to be gamma motor neurons, intemeurons or a mixture o f both. The 

observation that, following neonatal nerve injury, tenascin-C mRNA positive cells 

either die (along with the majority of sciatic motor neurons; Lowrie et al. 1987, 

reviewed by Lowrie & Vrbova, 1992), or down-regulate the molecule, suggests that 

some are motor neurons, but does not indicate their identity more precisely and further 

experimental studies will be necessary to clarify these issues.

Since some neurons in the ventral horn are also surrounded by tenascin-C 

immunoreactivity, even in the adult, it seems likely that the mRNA is translated and the 

protein secreted by these cells. However the functional role of the tenascin-C expressed 

by neurons in the ventral horn is not clear and at present can only be speculated upon. 

"Perineuronal nets" of extracellular matrix material have been described around several 

types of CNS neurons (Bertolotto et al., 1991; Bignami et al., 1992; Celio & Chiquet- 

Ehrismann, 1993; Bruckner et al., 1996). Perineuronal nets around motor neurons 

contain glial hyaluronate binding protein (Bignami et al ., 1992) and those around 

some cerebral cortical neurons contain tenascin-C (Celio & Chiquet-Ehrismann, 1993). 

Because the onset of expression of tenascin-C mRNA by ventral horn neurons (at P7) 

coincides with the time of arrival of the CST (Gribnau et al., 1986; Joosten et al ., 

1987) and with the loss of dendritic spines and the relocation of synaptic contacts from 

the cell bodies to the dendrites of motor neurons (Cummings and Stelzner, 1984), as 

well as with the down-regulation of tenascin-C by glia in the ventral horn, it is 

conceivable that this molecule plays a role in determining the pattern of synapse 

formation by descending fibres in the ventral horn, a role akin to that previously 

suggested for tenascin-C in the development of the olfactory bulb (Gonzalez et al..
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1993). However, neurons in the ventral horn are surrounded by tenascin-C, presumably 

derived from glia, even before P7, which may indicate that the expression of the 

molecule by the neurons plays some other role in the maturing and adult spinal cord. It 

is also possible that the tenascin-C made by motor neurons undergoes anterograde 

axonal transport; axonally transported tenascin-C could conceivably play a role along 

the course of the motor axons (e.g. at nodes of Ranvier; Daniloff et a l, 1989; Martini et 

al., 1990; Martini, 1994) or at the neuromuscular junction (Irintchev et a l ., 1993). One 

possibility, that the onset of tenascin-C expression may have something to do with the 

elimination of the polyneuronal innervation of striated muscle, seems to be unlikely 

because although it follows a different time course in different muscles (Jansen & 

Fladby, 1990), the elimination of supernumerary axons begins prior to P7 in at least 

some of the muscles supplied by neurons in the lumbar spinal cord (e.g. Balice-Gordon 

& Thompson, 1988). In any case, assumptions and speculations about the likely 

functional significance of patterns of tenascin-C expression, especially in the spinal 

cord should be tempered by the knowledge that there is remarkable interspecies 

variation in tenascin-C expression patterns in this part of the CNS (Rettig et a l, 1992) 

and that the analysis of tenascin-C "knock-out" mice reveals no obvious differences as 

compared to control mice (Saga et al., 1992; Steindler et al., 1995).

To my knowledge, the only previous published reports of tenascin-C mRNA 

expression by neurons is that of Tucker (1991), S Bartsch et al (1995) and Represa and 

colleague (Ferhat et a l, 1995, 1996). Tucker (1991) used a different cDNA from the 

one used in this study (cTN8; Spring et al, 1989) and found that in the developing 

chick (at ElO) RGCs and amacrine cells were strongly labelled. The spinal cord was 

examined by Tucker (1991) in the same study but he found no evidence for the 

presence of tenascin-C mRNA in neurons of the ventral horn. S Bartsch et al (1995) 

also found that amacrine cells and horizontal cells in chicken retina express tenascin- 

C mRNA. Furthermore, Ferhat et al (1996) recently reported that tenascin-C mRNA 

was increased in the granule cell layer of the hippocampal complex following kainate 

treatment.
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It is interesting to compare tenascin-C and tenascin-R (janusin) expression in the 

spinal cord since the two molecules have a similar structure (Fuss et al., 1993) and 

similar effects on neurite outgrowth in culture (Taylor et a l, 1993). In the mouse spinal 

cord, tenascin-R is also expressed by glia and a limited subset of neurons including 

presumptive motor neurons (Wintergerst et a l, 1993) but, unlike tenascin-C, tenascin- 

R is expressed predominantly by oligodendrocytes, beginning during myelination. 

Large motor neurons start to express tenascin-R two weeks after birth and both these 

motor neurons and glia in the white matter continue to express tenascin-R into adult life 

(Wintergerst et a l, 1993). Interestingly, neurons expressing both tenascin-C and 

tenascin-R presumably project their axons into tenascin-C and tenascin-R 

immunonegative peripheral nerve (Pesheva et al., 1989; Martini, 1994). 

Immunoreactivit}^ for both tenascin-C (this study) and tenascin-R (Wintergerst et al.,

1993) is found around motor neuron cell bodies in the adult spinal cord. It is not clear if 

the populations of tenascin-C and tenascin-R containing ventral horn neurons overlap, 

but at best any such overlap is likely to be minimal since tenascin-C is apparently 

confined to medium-small neurons in the rat while tenascin-R is in large neurons in the 

mouse. Both tenascin-R (Wintergerst et al ., 1993) and tenascin-C (Zhang et al., 

unpublished observations; Bartsch et al., unpublished observations) are also expressed 

by some cells in the mammalian retina. However, tenascin-R is expressed by 

intemeurons in the molecular layer of the developing and adult cerebellar cortex (Fuss 

et a l ., 1993) but tenascin-C is not (S. Bartsch et al., 1992).

4. Tenascin-C expression in the spinal cord after dorsal root or sciatic

nerve injury in adult rats

The results in Chapter 6 have shown that tenascin-C mRNA and tenascin-C are 

greatly up-regulated in the injured dorsal roots. Tenascin-C mRNA was transiently 

expressed by some cells in the ipsilateral dorsal column following dorsal root injury, 

and at the same time the ipsilateral dorsal column became immunoreactive for tenascin- 

C protein and remained immunoreactive for many weeks. Injury of the dorsal roots, 

ventral roots or sciatic nerve does not appear to affect the expression of tenascin-C 

mRNA by neurons in the adult spinal cord.
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4a) Tenascin-C expression in the spinal cord after dorsal root injury

After dorsal root injury in adult rats, tenascin-C immunoreactivity was present in 

those regions of the dorsal column containing degenerating fibres. This result confirms 

the findings of Pindzola et al. (1993). In the present study cells containing tenascin-C 

mRNA were widespread in the degenerating dorsal column at 3 days after injury, and 

presumably represent the major site of synthesis of the tenascin-C which accumulates 

in this region. Surprisingly, however, by 7 days after injury only a few cells containing 

tenascin-C mRNA were present in the dorsal columns at the level of the L4 and L5 

segments and at later times such cells were very difficult to find, although tenascin-C 

immunoreactivity remained high in the zone of degeneration for several months and a 

constant population of neurons expressing tenascin-C mRNA was present in the ventral 

horn. If the cells which transiently express tenascin-C mRNA are the source o f the 

tenascin-C in the dorsal columns, the evidence would suggest that tenascin-C is very 

stable in the adult spinal cord, much more so than in the injured dorsal root (see above) 

or peripheral nerve (Martini, 1994).

In injured peripheral nerves, tenascin-C appears to bind to receptors or other 

binding sites on collagen fibrils and the basal lamina/Schwann cell interface (Martini,

1994). Tenascin-C also binds to regenerating CNS axons (see Chapter 4 and Zhang et 

al., 1995b). The structures which could bind tenascin-C in the degenerating dorsal 

columns include glial cells and cellular debris. Since there was only a poor correlation 

between the distribution of tenascin-C immunoreactivity and that of GFAP, marking 

reactive astrocytes, or OX-42, marking microglia/macrophages, debris produced by 

Wallerian degeneration may be an important binding site. However, a few GFAP 

positive astrocyte processes were also tenascin-C positive, which adds to the evidence 

that certain types of reactive astrocytes, probably a small proportion of the total 

population, can express a tenascin-C receptor. Tenascin-C has been found on some 

astrocytes near direct lesions of the cerebellar cortex (Laywell et al., 1992) and cerebral 

cortex (McKeon et al., 1991). The situation for astrocytes in the injured optic nerve is 

unclear; Ajemian et al. (1994) reported tenascin-C at the surface of astrocytes 

bordering the lesion, but this was not detected by U. Bartsch et al. (1992) or in personal
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observations not included in this thesis. In the study of peripheral nerve transplantation 

into the thalamus of adult rats it has been showed that the surfaces of astrocyte 

processes which had penetrated into the graft were immunoreactive for tenascin-C 

where they abutted basal lamina or tenascin-positive axons, although most astrocyte 

surfaces in the surrounding brain were tenascin-C negative (see Chapter 4 and Zhang et 

a l, 1995b).

4b) The source of tenascin-C in the spinal cord after dorsal root injury

The identity of all the cells which synthesise the tenascin-C present in the 

degenerating dorsal column is not entirely clear. Although initially motor neurons 

were considered possibly responsible (Zhang et a l, 1994 b,c), subsequent work 

showing the presence of numerous tenascin-C mRNA positive cells in the ipsilateral 

dorsal column 3 days after injury, some of them unequivocally identified as astrocytes 

by GFAP double labelling, suggests that these cells are the most likely source. It is 

interesting that dorsal column astrocytes, but not those in the optic nerves (U. Bartsch 

et a l, 1992) up-regulate tenascin-C mRNA in regions undergoing Wallerian 

degeneration. Other possible sources of the tenascin-C in the dorsal columns are 

Schwann cells in the injured dorsal roots, or meningeal cells. It is, however, highly 

unlikely that the tenascin-C found at thoracic or cervical levels could have diffused 

from the injured L4 and L5 dorsal roots. Furthermore complete surgical excision of the 

injured roots did not prevent the appearance of tenascin-C in the degenerating dorsal 

column, suggesting that Schwann cells in the roots are unlikely to be a significant 

source. Meningeal cells have been shown to up-regulate tenascin-C mRNA and protein 

after CNS injury (U. Bartsch et a l, 1992; Ajemian et a l, 1994; see Chapter 4 and 

Zhang et a l, 1995 b), but there was little evidence for the up-regulation of tenascin-C 

by meningeal cells following dorsal root injury, except for a few cells at the pia/root 

sheath junction.

4c) The functional role of tenascin-C after dorsal root crush

The ftmctional role of tenascin-C in vivo is uncertain. It has been suggested that 

tenascin-C may form a repulsive barrier to regrowing axons (McKeon et a l,  1991; 

Laywell et a l, 1992; Taylor et a l, 1993; Pindzola et a l, 1993), but there is no evidence
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that tenascin-C up-regulation in the degenerating dorsal column is responsible for the 

failure of axonal regeneration into the spinal cord. First, after dorsal root crush, axons 

undoubtedly grow within the dorsal root (Carlstedt, 1985; Liuzzi & Lasek, 1987), 

where both tenascin-C mRNA and protein are strongly up-regulated, but tenascin-C 

immunoreactivity was only weakly expressed in the dorsal root entry zone. Second, 

after transplanting a piece of peripheral nerve into the thalamus, regenerating CNS 

axons grow into the graft even though tenascin-C is much more strongly expressed 

there than in the brain (see Chapter 4 and Zhang et al., 1995 b). Third, in vitro studies 

have shown that tenascin-C can promote neurite outgrowth when offered as a uniform 

substrate (Taylor et al., 1993). Finally, recently direct evidence from Langenfeld-Oster 

et al. (1994) has shown that reinnervation of the gluteus maximus muscle in adult mice 

is delayed in the presence of a polyclonal antibody against tenascin-C, suggesting that 

tenascin-C may act as a permissive molecule for PNS axon regeneration.

5. Tenascin-C expression in the spinal cord after injury to the dorsal

columns of adult rats

The results in Chapter 7 have shown that 3 to 30 days after direct injury to the 

spinal cord, the central region of the lesion is largely devoid of GFAP 

immunoreactive astrocytes but contains numerous OX-42 positive microglia/ 

macrophages. Diffuse tenascin-C immunoreactivity of moderate intensity was 

present around the lesion and in the degenerating dorsal column rostral to the lesion; 

strong tenascin-C immunoreactivity was present within the lesion, especially close to 

its margins, where it was only rarely associated with GFAP immunoreactive 

astrocytes or OX-42 positive microglia/macrophages. Strong tenascin-C 

immunoreactivity was also commonly associated with capillaries around and within 

the lesion. Axonal sprouts, identified by NF immunostaining, penetrated the 

tenascin-C-containing perilesion area, and some entered the lesion area where 

tenascin-C immunoreactivity was strongest. However, the NF immunoreactive 

sprouts themselves appeared not to be tenascin-C immunoreactive. Tenascin-C 

mRNA was expressed only transiently (3 dpo) in regions of the dorsal columns 

undergoing Wallerian degeneration, but a population of tenascin-C mRNA-
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containing cells persists around the lesion site up to 14 dpo. Most of the GFAP 

immunoreactive astrocytes close to the lesion did not express tenascin-C mRNA and 

only a minority of the tenascin-C mRNA containing cells were positively identified 

as astrocytes by the colocalisation of GFAP, especially at survival times longer than 

3 dpo.

5a) Tenascin-C is expressed in degenerating dorsal columns

Tenascin-C was expressed in the degenerating dorsal column rostral to the 

lesion following direct injury to the spinal cord. The result is in agreement with the 

finding that tenascin-C was expressed in the degenerating dorsal columns following 

dorsal rhizotomy (see Chapter 6 and Zhang et al., 1995c). In both cases the pattern of 

tenascin-C staining in the degenerating dorsal column was very similar; tenascin-C 

immunoreactivity was diffusely spread in the degenerating dorsal column and was 

only poorly correlated with GFAP immunoreactive astrocytes and OX-42 positive 

microglia/macrophages. As has been discussed above, myelin or other debris 

resulting from Wallerian degeneration may be a binding site for tenascin-C. 

Furthermore, the time course of expression of tenascin-C mRNA and tenascin-C in 

the degenerating dorsal column following both dorsal rhizotomy and dorsal column 

lesion are almost identical. In both cases tenascin-C mRNA-containing cells, 

identified as GFAP immunoreactive astrocytes, were only detectable in the 

degenerating dorsal column at 3 days after injury. However, tenascin-C 

immunoreactivity remained present in the degenerating dorsal column for several 

weeks. The evidence from both experiments involving direct injury to the spinal 

cord, and from those involving dorsal root injury suggest that a subpopulation of 

astrocytes in the dorsal columns transiently expresses tenascin-C mRNA during 

Wallerian degeneration and that tenascin-C is very stable in the degenerating dorsal 

column. In contrast, there is no comparable up-regulation of tenascin-C mRNA and 

tenascin-C in the optic nerve during Wallerian degeneration (U. Bartsch et al., 1992; 

Ajemian er a/., 1994).

5b) The effects of dorsal column lesions on the distribution of OX-42 and GFAP 

immunoreactive cells
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The pattern of staining with OX-42 in the degenerating dorsal columns shows 

that there are marked differences in the distribution of microglia/macrophages 

following direct injury to the spinal cord compared with dorsal root injury. There was 

no obvious increase in OX-42 positive macrophage/microglia cells in the 

degenerating dorsal column after dorsal rhizotomy. However, numerous rounded 

OX-42 positive cells were widely distributed in the both grey and white matter, and 

especially within the lesion cavity after direct injury to the spinal cord. In contrast, 

although GFAP immunoreactive astrocytes do not disappear from any part of the 

dorsal columns or dorsal root entry zone following dorsal rhizotomy, they become 

rare in and around direct lesions to the dorsal columns 3 to 30 days after injury. The 

apparent loss of GFAP immunoreactive astrocytes from regions of traumatic injury 

to CNS tissue, specifically the rat fornix (Stichel and Müller, 1994) and the rat optic 

nerve (Berry et al., 1988b), but it is noteworthy that there is very little tenascin-C 

expression in the injured optic nerve (U. Bartsch et al., 1992 and see above).

5c) Distribution of tenascin-C in and around dorsal column lesions

There were two distinct staining patterns for tenascin-C around the lesions 

following direct injury to the spinal cord; a low level of diffuse tenascin-C 

immunoreactivity around the lesions and in the degenerating dorsal column rostral to 

the lesion, and strong tenascin-C immunoreactivity on some structures close to and 

within the lesions. The strongly tenascin-C immunoreactive structures were most 

common within the lesion, where there were no GFAP immunoreactive astrocytes 

but also included capillaries within the spinal cord close to the lesion. The strong 

tenascin-C immunoreactivity was also only poorly correlated with OX-42 positive 

microglia/macrophages. Hence the most strongly tenascin-C immunoreactive 

structures are unlikely to be astrocytes or microglia/macrophages, but may include 

meningeal cells, Schwann cells and collagen fibrils, all of which were identified 

within the lesion site by electron microscopy, and have been shown to be associated 

with tenascin-C in previous studies (see Chapter 6 and Zhang et al., 1995c). 

However, some of the astrocyte processes bordering the lesion were associated with 

strong tenascin-C immunoreactivity, adding to the evidence that a sup-population of 

astrocyte processes near CNS lesions may produce tenascin-C and /or express a
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tenascin-C receptor (Laywell et a i, 1992; McKeon et al., 1991; see Chapter 6 and 

Zhang et a i ,  1995c). However, the present findings differ markedly from these of 

Lips et al. (1995) following lesions of the fornix, They found very little tenascin-C 

immunoreactivity at the lesion site; the tenascin-C they detected was associated with 

astrocytes and microglial cells around the lesion but particularly at the ventral border 

of the injured tract.

5d) The origin of tenascin-C following dorsal column injury

The source of tenascin-C around the lesion following spinal cord injury is not 

entirely clear, although many tenascin-C mRNA-containing cells around the lesion 

were identified as astrocytes by double staining with monoclonal antibody against 

GFAP at 3 and 7 dpo. At later survival times, only a few tenascin-C mRNA- 

containing cells were identified as astrocytes and most tenascin-C mRNA-containing 

cells were GFAP negative. The number of astrocytes expressing tenascin-C mRNA 

may have been underestimated since some GFAP immunoreactivity may have been 

lost during the in situ hybridization process. Tenascin-C mRNA-containing 

astrocytes were present within and close to the lesion for a longer period (14 dpo) 

than the tenascin-C mRNA positive cells in the degenerating dorsal column rostral to 

the lesion. Thus suggests that astrocytes reacting to a stab injury (anisomorphic 

gliosis) have different characteristics from astrocytes reacting to the occurrence of 

Wallerian degeneration (isomorphic gliosis). The secretion of other ECM is also 

different in the two kinds of injury (Mansour et al., 1990; Bovolenta et al., 1992). 

Meningeal cells on the surface of spinal cord greatly up-regulated tenascin-C mRNA 

and tenascin-C after spinal cord injury, adding to the evidence that meningeal cells 

are one source of tenascin-C following CNS injury (Ajemian et al., 1994; see 

Chapter 4 and Zhang et al., 1995b). Furthermore, since meningeal cells, fibroblasts 

and Schwann cells have been identified within the lesion area by electron 

microscopy, these cell types may also be a source of tenascin-C in that region.

5e) The role of tenascin-C in the axonal response to spinal cord injury

It has been suggested that tenascin-C may exert an inhibitory influence on 

axonal growth (McKeon et al., 1991; Laywell et al., 1992; Taylor et al., 1993;
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Pindzola et al., 1993), but there was no evidence to indicate that tenascin-C acts to 

repulse axons growing into the lesion areas. Axonal sprouts grow into the lesion area 

when it already contains much tenascin-C; and some axonal sprouts around the lesion 

were closely associated with areas of tenascin-C immunoreactivity. Although such 

axons did not appear to be tenascin-C immunoreactive, immunoelectron microscopy 

would be necessary to resolve this issue. In the context of the strong tenascin-C 

immunoreactivity around blood vessels, it may be relevant to point out that in 

previous ultrastructural studies of an experimental model of CNS regeneration by 

Campbell et al (1992), who reported that axonal sprouts were very commonly 

concentrated around small blood vessels (see also Curtis et al., 1993). Results in 

Chapter 4 have also shown that after transplanting a piece of peripheral nerve into the 

thalamus, CNS axons grow into the tenascin-C-rich peripheral nerve graft from the 

tenascin-C immunonegative brain. Lips et al (1995) reported that tenascin-C 

immunoreactivity was found in regions of axonal sprouting, following transections of 

the fornix, but was largely absent from the region where regenerative growth 

stopped. There is other evidence that tenascin-C is not necessarily an inhibitor of 

regenerative axonal growth. In vitro studies have shown that tenascin-C can promote 

axon growth when offered as an uniform substrate (Lochter et al.. 1991 ; Taylor et al., 

1993). Tenascin-C is expressed at high levels in regenerating peripheral nerves 

(Martini et al., 1990; Martini, 1994) and it has been shown that the reinnervation of 

the gluteus maximus muscle in adult mice following peripheral nerve injury is 

delayed in the presence of polyclonal antibody to tenascin-C (Langenfeld-Oster et 

al., 1994). None the less, there is very little axonal regeneration following dorsal 

column injuries, in the absence of a peripheral nerve graft, and if the tenascin-C 

which is expressed in and around the injury is permissive to axonal elongation, it has 

little effect on the injured axons.

Finally, it is of interest that axonal sprouts following dorsal column injury do 

not appear to bind tenascin-C, although the molecule is present in the lesion area. 

This is in contrast to the axonal sprouts growing into peripheral nerve grafts in the 

thalamus; these sprouts bind tenascin-C (see Chapter 4 and Zhang et al., 1995b). 

However, both dorsal column axons and axons which may have invaded the lesion
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area from nearby dorsal roots are the central processes of primary sensory neurons, 

whose peripheral processes do not bind tenascin-C while undergoing regeneration in 

situ (see Chapter 4, Martini et al., 1990; Zhang et al., 1995b).

6. Regeneration of sensory axons in the spinal cord after dorsal 

column transection in adult rats and LI transgenic mice

The results reported in Chapter 8 have shown that the regenerative ability of 

sensory axons following dorsal column transection in LI transgenic mice was in 

most cases similar to that in non-transgenic litter mates. However, there was some 

evidence for an altered response to injury of the transected axons in the transgenic 

animals, namely that in some of the transgenic mice, labelled sensory axons grew 

into the disorganised lesion site in the dorsal column, commonly progressing as far as 

the centre of the lesion, which was filled with debris, exudate and macrophages. In 

contrast, in the non-transgenic mice and in normal adult rats, the cut axons appeared 

to have retracted from the caudal margin of the initial injury. In some cases, in 

transgenic animals only, some of the sensory axons grew across the lesion site; in the 

most successful case, labelled sensory axons were found at least 2 mm rostral to the 

lesion. These axons appeared to grow along the CST rather than along the 

degenerating dorsal column.

6a) The responses to iniurv of sensorv axons in the lesioned dorsal columns o f adult 

rats and non-transgenic mice

Dorsal column injuries were examined in rats as well as in non-transgenic 

littermates of LI transgenic mice. Following the transection of the dorsal columns of 

adult rats, the lesion areas were expanded and far more disorganised than in the mice 

and most labelled axons stopped at the periphery of the expanded lesion site. These 

axons presumably had undergone retrograde degeneration (Kalil and Schneider, 

1975) to a region just caudal to the level of the cut. However, there was some 

evidence for reactive sprouting of the injured sensory axons: there were a few 

labelled axons present at the level of the initial lesion. The terminal parts o f the 

labelled axons in and around the lesion site displayed a variety of morphologies.
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They resembled the terminals of sprouts o f dorsal column axons produced in 

response to the transplantation of cultured Schwann cells into the spinal cord (Li and 

Raisman, 1994).

In the non-transgenic mice the retraction of the cut axons appeared more 

obvious than in the rats; the labelled axons terminated ca. 60p,m from the site of the 

initial transection although there was less cavitation and tissue disruption in the 

lesioned region. This observation suggests that the retrograde degeneration o f cut 

axons in the rats was not the consequence of the secondary tissue disruption seen in 

these animals.

6b) The effect of sciatic nerve crush on the regeneration of lesioned sensorv axons 

within the dorsal columns

It has been shown that sciatic nerve crush at the same time or I or 4 weeks 

prior to dorsal column injury results in enormously increased growth of lesioned 

dorsal column sensory axons into a peripheral nerve graft (Richardson and Issa, 

1984). In the present study, interruption of the ipsilateral sciatic nerve did not 

produce any obvious enhancement of regeneration of lesioned centrally directed 

axons of primary sensory neurons within the spinal cord, either in adult rats or LI 

transgenic mice. Thus even the induction of a growth mode in the DRG neurons 

(Chong et aL, 1996) could not stimulate axonal sprouts to cross the lesion site. The 

fact that the centrally directed axons of primary sensory neurons can regenerate long 

distances into peripheral nerve grafts (Richardson and Issa, 1984) but can not 

regenerate along the dorsal column even under growth-enhancing conditions 

provides very persuasive evidence that the environment at the lesion site is inhibitory 

to regenerating axons.

6c) Regeneration of sensorv axons following dorsal column transection in LI 

transgenic mice

In LI transgenic mice, many labelled axons were present in the lesion site at 

the level o f the initial cut; there was much less sign of axonal retraction. A few axons 

appeared to grow across the lesion site in some transgenic animals but similar
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appearances were never seen in non-transgenic littermates. Immunofluorescence 

staining showed that some reactive astrocytes around the lesion expressed high 

levels o f LI in the transgenic mice. LI has been shown to promote the growth of 

neurites on cultured Schwann cells (Seilheimer and Schachner 1988; Bixby et al., 

1988; Kleitman et a l,  1988) and L 1-expressing astrocytes (Yazaki et al., 1995 and 

Mohajeri et al., 1995, 1996). Neurite outgrowth on Schwann cells or LI-expressing 

astrocytes in vitro was blocked by antibody against LI (Seilheimer and Schachner 

1988; Kleitman et al., 1988; Mohajeri et al., 1995, 1996). The evidence suggests that 

the reactive astrocytes around the lesion provide a more growth-permissive 

environment for axonal regeneration in the lesioned dorsal column of L 1 transgenic 

mice. Although labelled axons were seen within the lesion site in all six operated LI 

transgenic mice, the numbers of axons growing across the lesion varied and 

significant regenerative axonal growth rostral to the lesioned area was only found in 

one animal. The explanation of this may be the variable level of transgene expression 

in these mice. In keeping with this explanation, in vitro experiments involving 

astrocytes cultured from LI transgenic animals, also showed that neurite outgrowth 

was proportional to the level of LI expression (Mohajeri et al., 1995, 1996). 

Unfortunately the level of LI expression in the mice used for transganglionically 

labelling was not quantified. Furthermore, the labelled axons found above the lesion 

appeared to have grown along the CST rather than along the degenerating dorsal 

column. The expression of LI by astrocytes in the degenerating dorsal column was at 

a very low level and it is possible that inhibitory molecules present in or on glial cell 

membranes (Caroni and Schwab, 1988; Schwab and Caroni, 1988; Pindzola et al., 

1993; for reviews see Schwab et al., 1993 and Berry et al., 1994; also see Chapters 

6, 7 and Zhang et al., 1995c,d) may overcome the growth promoting effects of LI 

expression. Tenascin-C under some conditions (Faissner and Kruse, 1990; Lochter et 

al., 1991; Taylor et a i, 1993), chondroitin-6-sulfate proteoglycans (Rudge and 

Silver, 1990; Snow and Letourneau, 1992), and myelin-associated inhibitory proteins 

Nl-35/250 (Caroni and Schwab, 1988 a, b) have all been shown to inhibit axonal 

outgrowth in vitro. Tenascin-C (Pindzola et al., 1993; see Chapters 6 and 7 and 

Zhang et al., 1995c,d) and chondroitin-6-sulfate proteoglycan (Pindzola et al., 1993) 

are up-regulated in degenerating dorsal columns. Nl-250 is localised in CNS myelin
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and on differentiated oligodendrocytes (Rubin et al., 1994) which are also present in 

the CST into which a few axons did regenerate. None the less, neutralisation o f the 

myelin-associated inhibitory protein NI-250 by using a monoclonal antibody INI 

against NI-250 in lesioned spinal cord of adult rats enhanced regeneration (Savio and 

Schwab 1990; Cadelli and Schwab 1991; Schnell and Schwab, 1990, 1993) and 

improved motor recovery (Bregman et al., 1995),

Most transganglionically labelled axons appeared to penetrate no further than 

the centre of the lesion, which was filled with exudate and macrophages, following 

dorsal column transection in LI transgenic mice. It may be germane that GFAP 

positive astrocytes have been shown in this and several other studies to retract from 

injury sites in the brain, spinal cord and optic nerves (Berry et al., 1988b; Stichel and 

Müller, 1994). Since the LI gene in the transgenic animal was under the control of 

the GFAP promoter, LI positive astrocytes were probably scarce in the lesion site 

during the initial stages of regeneration. Alternatively or in addition, molecules 

inhibiting axonal growth may have been released by macrophages or have been 

present in the exudate from the damaged blood vessels, thus further countering the 

potential growth promoting effects of LI. In conclusion, the regeneration of sensory 

axons following dorsal column transection in the LI transgenic mice is very limited. 

This may reflect the complex interactions of growth-promoting and growth inhibitory 

molecules in the injured CNS.

7. Concluding remarks

The present study has shown that the expression of the cell recognition 

molecules N-CAM, N-CAM-PSA and LI by neurons can be correlated with the 

regeneration of their axons into peripheral nerve grafts. More surprisingly, tenascin-C 

was found at the surface of regenerating CNS axons inside peripheral nerve graft. Each 

of these molecules is therefore a candidate for playing a role in the promotion of CNS 

axonal regeneration within the grafts, although it is likely that the roles they perform 

vary. LI and N-CAM are likely to be involved in the stimulation of axonal growth via 

second messenger systems, as well as in the initial clustering of axons deep inside the
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bands of Büngner. N-CAM-PSA may also increase the rate of elongation of axons by 

less defined mechanisms, but would be expected to reduce fasciculation of the 

regenerating axons.

Tenascin-C is greatly up-regulated in injured sciatic nerve and dorsal roots 

where regeneration occurred. Moreover, regenerating thalamic axons entering 

peripheral nerve grafts in the brain are closely associated with tenascin-C, unlike 

developing axons or regenerating peripheral axons. These observations strongly 

suggest that tenascin-C does not act as an inhibitory substrate for CNS axonal 

outgrowth, but tenascin-C is also expressed in degenerating dorsal column and in and 

around lesions of the spinal cord, in all of which axonal regrowth is very limited. 

Consequently, further studies will be necessary to evaluate the functional roles o f this 

molecule during CNS axonal regeneration. In particular it will be interesting to see if 

tenascin-C receptor(s) are preferentially up-regulated, like LI (see Chapter 3 and Zhang 

et al., 1993b; 1995a), GAP-43 (Vaudano et al., 1995) and c-jun (Vaudano et a l,  1993), 

in those populations of neurons which are most successful at regenerating axons into 

grafts. The report that the 81 integrin subunit, a receptor for some ECM molecules, is 

up-regulated by retinal ganglion cells regenerating axons into peripheral nerve grafts 

(Knoops et al., 1993) is particularly relevant in this context and imparts substance to 

some of the above speculations. Here, as previously stated, it is necessary at present to 

bear in mind the broadly normal phenotype of the tenascin-C 'knockout' mouse (Saga et 

al., 1992; Steindler et al., 1995) when speculating on the functional significance of 

tenascin-C.
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Fig. 9.1 Schematic representation of the distribution of N-CAM and LI (red stipple) in the 

Schwann cell columns in a segment of peripheral nerve grafted to the brain into which 

CNS axons are regenerating (Fig. 9.1a, early stage; Fig. 9.1b, later stage), and for 

comparison, in a developing peripheral nerve (Fig. 9.1c, based on work of Martini, 1994) 

and in the distal stump of a regenerating peripheral nerve in situ (Fig. 9. Id, based on 

Martini, 1994). Axons are stippled, Schwann cell nuclei are solid black, Schwann cell 

cytoplasm is unshaded and the basal lamina is represented by dashed lines. Although a 

common distribution pattern is shown, the localisation of the two molecules differs in that 

N-CAM is commonly found between Schwann cell processes distant from regions 

contacting regenerating axons, whereas LI is more restricted in its distribution and 

virtually confined to axonal surfaces.



9.1 D istribution o f  N-CAM  and L I in and  a ro u n d  Schw ann  Cell C o lum ns

(early stage)
Regeneration of CNS Axons into Nerve grafts

(later stage)
Regeneration of CNS Axons into Nerve grafts

Developing Peripheral Nerve Regenerating Peripheral Nerve
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Fig. 9.2 Schematic representation of the distribution of tenascin-C reaction product (red 

stipple) in and around Schwann cell columns in a segment of peripheral nerve grafted into 

the adult rat brain (Fig. 9.2a, early stage; Fig. 9.2b, late stage), and for comparison, in a 

developing peripheral nerve (Fig. 9.2c, based on work of Martini, 1994) and in the distal 

stump of a peripheral nerve regenerating in situ (Fig. 9.2d, based on Martini, 1994). 

Axons are stippled, Schwann cell nuclei are solid black, Schwann cell cytoplasm is 

unshaded and the basal lamina is represented by dashed lines.



9.2 D istr ibu tion  o f  Tenascin-C  in and  a ro u n d  Schw ann  Cell C o lum ns

(early stage)
Regeneration of CNS Axons into Nerve grafts

(later stage)
Regeneration of CNS Axons into Nerve grafts

Developing Peripheral Nerve Regenerating Peripheral Nerve
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