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Abstract

An important aspect of successful axonal regeneration is the neuronal response to
axotomy. In order to characterise the changes in gene expression associated with axonal
regeneration, expression of mRNAs for three candidate regeneration-associated molecules,
SCG10, CAP-23 and FKBP12, along with the prototypical growth-associated molecule
GAP-43, was examined by in situ hybridisation (ISH). SCG10 and CAP-23 were shown
to be upregulated in regenerating neurons following sciatic nerve injury. Expression was
downregulated by 6 weeks postoperation when regrowing axons have reached their
targets, unless this was prevented by ligation of the injured nerve. Dorsal rhizotomy did
not provoke any upregulation. All three candidate molecules were upregulated by CNS
neurons regenerating axons into peripheral nerve grafts implanted into either the thalamus
or the cerebellum, identified by retrograde labelling. These molecules therefore appear to
be coregulated with GAP-43. A study was also made of the effects of overexpression of
GAP-43 in transgenic mice on regeneration in circumstances in which the axotomy-
induced gene upregulation in the injured neuron is minimal and insufficient to promote
regeneration. GAP-43 overexpression in primary sensory neurons failed to augment
consistently regeneration or sprouting following injury of the ascending dorsal columns
in the spinal cord, or injury to the dorsal roots. Compared to wild-type controls, enhanced
growth was sometimes seen after lumbar dorsal column injuries, while after thoracic dorsal
column injury less growth was observed. Finally, the response to axotomy of neurons
projecting down the spinal cord was characterised. Using retrograde labelling and ISH,
expression of a panel of axotomy-associated genes was examined in corticospinal neurons
following axotomy in the cervical cord or in the cortex, and in rubrospinal neurons
following cervical axotomy. Corticospinal neurons showed no response to distal axotomy,
but upregulated GAP-43, SCGI0, c-jun, ATF3, LI and CHLI following proximal

axotomy. Rubrospinal neurons clearly upregulated only LI, c-jun and ATF3.
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Abbreviations and nomenclature

Frequently used abbreviations are listed below:

CNS | Central nervous system ISH/CTB | In situ hybridisation and CTB
immunohistochemistry
CRE | Cyclic-AMP response JNK | Jun N-terminal kinase
element
CSPG | Chondroitin sulphate LGN [ Lateral geniculate nucleus
proteoglycan
CT-HRP | Cholera toxin B-subunit - MAG | Myelin-associated
horseradish peroxidase glycoprotein
conjugate
CTB | Cholera toxin B-subunit NCAM | Neural cell-adhesion molecule
DAB | 3-3'-diaminobenzidine NGF | Nerve growth factor
tetrahydrochloride
DEPC | Diethylpyrocarbonate PB | Phosphate buffer
DEPC.H,0 | Diethylpyrocarbonate- PBS | Phosphate buffered saline
treated Ultrapure water
dH,O | Distilled water PCR | Polymerase chain reaction
DIG | Digoxigenin PKA | Protein kinase A
DREZ | Dorsal root entry zone PKC | Protein kinase C
DRG | Dorsal root ganglion PNS | Peripheral nervous system
FGF | Fibroblast growth factor RT-PCR | Reverse transcription and
polymerase chain reaction
GFAP | Glial fibrillary acidic RyR | Ryanodine receptor
protein
IP;R | Inositol triphosphate SNpc | Substantia nigra pars
receptor compacta
ISH | In situ hybridisation TRN | Thalamic reticular nucleus
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Nomenclature:

In the main text and the figure legends, the convention has been observed whereby proteins are
referred to in non-italicised lettering and with an initial capital letter if appropriate, whereas
genes and mRNAs are referred to in italics. The figures themselves, however, are labelled with

non-italic names for greater readability.

Some of the molecules investigated in the experiments presented here have several alternative

names. For reference, these are listed below:

Molecule name used Alternative names

GAP-43 B-50, F1, pp46, neuromodulin
ATF3 LRF-1

CAP-23 NAP-22, BASP-1

Krox-24 NGFI-A, Egr-1, Zif268, ZENK
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1.1 The failure of regeneration in the central nervous system: an overview

In adult mammals, injury to a peripheral nerve results in vigorous regeneration of the
damaged axons, often resulting in functional recovery, but in the central nervous system
(CNS) regeneration normally fails. The responses to axonal injury in the CNS have been
much studied over the last twenty years and the current evidence suggests that the causes
of the failure of regeneration can be separated into two major components. The first is the
environment within the central nervous system, which is believed to be inhibitory to axon
growth for the vast majority of neurons; the second is the nature and magnitude of the
neuronal response to axotomy, which is believed in many cases to be inadequate to
support vigorous axonal regeneration. The first experiments giving rise to this point of
view were performed by Tello (1911). He was the first to find evidence that implantation
of a graft of peripheral nerve into the CNS resulted in invasion of the graft by axons,
which were assumed to be from CNS neurons. However, because it was known that
peripheral axons could also regenerate into nerve grafts, this interpretation remained a
doubtful one until the advent of new retrograde and anterograde tracing technology
allowed Aguayo and colleagues to demonstrate conclusively that axons from CNS neurons
did indeed grow into peripheral nerve grafts implanted into the brain and spinal cord
(Richardson et al., 1980; David and Aguayo, 1981; Benfey and Aguayo, 1982; reviewed
by Aguayo, 1985). The possibility remained that the growing axons originated only from
collateral sprouts of intact axons, and not injured axons, until Berry et al. (1986) used
peripheral nerve grafts attached to severed optic nerves to demonstrate conclusively that

axotomised retinal ganglion cells could regenerate axons into peripheral nervous tissue.

Once this was established, it became apparent that many neurons of the CNS are capable
of regenerating axons over long distances given a suitably supportive environment. This
implies that the usual environment encountered by axotomised CNS neurons is at best
unsupportive and at worst inhibitory to growth. Since CNS axons do not regenerate into
freeze killed nerve grafts (Berry et al., 1988), it appears likely that successful regeneration
requires the presence of growth-promoting molecules derived from Schwann cells, or
possibly other non-neuronal cells within the grafts, to grow axons in vivo. Many such
molecules will be present on the surface of Schwann cells in the grafts, or released by

them. Following injury to peripheral nerves, Schwann cells in the denervated portion of

20



the nerve proliferate and upregulate neurotrophins and cell-adhesion molecules. They
therefore not only provide a permissive environment but also actively encourage growth
(reviewed by Fawcett and Keynes, 1990; Terenghi, 1999). It seems likely that the failure
of growth within the CNS is partly due to the lack of such supportive molecules.
However, there is also considerable evidence that the injured CNS contains a number of
factors which are actively inhibitory to growth. These may be present in the intact CNS
(Caroni and Schwab, 1993) or produced following injury. The astrocytic scar formed at
lesion sites appears to be refractory to growth, and the molecular basis of this is a current

area of research (see Fawcett and Asher, 1999).

However, some neurons are capable of regenerating within the adult CNS and this
suggests that inhibitory influences in the intact CNS are not absolute. For example,
transplanted embryonic neurons or neuronal precursor cells (Bjorklund and Stenevi, 1979;
Bjorklund et al., 1979; Foster et al., 1985; Wictorin et al., 1990; Wictorin and Bjorklund,
1992; Li and Raisman, 1993; Davies et al.,, 1993; Davies et al., 1994) and even
transplanted adult dorsal root ganglion (DRG) neurons (Davies et al., 1997; Davies et al.,
1999) readily grow axons within the adult CNS following injury. In these cases the
enabling factors may be the very vigorous axon growth activity of the neurons themselves,
which may be sufficient to overcome inhibitory signals, or possibly an absence from the
transplanted neurons of receptors for inhibitory molecules. The pattern of gene expression
in the injured neuron is, therefore, an important factor in considering the chances of
successful regeneration within the CNS, and is also relevant even when neurons are
presented with the growth-promoting environment of a peripheral nerve graft. Some
classes of neuron, e.g. Purkinje cells, fail completely to regenerate axons into such grafts
and generally these neurons show little or no cell body response to axotomy (reviewed by
Anderson et al., 1998). In addition, some neurons which can regenerate axons into such
a graft will only do so if stimulated strongly enough by an appropriate form of axotomy.
For example the ascending dorsal column collaterals of DRG neurons show a much
greater ability to invade a graft in the spinal cord if these neurons also receive an injury to
the peripheral branches of their axons (e.g. a sciatic nerve crush) (Richardson and Issa,
1984), and axotomised rubrospinal neurons only regenerate axons into peripheral nerve
grafts if the axotomy is sufficiently proximal to elicit a strong enough growth response

(Richardson et al., 1984; Jenkins et al., 1993a; Fernandes et al., 1999).
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In summary, the success of axon growth depends on the balance of inhibitory versus
permissive and growth-promoting molecules in the environment, on the responses of
individual neurons to such molecules and on the vigour of their axon-growth program.
This program consists of changes in neuronal gene expression which occur after axotomy
and accompany successful axon regeneration and it is these which are the subject of the

present study.

1.2 Peripheral nerve regeneration

It is first worth considering regeneration in the peripheral nervous system (reviewed by
Fawcett and Keynes, 1990; Ide, 1996; Terenghi, 1999). Injuries to peripheral nerves result
in full-scale regrowth of the injured fibres and reinnervation of target tissues, although the
extent of functional recovery varies between species and, for example, is much greater in
rats than in humans where only 50% of patients with repaired nerves report a useful
recovery of function (Lee and Wolfe, 2000). Peripheral nerve injury in the rat therefore

serves as a useful model for the study of successful regeneration.

Axonal regeneration in the peripheral nervous system (PNS) benefits fromtwo factors: the
environment of an injured peripheral nerve is highly favourable to axon growth; and
injured neurons with axons in peripheral nerves show a very strong response to axotomy
and, as a consequence, strongly express a variety of growth-associated molecules.
Following injury, the distal part of the axon degenerates, in the process known as
Wallerian degeneration (Waller, 1850). At the same time Schwann cells in the distal part
of the nerve respond in a number of ways. They endocytose and begin degradation of
axonal debris and the myelin sheath before transferring the remaining debris to
macrophages. They also proliferate and extend processes along the nerve, to form
Schwann cell columns, also known as the bands of Bungner (Salzer and Bunge, 1980).
Successful regeneration is dependent on the presence of Schwann cells and on contact
between these and the re-growing axons (Anderson et al., 1983; Hall, 1986; Nadim et al.,
1990).

Schwann cells facilitate regeneration by providing a guiding structure and by producing

various growth-promoting molecules, including surface-bound cell-adhesion molecules and
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diffusible trophic factors. The cell-adhesion molecules L1, NCAM, and N-cadherin are all
expressed on Schwann cells and are found at points of contact with axons (Martini and
Schachner, 1988; Rathjen, 1988; Rutishauser et al., 1988; Shibuya et al., 1995), and all are
believed to promote axon growth. Schwann cells in the distal stump also upregulate many
molecules with neurotrophic action, such as NGF (Heumann et al., 1987), BDNF (Meyer
et al., 1992), bFGF (Grothe et al., 2001), GDNF (Hammarberg et al., 1996), IGF (Pu et
al., 1995) and express CNTF (Sendtner et al., 1992). These molecules all exert trophic
effects on PNS axons (reviewed by Terenghi, 1999). Schwann cells in peripheral nerves
also produce a basal lamina containing extracellular matrix molecules such as laminin, type
IV collagen and tenascin-C. Laminin is the archetypal growth-promoting substrate in vitro
and may therefore be of importance in peripheral nerve regeneration (reviewed by
McKerracher et al., 1996; Luckenbill-Edds, 1997), although its contribution may be
limited by the fact that most parts of regenerating axons are separated from the basal

lamina by the Schwann cell processes.

PNS neurons and extrinsic CNS neurons also show a vigorous cell body response to
axotomy, which includes strong expression of many growth-associated molecules (see
Section 1.4 iv) and the downregulation of some molecules which are unnecessary for
axonal elongation. In contrast, the response of intrinsic CNS neurons to axotomy varies

considerably and contributes to the lack of regeneration in the CNS.

1.3 The growth-inhibitory nature of the central nervous system environment

Is the CNS actively inhibitory to axon growth, and if so what is the molecular basis for this
inhibition? In the context of regeneration following injury, most of the CNS environment
can be divided into three types of tissue: myelinated fibre tracts; grey matter; and the lesion
site, which generally contains astrocytic scar tissue and, often, tissue cavities. Of these, the
astrocytic scar tissue is probably the most inhibitory to axon growth. White matter also
appears to be inhibitory, largely due to factors in CNS myelin. Grey matter may not
actively support axon growth over long distance in most circumstances but appears to be

less refractory to axonal sprouting and growth than white matter.
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i Mpyelin-associated growth inhibitors

The hypothesis that CNS myelin, or its breakdown products, could be inhibitory to axonal
growth was first proposed by Berry (1982). Although support for the hypothesis was slow
to emerge, considerable evidence has been gathered that CNS myelin is inhibitory to axon
growth. The earliest in vitro studies to support this view were based on assays of fibroblast
spreading and neurite growth (Schwab and Caroni, 1988; Caroni and Schwab, 1988a) and
suggested that mature oligodendrocytes and isolated CNS myelin were inhibitory for these
processes. Further analysis ascribed this property to two specific fractions of CNS myelin
(Caroni et al.,, 1988; Caroni and Schwab, 1988a; Caroni and Schwab, 1988b).
Furthermore, cultured oligodendrocytes caused growth-cone collapse in axons of cultured
neonatal rat DRG and other neurons, whereas astrocytes supported growth (Schwab and
Caroni, 1988; Fawcett et al., 1989; Bandtlow et al., 1990). Immature oligodendrocytes
were also permissive for adhesion and growth (Schwab and Caroni, 1988). Similar results
were obtained when frozen sections of adult rat CNS tissue were used as substrates for
cultures of embryonic chick peripheral or neocortical neurons, and neonatal rat DRG
neurons. Grey matter was consistently permissive for cell adhesion and neurite growth, but
white matter was clearly not (Savio and Schwab, 1989; Crutcher, 1989; Watanabe and
Murakami, 1989; Watanabe and Murakami, 1990).

There is considerable circumstantial evidence that CNS myelin is inhibitory to axonal
growth in vivo. Regeneration of spinal axon tracts occurs in the neonatal rat and neonatal
opossum following spinal injury (Xu and Martin, 1991; Saunders et al., 1992; Bates and
Stelzner, 1993) but this capacity is soon lost in the postnatal animal (see also Nicholls and
Saunders, 1996). In both species, the end of the regeneration-permissive period coincides
with the appearance of oligodendrocytes and the onset of myelination (Caroni and
Schwab, 1989). Similar findings have been made in the chick embryo (Shimizu et al,,
1990; Keirstead et al., 1992). Furthermore, prevention of myelin formation or myelin
removal appears to prolong the regeneration-permissive period. In rats in which myelin
formation was prevented by X-irradiation of neonates, which kills oligodendrocytes,
regeneration of the corticospinal tract was found in animals 2-3 weeks old (Savio and
Schwab, 1990). Antibodies against CNS myelin or its components also have dramatic

effects on axonal regeneration in the spinal cord (see below).
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Experiments with isolated myelin extract from adult rat CNS, as well as providing
evidence of the inhibitory nature of myelin, have led to the identification of individual
protein constituents of CNS myelin with growth inhibitory properties. Currently, two
major inhibitory components of myelin have been identified; myelin-associated

glycoprotein (MAG) and Nogo.

MAG was first identified as an inhibitory component of myelin by Mukhopadhyay et al.
(1994) and McKerracher et al. (1994). MAG is inhibitory to neurite outgrowth from a
wide variety of neurons, including postnatal retinal ganglion cells, hippocampal neurons,
superior cervical ganglion neurons and spinal neurons and adult DRG neurons
(Mukhopadhyay et al., 1994; DeBellard et al., 1996). Purified MAG, recombinant MAG,
and a solubilised form are all inhibitory to neuronal cell lines and primary cultures
(McKerracher et al., 1994; Li et al., 1996; Tang et al., 1997). However, although MAG
seems to be as powerful an inhibitor of axonal growth in vitro as Nogo, studies of MAG
knockout mice found no or only minor improvement in regeneration in vivo or in neurite

outgrowth on myelin preparations. (Bartsch et al., 1995; Li et al., 1996).

Nogo was first identified as the two growth-inhibitory components of myelin, NI-35 and
NI-250, described by Caroni and Schwab (1988a; 1988b). The monoclonal antibody IN-1
was raised against NI-250 (Caroni and Schwab, 1988b) and has been used in a variety of
experiments to promote regeneration, suggesting it neutralises growth-inhibitory
properties of these molecules. In vitro, IN-1 treatment allowed neurite growth on CNS
myelin and into optic nerve explants (Caroni and Schwab, 1988b). In vivo, administration
of IN-1 antibodies, using implanted hybridomas, promoted regeneration of the
corticospinal tract (Schnell and Schwab, 1990; Schnell and Schwab, 1993). IN-1 was also
shown to promote regeneration of other descending tracts (Bregman et al., 1995) and to
promote sprouting of uninjured Purkinje cell axons (Buffo et al., 2000). Recently, the
Nogo cDNA was cloned and is thought to represent the gene encoding NI-35 and NI-250.
Its protein products have three forms, Nogo A, B and C (Chen et al., 2000; GrandPre et
al., 2000; Prinjha et al., 2000) and growth-inhibitory properties have been described for
two separate domains of the three proteins. A receptor for one of these domains, Nogo66,

has also been described (Fournier et al., 2001).
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Clearly, there is a large amount of evidence to suggest that CNS myelin is inhibitory to
axon regeneration. Against this, the experiments of Davies et al. (1997, 1999) indicate that
axon growth from adult neurons is certainly possible within CNS white matter. DRGs
from adult transgenic mice expressing green fluorescent protein were transplanted into the
spinal cord of adult rats, in such a way as to minimise trauma to the cord and subsequent
gliosis and scarring (see Section 1.3 ii). The transplanted neurons grew axons long
distances within the dorsal funiculus. Axons grew in both otherwise uninjured white matter
and in white matter undergoing degeneration as a consequence of an earlier lesion to the
dorsal funiculus. In the latter case, the inhibitory components of CNS myelin so far
described would be exposed and would be expected to prevent any regeneration. Similarly,
the findings of Berry et al. (1996, 1999) and Leon et al. (2000) show that retinal ganglion
cells, when suitably stimulated, can regenerate axons within the optic nerve, which is
purely white matter. None the less, the weight of evidence still suggests that CNS myelin
is inhibitory to axonal regeneration, but it may be that maximally stimulated neurons either
downregulate receptors for inhibitory molecules or express growth promoting molecules

so strongly that they are able to ignore the presence of myelin or overcome its effects.
ii. Lesion cavities and the glial scar

Injuries to the spinal cord commonly provoke the formation of two types of structure
which are likely to represent obstacles to subsequent axon growth: the glial scar and tissue
cavities. The former, which is characterised by the presence of glial fibrillary acidic protein
(GFAP)-positive astrocytes has been better studied and is described in some detail below.
The latter are a major feature of spinal cord injuries in experimental models in which the
injury is caused by compression or contusion of the cord (e.g. Noble and Wrathall, 1985;
Bresnahan et al., 1991). These result in large cavities being formed, but lesser cavitation
is observed even in laceration injury models. Such cavities are likely to be formed by
processes similar to those which lead to the formation of large fluid-filled cysts which are
a feature of some human spinal injuries (Bunge et al., 1993). Cavity formation is thought
to be a consequence of extensive cell death, caused both directly by the lesion and by
secondary processes, and occurring by both necrosis and apoptosis (reviewed by Beattie
et al., 2000). The cavity itself generally does not contain a large number of GFAP-positive

astrocytes which are characteristic of inhibitory scar formation (see below), but these can
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be found around the margin of the cavity and in the surrounding parenchyma (Farooque
et al., 1995; von Euler et al., 1997). Typically, various cell types are found within the
cavity including macrophages/microglia, Schwann cells, cells immunopositive for the
chondroitin-sulphate proteoglycan NG2, a few astrocytes and, if the meninges have been
breached, fibroblasts and meningeal cells (Bunge et al., 1994; Zhang et al., 1997; P.
Anderson, personal communication). While tissue cavities may present an obstacle to
regeneration, their properties of inhibition or otherwise of axon growth have not been fully
investigated. Axons have frequently been observed within lesion cavities, many of which
may arise from the dorsal roots (Bunge et al., 1994; Beattie et al., 1997). Corticospinal

and reticulospinal fibres can grow into the lesion cavity (Hill et al., 2001).

The glial scar is one of the main obstacles to regeneration of axons within CNS fibre tracts
(Reieret al., 1983; Reier and Houle, 1988; Snow et al., 1990; McKeon et al., 1991; Silver,
1994; Fawcett and Asher, 1999). When examined by electron microscopy, the scar
appears to be largely composed of astrocytes (Reier et al., 1983), but it also contains
oligodendrocytes, oligodendrocyte precursors and microglia. In response to the lesion,
astrocytes around the lesion, and to some extent around newly formed or forming tissue
cavities, upregulate the intermediate filament proteins glial acidic fibrillary protein (GFAP)
and vimentin, and some astrocyte cell division occurs. There is also evidence that
progenitor cells multiply and differentiate into astrocytes but the relative contribution of
these cells to scar astrocyte numbers is not established (Frisen et al., 1995; Johansson et
al., 1999). Existing and newly formed astrocytes become hypertrophic and produce a
dense meshwork of enlarged processes. Where the physical boundary of the CNS tissue
has been breached, this structure encapsulates the damaged CNS tissue and forms a
reconstituted glia limitans, separating the CNS from surrounding tissue. Meningeal cells
also participate in recreating the glia limitans (Kruger et al., 1986). Reformation of the glia
limitans also results in the formation of its associated basal lamina (Reier et al., 1983), a
boundary layer of ECM molecules, largely composed of laminin and collagen (Timpl,
1996). Astrocytes lining lesion cavities may also produce a basal lamina along the cavity
border (Bunge et al., 1994; Zhang et al., 1997). CNS injury also results in the deposition

of collagenous scar tissue within the lesion (Tobin et al., 1979).
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Axon growth is typically arrested at the scar in vivo (reviewed by Reier et al., 1983; Reier
and Houle, 1988). The basis of prevention of axon growth by this scar tissue has yet to be
determined. The final form of the scar consists of many tightly interwoven fine astrocyte
processes (Reier et al., 1983; Berry et al., 1983; Eng et al., 1987; Reier and Houle, 1988)
and this may present a physical barrier to growing axons, although the presence of
inhibitory molecules is probably more important. The basal lamina and the associated
collagenous ECM deposits in the scar may also represent a physical barrier, and prevention
of formation of these with 2,2'- dipyridine results in increased regeneration of the fimbria-
fornix (Stichel et al., 1999), but, however, fails to augment regeneration of the

corticospinal tract (Weidner et al., 1999).

The importance of the glial scar in preventing regeneration in the spinal cord was clearly
demonstrated by Davies et al. (1999). Microtransplantation of DRG neurons from mice
into rat spinal cords resulted in long distance growth in both normal and degenerating
white matter. The inhibitory nature of the glial scar was confirmed by the observation that
axon growth was halted by the glial scar tissue associated with a concomitant lesion of the
cord. Growth arrest by the glial scar can be observed in many sorts of lesions of the CNS,
including lesions of the ascending dorsal columns of the spinal cord (Bavetta et al., 1999;

Neumann and Woolf, 1999) and the corpus callosum (Davies et al., 1994).

Physical obstruction of axon growth, while it may play a role, is probably not the most
important mechanism of inhibition of axon growth by the astrocytic scar. Evidence for this
comes from observations of regenerative failure at the transition zone between the central
and peripheral nervous sytems, the dorsal root entry zone (DREZ). Following an injury
to a dorsal root, the incoming axons will regenerate towards the DREZ, where Schwann
cells give way to oligodendrocytes and astrocytes. These astrocytes react to such an injury
with upregulation of GFAP and by growing processes into the root, and the DREZ
becomes similar to other astroglial scars (Reier et al., 1983; Murray et al., 1990). Carlstedt
(1985) and Liuzzi and Lasek (1987) observed that axons apparently arrested at the DREZ
were similar in appearance to normal synaptic terminals, except that they were apposed
to astrocyte processes instead of neurons. This contrasted with the appearance of
peripheral axons when presented with a ligated peripheral nerve, which prevents axonal

elongation physically and results in a neuroma, with individual axons having large swollen
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terminals containing accumulated neurofilaments and organelles. A small number of axons
with these characteristics were observed at the dorsal root entry zone, where axons were
obstructed by collagenous tissue rather than astrocytic processes. Liuzzi and Lasek (1987)
suggested that at the DREZ regenerating axons are arrested by specific stop signals from
reactive astrocytes, rather than by a physical barrier. However, many axons do not stop
at the DREZ but instead loop back and regenerate retrogradely towards the periphery
(Reier et al., 1983; Zhang et al., 2001). Furthermore, even regenerating dorsal root axons
in contact with Schwann cells sometimes show the ultrastructural characteristics which

Luzzi and Lasek (1987) associate with specific stop signals (Chong et al., 1999).

Molecules which are thought to be inhibitory to axon growth are associated with the glial
scar, and may be at least partly responsible for the failure of axon regeneration. The
primary candidates for this activity are the chondroitin-sulphate proteoglycans (CSPGs)
(reviewed by Hoke and Silver, 1996; Fawcett and Asher, 1999; Bovolenta and Fernaud-
Espinosa, 2000). Chondroitin sulphate linear polysaccharides, known as
glycosaminoglycans (GAGs), are attached to a number of different core proteins to form
CSPGs. CSPGs are expressed at lesion sites in CNS injury and some colocalise with
GFAP-positive astrocytes (e.g. McKeon et al., 1991). In the experiments by Davies and
co-workers described above, axons regenerating in the dorsal columns of the rat spinal
cord stopped growing when they reached CSPG associated with the glial scar adjacent to
an injury site (Davies et al., 1997; Davies et al., 1999). Many of the CSPGs have been
shown to be inhibitory to growth or to block interactions with growth-promoting
molecules. This is often a function of the GAG sidechains but can also be a function of the
core protein. For example, neurocan has been found to block the neurite-growth-
promoting properties of Ng-CAM and L1 (Friedlander et al., 1994) whereas NG2 appears
to block the growth-promoting properties of laminin (Smith-Thomas et al., 1994). NG2
was shown to be largely responsible for growth inhibition by the inhibitory astrocyte cell
line Neu7 (Fidler et al., 1999). There is disagreement as to whether inhibition of growth
by NG2 is an activity of the GAGs or the core protein. Chondroitinase treatment of NG2,
which removes the GAG sidechains from CSPGs was found by Fidler et al. (1999) to
abolish the growth-inhibitory effect of NG2 but Dou and Levine (1994) found that
chondroitinase had no effect. Recently, Moon et al. (2001) were able to promote

regeneration in the nigrostriatal pathway after injury by the infusion of chondroitinase.
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iil. Grey matter

The ability of CNS grey matter to inhibit axonal growth has been less well investigated
than that of white matter. Little axonal regeneration has been reported in grey matter,
although there are many examples where it has been shown to support axonal sprouting.
Several experimental treatments have been shown to promote growth of severed
corticospinal axons, and often this growth is observed in the uninjured grey matter of the
spinal cord (Schnell and Schwab, 1990; Grill et al., 1997; von Meyenburg et al., 1998;
Bleschet al., 1999; Blits et al., 2000). Transplanted embryonic adrenergic and serotinergic
neurons were also reported to grow axons significant distances through adult CNS grey
matter (Bjorklund et al., 1979; Nornes et al., 1983; Foster et al., 1985). In addition, intact
grey matter is capable of supporting short-range axon growth in the adult in the context
of cortical plasticity in the adult cat (Darian-Smith and Gilbert, 1994) or collateral
sprouting in the dorsal horn following peripheral nerve injury in the rat (Woolf et al.,
1992a; Woolf et al., 1995). In vitro assays indicated that grey matter was considerably
more permissive to cell adhesion and axon growth than white matter (Savio and Schwab,
1989; Crutcher, 1989; Watanabe and Murakami, 1989; Watanabe and Murakami, 1990).
Therefore, the general failure of growth in grey matter may be less due to intrinsically
inhibitory properties than to a lack of the growth-factors and adhesion molecules found
in peripheral nervous tissue. Grey matter is also unlikely to provide a suitable structural
framework for significant linear growth, and lastly, in theory at least any growth may also
be arrested by encountering neuronal cell bodies and dendrites which constitute valid
synaptic targets, so that injured axons stop and form synapses (e.g. Bernstein and
Bernstein, 1971). Indeed, in the transplantation experiments of Davies et al. (1997, 1999)
it was shown that regenerating axons which entered the grey matter had shorter, more

branching courses.

iv. Other molecules

In addition to the growth-promoting and growth-inhibitory molecules already mentioned,
a rather large number of molecules have been identified which may be involved in
promotion or inhibition of growth, or in guidance of axons, or both. The importance of

most of these for inhibiting regeneration in the CNS or of promoting it in peripheral
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nervous tissue has yet to be demonstrated. Those molecules not already mentioned which
may be of importance include the ephrins (reviewed by Mellitzer et al., 2000), semaphorins
(reviewed by Raper, 2000), netrins (reviewed by Culotti and Merz, 1998; Kennedy, 2000)

and ECM molecules such as tenascin-R (reviewed by Pesheva and Probstmeier, 2000).

V. Overcoming CNS growth-inhibition

Much work has been devoted to devising strategies to promote regeneration of CNS
axons and most studies have focused on providing a more favourable environment for the
regrowth of CNS axons. This has been attempted with, amongst other things, treatments
to neutralise inhibitory components of myelin (Schnell and Schwab, 1990; Bregman et al.,
1995; Tatagiba et al., 1997; Dyer et al., 1998; Huang et al., 1999), degradation of CSPGs
in the glial scar (Moon et al., 2001), provision of neurotrophic factors (e.g. Tuszynski et
al., 1994; Tuszynski et al., 1996; Grill et al., 1997; Ye and Houle, 1997; Zhang et al.,
1998; Bradbury et al., 1999), implantation of Schwann cells or olfactory ensheathing cells
which are presumed to provide a growth-promoting environment (Li and Raisman, 1994;
Paino et al., 1994; Li et al., 1997; Li et al., 1998; Ramon-Cueto et al., 1998; Ramon-
Cueto, 2000; Ramon-Cueto et al., 2000), implantation of embryonic nervous tissue
(Tessler et al., 1988; Houle and Reier, 1988; Bregman et al., 1989; Houle and Reier, 1989;
Nothias and Peschanski, 1990; Itoh et al., 1992; Iwashita et al., 1994), or a combination
of such approaches (Schnell and Schwab, 1993; Schnell et al., 1994; Xu et al., 1995; von
Meyenburg et al., 1998; Blits et al., 2000). More recently there have been attempts to
block signal transduction within the growth cone from receptors for inhibitory molecules
(Lehmann et al., 1999). The focus of this study is, however, on neuron-intrinsic factors,

which have been subject to less extensive previous investigation.

14 Neuron-intrinsic factors

A Many CNS neurons can regenerate axons into peripheral nerve grafts

While the environment of the CNS is clearly inhibitory to axon regeneration, many neurons

of the CNS retain the capability for regeneration over long distances when presented with

a suitable environment. This was first demonstrated convincingly by Agauyo and
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colleagues (Richardsonet al., 1980; David and Aguayo, 1981; reviewed by Aguayo, 1985)
who showed that neurons in various parts of the CNS would grow axons into implanted
grafts of peripheral nerve. This was done by retrogradely labelling the regenerating cells
from the distal end of the graft, which remained outside the CNS. Retrogradely labelled
neurons were found in the spinal cord and brainstem (Richardson et al., 1980; David and
Aguayo, 1981) when grafts were used to bridge a spinal cord injury, and were found in
the forebrain when a nerve graft was implanted here (Benfey and Aguayo, 1982).
Subsequent studies showed most parts of the CNS contained neurons that would
regenerate axons into nerve grafts. In the neural retina, the retinal ganglion cells will do
so following implantation of a nerve graft into the retina (So and Aguayo, 1985), and,
importantly, following anastomosis of a peripheral nerve graft to the severed optic nerve
(Berry et al., 1986). In the latter case regenerating axons unequivocally originated from
axotomised CNS neurons. The thalamus and cerebellum also contain regeneration
competent neurons (Dooley and Aguayo, 1982; Benfey et al., 1985; Morrow et al., 1993;
Chaisuksunt et al., 2000a; see part ii below). The promotion of axon growth by peripheral
nerve grafts is almost certainly due to the properties of the living cells, presumably the
Schwann cells, within the grafts as nerve grafts rendered acellular by repeated freezing and
thawing are not invaded by regenerating axons when implanted into the CNS (Berry et al.,
1988; Smith and Stevenson, 1988). Following injury to a peripheral nerve, Schwann cells
in the distal stump provide a highly favourable environment to axon growth, removing
myelin debris and expressing a number of trophic factors and cell-adhesion molecules (see

Section 1.2).

ii. Variation among CNS neurons and the neuronal response to axotomy

However, the nerve grafting experiments described above, and subsequent similar
experiments, also revealed that there is a marked variation in the capacity of CNS neurons
to regenerate axons, even given a favourable environment. Peripheral nerve grafts
implanted into various sites in the CNS will usually elicit axon regeneration in large
numbers only from particular classes of neuron, and not from other types of neuron around
the graft, which must also have been axotomised. Many types of neuron will only
regenerate into a graft if axotomised close to the cell body, although what constitutes a

sufficiently proximal axotomy varies between neuronal populations. It is unclear what
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determines whether neurons are capable of regenerating into a peripheral nerve graft as
no universal phenotypic correlates of this ability have been identified in uninjured neurons,
either in terms of morphology, neurotransmitter content, antigenicity, or gene expression.
Much remains to be understood, but what is known suggests that a key determinant of the
success of axon regeneration into peripheral nerve grafts is the magnitude and nature of
the neuronal response to axotomy. The cell body response to axotomy was originally
described as a set of morphological and cytological changes (Lieberman, 1971), and since
then it has also been shown to be accompanied by characteristic changes in gene
expression. Although the exact set of changes may vary, neurons which demonstrate a
regenerative response to axotomy typically upregulate the transcription factor c-Jun, GAP-
43, particular tubulin isoforms and other growth-associated molecules such as L1 and
CHLI1, and down-regulate neurofilament proteins and molecules involved in
neurotransmission (Bisby and Tetzlaff, 1992; Anderson et al., 1998). These initial changes
coincide with the period of sprouting that occurs immediately after a lesion and if
regeneration occurs (supported by a nerve graft) then they are usually prolonged;

otherwise gene expression returns to normal within about 2 weeks following injury.

Various models have been used for studying differential powers of axonal regeneration and

their correlates in terms of gene expression; these will now be discussed.

When a graft is implanted into the thalamus, retrograde labelling from the distal end of the
graft reveals that at least 80% of regenerated axons come from neurons of only one
nucleus, the thalamic reticular nucleus (TRN) (Benfey et al., 1985; Morrow et al., 1993).
This nucleus forms the rostrolateral boundary of the thalamus, and consists of GABA-
ergic neurons which project to nuclei in the remainder of the thalamus (the dorsal
thalamus), but not outside it (Jones, 1985). Insertion of a graft into the thalamus must
necessarily axotomise, in addition to TRN neurons, large numbers of neurons in the dorsal
thalamus, corticothalamic projection neurons and afferents from various brainstem nuclei.
Regeneration by neurons in most of these sites is poor in comparison to those of the TRN
or non-existent. Neurons in and around the suprageniculate nucleus in the dorsal thalamus
are also good at regenerating axons into grafts placed sufficiently caudally, and some
regeneration is observed from small numbers of cells in the raphé nucleus, the reticular

formation and the hypothalamus (Anderson et al., 1998). Small numbers of neurons in
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several other nuclei of the dorsal thalamus are sometimes found to regenerate axons, but
these neurons’ cell bodies are always very close to the graft (Benfey et al., 1985; Morrow

et al., 1993).

Successful regeneration by TRN neurons correlates with a strong response to axotomy in
the cell body, manifested as a significant upregulation of growth-associated molecules.
Thus, many neurons of the TRN upregulate GAP-43, c-jun, L1 and CHL]I mRNAs
following implantation of a graft, and immunoreactivity for c-Jun, GAP-43 and L1 also
increases in these cells, in axons within the graft or in the surrounding parenchyma
(Campbell et al., 1991; Vaudano et al., 1995; Zhang et al., 1995; Vaudano et al., 1998;
Chaisuksunt et al., 2000b). This expression lasts for many weeks in neurons with axons
in the grafts. A transient upregulation of GAP-43 and c-Jun also occurs in the TRN
following a stab wound or insertion of a freeze-killed nerve graft. Small numbers of
neurons in the dorsal thalamus also upregulate these after a stab wound, but the response
is weaker and more short-lived than in the TRN. Therefore, in this model there is a good
correlation between those neurons which respond to axotomy, with or without a nerve
graft, and those which will successfully regenerate axons into a graft. It is also apparent
that nerve grafts can maintain the expression of growth associated genes in neurons for
long periods, likely to be well beyond the time required for an axon to regenerate through

the complete length of the Schwann cell columns.

A similar situation exists when grafts are inserted into the cerebellum. This results in axon
regeneration into the grafts by neurons of the cerebellar deep nuclei (the medial, lateral and
interposed cerebellar nuclei) but never from Purkinje cells or other neurons of the
cerebellar cortex (Dooley and Aguayo, 1982; Chaisuksunt et al., 2000a). Neurons in the
brainstem will also regenerate, in particular those in the inferior olivary nucleus and the
vestibular nuclei. In the work from this laboratory, grafts have generally been inserted to
terminate in the deep nuclei. These nuclei receive projections from Purkinje cells and so
these neurons must be axotomised, but regeneration by these neurons has never been

observed (Chaisuksunt et al., 2000a).

Again, successful regeneration by neurons of the deep cerebellar nuclei correlates with the

upregulation of growth-associated molecules. These neurons upregulate GAP-43, c-jun,
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L1 and CHLI after implantation of a graft and may be contrasted with Purkinje cells,
which do not regenerate and of these four molecules show only a moderate upregulation

of c¢-jun, and that only when axotomised proximally (Chaisuksunt et al., 2000a).

Graft implantation into the striatum provides another model where axotomised neurons
show differential powers of regeneration into a nerve graft, although in this case the
correlates in terms of gene expression are less consistent with those generally observed
elsewhere. The neostriatum receives projections from the cortex and the substantia nigra
pars compacta (SNpc), and graft insertion must also axotomise neurons in the neostriatum
itself, including projection neurons, cholinergic interneurons and other interneurons. In a
study by Woolhead et al. (1998), retrograde labelling revealed that the majority of
retrogradely labelled neurons were found in the SNpc or in the globus pallidus, with a
minority also found in the neostriatum. Striatal projection neurons and corticostriatal
projection neurons therefore appear to be poor at regeneration into a graft. However, in
this model, most regenerating neurons of the SNpc fail to upregulate GAP-43 or L1, and
only small numbers upregulate c-jun (Anderson et al., 1998; Woolhead et al., 1998;
Chaisuksunt, 1999). Some striatal neurons, probably the small population of cholinergic

interneurons, upregulate GAP-43 and c-jun.

While many CNS neurons will regenerate axons into peripheral nerve grafts, in the
forebrain at least they are probably outnumbered by those which will not. Some types of
neurons are particularly recalcitrant in this respect, most notably hippocampal neurons and
corticospinal neurons. Although there exist reports from one group of regeneration into
predegenerated grafts by hippocampal neurons (Lewin-Kowalik et al., 1992; Lewin-
Kowalik et al., 1997), it has never been observed in our laboratory or reported elsewhere.
Corticospinal neurons are of course particularly relevant to work on spinal cord injuries
and again these generally do not regenerate into peripheral nerve grafts in the spinal cord
(Richardson et al., 1982a; Ye and Houle, 1997; Blits et al., 2000) although they have been
reported to do so once (Cheng et al., 1996).
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iii. Proximal versus distal axotomy

In addition to the variation between neurons discussed above, differences in the success
of axon regeneration are observed in some types of neuron according to the distance of
the axotomy from the cell body. This is also a well-established factor affecting the strength
of the cell body response to axotomy (Lieberman, 2001). This phenomenon is clearly
demonstrated by the finding that following graft insertion into the spinal cord, intrinsic
spinal neurons which had grown axons into the grafts were generally located close to the
graft tip, within 3-4mm (David and Aguayo, 1981). Most of the axons which form the
long fibre tracts in the spinal cord appear to respond to axotomy in a distance-dependent
manner (Richardson et al., 1984). Segments of nerve were inserted into the cord at
different levels and neurons which had grown axons into the grafts were identified by
retrograde labelling. Following insertion of the nerve graft at low cervical level, labelled
neurons were found in brainstem nuclei, in particular the red nucleus, and in the
thoracolumbar spinal cord. Grafts inserted at the high cervical level induced larger
numbers of neurons in the brainstem to regenerate but virtually no neurons in the
thoracolumbar cord. Conversely, grafts inserted at midthoracic or lumbar level resulted
in very few or no brainstem neurons being retrogradely labelled from the graft. Thus for
both rubrospinal neurons and spinal projection neurons, the most proximal injury is the

most effective at eliciting regeneration.

Retinal ganglion cells also show similar behaviour. Grafting of a peripheral nerve to a
severed optic nerve 2mm from the eye resulted in successful regeneration by retinal
ganglion cell axons, but at a distance of 7mm the response was poor (Richardson et al.,
1982b; Berry et al.,, 1986). It seems that many neurons respond strongly enough to
regenerate only if axotomised within a critical distance of the cell body, however it should

be noted that this distance varies widely between different classes of neurons.

For several of these results, changes in gene expression can be correlated with successful
regeneration. Thus rubrospinal neurons have been reported to upregulate c-Jun and the
mRNAs for GAP-43 and tubulin, and to downregulate neurofilament mRNAs following
a lesion to the lateral spinal cord at cervical level, but not at thoracic level (Tetzlaff et al.,

1991; Jenkins et al., 1993a; Fernandes et al., 1999). Retinal ganglion cells upregulate c-Jun
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and GAP-43 after optic nerve injury if the injury is 2-3mm from the eye, but not at 6-7 mm

(Doster et al., 1991; Hull and Bahr, 1994).

iv. The response of neurons of the peripheral nervous system to axotomy

Following peripheral nerve injury, there is extensive regrowth of axons and reinnervation
of target tissues may occur. While the success of such regeneration is partly due to the
trophic and structural support of Schwann cells in the distal stump, PNS neurons also
show a strong cell body response to axotomy, which includes a manifold increase in the
production of c-Jun (Jenkins and Hunt, 1991) and GAP-43 protein and message (van der
Zee et al., 1989; Woolf et al., 1990; Chong et al., 1992; Schreyer and Skene, 1993).

The changes in production of various cytoskeletal components which take place in
peripheral neurons after axotomy have also been well described. Thus o~ and B-tubulins
genes and proteins are upregulated in neurons of the superior cervical ganglion, the facial
nucleus and lumbar motor and sensory neurons following axotomy (Quesada et al., 1986;
Hoffman et al., 1987; Hoffman and Cleveland, 1988; Tetzlaff et al., 1988; Miller et al.,
1989; Muma et al, 1990). In particular, the Tal and TBII isoforms of tubulin are
upregulated (Hoffman and Cleveland, 1988; Milleret al., 1989). Neurofilaments are down-
regulated following axotomy (Hoffman et al., 1987; Wong and Oblinger, 1987; Tetzlaff
et al., 1988; Greenberg and Lasek, 1988; Oblinger and Lasek, 1988; Muma et al., 1990).

These changes persist until regeneration is complete and target tissues are reinnervated.

The importance of the neuronal response to axotomy in determining the degree of
regeneration which may result is most clearly observed in experiments on the central
branches of dorsal root ganglion neurons. Curiously, injury of the dorsal roots elicits a
very small response in the cell body, reflected by a smaller and more transient upregulation
of c-Jun and essentially no increase in GAP-43 (Schreyer and Skene, 1993; Jenkins et al.,
1993b; Chong et al., 1994a; Kenney and Kocsis, 1997). Downregulation of neurofilament
is also less than after peripheral axotomy (Greenberg and Lasek, 1988; Oblinger and
Lasek, 1988). Central axotomy also results in a relatively poor response in terms of

regeneration but a concomitant injury of the peripheral branch of the appropriate nerve,

37



which of course induces greater changes in gene expression, results in much more

vigorous regeneration of the central axon. Several experiments have illustrated this point.

Richardson and Verge (1987) showed that peripheral axotomy accelerates axonal
regeneration in the injured dorsal root. Animals were given bilateral crush injuries to the
L5 dorsal root, and a sciatic nerve crush on one side. Contralateral to the sciatic nerve
injury, axons in the dorsal root regenerated at a rate of 1 mm per day, but on the ipsilateral
side growth was accelerated approximately 3-fold. Similarly, when the L4 dorsal root was
transected and a peripheral nerve segment anastomosed, many more dorsal root axons
regenerated through the graft when the sciatic nerve was injured (Chong et al., 1996). The
central processes of primary sensory afferents which ascend in the dorsal columns of the
spinal cord will also regenerate into a peripheral nerve graft inserted into the cord.
However, such regeneration is achieved by only a small proportion of injured sensory
neurons unless the peripheral processes of these neurons are also injured. This procedure
increased the numbers of axons invading the graft by up to a hundred fold (Richardson and
Issa, 1984; Oudegaet al., 1994). Lastly, following a transection of the dorsal columns but
in the absence of a peripheral injury, axons show minimal sprouting and invasion of the
lesion and stop at the injury site. A sciatic nerve injury at the time of, or prior to, the spinal
cord lesion provoked considerable growth into and in some cases beyond the lesion, as
well as through grey matter around the lesion (Bavetta et al., 1999; Neumann and Woolf,

1999).

V. Cell death

Another aspect of the neuronal response to axotomy which deserves mention is the
propensity towards cell death which it also includes. Axotomy of some populations of
CNS neurons results in death of a significant proportion of the axotomised cells and in
these neurons, cell death and the vigour of the regenerative response are both correlated
with the distance of the axotomy from the cell body. For example, at least 90% of retinal
ganglion cells die following intraorbital axotomy (Sievers et al., 1987; Sievers et al., 1989)
but after intracranial axotomy the survival rate is significantly higher, at least initially
(Misantone et al., 1984; Aguayo, 1985; Hull and Bahr, 1994) but the vigour of

regeneration is reduced (Richardson et al., 1982b). In the spinal cord, 30% of neurons in
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Clarke’s nucleus die after axotomy at L1, but the death rate falls to 15% when the
axotomy is performed at C5 (Loewy and Schader, 1977). Death rates of septal cholinergic
neurons after transection of the fimbria-fornix also vary with the distance of the cells from
the lesion (Sofroniew and Isacson, 1988). It appears that in many cases the same stimulus
which is required for successful regeneration of the axon also increases the likelihood that
the neuron will die. This may be a consequence of the increased expression of c-Jun in
injured neurons, as this molecule has also been implicated in both regeneration and

apoptosis (Ham et al., 1995; Herdegen et al., 1997).

Vi. Summary

Broadly speaking it appears that those neurons which are capable of regenerating axons
into nerve grafts respond to axotomy with changes in gene expression, although there are
variations and exceptions among different classes of neurons. Those which are not capable
generally show little or no response to axotomy. In those neurons in which successful
regeneration into a graft requires a sufficiently proximal axotomy, the magnitude of the
cell body response and the associated changes in expression of these genes also varies with
the proximity of the axotomy to the cell body. It appears that in order to regenerate an
axon into a peripheral nerve graft, a neuron must be stimulated strongly enough by the
axotomy to initiate a program of axon regeneration. The neuronal cell-types which fail to
regenerate into peripheral nerve grafts also fail to upregulate any of the growth-associated
molecules mentioned above, although it should be noted that in many cases they express
them at a low level in the uninjured animal. Clearly the nature and strength of the neuronal
response to axotomy is a major factor in determining whether any attempt at regeneration
is made and whether it is successful. Some of the molecules expressed as part of this
response, such as GAP-43 and L1, are expected to play a direct role in axon elongation
or pathfinding processes in the growth cone. It would therefore be useful to establish
which genes are upregulated by neurons regenerating their axons. Characterisation of the
changes in gene expression following axotomy and during regeneration would aid our
understanding of what molecules may be necessary for a neuron to successfully regenerate
an axon, allow studies into how the expression of these molecules is controlled and
perhaps lead to approaches where regeneration may be enhanced by the manipulation of

gene expression. Therefore, the experiments described in Chapters 3-6 were designed to
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establish whether three candidate molecules, CAP-23, SCG10 and FKBP12 are

upregulated by neurons in response to axotomy and during axonal regeneration.

While the properties of the CNS environment which may make it unfavourable to
regeneration have been thoroughly investigated, and several strategies have been
developed to try to overcome these, there have been surprisingly few studies where
regeneration has been promoted by enhancing the expression of genes for growth-
associated molecules. Studies of transgenic mice which overexpressed GAP-43 in neurons
of the dorsal thalamus or in Purkinje cells failed to reveal greater regeneration of these
cells’ axons into peripheral nerve grafts or Schwann cell implants (Buffo et al., 1997,
Mason et al., 2000). Very recently, Bomze et al. (2001) reported overexpression of GAP-
43 and CAP-23 in primary sensory neurons enhanced regeneration of dorsal column axons
into peripheral nerve grafts. The potential for such an approach has been clear since the
effects of conditioning peripheral lesions on regeneration of DRG central axons was
established (Richardson and Issa, 1984; Richardson and Verge, 1986; Richardson and
Verge, 1987). The more recent experiments by Neumann and Woolf (1999), which
resulted in significant dorsal column fibre growth through a spinal cord lesion if the
primary sensory neurons were stimulated by a conditioning peripheral lesion, further
demonstrate this. Therefore, the experiments described in Chapter 7 were designed to
evaluate the extent to which overexpression of GAP-43 in primary sensory neurons of
transgenic mice might compensate for the lack of a cell body response following injury to

the central axon branches of these neurons.

40



1.5 Molecules investigated

A number of molecules have been examined in the studies presented here. In Chapters 3-6,
SCG10, CAP-23 and FKBP12 have been studied as candidates for regeneration-associated
molecules. The well established growth-related molecule GAP-43 has been examined as

a control for these experiments.

1. GAP-43

i, GAP-43, an established axon growth associated molecule

GAP-43 was one of the first growth-associated molecules to be identified in regenerating
axons (Skene and Willard, 1981; reviewed by Skene, 1989; Benowitz and Routtenberg,
1997), although it was first identified as a presynaptic phosphoprotein (Ehrlich and
Routtenberg, 1974; Zwiers et al., 1976). It is a major component of growth cones in
developing and regenerating neurons, where it comprises about 1% of total protein. Its
expression correlates well with axon growth and plasticity and while its function has
remained somewhat unclear there is accumulating evidence that GAP-43 lies on the
pathway between the receptors for extracellular guidance cues and regulation of the
cytoskeleton in the growth cone. It also has apparent roles in such processes as long-term
potentiation and synaptic vesicle release (see Oestreicher et al., 1997, for a review of all
aspects of GAP-43). Other names which have been used for GAP-43 are B-50,
neuromodulin, pp46 and F1.

ii. Expression by developing and regenerating neurons

GAP-43 is highly expressed by neurons in the developing mammalian nervous system
during the period of axogenesis. In the developing rat brain, GAP-43 expression is very
low while neuronal precursors divide and migrate, but at the onset of neurite outgrowth
high-levels of GAP-43 protein become detectable along the developing axons. Thereafter,
GAP-43 expression remains strong in the neuropil until synaptogenesis is completed (Neve
et al., 1987; Dani et al., 1991; Chong et al., 1992). GAP-43 is then down-regulated in

nearly all neurons, although low levels persist in most neurons in the adult, with higher
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levels in restricted sets of cells, particularly in areas believed to show high levels of
plasticity, such as hippocampus and the association areas of human neocortex (Neve et al.,
1988; McGuire et al., 1988; Meberg and Routtenberg, 1991; reviewed by Benowitz and
Routtenberg, 1997). Similarly, during peripheral nerve development, DRG neurons
express GAP-43 while they are growing their axons, beginning soon after the cells become
post-mitotic and continuing until postnatal day 4 (Biffo et al., 1990; Chong et al., 1992).
A subset of DRG neurons, predominantly smaller cells, retains moderate GAP-43

expression in the adult.

GAP-43 expression in neurons of adult animals correlates very well with axon
regeneration. Neurons with axons in peripheral nerves upregulate GAP-43 soon after
axonal injury and expression continues throughout the period of axon regeneration and the
re-formation of synaptic contacts. Following a sciatic nerve crush, GAP-43 expression in
DRG neurons is up-regulated 8-16 hours after the crush, and in motor neurons is
detectable by 24 hours (van der Zee et al., 1989; Woolf et al., 1990; Chong et al., 1992).
Expression persists for at least 2 weeks, but if reconnection with targets is prevented by

cutting and ligating the sciatic nerve, expression is maintained for much longer periods

(Chong et al., 1994b).

GAP-43 expression also correlates with CNS regeneration in lower vertebrates. In the
toad and goldfish, regenerating retinal ganglion cells begin to express GAP-43 4 days after
axotomy (Benowitz et al., 1981; Skene and Willard, 1981), which is shortly before the

onset of axon regeneration (Landreth and Agranoff, 1976).

GAP-43 is also upregulated by nearly all CNS neurons regenerating axons into peripheral
nerve grafts. Neurons of the thalamic reticular nucleus, and the substantia nigra pars
compacta and deep cerebellar nuclei all express high levels of GAP-43 mRNA when
regenerating axons into a peripheral nerve graft inserted into the thalamus, cerebellum or
striatum respectively (Vaudano et al., 1995; Woolhead et al., 1998; Chaisuksunt et al.,
2000a). The mRNA is upregulated in regenerating neurons in each case, with the
exception of neurons in the substantia nigra pars compacta where GAP-43 is expressed
at a high constitutive level but there is no detectable upregulation. GAP-43 protein is also

detectable in axons within the grafts (Campbell et al., 1991). GAP-43 upregulation lasts
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at least 6 weeks, probably reflecting the fact that no synaptic targets are available in the
grafts for the regenerating axons to contact. Neurons such as Purkinje cells, which do not
regenerate axons into grafts, do not upregulate GAP-43. Insertion of freeze-killed grafts
into the brain does not elicit a long-lasting upregulation of GAP-43 and axons do not

regenerate into these grafts (Chaisuksunt et al., 2000a).

Thus, no neurons have been shown to regenerate axons in vivo without expressing GAP-
43 and, although the characteristics of the cell body response to axotomy varies between
neurons (Anderson et al., 1998), the upregulation of GAP-43 expression is one of the
most constant markers of successfully regenerating cells. The high degree of correlation
between GAP-43 expression and axon growth and regeneration suggests a role for GAP-

43 in axon elongation towards targets.

iii. In vitro studies

In vitro studies on the effect of GAP-43 also suggest it has a direct role in neurite
outgrowth. Antisense oligonucleotides to GAP-43 mRNA inhibit neurite outgrowth by
PC12 cells (Jap Tjoen et al., 1992), block outgrowth by embryonic chick sensory neurons
on poly-L-lysine, and result in atrophied growth-cones on more permissive substrates
(Aigner and Caroni, 1993; Aigner and Caroni, 1995). Similarly, axon growth by
neuroblastoma cells is prevented or attenuated by transfection with anti-GAP-43
antibodies (Shea et al., 1991). Depletion of GAP-43 also leads to a deficiency in growth-
factor induced spreading and branching of the growth cone (Aigner and Caroni, 1995).
However, cultured DRG neurons from GAP-43 knockout mice (see part v) grow axons

at the same speed as wild-type neurons.

Conversely, overexpression of GAP-43 in non-neuronal cells can be enough to induce the
formation of neurite-like processes and growth-cone-like structures (Zuber et al., 1989;
Widmer and Caroni, 1993; Nielander et al., 1993; Verhaagen et al.,, 1994). GAP-43
overexpression also potentiates NGF-induced neurite outgrowth in PC12 cells (Yankner

et al., 1990).
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iv. In vivo studies with transgenic mice

The most convincing evidence that GAP-43 is not essential for axon growth comes from
studies of GAP-43 knockout mice (Strittmatter et al., 1995). These animals develop a
nervous system described as grossly normal, although some serious misrouting of axons
was discovered. The effect of the loss of GAP-43 on pathfinding was demonstrated at the
optic chiasm, a well-defined decision point where growing axons must choose between
entering the ipsilateral or contralateral optic tracts. At P1 most axons in the GAP-43-
deficient animals had failed to cross the optic chiasm, in contrast to wild-type animals.
Most axons continued to grow within the chiasm in apparently random directions. Those
axons which had crossed the chiasm were randomly distributed between the two tracts,
and showed no sign of the normal correlation between path choice and the position of the
retinal ganglion cell perikarya in the retina (Sretavan and Kruger, 1998). By P15, however,
many retinal ganglion cell axons had grown into the optic tracts, although there was still
an abnormally large proportion growing ipsilaterally, and many axons growing aberrantly

into the contralateral optic nerve.

Studies on a second strain of GAP-43 (-/-) mice revealed that retinal ganglion cell axons
also failed to form normal terminal fields in the lateral geniculate nuclei, suggesting the
GAP-43 deficient axons had failed to invade these regions (Zhu and Julien, 1999). It has
also been found that the anterior and hippocampal commisures and the corpus callosum
do not form in GAP-43 knockout mice (Shen et al., 2000) and these animals also exhibit

a disrupted cortical somatotopic map (Maier et al., 1999).

These data all suggest that GAP-43 is not essential for axonal growth and, in combination
with the results of in vitro studies, lead to the alternative idea that it may play a major role
in axonal pathfinding. This is consistent with data linking GAP-43 to cell recognition
molecules, second-messenger systems and actin cytoskeleton dynamics in the growth-cone

(see parts vii-ix of this section).

Transgenic mice which overexpress GAP-43 in neurons in the adult have also been
generated (Aigner et al., 1995). Several strains of animals were generated expressing

either mouse or chick GAP-43 under the control of the modified Thy-1 promoter, which
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drives expression in a neuron-specific manner, commencing postnatally. Spontaneous
sprouting of motor axons was found at the neuromuscular junctions of unoperated animals
and axonal sprouting in response to botulinum-toxin induced paralysis was enhanced.
Hippocampal mossy fibres also showed aberrant sprouting in the transgenic animals. The
authors also reported that the speed of peripheral nerve regeneration was increased. Again,

this evidence supports the view that GAP-43 promotes axonal growth.

V. GAP-43 expression without regeneration

While GAP-43 is almost certainly important for axon growth and accurate pathfinding, it
is not necessarily sufficient on its own to promote regeneration into peripheral nerve grafts
or Schwann cell implants in neurons which will not normally do so. Many CNS neurons
which do not regenerate into peripheral nerve grafts express GAP-43 at alow or moderate
level in the intact animal, and experimentally induced expression of GAP-43 is insufficient

to induce regeneration.

In the thalamus, neurons of the dorsal thalamus are poor at regenerating into nerve grafts,
and those in some nuclei will almost never do so (Vaudano et al., 1995). These neurons
constitutively express moderate levels of GAP-43, although they fail to upregulate it
following axotomy. Overexpression of GAP-43 in these neurons in transgenic mice does

not enable them to regenerate axons into peripheral nerve grafts (Mason et al., 2000).

Pyramidal cells of the neocortex fail to regenerate into peripheral nerve grafts in the spinal
cord (Richardson et al., 1982a; Richardson et al., 1984; Blits et al., 2000) although they
constitutively express GAP-43. Purkinje cells, on the other hand, do not regenerate axons
into nerve grafts and neither express GAP-43 normally nor upregulate it following injury
(Vaudano et al., 1998; Chaisuksunt et al., 2000a), so it was thought this might account for
their failure to regenerate. However, Purkinje cells of transgenic mice which express GAP-
43 also fail to regenerate axons even into an apparently favourable environment provided
by Schwann cell grafts (Buffo et al., 1997). Clearly, GAP-43 has additional functions in

adult neurons, most probably related to synaptic activity.
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VL Interactions with second messenger systems and the cytoskeleton

The precise mechanism of action of GAP-43 in the complex pathways controlling growth
cone behaviour is unclear, but it has several properties which might allow it to intervene
between the cell membrane and the cytoskeleton. GAP-43 interacts with several second-
messenger systems in the growth cone, including protein kinase C (PKC), the G-protein
G,, and the calcium-binding-protein calmodulin (Benowitz and Routtenberg, 1997). An
important feature of GAP-43 is its association with the cytoskeletal elements actin, a-
actinin, talin and fodrin (Moss et al., 1990; Meiri and Gordon-Weeks, 1990). Expression
of GAP-43 in COS cells causes the formation of filopodia, and in these circumstances
GAP-43 associates with filamentous actin (Widmer and Caroni, 1993). Interaction
bétween GAP-43 and actin has also been demonstrated in cell-free systems (Hens et al.,

1993; He et al., 1997).
Vi, Phosphorylation and membrane linkage

GAP-43 activity appears to be regulated at transcriptional and post-transcriptional levels.
Its activity is influenced by phosphorylation (it is the major neuronal substrate for protein
kinase C) and it is also possible that there is some control of its membrane association.
GAP-43 contains a short amino-acid sequence which is subject to phosphorylation by PKC
at serine 41, and also binds calmodulin. These two functions are mutually exclusive, i.e.
phosphorylated GAP-43 cannot bind calmodulin and calmodulin-bound-GAP-43 cannot
be phosphorylated (Alexander et al., 1987). This property suggests the domain functions
as a two-way switch, such that the phosphorylation/calmodulin-binding status of GAP-43

regulates its activity.

Several lines of evidence indicate that the phosphorylation status of GAP-43 affects its
activity. Mutation of the phosphorylation site of GAP-43 such that it can no longer be
phosphorylated reduced its association with the membrane cytoskeleton (Meiri et al.,
1996) and overexpression of this form of GAP-43 in transgenic mice induced less
sprouting at the neuromuscular junction than did wild-type GAP-43 (Aigner et al., 1995).
The properties of each form with respect to actin binding were investigated by He et al.

(1997). Both forms of GAP-43 bind F-actin, but phosphorylated GAP-43 stabilised long
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actin filaments, whereas calmodulin-bound dephosphorylated GAP-43 inhibited actin
polymerisation. The phosphorylation state of GAP-43 in growth cones and its relationship
with growth-cone behaviour was investigated by the same group (Dent and Meiri, 1998),
using double-labelling immunofluorescence with one antibody which was specific for
phosphorylated GAP-43 and one which detected GAP-43 regardless of its phosphorylation
state. They found that while GAP-43 was distributed fairly uniformly throughout growth-
cones, phosphorylated GAP-43 was often found in localised areas, particularly in the shaft
of the neurite proximal to the growth-cone and in the lamellae, or distinct areas of them.
High levels of GAP-43 phosphorylation were associated with lamellar expansion and with
stability of both the neurite shaft and the central region of the growth cone, while low
levels were found during retraction of lamellae, and during retraction of the neurite shaft
and the central region of the growth cone. This supports the idea that GAP-43 is involved
in the regulation of such cytoskeletal activity in the growth cone as is necessary for
motility and adhesion, in a manner determined by its phosphorylation status. However,
phosphorylation status has been found to be unimportant in at least one model: Aarts et
al. (1998) demonstrated that GAP-43 promoted the formation of filopodia in fibroblasts
but found that the effects of phosphorylation site mutants of GAP-43 were

indistinguishable from those of the wild-type protein.

Membrane attachment of GAP-43 is mediated by the N-terminal domain (Liu et al., 1991,
Liu et al., 1994) which contains two cysteine residues (Cys3 and Cys4). These are
reversibly modified by the addition of palmitic acid (Skene and Virag, 1989) and
palmitoylation is required for membrane targeting (Liu et al., 1993; Aarts et al., 1995) and
association with the cortical cytoskeleton (Wiederkehr et al., 1997). GAP-43 is specifically
localised to ‘raft’ membrane microdomains (Maekawa et al., 1997; Aarts et al., 1999;
Laux et al., 2000), cholesterol rich regions which are resistant to detergent extraction and
contain high concentrations of receptors and signalling molecules (reviewed by Simons
and Toomre, 2000). Targetting of GAP-43 to rafts requires other parts of the N-terminal
domain in addition to the palmitoylated cysteine residues (Wiederkehr et al., 1997). There
is some evidence that GAP-43 activity may also be controlled by regulation of its
attachment to the plasma membrane. Activation of L-type voltage-sensitive calcium-
channels in growth cones in vitro results in phosphorylation of GAP-43 and the release of

GAP-43 from the membrane (Fukura et al., 1996; Ohbayashi et al., 1998). However,
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phosphorylation of GAP-43 in itself does not lead to dissociation from the membrane
(Wiederkehr et al., 1997; Laux et al., 2000). Both membrane-bound and cytosolic GAP-43
co-exist in the growth cone in vivo (Skene and Virag, 1989). That palmitoylation-
mediated membrane attachment may be of importance for GAP-43 activity was shown by
Aarts et al. (1998) who found that GAP-43-induced formation of filopodia was abolished
by mutation of the Cys3 and Cys4, which prevents acylation. Palmitoylation status has
been proposed to regulate GAP-43 membrane binding (Sudo et al., 1992) but there is little

evidence for active regulation of palmitoylation in vivo.

viii.  Mechanism of action of GAP-43

Evidence has been found for at least 5 mechanisms by which GAP-43 might act in the

growth-cone:

1. Regulation of calmodulin availability. Because only non-phosphorylated GAP-43 binds
calmodulin, it has been proposed that GAP-43 acts by regulating calmodulin availability
(Liu and Storm, 1990; Estep et al., 1990). In support of this idea, Slemmon and Martzen
(1994) demonstrated that in low physiological concentrations of Ca** GAP-43 inhibited
nitric oxide synthase (NOS), a calmodulin target. NOS inhibition was abolished by
increased Ca®* concentration or phosphorylation of GAP-43, both of which cause
calmodulin to dissociate from GAP-43 (Andreasen et al., 1983; Cimler et al., 1985;
Alexander et al., 1987).

2. Regulation of G-protein activity. Strittmater et al. 1990 showed that GAP-43 stimulates
the heterotrimeric G-protein G,. However, activated G-proteins such as G, generally
inhibit growth-cone motility (Igarashi et al., 1993), whereas GAP-43 generally promotes
it. This contradiction may be explained by the finding that palmitoylation prevents the
action of GAP-43 on G, (Sudo et al., 1992); whether non-palmitoylated GAP-43 (which

may be free of the membrane) may have a distinct role in the growth-cone is unclear.

3. Control of actin polymerisation via direct interactions. The association of GAP-43 with
actin in vivo and its binding of actin in vitro have been well-demonstrated (Moss et al.,

1990; Meiri and Gordon-Weeks, 1990; Strittmatter et al., 1992; Hens et al., 1993; He et
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al., 1997). As already mentioned, He et al. (1997) also showed that GAP-43 affects actin
polymerisation in different ways depending on its phosphorylation/calmodulin binding
status. Phospho-GAP-43 favoured stabilisation of long actin filaments while dephospho-
GAP-43 inhibited extension of short filaments. The authors went on to suggest that GAP-
43 functions as amembrane-bound actin barbed-end capping protein, which regulates actin
polymerisation, and consequently controls actin filament extension away from the

membrane.

4. Control of cytoskeletal dynamics via Rho-type GTPases. These are a group of
molecules involved in a very wide range of cellular processes (see Hall and Nobes, 2000
and Luo, 2000 for review), and the exact function of each one depends on the context in
which they are active. Commonly, Rho-type GTPases regulate assembly and disassembly
of cytoskeletal components. Aarts et al. (1998) demonstrated that vector driven expression
of GAP-43 in the Ratl fibroblast cell line caused a significant increase in filopodia
formation, and showed not only that this was dependent on palmitoylation (see part viii
above), but that in this model GAP-43 acts through the small GTPase Rho. A dominant
negative mutant of Rho prevented the morphological actions of GAP-43, while a

constitutively active mutant of Rho mimicked them.

5. Control of actin dynamics by regulating the availability of the lipid second messenger
PI(4,5)P, This mechanism was proposed by Laux et al. (2000) for both GAP-43 and
CAP-23 and is discussed in the section on CAP-23, below.

Each of these mechanisms may be important for GAP-43 function, but the relative

importance of each one remains to discovered.

ix. Other information

A dominant-negative form of GAP-43 was recently generated (Laux et al., 2000). This
protein lacks the domain which contains the calmodulin-binding activity and the protein
kinase C phosphorylation sites. Expression of dominant-negative GAP-43 in PC12 cells
prevented neurite outgrowth in response to NGF. Transgenic mice expressing this protein

in neurons showed a reduction in the speed of peripheral nerve regeneraton following a
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crush injury, although there was no difference in the final extent of reinnervation of the
muscles. In addition, the dominant negative GAP-43 greatly inhibited botulinum-toxin
induced sprouting at the neuromuscular junction of the soleus muscle. Surprisingly,
however, sprouting was induced at synapses in the medial gastrocnemius muscle. These

synapses do not sprout greatly in wild-type animals.

Meiri et al. (1998) found convincing evidence that GAP-43 acts on a pathway between
cell-adhesion molecules and growth cone motility. The promotion of neurite outgrowth
by the NCAM was abolished in neurons from GAP-43 knockout mice, while integrin-
mediated neurite outgrowth was normal. Outgrowth on NCAM induced phosphorylation
of GAP-43, as did the presence of solubilised forms of both NCAM and L1. Activation
of the FGF receptor or pharmacological activation of the arachidonic acid signalling
cascade, both of which are thought to mediate signalling by these cell-adhesion molecules,

also led to GAP-43 phosphorylation.

Additional data on GAP-43 will be discussed in the following section on CAP-23.

2. CAP-23

i CAP-23: a molecule with similar properties to GAP-43

CAP-23, also known as NAP-22 or BASP-1, was first identified in the chick by Widmer
and Caroni (1990). Subsequently, the rat, bovine and human forms were also identified
independently (Maekawa et al., 1993; Mosevitsky et al., 1994; Mosevitsky et al., 1997).
The similarities between CAP-23 and GAP-43, described below, suggest that the two
molecules may have similar functions and that CAP-23 may also have an important role
in axon growth during development, regeneration and in circumstances of synaptic
plasticity. It was first isolated from a protein fraction enriched in elements of the cortical
cytoskeletal (which underlies the plasma membrane) and was identified by its anamolous
behaviour on polyacrylamide gels, a property it shares with GAP-43 (Widmer and Caroni,
1990). CAP-23 is expressed by all tissues during development but declines in most tissues,
until at birth it persists only in the nervous system and, to a lesser degree, in the intestines

(Widmer and Caroni, 1990). In 8-week old rats its expression was brain-specific
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(Maekawaetal., 1993). CAP-23, GAP-43 and a third molecule, MARCKS (myristoylated
alanine-rich protein kinase C substrate), share a number of biochemical properties
(Maekawa et al., 1993), and have been regarded as a distinct functional group of
membrane-associated cytoskeleton-modulating molecules (Wiederkehr et al., 1997; Frey
et al., 2000; Laux et al.,, 2000). These shared properties are: an unusual amino acid
composition; they are highly hydrophilic; they are protein kinase C substrates; they are
bound by calmodulin; and they are membrane-linked via acylation. Some sequence
similarity was detected between CAP-23 and GAP-43 (Widmer and Caroni, 1990;
Mackawa et al., 1993) but was ascribed by the former to the similar unusual amino acid

composition.

ii. Biochemical properties

GAP-43 is membrane-linked via palmitoylated cysteine residues, and the analogous
modification of CAP-23 is myristoylation at the N-terminal glycine following cleavage of
the initial methionine (Maekawa et al., 1994a; Takasaki et al., 1999). As there are no
hydrophobic domains in the amino acid sequence, the hydrophobic myristate group and
the N-terminus of the protein are thought to be responsible for the membrane localisation
of CAP-23 (Mackawa et al., 1994a; Mosevitsky et al., 1997). Unlike GAP-43, which
exists in both acylated and non-acylated forms in the growth cone (Skene and Virag,

1989), all or almost all CAP-23 is apparently myristoylated (Mosevitsky et al., 1997).

Like GAP-43, CAP-23 also localises to raft fractions of neuronal membrane (Maekawa
et al., 1997; Maekawa et al., 1999; Laux et al., 2000). These two proteins were found in
the same detergent-resistant fraction, along with subunits of G-proteins and the tyrosine
kinases src and fyn (Maekawa et al., 1997). In fact, GAP-43, CAP-23 and MARCKS are
all associated with plasmalemmal rafts and colocalise at the plasma membrane (Laux et al.,
2000) and may be involved in raft assembly (Maekawa et al., 1999; Laux et al., 2000).
Most of the CAP-23 protein was associated with rafts, whereas a significant proportion

of GAP-43 was not.

The myristoylated N-terminal region also contains the calmodulin binding site and the PKC
phosphorylation site on Ser6 (Maeckawa et al., 1994b; Takasaki et al., 1999). Consistent
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with this, myristoylation appears to be essential for calmodulin-binding and enhances
phosphorylation by protein-kinase C (Takasaki et al, 1999). As with GAP-43,
phosphorylation at this site and calmodulin-binding are mutually exclusive (Maekawa et
al., 1994b). However, both calmodulin binding and phosphorylation have been reported
to interfere with membrane binding. Calmodulin binding caused dissociation of CAP-23
from liposomes and from brain raft fraction (Maekawa etal., 1999), and Laux et al. (2000)
reported that, unlike GAP-43, CAP-23 dissociates from the membrane in response to
phoshorylation. Somewhat inconsistent with this is the observation that in vivo, most
CAP-23 is membrane associated (Maekawa et al., 1997). While it is tempting to assume
that phosphorylation of CAP-23 is dynamically regulated as is that of GAP-43, it should
be noted that physiological phosphorylation of CAP-23 has not been demonstrated in vivo,
and analysis of extracted brain protein indicated that no or almost no CAP-23 was
phosphorylated by PKC at Ser5 (Mosevitsky et al., 1997). However, in cultured
embryonic chick spinal cord neurons and in cultured brain slices, CAP-23 was
phosphorylated by pharmacological activation of PKC (Widmer and Caroni, 1990;
Maekawa et al., 1994b).

Further biochemical differences have been identified between GAP-43 and CAP-23: GAP-
43 binds calmodulin at lower Ca®* concentration (Andreasen et al., 1983; Cimler et al.,
1985), whereas CAP-23 binding of calmodulin requires higher Ca** concentration
(Maekawa et al., 1993); a co-sedimentation assay demonstrated little association of CAP-
23 with actin (Maekawa et al., 1993), unlike GAP-43 (Hens et al., 1993; He et al., 1997);
lastly, CAP-23 contains no domain equivalent to the G,-interacting domain of GAP-43
(Maekawa et al., 1993), and no such interaction has been reported. CAP -23 also shows
different subcellular localisation to GAP-43 in primary neuronal cultures, being found in
dendrites and the cell-body as well as the axon (Widmer and Caroni, 1990; Maekawa et

al., 1993).
Iii. Function

Functional similarity between GAP-43, CAP-23 and MARCKS was demonstrated in vitro.
In the growth cones of cultured neurons and in transfected non-neuronal cells, GAP-43,

CAP-23 and MARCKS showed a high degree of colocalisation, and are distributed in a
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characteristic punctate pattern (Wiederkehr et al., 1997).Vector-driven expression of these
three proteins in non-neuronal cells all caused similar changes at the cell surface, including
the formation of blebs, filopodia and long processes. CAP-23 and MARCKS potentiated
NGF-induced neurite-outgrowth in PC12 cells to the same extent as GAP-43 (Yankner
et al., 1990; Laux et al., 2000).

Transgenic mice which overexpress CAP-23 have been generated (Caroni et al., 1997).
These animals express CAP-23 in the spinal motor neurons of the adult, and showed a
similar phenotype to mice overexpressing GAP-43, namely spontaneous sprouting at the
neuromuscular junction and a potentiation of sprouting caused by botulinum-toxin induced
paralysis. Sprouts induced by CAP-23 were longer but less numerous than those induced
by GAP-43, and fewer growth-cone-like structures were detected. Double transgenic
animals expressing GAP-43 and CAP-23 showed much more sprouting than either of the
individual lines, suggesting the effects of the two proteins are additive in these
circumstances. As had been shown for GAP-43, CAP-23 expression also enhanced the
immediate regenerative sprouting response to sciatic nerve injury (before the arrival of
lesion-induced proteins transported from the cell body). An increase in synaptic density
at the neuromuscular junction was found in both lines of single transgenic mice. However,
in contrast to GAP-43 (Aigner et al., 1995), CAP-23 failed to induce sprouting of

hippocampal mossy fibres, despite strong expression in the dentate gyrus.

The possibility of functional similarity between CAP-23 and GAP-43 was explored by Frey
et al. (2000). The authors generated mice with null mutations at the CAP-23 allele, and
further strains in which the GAP-43 gene was knocked in to the CAP-23 locus (CAP23%A>
43GAP-43y or in which CAP-23 expression was driven by the adult and neuron specific Thy1
promoter. CAP-23 knockout animals showed increased neonatal mortality. No analysis
was made of axonal projections and possible misrouting in these animals, but they
exhibited enlarged ventricles and axonal and synaptic ultrastructural abnormalites in the
CNS, and morphological abnormalities at nerve terminals. The authors also reported a
deficit in sprouting at the neuromuscular junction in response to botulinum-toxin induced
paralysis. (A similar phenotype was reported for GAP-43 knockout mice.) This phenotype
was rescued by Thyl-driven expression of either CAP-23 or GAP-43, suggesting a high

degree of functional redundancy between the two molecules. Animals which were
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homozygous for the CAP-23 null mutation and the GAP-43 knock-in at the CAP-23 locus

were essentially rescued with respect to all aspects of the phenotype described above.

Cultured neurons from the CAP-23 knockout animals showed complex deficits in neurite
outgrowth, including reduced growth-cone stability, thinner and more winding processes,
or shorter processes. Some of these deficits were restored in neurons taken from the
CAP236APS/GAPS animals. In addition, some aspects of this phenotype were induced in
wild-type neurons by cytochalasin D, which inhibits actin polymerisation, implicating CAP-
23 (and GAP-43) in control of actin dynamics.

One observation that has been made by Frey et al. (2000) is that although GAP-43 appears
able to substitute for CAP-23 functionally, it tends to promote neurite growth with a
higher frequency of branching than does CAP-23. This was based on observations of the
CAP23CAP43GAP43 animals as well as a comparison of the animals which overexpress either

GAP-43 or CAP-23.

Less data is available for CAP-23 than for GAP-43 (for example, at present, there is no
data on possible effects of CAP-23 on actin polymerisation) but the functional redundancy
between these two molecules supports the notion that they act via similar mechanisms. It
seems reasonable, therefore, to suppose that some of the information gathered about

GAP-43 may also be broadly applicable to CAP-23.

iv. Proposed mechanism of action

Laux et al. (2000) presented evidence that GAP-43, CAP-23 and MARCKS may act
through the lipid second messenger phosphatidyl inositol (4,5) bisphosphate (PI (4,5)P,).
Overexpression of any of these 3 proteins promoted PI (4,5)P, retention at plasmalemmal
rafts, a property which was dependent on the presence of a full effector domain (the
calmodulin-binding domain/PKC phosphorylation site). The authors suggest that these
proteins act by binding PI (4,5)P, and regulating its availability, and that PI (4,5)P, in turn
regulates other molecules which control the actin cytoskeleton. Agents which lower
plasmalemmal PI (4,5)P, levels blocked neurite outgrowth by PC12 cells following NGF
treatment and process formation induced by GAP-43, CAP-23 or MARCKS. The PI
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(4,5)P, sequestering agent neomycin had complex effects on PC12 cells and simulated
some of the activities of the three proteins with respect to the cytoskeleton, but inhibited

others.

V. CAP-23 protein distribution in the nervous system

The distribution of CAP-23 protein has been examined in the CNS of young rats (Iino and
Maekawa, 1999; Iino et al., 1999). It was found to be widespread with dense
immunoreactivity in the neuropil, while most neuronal cell bodies and most nerve fibre
bundles were CAP-23 negative, although the pyramidal tract in the spinal cord was heavily
immunopositive. Ultrastructural localisation revealed that most CAP-23 immunoreactivity
is confined to axon terminals, where it is found in association with synaptic vesicles, and

dendritic spines.

Vi. Summary

CAP-23 shares a number of biochemical properties with GAP-43, and in addition, these
two molecules appear to have partially overlapping activities in vivo and in vitro. Given
the considerable evidence that GAP-43 has an important role in axon growth, it seems
likely that CAP-23 may be an important molecule for axon regeneration. Caroni et al.
(1997) reported that intramuscular nerves, which were previously devoid of CAP-23
immunoreactivity, became immunopositive after nerve injury. However, no study has been

made of CAP-23 expression during axon regeneration.

3. SCG10

i SCGI10, a developmentally regulated neuronal growth-cone protein

The SCG10 cDNA was originally cloned from adult rat superior cervical ganglion neurons
(Anderson and Axel, 1985). Much less data is available for this molecule as compared to
GAP-43 and CAP-23, but there is evidence that it is important for axon growth and
participates in the regulation of microtubule dynamics. It appears to be functionally similar

to stathmin (also known as Op18) to which it is related (Schubart et al., 1989; Okazaki
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et al., 1993). SCG10 is neuron specific and is expressed by neurons of the PNS and CNS
during development, with expression beginning around the time of differentiation of
neuronal precursor cells into neurons (Anderson and Axel, 1985). In the embryonic rat
brain SCG10 shows a high level of co-expression with GAP-43, although this diminishes
during post-natal development (Sugiura and Mori, 1995). SCG10 mRNA is upregulated
by PC12 cells which are induced to differentiate by NGF (Anderson and Axel, 1985; Stein
et al., 1988a). This upregulation is observable from 6 hours after NGF is applied and
persists for at least 2 weeks. Immunohistochemistry for SCG10 protein on embryonic
nervous system tissue and cell cultures reveals staining on axons and the presence of
protein in growth cones, where it appears to accumulate (Stein et al., 1988b). Also seen
is a punctate staining pattern in the perinuclear cytoplasm, which corresponds to
localisation of SCG10 to the Golgi apparatus (Di Paolo et al., 1997a; Lutjens et al., 2000).
Some SCG10 staining has also been observed in dendrites in vitro (Di Paolo et al., 1997b).

ii. Membrane association of SCG10

While it lacks a membrane-embedding signal peptide, a significant proportion of SCG10
protein appears to be tightly membrane-associated, specifically with the smooth
microsomal membrane fraction, which represents organelles and vesicles (Stein et al.,
1988b). In fact, SCG10 associates with growth-cone vesicles, but not with the plasma
membrane or organelles other than the Golgi apparatus (Lutjens et al., 2000). Membrane
attachment is effected by 34 amino acids at the N-terminal of the protein. This domain
targets the protein to the Golgi apparatus and to the growth cone. Removal of this region
resulted in most protein becoming cytosolic in transfected COS-7 cells and PC12 cells (Di
Paolo et al., 1997a; Lutjens et al., 2000). Interestingly, the membrane attachment appears
to be via palmitic acid covalently linked to two cysteine residues within this region, a
mechanism also used by GAP-43 (Skene and Virag, 1989; see Section 1.5 viii). Both
palmitoylated cysteine residues are required for correct growth-cone targetting (Lutjens

et al., 2000).
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ifl. The stathmin family

SCG10 belongs to a family of which the most studied member is the ubiquitous cytosolic
protein stathmin (Schubart et al., 1989; Okazaki et al., 1993), and which also includes the
neuron-specific protein SCLIP (Ozon et al., 1998) and three splice variants of the RB3
gene (RB, RB’ and RB”) which are expressed in neurons and glial cells (Ozon et al.,
1997). Stathmin is involved in the regulation of microtubule dynamics (see McNally, 1999;
Walczak, 2000 for review) and promotes microtubule depolymerisation. In the context of
growth cone motility and navigation, microtubule dynamics play an important role. The
two ends of a microtubule (plus and minus) have different properties. The minus end is
generally stable while the plus end switches between phases of elongation and rapid
depolymerisation (Mitchison and Kirschner, 1984; Desai and Mitchison, 1997). This
dynamic instability is necessary for both forward movement and turing of growth cones
(Letourneau and Ressler, 1984; Bamburg et al., 1986; Williamson et al., 1996;
Challacombe et al., 1997). Its exact role in neurite extension is not clear although,
interestingly, microtubule depolymerisation can directly produce a motor force (Lombillo

et al., 1995).

iv. Functions of stathmin

As stathmin has been studied in more detail than has SCG10, it is worth summarising
briefly some of what is known about this molecule and its role in microtubule dynamics
(McNally, 1999; Walczak, 2000). Stathmin acts to destabilise microtubules, primarily by
increasing the rate of microtubule catastrophe (catastrophe is the process whereby the
microtubule switches fromelongation to rapid depolymerisation) (Belmont and Mitchison,
1996; Marklund et al., 1996). Two modes of action have been proposed: firstly, that it
sequesters free tubulin dimers, thus reducing their availability for polymerisation; secondly
that it acts by directly inducing catastrophe at the plus end. Stathmin and tubulin form
complexes in vitro (Belmont and Mitchison, 1996; Curmi et al., 1997; Jourdain et al.,
1997), which is consistent with the first idea. However, Howell et al. (1999) demonstrated
that stathmin employs both modes of action, and that each activity could be ascribed to
separate parts of the protein. Consistent with this, in tissue culture, mutated stathmin

which has greatly diminished activity on microtubule dynamics still binds tubulin
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effectively (Larsson et al., 1999a), and conversely a C-terminal-deleted protein showed
much reduced tubulin-binding activity but retained most of its ability to induce microtubule

depolymerisation (Larsson et al., 1999b).

The probable mechanism by which stathmin directly promotes catastrophe has also
become clear (McNally, 1999). Microtubules are assembled from heterodimers of a- and
B-tubulin. Each monomer of free tubulin dimers binds a molecule of GTP. In
microtublules, the f-tubulin-bound GTP may be hydrolysed to GDP, and this causes the
conformation of the tubulin dimer to become favourable to dissociation from the
microtubule. In fact, on addition to an existing microtubule the ‘incoming’ tubulin dimer
hydrolyses the GTP associated with the tubulin previously at this end. Consequently, on
each microtubule only this last tubulin dimer to be added at the plus end does not have its
associated GTP molecule hydrolysed to GDP. The microtubule is maintained in the
polymerised state by the single subunit at the plus end which still retains its GTP. (It
appears that rapid depolymerisation can only occur in the plus to minus direction. For
example, cleavage of a microtubule results in catastrophe of the exposed plus end, but not
of the exposed minus end (Tran et al., 1997).) Stathmin acts by promoting hydrolysis of
GTP bound to this capping tubulin, so the cap effectively ceases to exist and
depolymerisation results (Howell et al., 1999). This may be partly by stimulating the
GTPase activity of tubulin (Larsson et al., 1999b).

Stathmin activity is regulated by multiple kinases. It is phosphorylated in vivo by protein
kinase A (PKA), MAP kinase and several other kinases, and phosphorylation inhibits the
activity of stathmin in promoting microtubule disassembly (Melander et al., 1997; Larsson
et al.,, 1997; Di Paolo et al, 1997c; Gavet et al., 1998; Gradin et al., 1998).

Phosphorylation also reduced the formation of stathmin-tubulin complexes.

As a ubiquitous protein cytosolic protein stathmin is expected to be important for diverse
cellular processes, but has been studied most in the context of chromosome segregation
during mitosis. A role in neurite outgrowth may perhaps be implied by the finding that
PC12 cells show a requirement for stathmin expression in order to differentiate

morphologically (Di Paolo et al., 1996).
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V. Function of SCGI0

SCG10 appears to have a similar function to stathmin, presumably modified to be useful
in a neuron-specific context. It co-purifies with microtubules, and in vitro it inhibits
microtubule polymerisation and promotes disassembly of existing microtubules (Riederer
et al.,, 1997). It also counteracts the effects of microtubule-associated proteins in
promoting microtubule assembly, and can induce partial depolymerisation of microtubules
stabilised by taxol. Microtubule depolymerising activity is common to all members of the
stathmin family (Gavet et al., 1998), making it highly likely that the stathmin homology
region in these proteins is functionally conserved, and that SCG10 and its other relatives

act in a similar way to stathmin.

SCG10 is phosphorylated at serines 50 and 97 by protein kinase A, serines 62 and 73 by
MAP kinase and serine 73 by cyclin-dependent kinase (CDKS5/p25)(Antonsson et al.,
1998). Two phospho-isoforms and the non-phosphorylated form of SCG10 were found
to exist in vivo in postnatal rat brain. As with stathmin, phosphorylation reduces the
microtubule-destabilising activity of SCG10. Various phosphorylation site mutants of
SCG10 were expressed in cultured COS-7 cells and the microtubule-destabilising activity
of each was analysed. SCG10 with non-phosphorylatable residues at all four sites showed
a significant increase in microtubule depolymerisation activity, while
pseudophosphorylated mutants showed decreased activity (Antonsson et al., 1998).

SCG10 was also more active in soluble form than in membrane-bound form.

Vi. SCG10 and neurite outgrowth

PC12 cell lines engineered to overexpress SCG10 showed increases in both the frequency
and speed of neurite outgrowth in the presence of NGF, suggesting a significant role for

SCG10 in neurite outgrowth, although no neurite outgrowth was observed in these lines

in the absence of NGF (Riederer et al., 1997).
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Vi, Expression of SCG10 in the adult

The expression pattern of the SCG10 mRNA, and mRNAs for its family members, has
been examined in the adult rat brain (Himi et al., 1994; Ozon et al., 1999). SCG10 is
expressed in most areas of the brain, with particularly strong signals reported in
hippocampus and cerebellar cortex. Moderately strong expression was found in neocortex,
and the deep cerebellar nuclei, while lower levels were found in the thalamus. Himi et al.
(1994) suggested that SCG10 expression correlates with long axons or extensive dendritic
arborization, and that it may be involved in synaptic plasticity in the adult, as has been
suggested for GAP-43. This possibility was supported by the finding that after unilateral
partial ablation of the cerebral cortex, SCG10 was upregulated in the part of the
contralateral cortex which projects across the midline to the deafferented striatum,

coincident with the formation of new synapses by these neurons (McNeill et al., 1999).

viii.  Summary

SCG10 expression has not been examined in regenerating neurons, but its developmentally
regulated expression, its location in the growth cone, and its possible role mediating
signalling to the microtubule cytoskeleton make it a suitable candidate for a regeneration-

associated molecule.

4. FKBP12

A FKBPI2

FKBP12 was first identified as a target of the immunosuppressant drugs FK506 and
rapamycin and is one of a class of such molecules known as immunophilins, which
comprises other targets of FK506 (FK-binding proteins) and the cyclophilin family.
Interest subsequently developed in the roles of immunophilins in the nervous system when
it became known that FK506 and related compounds (immunophilin ligands) showed
neurotrophic activity in the contexts of axon regeneration and neuroprotection (reviewed
by Gold, 1997; Hamilton and Steiner, 1998). A number of experiments have subsequently

provided further evidence that FK506 and related compounds promote neurite growth and
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axon regeneration, but the relative importance of FKBP12, as opposed to the other FK-

binding proteins, for regeneration and its possible role in this processs are not clear.

il. Enzymatic activity

When it was first identified, FKBP12 was shown to have peptidylprolyl cis-trans
isomerase, also known as rotamase, activity (Siekierka et al., 1989; Harding et al., 1989).
The amide bonds of the amino acids which make up proteins can exist chemically in two
isomeric forms, cis and trans. The normal form of these bonds is the trans form but in the
case of proline, a relatively high proportion of its associated amide bonds are found in the
cis form. The enzymatic activity of FKBP12 converts this bond back into the trans form.
It shares this activity with other immunophilins (Hamilton and Steiner, 1998).

ii. FKBPI12 as a target of immunosuppressant drugs

FKBP12 mediates the immunosuppressive actions of the drugs FK506 and rapamycin.
Both drugs bind the rotamase active site of FKBP12 and inhibit this enzyme activity and
both molecules also contain additional domains which extend over other parts of FKBP12.
Each drug, however, acts through a different pathway. The immunosuppressant actions
of FKBP12-FK506 complexes (as well as cyclosporin A acting on cyclophilin), are
thought to be due to inhibition of calcineurin, resulting in increased phosphorylation of the

transcription factor NF-AT (Armistead and Harding, 1993).

Rapamycin acts on a different pathway, inhibiting T-cell proliferation in response to IL-2,
via the kinase known as FRAP (Brown et al., 1994) or RAFT1 (Sabatini et al., 1994); sce
also Brown and Schreiber (1996). Because inhibition of rotamase activity does not appear
to be important for the immunosuppressive actions of FK506 and rapamycin (Bierer et al.,
1990; Dumont et al., 1992; Ocain et al., 1993) these two molecules have been thought of
as each containing a rotamase-inhibition domain and an ‘effector’ domain which may
confer a gain-of-function to FKBP12 (in the case of FK506 this is a calcineurin-binding
domain; Schreiber, 1991).
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iv. Cellular roles of FKBP12

FKBP12 interacts with several proteins involved in calcium signalling, including the
intracellular calcium channels, the ryanodine receptor (RyR) and the inositol-1,4,5-
triphosphate receptor (IP;R) and also interacts with transmembrane receptor for TGFpB
family ligands. FKBP12 forms an integral part of the RyR and IP;R (Collins, 1991;
Cameron et al., 1995). In both cases, without FKBP12 the calcium flux properties of the
channel are altered such that it is less effective at both retaining calcium when closed and
releasing it when open (Jayaraman et al., 1992; Brillantes et al., 1994; Cameron et al.,
1995). FKBP12 serves a related role for the TGFp receptor and appears to inhibit
spontaneous self-activation of this receptor and so reduce the basal level of signalling

activity (Wang et al., 1996; Chen et al., 1997).

Both RyR and IP;R are regulated by phosphorylation and are dephosphorylated by
calcineurin. Calcineurin associates with FKBP12 in the context of immunosuppression and
and with the FKBP12-IP,R complex, raising the possibility that in the IP,R and RyR
receptor complexes, and possibly in the TGFB receptor, FKBP12 may be functioning as
a docking protein for this phosphatase (Cameron et al., 1997; Hamilton and Steiner,
1998).

V. FKBP12, immunophilin ligands and regeneration

The first evidence that FKBP12 may be involved in axon regeneration was the observation
that FK506 and rapamycin increased the rate of neurite outgrowth in vitro (Lyons et al.,
1994). Neurite outgrowth from PC12 cells was measured by counting the number of cells
with processes over 5um in length. PC12 cells showed an increase in this measure of
neurite outgrowth in the presence of either drug. In cultured embryonic rat dorsal root
ganglia, FK506 also enhanced neurite outgrowth, increasing the number and length of
processes. Anti-NGF antibodies reduced the effect of FK506 suggesting the drug was

increasing the sensitivity of DRG cells to NGF produced by Schwann cells in the culture.

FK506 was shown to improve regeneration of the injured sciatic nerve in vivo in the rat

(Gold et al., 1994), as assessed both behaviourally and morphologically. Animals were
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given a sciatic nerve crush, and speed of recovery was assessed by measuring the time until
the subjects could move the toes and the time until they could walk on the foot. FK506
significantly decreased the time required for regeneration to restore these functions. Drug
treatment also led to improved toe-spreading. Morphological assessment of regeneration
indicated an increased density of axonal profiles in nerve cross-sections. FK506 also

caused an increase in size of axons in the distal stump (Gold et al., 1995).

Following these reports it was found that after a peripheral nerve injury, FKBP12 is
upregulated by the axotomised neurons (Lyons et al.,, 1995). FKBPI12 mRNA was
upregulated in axotomised neurons supplying the sciatic nerve and the facial nerve
following injury, with a time course similar to that of the upregulation of GAP-43. The
authors also showed that FK506-binding activity is axonally transported and is found in
neonatal rat forebrain growth cone fraction, although at a lower level than in brain as a

whole.

It was also found that FK506 treatment caused a greater upregulation of GAP-43 mRNA
and c-Jun protein in axotomised DRG neurons (Gold et al., 1998a; Gold et al., 1999).
Beneficial effects of FK506 on axon regeneration have been reported in several other
models. Following a photothrombotic lesion of the spinal cord, FK506 treatment resulted
in greater upregulation of GAP-43 in injured neurons near the lesion (Madsen et al.,
1998). The authors also reported an improvement in behavioural scores following drug
treatment. FK506 caused an increase in size of axons regenerating into a predegenerate
peripheral nerve graft implanted into the injured spinal cord (Wang and Gold, 1999) and

unexpectedly promoted regeneration by rubrospinal neurons into the grafts.
The non-immunosuppressive FK506 analogues GPI-1046, L-685,818 and V-10,367 have

also been reported to have equivalent neurotrophic activity to FK506 (Gold et al., 1997,
Steiner et al., 1997a; Steiner et al., 1997b).
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Vi Further data concerning neurotrophic actions of immunophilin ligands and the

role of FBKP12

More recently findings have emerged which raise doubts about both the neurotrophic
activities of these molecules and the role of FKBP12 in mediating them. Harper et al.
(1999) found that GPI-1046, which inhibits the rotamase activity of FKBP12 but does not
cause calcineurin inhibition or immunosuppression, has minimal effects on neurite
outgrowth in chick sensory neuronal cultures, and Parker et al. (2000) found that FK506
is also ineffective on PC12 cells. FK506 fails to promote regeneraton in the injured optic

nerve (Campbell et al., 1999).

Against this, the effects of FK506 of promoting neurite outgrowth from DRG neurons and
of accelerating regeneration and functional recovery following peripheral nerve injury were
confirmed (Carreau et al., 1997; Doolabh and Mackinnon, 1999; Jost et al., 2000; Lee et
al., 2000) although the analogue V-10,367 was not shown to be effective (Becker et al.,
2000).

There is also some uncertainty about what is the important target of these drugs for
neurotrophic activity. Gold et al. (1999) reported that in fact, FKBP12 is not required for
this activity, and instead the actions of FK506 and its analogues on neurite growth are
mediated by FKBP52. FK506 caused a similar increase in speed of neurite outgrowth in
cultures from both FKBP12 knockout and wild-type mice. The authors went on to show
that an antibody to another FK506-binding protein, FKBP52, blocked the effect of FK506
in promoting neurite outgrowth, and suggested that FK506 acts by dissociating FKBP52

from steroid-receptor complexes.
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Vil. Summary

Overall, the importance of FKBP12 in axonal regeneration remains unclear, and some
disagreement exists over whether FK506 or its analogues have genuine neurotrophic
effects, and whether any such effects are mediated by FKBP12. However, the reported
upregulation of FKBP12 by regenerating neurons supplying injured peripheral nerves
suggests that it does have a role in axon regeneration. Extending such findings to other
systems in which axonal regeneration can be induced would add weight to the idea that

FKBP12 is involved in this process.

65



1.6  The response of spinal axons to injury

I Overview

As discussed above, neurons of the CNS show variable abilities to regenerate into
peripheral nerve grafts, and their ability to regenerate correlates with changes in gene
expression in the neuron. Of particular relevance to research on spinal cord injury are
neurons whose axons form the long fibre tracts of the spinal cord. Two important
descending tracts are the corticospinal and rubrospinal tracts. Together these illustrate the
differences between CNS neurons discussed earlier: rubrospinal axons will regenerate into
a peripheral nerve graft if axotomised sufficiently proximally, but corticospinal neurons
will generally not do so (Richardson et al., 1982a; Ye and Houle, 1997; Blits et al., 2000).
The final experiments presented in this study, described in Chapter 8, are concerned with

characterising gene expression in these two sets of neurons following axotomy.

il Corticospinal axons

Corticospinal axons have seldom been reported to regenerate into peripheral nerve grafts.
The only published example where this has been observed is a study by Cheng et al.
(1996), in which multiple transplants of intercostal nerve were used to bridge a complete
transection of the spinal cord, in combination with «FGF administered in fibrin glue. In this
study, the grafts were aligned to lead axons from the rostral white matter of the cord to
the caudal grey matter. The authors observed some regeneration of corticospinal fibres
through the grafts and into the distal grey matter. While this result remains unreplicated,
several other groups have attained some regeneration of corticospinal fibres by introducing
neurotrophic factors with or without peripheral nerve grafts or Schwann cell transplants.
A common feature of these experiments is that corticospinal axons often appear to show
a marked preference for the intact grey matter of the spinal cord over other tissue,
including Schwann cells (Schnell and Schwab, 1990; Grill et al., 1997; von Meyenburg et
al., 1998; Blesch et al., 1999; Blits et al., 2000; Ferguson et al., 2001). The most striking
example is the recent work by Blits et al. (2000). In this study intercostal nerves were
transduced with an adenoviral vector such that Schwann cells in the nerves would express

NT-3, which is one of the few neurotrophins not usually made in injured peripheral nerve.
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The transduced nerves were then implanted into the spinal cord below a dorsal
hemisection, which injured the component of the corticospinal tract found in the dorsal
funiculus. Curiously, the corticospinal axons grew greater distances if the nerves were
made to express NT-3, but did so in the grey matter underlying the nerve graft and no
corticospinal axons entered the nerve itself. This would suggest that the combination of
neurotrophins released by NT-3 producing Schwann cells is sufficient to drive growth in
these axons, but that they find grey matter a more attractive substrate than peripheral
nerve tissue. Ferguson et al. (2001) also found enhanced corticospinal axon growth
following implantation of predegenerated peripheral nerve tissue into a chronic spinal cord
lesion, combined with the provision of additonal neurotrophic factors, including NT-3.
Again, axon regeneration was confined to the grey matter around the lesion. Corticospinal
axons therefore have an unusual combination of properties, namely, that they will grow
axons in the presence of suitable trophic factors, or if certain inhibitory molecules are
neutralised, but are apparently do not find peripheral nervous tissue a favourable substrate

for growth. This aspect of corticospinal axon regeneration is little understood.

It is possible that it may reflect a lack of expression or upregulation of growth-associated
molecules, including those such as L1 and CHL1 which are involved in axon-Schwann cell
interactions, but gene expression in injured corticospinal neurons has been little studied.
Tetzlaff and co-workers reported that they upregulate GAP-43 following a proximal
(subcortical) lesion, but not following axotomy at the level of the pyramids (Tetzlaff and
Giehl, 1991; Tetzlaff et al., 1994), but studies of transcallosal neurons, another population
of pyramidal cortical projection neurons, found that a proximal lesion did not cause
upregulation of GAP-43 or of alpha tubulin (Elliott et al., 1997; Elliott et al., 1999). More
distal lesions of corticospinal neurons were found to result in a general down-regulation
of GAP-43 and cytoskeletal components (Mikucki and Oblinger, 1991; Tetzlaff et al.,
1994) attributed by the latter group to a general down-regulation of cell metabolism.
However, there have been no reports on expression by corticospinal neuron of other
molecules associated with regeneration and axotomy. Therefore it would be useful to

know what, if any, changes in gene expression occur in injured corticospinal neurons.
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iii. Rubrospinal neurons

As already discussed, gene expression in axotomised rubrospinal neurons has been
examined after thoracic and cervical lesions to the spinal cord. Thoracic lesions produce
little change in immediate-early gene expression in the red nucleus, but cervical lesions
produce upregulation of c-Jun in identified rubrospinal projection neurons (Jenkins et al.,
1993a), beginning at 12 hours post-injury and increasing until 10 days. Cervical lesions
were also reported to cause upregulation of GAP-43 and down-regulation of
neurofilament (Tetzlaff et al., 1991; Fernandes et al., 1999). Tubulins and actin were
initially upregulated but then declined after the first week to levels below those seen in the
contralateral control nucleus (Tetzlaff et al., 1991; Fernandes et al., 1999), but stronger
expression of c-Jun, GAP-43 and the Tal tubulin subtype persisted in some neurons for
up to 7 weeks (Tetzlaff et al., 1991; Jenkins et al., 1993a). The expression of these
growth-associated molecules in cervically injured rubrospinal neurons is reflected by the
fact that some of them are able to regenerate axons into a suitably placed peripheral nerve
graft after such an injury. However, the correlation in this case is minor: the number of
rubrospinal neurons which regenerate is very low, being under 2% (Richardson et al.,
1982a; Fernandes et al., 1999) whereas c-Jun and GAP-43 upregulation was found in a
majority of cells (Jenkins et al., 1993a; Fernandes et al., 1999). Nonetheless, the responses
found so far suggest that they may also upregulate other molecules but to date there is no

information on this.

1.7 Molecules studied by in situ hybridisation following spinal cord lesions

The expression of mRNAs for GAP-43, CAP-23 and SCG10 were all examined in
axotomised corticospinal and rubrospinal neurons, and these molecules have been
discussed extensively earlier. In addition, expression of the mRNAs for the axotomy-
associated transcription factors, c-Jun, ATF3 and Krox-24, and the cell-adhesion

molecules L1 and CHL1, was studied.
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A. Transcription factors

Of the large number of constitutive and inducible transcription factors found in neurons
only c-Jun, JunD, Krox-24 (reviewed by Herdegen and Leah, 1998) and recently ATF3
have been found to be upregulated in axotomised neurons for more than brief periods. C-
Jun was long considered to be the only one consistently upregulated for the duration of
the regeneration process and was therefore thought to be a good candidate for a
transcriptional regulator involved in the initiation of the axon-growth program, which
includes upregulation of growth-associated molecules and the production of the general
machinery of axon growth. Direct evidence for this was generally lacking, however, and
the recent discovery that ATF3 is also induced by axotomy may require reassessment of
this model. Krox-24 is also upregulated in some axotomised CNS neurons but is not

associated with regeneration. JunD expression was not examined in this study.

1. C-Jun

C-Jun is a transcription factor and immediate early gene, and can be expressed by all cell
types. C-Jun dimerizes with itself and with other proteins, such as JunD, JunB, Fos family
members, and ATF/CREB family members to formthe AP-1 transcription factor complex.
C-Jun’s transcriptional activity is regulated by phosphorylation at two serine residues
(ser63 and ser73) by the jun-N-terminal kinase (JNK) family. In most cell types, the AP-1
complex is involved in the response to various stimuli such as UV-irradiation induced
stress and exposure to pro-inflammatory cytokines or growth factors, and is also involved
in the control of cell proliferation and apoptosis (reviewed by Karin et al., 1997). The
apparent role of c-Jun in neurons is at least in part rather different, in that its expression
is associated with axotomy, axon regeneration and apoptosis (reviewed by Herdegen et
al., 1997). Upregulation of c-Jun has been correlated well with axotomy and subsequent
regeneration in several models, and with the strength of the cell body response, and

therefore it may play a pivotal role in the neuronal response to axotomy.

C-Jun is upregulated by motor and sensory neurons supplying peripheral nerves following
nerve injury or blockade of axon transport (Jenkins and Hunt, 1991; Leah et al., 1991;

Herdegen et al., 1992; Jenkins et al., 1993b). Upregulation occurs within 24 hours and
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continues until around the time of target reinnervation. There have been many subsequent
reports, too numerous to list here, of c-Jun protein or mRNA upregulation in PNS neurons
and extrinsic CNS neurons regenerating axons after nerve injury, and in intrinsic CNS
neurons following axon injury (these are listed in Herdegen and Leah, 1998). In addition,
enhanced phosphorylation of c-Jun and activation of JNK has been demonstrated in
axotomised neurons after sciatic nerve injury (Kenney and Kocsis, 1998). Neuronal c-Jun
expression is a constant correlate of peripheral nerve regeneration, and the intrinsic CNS
neurons which regenerate into peripheral nerve grafts also upregulate it. Retinal ganglion
cells and neurons of the TRN and deep cerebellar nuclei which are axotomised and then
successfully regenerate into a peripheral nerve graft have all been shown to upregulate c-
Jun or its mRNA for the duration of this regeneration (Hiill and Bihr, 1994; Vaudano et
al., 1998; Chaisuksunt et al., 2000a).

A good correlation is also found between c-Jun expression and the strength of the
subsequent regenerative response by the neuron. While peripheral nerve inury results in
massive c-Jun upregulation and vigorous regeneration, dorsal root injury, which results
in a much more limited regenerative response, leads to a more limited and less widespread
upregulation in the affected primary sensory neurons (Jenkins et al., 1993b; Kenney and
Kocsis, 1997). Similarly, while proximally axotomised retinal ganglion cells upregulate c-
Jun and regenerate axons into a peripheral nerve graft, distal (intracranial) axotomy of
retinal ganglion cells results in little or no c-Jun induction and poor regeneration into a
peripheral nerve graft (Hull and Bahr, 1994; Robinson, 1995). Rubrospinal neurons behave
similarly, in that cervical axotomy induces c-Jun and some ability to grow axons into
grafts, whereas thoracic axotomy induces neither (Richardson et al., 1984; Jenkins et al.,

1993a; Tetzlaff et al., 1994).

The correlation of c-Jun expression with regenerative axon growth would suggest that it
may be a transcriptional control point for regeneration-associated genes. However, the
correlation is imperfect: for example, insertion of a peripheral nerve graft into the striatum
elicits regeneration from nigrostriatal projections neurons, but upregulation of c-Jun is
observed in only a few SNpc neurons (Chaisuksunt, 1999). Generally, however, there is
good evidence that the increase in c-Jun during regeneration closely parallels the

upregulation of other growth-associated genes, such as GAP-43. However, little data is
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available on the in vivo importance of AP-1 activity in initiating or regulating transcription
of regeneration associated genes, or on its importance for successful regeneration. Only
two studies have provided information on the former point: analysis of the GAP-43
promoter revealed that it contains an AP-1 binding site which regulates its transcription
(Weber and Skene, 1998) and the gene for vasoactive intestinal peptide was shown to be
regulated by AP-1 activity acting via a cAMP-response element motif (CRE site)
(Mulderry and Dobson, 1996). Nonetheless, its co-expression with other regeneration-

associated molecules suggests it may lie upstream of these as well.

The picture is made more unclear by a second function ascribed to c-Jun in neurons,
namely that of control of apoptosis (Ham et al., 1995; Herdegen et al., 1997). C-Jun is
associated with neuronal apoptosis following cerebral ischaemia and is required for
programmed cell death in sympathetic neurons (Dragunow et al., 1993; Ham et al., 1995).
This activity is also associated with the c-Jun upregulation seen following axotomy as the
strong cell body response to axotomy which is associated with a vigorous regenerative
response is also associated with increased likelihood of cell death. It is not clear how the
opposing functions c-Jun is believed to have of regulating axon growth and apoptosis
would be separately regulated. A further indication that c-Jun has additional neuronal
functions is the fact that it is expressed at a moderate basal level in many neurons,
including some primary sensory neurons, and parts of the hippocampus and neocortex,
although given the variety of partners with which c-Jun can dimerize to form active

transcription factors it is unsurprising that it may have multiple functions.

2. ATF3

ATF3 (also known as LRF-1) is also a transcription factor and a product of an immediate
early gene. It may dimerize with itself to form a transcriptional repressor, or with multiple
other partners, including c-Jun, to form a transcriptional activator (Hai et al., 1999).
ATF3/c-Jun dimers recognise the CRE/ATF motif, as well as the AP-1 motif normally

associated with c-Jun (Hai and Curran, 1991).

Evidence has recently emerged that ATF3 is also expressed following axotomy, and may

be a more specific marker for axotomised neurons than c-Jun (Tsujino et al., 2000).
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Following sciatic nerve cut, ATF3 mRNA was induced in ipsilateral DRG neurons within
12 hours and in motor neurons within 24 hours. In addition, a near perfect correlation was
found between retrograde labelling of axotomised neurons and ATF3 expression. While,
as would be expected, a high degree of colocalisation of ATF3 and c-Jun was found, there
were some differences in expression of these two molecules. In the DRGs almost half the
neurons expressing ATF3 did not express c-Jun, but c-Jun expression was not found
without ATF3. In motor neurons nearly 100% colocalisation was found. Additionally,
ATF3 was not expressed at all in these neurons in the untreated animal, in contrast to c-

Jun which is expressed at a low level in motor and primary sensory neurons.

ATF3 is also expressed following axotomy of retinal ganglion cells (Takeda et al., 2000).
Its expression was found to be more transient than c-Jun, and begins to decline before the

onset of cell death. It was also expressed in fewer cells than c-Jun at any given time.

Although the formation of ATF3/c-Jun heterodimers has yet to be demonstrated in these
models, it is likely to occur. The mechanisms by which ATF3 expression is regulated have
not yet been thoroughly investigated, but initial evidence points to regulation by c-Jun,
possibly in conjunction with the constitutively expressed transcription factor ATF-2.
Activation of the jun N-terminal kinase pathway in HeLa cells results in ATF3 induction,
as does vector driven expression of c-Jun and ATF-2 (Hai et al., 1999). Little is known
about transcriptional targets of ATF3 homodimers, and there is no published data on
targets of ATF3/c-Jun dimers. It remains to be seen whether other regenerating or

axotomised neurons also express ATF3.

3. Krox-24

Krox-24, also known as NGFI-A, Zif/268, Zenk and Egr-1, is a transcription factor and
immediate early gene, but does not interact with AP-1 proteins although it is often co-
expressed with them (Herdegen and Leah, 1998). It is upregulated by some CNS neurons
following axotomy. Following transection of the medial forebrain bundle and the
mammillothalamic tract, Krox-24 expression was induced in the nucleus mammillaris, the
parafascicular thalamic nucleus, the ventral tegmental area and the substantia nigra pars

compacta (Leah et al., 1993; Herdegen et al., 1993a). Upregulation began between 1.5-3
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days after injury and persisted at least 10 days. Krox-24 expression has also been reported
in axotomised retinal ganglion cells of the rat (Herdegen et al., 1993b; Robinson, 1994),
but is not expressed in these cells if they are regenerating axons, either in the goldfish optic
nerve, or in the rat when regenerating into a peripheral nerve graft (Herdegen et al,,
1993b; Robinson, 1995). Krox-24 is not expressed by regenerating PNS neurons following
sciatic nerve crush (Herdegen et al., 1992). These data suggest that Krox-24 expression
is associated with axotomy in some neurons, but is not associated with regeneration. This
therefore qualifies it as a candidate for expression in corticospinal and rubruspinal neurons

following axotomy.

Krox-24 may be of particular interest in corticospinal neurons as its expression is also
associated with plasticity and learning in several contexts (Dragunow, 1996). It is
expressed in neurons during consolidation of long-term potentiation in the rat (Abraham
et al., 1991; Abraham et al., 1993), during behavioural learning tasks in primates (e.g.
Okuno and Miyashita, 1996), and during reorganisation of cat visual cortex after retinal
lesions (Obata et al., 1999). This last example involves growth of axon collaterals of
cortical pyramidal neurons within grey matter (Darian-Smith and Gilbert, 1994; Das and
Gilbert, 1995). Given the marked preference for grey matter shown by corticospinal axons
described in Section 1.6 ii this raises the interesting possibility that a Krox-24 response in
axotomised corticospinal neurons might direct axon growth in the grey matter of the spinal

cord.

B. Other growth-associated molecules: L1 and CHL1

L1 and CHL1 (close homologue of L1) are cell-adhesion molecules which are thought to
be important for the promotion of axon growth and correct guidance in vivo. These two
molecules belong to a family of four close relatives in the L1 gene family in vertebrates.
In the rat, mouse and humans the other family members are NrCAM and neurofascin. L1
family members are well-conserved across species. This family itself belongs to the larger
group of immunoglobulin-domain cell-adhesion molecules (Ig-CAMs) which includes the
NCAM and TAG-1 families, all belonging to the Ig superfamily (reviewed by Walsh and
Doherty, 1997; Hortsch, 2000). L1 and CHL1 are both thought to be growth-associated

and growth-promoting molecules.
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1. L1

During development, L1 is expressed by CNS neurons and by peripheral neurons and
Schwann cells. It is found on developing peripheral axons until myelination begins (Martini
and Schachner, 1986; Moscoso and Sanes, 1995). Observations made of axon growth in
vitro on L1 and laminin substrates suggest it probably promotes the fasciculation of axons.
Axon growth on laminin is normally fasciculated, but the introduction of anti-L1
antibodies prevents fasciculation, suggesting fasciculation is mediated by an interaction
between L1 molecules on different axons (Stallcup and Beasley, 1985; Drazba and
Lemmon, 1990). Axon growth on L1 is defasciculated. In humans, mutations in the L1
gene result in developmental defects of the nervous system, particularly malformation of
the corticospinal tract and corpus callosum (Wong et al., 1995) and similar defects were
observed in L1 knockout mice (reviewed by Kamiguchi et al., 1998). Expression of L1 is
maintained in the peripheral nervous system in the adult (Mirsky et al., 1986; Zhang et al.,

2000).

L1 is thought to be important for axon-Schwann cell interactions during peripheral nerve
regeneration. Although LI is not upregulated by axotomised neurons, it is expressed
normally by motor and some sensory neurons (Zhang et al., 2000). During peripheral
nerve regeneration L1 is upregulated by Schwann cells in the degenerating nerve and is
found on regrowing axons and Schwann cells at the points of contact between them, until
the onset of myelination (Martini and Schachner, 1988; reviewed by Martini, 1994). It is
also upregulated by CNS neurons regenerating axons into peripheral nerve grafts and so
may be important generally for axon growth in peripheral nerves. Neurons in the thalamic
reticular nucleus (Zhang et al., 1995) and deep cerebellar nuclei (Chaisuksunt et al.,
2000a) upregulate L1 when regenerating into peripheral nerve grafts. Expression of L1
in retinal ganglion cells, neurons of the substantia nigra pars compacta and cholinergic
striatal interneurons does not increase but is normally at a moderate to high level, which

is maintained during axon regeneration (Jung et al., 1997; Woolhead et al., 1998).

That L1 may promote axon growth in peripheral nerve tissue is supported by evidence that
it promotes neurite growth in vitro. As a growth substrate in vitro it promotes neurite

extension (Lemmon et al., 1989). Axon growth by cultured motor neurons and neonatal
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DRG neurons growing axons on Schwann cell monolayers was greatly inhibited by anti-L1
antibodies (Bixby et al., 1988; Seilheimer and Schachner, 1988). L1 expressed from a
vector in cultured 3T3 fibroblasts, which do not normally express L1, promoted neurite
outgrowth from PC12 cells and cerebellar neurons (Williams et al., 1992; Williams et al.,
1994a).

L1 promotes growth by homophilic interactions i.e. by interaction of axonal and glial L1,
and by heterophilic interactions of axonal L1 with other Ig CAMs receptors on glial cells.
Axon growth on L1las a substrate coated onto culture dishes and on L1 expressed by
cultured cells is via homophilic interaction, shown by the use of antibodies which bound
specifically to the axonal L1, which blocked neurite growth (Lemmon et al., 1989;
Williams et al., 1992). L1 binds heterophilically to several molecules including the cell
adhesion molecules TAG1/axoninl (Kuhn et al., 1991; Felsenfeld et al., 1994), and DM-
GRASP (DeBernardo and Chang, 1996) 96). TAG1/axoninl as a substrate promotes
neurite outgrowth in an L1 dependent manner, and conversely anti-DM-GRASP
antibodies prevent neurite growth on L1. L1 also interacts with F3/F11 (Brummendorf et
al., 1993) the chondroitin sulphate proteoglycans neurocan and phosphacan (Friedlander
et al., 1994; Milev et al., 1994), laminin (Grumet et al., 1993) and asb, and a b, integrins
(Ruppert et al., 1995; Montgomery et al,, 1996), although the functions of these
interactions are not clear. Heterophilic interactions may be required for adhesion of
unmyelinated sensory axons to Schwann cells (Haney et al., 1999).

L1 mediated growth-promotion may be effected by several mechanisms (reviewed by
(Burden-Gulley et al., 1997), including cis-activation of the FGF receptor leading to
signalling via phospholipase Cy (Williams et al., 1994b; Doherty and Walsh, 1996; Saffell
et al.,, 1997), direct interaction with cytoskeleton-linked protein ankyrin (Davis and

Bennett, 1994) and phosphorylation of L1 by the kinase p90™* (Wong et al., 1996).
2. CHIL1

CHLI, like L1, is expressed by neurons and glia (Hillenbrand et al., 1999). Being closely
homologous to L1 (Holm et al., 1996) it may be expected to have related functions in
axon growth and axon-Schwann cell interactions. Immunoblotting of primary cultures

taken from embryonic or postnatal animals revealed CHL1 protein expression in
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astrocytes, Schwann cells, and most neuronal cell types and CHLI expression is found in
many brain neurons in postnatal mice (Hillenbrand et al., 1999). Similarly to L.1, CHL1
promotes neurite outgrowth when expressed by vector in fibroblasts or the Drosophila S2
cell line, and in these experiments was more effective than L1 in this respect. It is not
known which molecules CHL1 interacts with to promote growth. Cell aggregation
experiments indicate that CHL1 does not promote adhesion by homophilic interactions,

and nor does it interact heterophilically with L1 (Hillenbrand et al., 1999).

CHL1 may be considered a growth-associated molecule as it is consistently upregulated
by neurons regenerating their axons. Motor and sensory neurons upregulate CHLI during
peripheral nerve regeneration (Zhang et al., 2000) and neurons of the TRN and deep
cerebellar nuclei upregulate CHLI when regenerating axons into peripheral nerve grafts

(Chaisuksunt et al., 2000a; Chaisuksunt et al., 2000b).
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Chapter 2

Materials and Methods
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2.1 Animals and anaesthesia

Animals were anaesthetised with a mixture of halothane, oxygen and nitrous oxide for all
surgical procedures, which were approved by the local ethical committee and by the Home
Office under UK animal experimentation legislation. Unless otherwise stated, all operated

animals were adult female Sprague-Dawley rats between 180g and 280g in body weight.

All surgery was performed by the author except for some procedures on wt3 transgenic
mice, and dorsal root injuries on rats, performed by Prof. Patrick Anderson (detailed in

Sections 2.3 iii and 2.9B).
2.2  Transganglionic and retrograde labelling
i Injection device for transganglionic and retrograde labelling

A 50ul glass capillary tube (Sigma) was pulled in a gas flame to create a needle with a tip
100um or less in diameter. This was attached to a Sul Hamilton syringe via polyethylene
tubing, internal diameter 0.28 mm (Jencon's Scientific 686-099), and superglue was used
to seal the interface between the micropipette and the tubing. Prior to use the device was
filled with sterile water, by injecting it into the bore of the Hamilton syringe. 1ul of air was

taken up followed by the tracer.
ii. Tracers

Cholera toxin B-subunit (CTB; List Biological Labs, Campbell, CA, USA) was used for
retrograde labelling. This was dissolved at 10mg/ml in sterile H,O. Transganglionic
labelling was performed using cholera-toxin B-subunit conjugated to horseradish
peroxidase (CT-HRP; List Biological Labs, Campbell, CA, USA), dissolved at 14mg/ml
in sterile H,O.
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2.3  Surgical procedures used in studies of gene expression in axotomised neurons

after injury to the sciatic nerve or lumbar dorsal roots (Chapter 3).

L. Sciatic nerve injury

A total of 22 animals received a sciatic nerve crush or cut and ligation. Animals were
anaesthetised and an incision was made over and parallel to the left tibia and the
underlying muscles were separated to expose the sciatic nerve. In sixteen animals the nerve
was crushed twice for 10-15 seconds with a pair of watchmakers’ forceps. In another 6
animals the sciatic nerve was cut at the same level and the proximal stump ligated with 5/0
sutures to prevent axonal regeneration. Animals survived for between 3 days and 6 weeks
(see Table 2.1), after which time animals were anaesthetised and decapitated, and the 4th
and 5th lumbar spinal cord segments and the L4 and L5 DRGs on both sides were

removed and prepared for in situ hybridisation (ISH).

il. Dorsal root injury

All dorsal root injuries of rats were performed by Prof. Patrick Anderson. The left lumbar
dorsal roots were exposed by a hemilaminectomy in 3 animals. The left L4 and L5 dorsal
roots were located under an operating microscope and completely transected with
microscissors (dorsal rhizotomy). The cut ends were reanastomosed with 10/O sutures.
Animals survived for between 3 and 24 days (see Table 2.1) after which animals were
anaesthetised and decapitated, and the L4 and L5 DRGs on both sides were removed and

prepared for in situ hybridisation.

2.4  Surgical procedures used in studies of gene expression in regenerating
neurons after tibial nerve autograft insertion into the thalamus or cerebellum

(Chapters 4-6).

i Nerve grafts in the thalamus

A total of 18 animals received living tibial nerve autografts in the thalamus. Animals were

anaesthetised and an incision was made over and parallel to the left tibia and the
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thalamus, above. A 2mm-diameter hole was drilled in the occipital bone, centred
approximately 2-2.5mm to the left of the midline and the same distance rostral to the
caudal margin of the bone. An incision was made in the dura, and the graft was inserted,
proximal end first, to a depth of 7 mm. These coordinates were chosen so that the graft
would terminate in the cerebellar deep nuclei. The distal part of the nerve was glued to the
skull and the scalp incision closed. Some animals received injections of CTB tracer into
the graft before sacrifice (see below). Animals survived for between 3 days and 6 weeks
(see Table 2.2), following which the animals were re-anaesthetised and decapitated, and
the cerebellum and brainstem were removed, taking great care was taken not to disturb

the graft, and prepared for ISH or ISH/CTB.

iii. Freeze-killed grafts

Six additional animals received tibial nerve autografts in the thalamus or cerebellum in
which the constituent cells were killed by repeated freeze-thaw cycles, rendering them
non-permissive for axonal regeneration. Tibial nerve segments were removed as described
above, and went through 7-10 cycles of freezing in liquid nitrogen or on dry ice and
thawing in HBSS. The remainder of the grafting procedures were identical to those used
for living grafts. Freeze-killed nerve autografts were implanted into the thalamus in three

animals and into the cerebellum in another three animals as described for living grafts.

iv. Retrograde labelling of neurons that have regenerating axons in grafts, with

cholera-toxin B-subunit

In order to identify CNS neurons which had regenerated axons into the grafts, 4 animals
with grafts in the thalamus and 3 animals with grafts in the cerebellum (see Table 2.2)
received injections of CTB retrograde tracer into the distal end of the graft. Animals were
re-anaesthetised with halothane and the scalp reopened. Connective and scar tissue which
had formed under the scalp was carefully removed to expose the distal graft underneath.
The most distal part of the nerve graft was removed and a syringe needle was pushed into
the cut end 2-3 times, to disrupt the endoneurium. The injection device (described in
Section 2.2 i) was loaded with 0.2-0.4p] of CTB and the injection needle was inserted into

the cut end of the graft. A small piece of Gelfoam was placed around the needle and over
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the end of the graft. The CTB was slowly injected into the graft about 4-5 mm from the
craniotomy and the needle carefully removed, leaving the gelfoam in place. Animals

survived a further 24 hours before being re-anaesthetised and decapitated.

V. Retrograde labelling with CTB of thalamocortical projection neurons by injection

into neocortex

In order to check that thalamocortical projection cells can be successfully labelled with
CTB, two additional animals were anaesthetised, the skull was opened as described before
and the dura was opened 2-3mm lateral to bregma. Three injections were made into the
underlying neocortex as follows: 1-1.5u1 CTB was taken up into the injection device and
the needle inserted into rostral, caudal and lateral regions of neocortex. The needle was
slowly withdrawn as the tracer was injected, to release the tracer along the needle injury
tract. Animals were killed 24 hours later, the brains removed and frozen as for ISH/CTB,
and sections through the thalamus were cut and processed for CTB immunohistochemistry

as described below.

2.5  Surgical procedures used in studies of gene expression in axotomised

corticospinal and rubrospinal neurons

Animals were divided into five groups. Animals in the first group (n=2) were untreated.
Animals in the second and third groups received a transection of the corticospinal tract at
lower C3 and an injection of CTB into the dorsal funiculus immediately above this (upper
C3 level) and survived for 1 and 7 days respectively. Animals in the fourth group received
an injection of CTB into the cervical spinal cord, and 24 hours later received a slice lesion
of the left neocortex to proximally axotomise corticospinal neurons. Animals in the final
group received a transection of the left rubrospinal tract at lower C3 and an injection of
CTB immediately above this (upper C3 level) in the dorsal lateral funiculus. Experimental
groups and survival times are given in Table 2.3. All tissue was processed for ISH using
probes for SCG10, CAP-23, GAP-43, L1, CHLI, c-jun, ATF3 and krox-24 and for CTB

immunohistochemistry.
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A Intracortical axotomy of corticospinal neurons

To produce a proximal axotomy of corticospinal axons, three animals received an
intracortical lesion, parallel to the plane of the cortical layers and at the bottom of layer

V or within layer VL.

To create these lesions, a device was constructed loosely based on the ‘brain scythe’ of
Dale et al. (1995). This consisted of an eye blade, th¢ end of which was bent to form an
acute angle of 75° with the shaft of the blade. The tip projected 6mm from the shaft of the
blade at this angle. This was attached using Superglue to a glass capillary tube. A 5 cm
segment of a larger glass capillary tube was placed over this, and the protruding end of the
inner glass tube bent over in a gas flame to form a handle (see Fig. 2.1). The device was
designed to be inserted into the lateral neocortex and to make a lesion in a semicircular arc
medial to the insertion point and parallel to the cortical layers. A mark was made on the
blade which when level with the dura would indicate that the device was in the correct
position to make a lesion 1.5mm below the surface of the brain when the blade was turned

(see below). The blade and inner tube rotate freely within the outer tube.

Before performing the intracortical lesions, it was necessary to retrogradely label the
corticospinal neurons from the spinal cord. To this end, a method was used also based on
that of Dale et al. (1995). Animals were anaesthetised and a parasagittal incision made at
the midline over the cervical spinal cord. A second incision was made in the most
superficial muscle layers, and the underlying muscles were separated at the midline by
blunt dissection. The C3 vertebra was exposed and a bilateral laminectomy performed at
this level. An incision was made in the dura and a small area over the midline folded back.
3ul of CTB was taken up into the injection device, and the needle attached to the arm of
a stereotaxic frame to provide fine control of the needle position. Using a 27gauge needle
a small puncture hole was made in the spinal cord at the midline, to a depth of 2 mm. The
injection needle was then inserted into the puncture hole perpendicular to the surface of
the spinal cord and to a depth of 2 mm, and then withdrawn to a depth of 1.5mm, ensuring
the needle terminated in the dorsal funiculus, and in or near the corticospinal tract, and
creating an injury tract through the corticospinal tract to hold the injected tracer. After a

delay of five minutes to allow the spinal cord tissue to seal around the needle, the CTB
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solution was injected slowly, at a rate of 0.2ul every minute. When completed, a further
five minutes was allowed to pass before the needle was removed to allow absorption of
the tracer into the surrounding tissue. Following removal of the needle, the superficial

muscle layers were sutured together and the wound closed.

Intracortical lesions were performed 24 hours later, to allow sufficient time for take-up
and retrograde transport of the CTB from the injection site to the cell bodies of the
corticospinal neurons. Animals were re-anaesthetised, the scalp was opened and a hole
drilled into the skull at the left lateral margin, level with bregma. The device was inserted
into the brain such that the blade was pointing in the rostral direction, and the positioning
mark was level with the dura. Holding the outer tube of the device and keeping the shaft
vertical, the blade was turned through 180° and back again, the device removed and the

scalp closed.

Animals survived a further 7 days before being anaesthetised and decapitated. The

forebrain was removed and prepared for ISH/CTB.

ii. Cervical corticospinal tract lesions

Animals were anaesthetised, and the cervical spinal cord exposed as described above. In
the caudal part of the exposed C3 spinal cord, two puncture holes were made either side
of the mid-line to a depth of 2mm, using a 27 gauge needle. Microscissor points were
inserted vertically into the needle holes, and the scissors closed. Approximately 1mm
above the lesion, an injection of CTB at the midline was made as described above, to
retrogradely label corticospinal neurons. Animals survived a further 7 days before being

anaesthetised and decapitated. The forebrain was removed and prepared for ISH/CTB.

iii. Rubrospinal tract lesions

Animals were anaesthetised and the cervical spinal column exposed as described above.
The left C3 vertebral lamina was removed and a needle inserted approximately midway
between the midline and the lateral edge of the cord. Microscissors were used to sever the

lateral funiculus, using this needle hole to insert one microscissor blade into the cord.
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and resuspended in diethylpyrocarbonate-treated Ultrapure water (DEPC.H,0) (200ul
DEPC was added to 1 litre of H,O, which was left overnight and then autoclaved).

cDNA was generated as follows: 1-2ug of RNA extract and 1pg oligo-dT (Promega) in
12u1 DEPC.H,0 was incubated at 65°C for 10 minutes, and then allowed to cool at room
temperature for 10 minutes before being placed on ice. 4pl of 5x reverse transcriptase
buffer, 1pl 25mM mixed dNTPs (Promega), 1ul RNase inhibitor (Roche) and 200 units
MMLY reverse transcriptase (Promega) were added, and the mixture incubated at 37°C
for 1 hour. To stop the reaction the mixture was heated to 90°C for 3 minutes. 0.5-1pl of

the resulting mixture was used as the template for PCR.

Primers used for amplification of ATF3 and krox-24 cDNA were as follows:

ATF3: sense: TAG AAT TC'G GAA CAT TGC AGA GCT AAGC

antisense: ATC GAA ATT AAC CCT CAC TAA AGG G'AC GCC AAT GTT
GTG CAA GAC

krox-24: sense: TAG AAT TC'A GTT TGC CAG GAG TGA TGA AC

antisense: ATC GAA ATT AAC CCT CAC TAA AGG G'CT ACT GAC TAG
AAGGACTIGG

Primers for ATF3 were chosen to amplify bases 691-1252 of Genbank sequence M63282
(Hsu et al., 1991). Primers for krox-24 were chosen to amplify bases 1482-2011 of
Genbank sequence M 18416 (Milbrandt, 1987). Both antisense primers also contain the T3
polymerase promoter at the 5'end, to allow generation of probes from PCR product. Both
sense primers contain a restriction enzyme site in the first 8 bases. The asterisks mark the

beginning of the target gene sequences.

PCR reaction mixture was made up as follows: 2ul each ANTP (10mM), 6ul 25mM Mg?*,
10pul Mg**-free Taq buffer, 0.5ug each primer, 2U Taq polymerase (Promega), in a total

of 100u1 H,O overlaid with light mineral oil (Sigma). Reaction temperature cycles were

as follows:
ATF3: 94°C 3' x1; 58°C 1', 72°C 1, 94°C 20" x36; 58°C 1', 72°C 10' x1.
krox-24; 94°C 3'x1; 60°C 1', 72°C 1', 94°C 20" x36; 60°C 1', 72°C 10' x1

88



PCR reaction product was purified by agarose gel electrophoresis followed by excision of
the product band from the gel and extraction of the DNA with Qiagen Gel Extraction Kit.
0.5-1pg of the extracted DNA was used as template for in vitro transcription for the

generation of cRNA probes.

The identity of the PCR products was confirmed by restriction enzyme digestion and by
comparing ATF3 and krox-24 probe ISH signals with the findings of Tsujino et al. (2000)
and Schlingensiepen et al. (1991) on the expression of ATF3 in lumbar dorsal root ganglia
after sciatic nerve crush (data not shown) and the expression of krox-24 in neocortex and

hippocampus.

2.7  Digoxigenin-labelled cRNA probes

i Probe synthesis

cRNA probes were generated from cDNA containing plasmids or from RT-PCR product
generated fromrat brain RNA (see above), as detailed in Table 2.4. Sense sequence probes
are often used as a control in ISH, as they reveal artefacts from the procedure and possible
non-specific binding of the probe itself, if it has an unusual base composition. Therefore,
both antisense and sense probes were generated for each mRNA, except ATF3 and krox-
24, for which only antisense probes were made. However, other sense probes of similar

length and base composition served as suitable controls for these two antisense probes.

Minipreps of plasmids containing cDNA sequences for each probe were prepared using
Qiagen Spin Miniprep Kits and then linearised using the appropriate restriction enzyme.
1pg of the resultant linear DNA or 0.5-1pg of RT-PCR product was used as template for
the generation of cRNA probes labelled with digoxigenin. These were generated by in
vitro transcription using digoxigenin (DIG)-labelled ribonucleotides, according to the
manufacturer’s recommendations (Boehringer Mannheim, Germany) using T3, T7 or Sp6
RNA polymerase as appropriate. Following ethanol precipitation of the labelled RNA, the
pellet was resuspended in de-ionised formamide, which prolongs the storage life of RNA

molecules (Chomczynski, 1992), or in DEPC.H,O in the case of L1 and CHL1 (to
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were added at a dilution of 1:5000. The membrane was washed for 15 minutes in buffer
1, followed by 15 minutes in ISH buffer 3 and finally 1-24 hours in colour developer. Probe
strength was evaluated by dot-blots of neat probe and serial 1:3 dilutions of probe. An
established working probe was also examined for comparison. 2pl of each sample was
spotted onto Hybond-N+ membrane and the probes visualised on the membane as

described above, with colour development proceeding for 1 hour.

ii. Alkaline hydrolysis of L1 and CHLI probes

To improve tissue penetration, L1 and CHL1 probes were reduced in size after synthesis
to an average of 600 bases, by alkaline hydrolysis. The aqueous probe solution was mixed
with an equal volume of 80mM NaHCO,, 120mM Na,CO, and incubated at 60°C for 12.5
minutes, according to the formula Time=(initial length - final length)/(0.11x initial length
x final length). The reaction was halted by adding 0.03 volumes of 3M sodium acetate (pH
6.0) and 0.05 volumes of 10% glacial acetic acid. Probes were then ethanol precipitated

and the pellet resuspended in de-ionised formamide.

2.8 Histochemical procedures: In situ hybridisation (ISH) and CTB

immunohistochemistry

i Preparation of microscope slides for ISH

Silanised slides for ISH were prepared by Julia Winterbottom as follows: glass slides were
washed in a 10% solution of Decon detergent for 2 hours, followed by running tap water
for 20 minutes and distilled water (dH,O) for 2-3 minutes. Slides were then immersed in
0.5% HC1 95% ethanol for 15 minutes and washed for 2 minutes in dH,O. The slides were
then autoclaved and allowed to dry completely at room temperature, following which they
were dipped in 6% 3-aminopropyltriethoxy-silane in acetone for 5 minutes. They were then

rinsed in acetone twice for 2 minutes and in dH,O twice for 2 minutes and allowed to dry.
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ii. Preparation and sectioning of tissue for in situ hybridisation (ISH) or ISH and

CTB immunohistochemistry

All tissue dissected for in situ hybridisation was kept moist during dissection, and was
immediately placed into OCT (TissueTek) in plastic moulds before being frozen on

powdered dry ice.

Cryostat sections of forebrain, cerebellum, spinal cord and DRG were cut at a nominal
thickness of 10-12pm and thaw-mounted onto slides coated with 3-aminopropyltriethoxy-
silane. Consecutive sections of each spinal cord and DRG (from animals listed in Table 2.1)
or grafted forebrain or cerebellum (from animals listed in Table 2.2) were placed in turn
onto three or four slides, each slide to be hybridised with a different riboprobe. This
allowed comparison of adjacent sections with hybridisation signal for different molecules.
Blocks of thalamus or cerebellum containing nerve grafts to be processed for ISH and CTB
immunohistochemistry were sectioned in series of 4 consecutive sections mounted
alternately onto two slides, one for ISH and one for CTB, ensuring that each of the middle
two sections was flanked by sections reacted for the complementary protocol. Forebrain
and midbrain from animals which had received corticospinal tract or rubrospinal tract
lesions and spinal CTB injections were cut in series of 9 consecutive sections placed onto
9 slides. Odd numbered slides were then reacted for CTB immunohistochemistry while
even numbered slides were processed for ISH for one of the mRNAs of interest. This
ensured that for every section processed for ISH, both flanking sections had been

processed for CTB.

Sections were fixed with 4% paraformaldehyde in phosphate buffer (PB) made in
DEPC.H,0 overnight at 4° C. Sections were given three washes in 0.1M phosphate-
buffered saline ( PBS), and were either dehydrated in ascending ethanols for storage at 4°C

or -20°C or reacted immediately.

iii. In situ hybridisation (ISH)

In situ hybridisation was carried out as described by Bartsch et al. (1992) and Zhang et al.

(1995). All aqueous solutions used up to post-hybridisation washes were made with
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DEPC.H,0O RNase-free molecular biology reagents were used until the post-hybridisation

washes; these were obtained from Sigma unless otherwise stated.

Sections were rehydrated in descending alcohols if necessary and washed twice in
DEPC.H,0 for 5 minutes. To permeabilise the tissue, sections were treated with 0.1 M
HCI for 5-10 minutes. Following a brief wash in PBS sections were incubated in 0.1M
triethanolamine (pH 8.0) containing 0.25% acetic anhydride for 20 minutes. This
neutralises positively charged amino-acids which would otherwise cause the negatively-
charged RNA probes to bind in a non-specific manner. Sections were washed again with
PBS, dehydrated in an ascending ethanol series and air dried. The area of the slide

containing sections was delineated with grease pen.

Prehybridisation was carried out at 37° C for 3 hours with a mixture of prehybridisation
buffer/de-ionised formamide 1:1 (containing 50% formamide, 25 mM ethylenediaminetetra-
acetic acid (EDTA), S0mM pH 7.6 Tris-HCI, 2.5x Denhardt's solution, 0.25mg/ml tRNA
(Roche), and 20 mM NaCl. Sections to be incubated with this solution were placed in slide
incubation chambers containing 20-30ml 0.05M PBS/50% formamide soaked in filter
paper, to ensure the interior of the chamber retained sufficient humidity to prevent the

sections from drying out.

The digoxigenin labelled sense and antisense probes for all mRNAs Were
prepared at a concentration of 3 pl/ml with hybridisation buffer containing 50% formamide,
20 mM Tris-HCI (pH 7.50), 1 mM EDTA, 1x Denhardt's solution, 0.5 mg/ml tRNA,
0.1mg/ml poly-A RNA, 0.1 M dithiothreitol (DTT), and 10% dextran sulphate.
Hybridisation was performed overnight in the incubation chambers (see Table 2.4 for
hybridisation temperatures). Further 0.05M PBS/50% formamide was added to the
chambers and these were sealed with adhesive tape before being placed at the hybridisation

temperature.

After hybridisation, washes were performed at the hybridisation temperature to remove
excess probe. Sections were given two five-minute washes in 0.2x standard saline citrate
(0.2xSSC; containing 30 mM NaCl and 3mM Na-citrate, pH 7.0) and then in three 30

minute washes in 0.1x SSC/ 50% formamide. Sections were equilibrated with buffer 1
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(100mM Tris-HCI, 150 mM NaCl, pH 7.5), then incubated in modified blocking medium
(1% blocking reagent (Roche), 0.5% BSA fraction in buffer 1) and incubated with alkaline
phosphatase-coupled antibodies to digoxigenin (Roche) at a dilution of 1:750-1:1500 in
modified blocking medium overnight at 4° C. Sections were washed in buffer 1,
equilibrated in buffer 3 (100 mM Tris-base, 100 mM NaCl, 50mM MgCl,, adjusted to pH
9.55), and developed in the dark with buffer 3 containing 0.34 mg/ml 4-nitroblue
tetrazolium chloride, 0.175 mg/ml 5-bromo-4-chloro-3-indolylphosphate, and 0.25 mg/ml
levamisol. Development was stopped by washing with buffer 4 (10mM Tris-HCl, ImM
EDTA, pH 8.0), following which the sections were dried and mounted with DPX (BDH)
beneath glass coverslips. The specificity of the hybridisation signal was verified by

comparison with the sections processed with sense probe under identical conditions.

The colour development reaction was observed generally to proceed for a maximum of 2-3
days. In the case of some sections processed for CAP-23 ISH, development was extended
by removal of the alkaline-phosphatase labelled antibody with 0.01M HCI, which is
effective at disrupting antibody-antigen binding with minimal damage to antigenicity
(Blanchard et al., 1990), followed by incubation with fresh antibody. Sections were washed
once in buffer 1, twice in dH,0, followed by 3x5 minutes in 0.01M HCI and a final wash
in buffer 1. Blocking, antibody incubation and colour development then proceeded as

before.

iv. CTB immunohistochemistry

Sections were rinsed in 0.1M PBS and immunoreacted for CTB as described by Campbell
et al. (1999). Briefly, after two washes in PBS, sections were incubated for 15 min with
0.3% H,0, in PBS to remove endogenous peroxidase activity. Following another two PBS
washes sections were exposed for 30 minutes to blocking buffer (5% normal rabbit serum
and 0.3% triton X-100 in PBS) before incubation with polyclonal goat anti-CTB antibody
(List Biologicals, Campbell, California) diluted 1 : 80,000 in blocking buffer for 48 hours
at 4°C, under a coverslip. Two washes in PBS then preceded incubation for 2 hours with
polyclonal rabbit anti-goat IgG diluted 1 : 200 in blocking buffer. Another two washes in
PBS were followed by treatment for 2 hours with the avidin-biotin-peroxidase complex

(ABC elite kit, Vector, USA) diluted 1 : 200 in PBS. After two further washes in PBS,
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immunoreactivity was visualised using a solution consisting of 0.04% 3-3'-diaminobenzidine
tetrahydrochloride (DAB), 0.006% nickel chloride and 0.009% H,0, in 0.1M Tris-buffered
saline pH 7.6. Sections were then washed twice in PB, counterstained in 0.001% thionine
for 10-30 seconds, washed in dH,0, left overnight to dry and mounted under a coverslip

with DPX.

2.9  Studies on transgenic mice overexpressing GAP-43 (Chapter 7)

A. Animals and genotyping

The wt3 strain of transgenic mice described by Aigner et al. (1995) were studied. These
overexpress chick GAP-43 under the control of a modified Thy-1 promoter, which drives

neuron specific expression commencing postnatally.

Stocks of wt3 mice were maintained as heterozygotes, and animals were genotyped by
PCR amplification of transgene from genomic DNA. The following primers, which amplify
the ORF of chick GAP-43 (Moss et al., 1990) were used:

Sense: GCC TCG AGG ATC ATG CTG TGC TGT
Antisense: GCC TCG AGG ATC CCC GGG AGT CAT

To guard against false negative results due to failure of the PCR or insufficient genomic
DNA in the reaction, positive control primers were included in the genotyping PCR
reactions. These were designed to amplify a part of the intronless mouse gene ferritin light
chain (corresponding to nucleotides 174-709 of Genbank sequence M73706; Renaudie et
al., 1992):

Sense: CAT GAC CTC TCA GAT TCG TCA G
Antisense: TGA GGC GCT CAA AGA GAT ACT C
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Genotyping proceeded as follows:

Animals were anaesthetised and approximately 1cm of tail removed, using a new razor for
each animal, and samples were stored at -20°C if necessary. Tail samples were digested by
incubation in 3001 TNES buffer (50mM Tris pH 8.0, 100mM EDTA, 100mM NaCl, 1%
lauryl sulphate) containing 0.5mg/ml proteinase K (Roche) overnight at 55°C. The digests
were then centrifuged at 13000rpm for 3 minutes and a sample of the supernatant taken
and diluted 1:50. 10pl of this supernatant dilution was used for the subsequent PCR

reaction.

Each reaction tube contained 10l of tail digest, 2pl each deoxynucleotide triphosphate
(10mM), 6ul 25mM Mg*, 10ul Mg**-free Taq buffer, 0.5ug each primer, 2U Taq
polymerase (Promega), in a total of 100ul H,O overlaid with light mineral oil (Sigma).

Reaction temperature cycles were as follows:

94°C 5'x1; 64°C 1', 72°C 1", 94°C 1' x3; 64°C 1', 72°C 1', 94°C 20" x36;
64°C 1', 72°C 10' x1

PCR product was assessed by agarose gel electrophoresis. A successful PCR reaction
yielded either one band (indicating a non-transgenic animal) or two bands (indicating a
transgenic animal).

B. Surgical procedures

i. Animals

Animals were between 1 and 3 months old when first operated and both males and females

were used. Non-transgenic mice used as controls were litter-mates of experimental

transgenic animals.
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ii. Dorsal column injuries on wt3 mice

A total of 25 wt3 mice received lesions of the ascending dorsal columns. Animals were
anaesthetised and an incision made along the dorsal midline and the spinal vertebrae
exposed at either midthoracic or lumbar level. A bilateral laminectomy was performed to
expose either mid-thoracic or lumbar (L2-L3) spinal cord. An incision was made in the
dura and a small area over the midline folded back. Using a 27 gauge needle two puncture
holes were made either side of the mid-line to a depth of 1mm. Microscissor points were
inserted vertically into the needle holes, and the scissors closed to sever the dorsal columns.
Overlying muscle layers were sutured together and the wound closed. Survival times were
2.5-3.5 weeks. Details of animal genotypes, numbers, lesion levels and survival times are
given in Table 2.5. Surgery on five of these animals was performed by Prof. Patrick

Anderson.

iii. Dorsal root injuries on wt3 mice

Four transgenic wt3 mice and two of their non-transgenic litter-mates received unilateral
lumbar dorsal root transections and re-anastomosis. Animals were anaesthetised, and a
parasagittal incision was made over the lumbar spinal cord, to the left of the midline. The
left L2-L4 vertebral laminae were exposed and the lateral margins of these laminae were
removed to expose the L4-L6 dorsal roots. These were severed, taking care to cut all
minor branches entering the spinal cord from these roots, and the proximal and distal
portions of the L4 and LS roots were re-anastomosed using 10/O sutures. The wound was

closed. The survival time for these animals was 3 months.

iv. Transganglionic labelling

Prior to sacrifice, transganglionic labelling of the central axons of the lumbar primary
sensory neurons was performed on all operated wt3 mice, using cholera-toxin B-subunit
conjugated to horseradish peroxidase (CT-HRP). Animals were re-anaesthetised and an
incision was made over the left tibia and parallel to it. Underlying muscles were separated
to reveal the left sciatic nerve. Using a 27 Gauge needle a small hole was made in the

epineurium and in the perineurium of the tibial branch of the nerve. A ligature of 5/O suture
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C. Histochemical procedures

i Preparation of gelatinised microscope slides

Gelatinised slides were prepared by Julia Winterbottom. Twinfrost glass slides were
arranged on racks and dipped for at least 1 minute into a solution of 1.5% gelatin and
0.25% chromium potassium sulphate in dH,0O. The slide racks were wrapped in foil and

placed at 50°C overnight.

ii. Visualisation of tracer

CT-HRP was visualised using the method of Mesulam (1982). Parasagittal or horizontal
free-floating microtome sections of spinal cord were cut at a nominal thickness of 40pm
(see Table 2.5 for details). Dorsal column nuclei were sectioned at 50um thickness.
Sections were stored in PBS during cutting and then washed 6 times for 10-15 seconds in
distilled water before being transferred to 0.001M sodium acetate buffer pH 3.3, 1mg/ml
sodium nitroferricyanide, 50ug/ml tetramethylbenzidine (dissolved in ethanol before
addition to this solution) at 0-4°C. Sections were incubated in this solution on ice for 20
minutes and were then removed. H,O, was added to a final concentration of 0.06u1/ml and
the sections reimmersed for 5-20 minutes on ice in the dark. The reaction was halted by
transferring the sections to 0.02M acetate buffer, pH 3.3. Sections received five further
washes in this solution over half an hour, and were then mounted onto gelatinised slides

and allowed to dry overnight before being mounted with DPX under glass coverslips.

iil. Immunohistochemistry

Transgenic wt3 mice express avian GAP-43 mRNA in primary sensory neurons (Aigner
et al., 1995; Mason et al., 2000). To confirm that avian GAP-43 protein is produced and
transported into the central axon branches, immunohistochemistry was performed using
monoclonal antibody 5F10 (gift of P. Caroni), which specifically recognises avian but not
mouse GAP-43. The procedure used was that described in Mason et al. (2000). Two

transgenic wt3 mice were anaesthetised and transcardially perfused with 4%
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paraformaldehyde in phosphate buffer, pH7.4. Cryostat sections were cut at 14-18um

thickness onto gelatinised slides.

A solution consisting of PBS, the monoclonal antibody 5F10 diluted 1:10 and a
monovalent goat anti-mouse IgG antibody (Jackson Immunochemicals) diluted 1:500 was
incubated for 2 hours at room temperature. (As a control, some sections were processed
using a mixture from which the primary antibody had been omitted.) Normal mouse serum
was added to a concentration of 2% and the mixture incubated for a further hour, following
which normal rabbit serum was added to a concentration of 10%. Sections were incubated
with tertiary antibody block (5% normal rabbit serum, 0.5% Triton X-100) for 1 hour to
block non-specific staining and then incubated with the antibody mixture at 4°C overnight.
Sections were washed and biotinylated rabbit anti-goat IgG was applied, diluted 1:200 in
tertiary antibody block, followed by 3 PBS washes, and processing with the ABC kit
(Vectastain), using 1:100 dilutions of ABC reagents. Labelling was then visualised with
0.04% DAB and 0.009% H,0, in 0.1M Tris-buffered saline pH 7.6. Sections were then
washed twice in PB, washed in dH,0, dehydrated in ascending ethanols and mounted under

a coverslip with DPX.
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Chapter 3

Expression of SCG10, CAP-23 and GAP-43 in neurons

regenerating their axons after a sciatic nerve injury
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3.1 Introduction

Following crush or cut of the sciatic nerve, injured motor and sensory axons regenerate to
their targets, resulting in a degree of functional recovery (Fawcett and Keynes, 1990).
Regeneration is accompanied by the upregulation of growth-associated molecules, such as
c-Jun, GAP-43 and Tal tubulin (Skene and Willard, 1981; van der Zee et al., 1989; Miller
et al., 1989; Woolf et al., 1990; Jenkins and Hunt, 1991; Chong et al., 1992). These are
normally down-regulated by 5-6 weeks after a crush injury when reinnervation of target
tissues is completed, but if reinnervation is prevented by ligation of the nerve, expression
persists for at least 6 weeks, although it may decline slightly (Miller et al., 1989; Chong et
al., 1994b). Presumably, reconnection with target tissues sends a retrograde signal to the
cell bodies of successfully regenerated neurons for the downregulation of growth
associated proteins. In contrast, injury to the central branches of the axons of primary
sensory neurons results in minimal regeneration and little or no increase in expression of
growth-associated molecules (Schreyer and Skene, 1993; Jenkins et al., 1993b; Zhang et
al., 2000). The growth-cone molecules SCG10 and CAP-23 are good candidates for
molecules which may be important for axon regeneration. To determine whether they are
upregulated by DRG and motor neurons regenerating their axons after peripheral nerve
injury, expression of SCG10 and CAP-23 mRNAs was examined by in situ hybridisation
in lJumbar motor neurons and L4/L.5 DRG neurons after a unilateral (left) sciatic nerve
crush. Expression of these mRNAs was also examined following cut and ligation to the
sciatic nerve or dorsal root injury, to determine if the regulation of these molecules
parallels that of other growth-associated molecules after these procedures. Expression of
GAP-43 mRNA was also examined in all cases, as a positive control for the expression of
growth-associated molecules by the injured neurons and to enable comparison of the
temporal and spatial patterns of expression of all three molecules. Animal survival times

and num_bers are shown in Table 3.1.
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expressed by all motor neurons, and by the great majority of other neurons in the grey

matter. Motor neurons expressed very low levels of GAP-43 message.

ii. Expression of SCG10, CAP-23 and GAP-43 in spinal motor neurons following

sciatic nerve injury

Animals were examined at time points between 1 day and 6-7 weeks after sciatic nerve
crush (see Tables 2.1, 3.1) and ISH signals for SCGI0, CAP-23 and GAP-43 in motor
neurons ipsilateral to the injury were compared to those on the contralateral side. Sciatic
nerve crush or cut and ligation provoked upregulation of SCG10, CAP-23 and GAP-43 in
the injured motor neurons (Figs. 3.1, 3.2). No upregulation of either SCG10 or CAP-23
was observed at 1 day, although adjacent sections showed upregulation of GAP-43, but
SCGI10 and CAP-23 were clearly upregulated in ipsilateral motor neurons from 3 days
onwards (Fig. 3.1). Expression of both SCG10 and CAP-23 was increased in magnitude
at 6 days and further increased at 2 weeks (Fig. 3.2). The increases in expression in SCG10
and CAP-23 appeared to be similar to each other but both showed a less marked increase
than did GAP-43. When serial sections from animals surviving 6 days or longer after injury
were hybridised with probes for SCGI10, GAP-43 and CAP-23 mRNAs, the same cells
were shown to have upregulated all three molecules (Fig. 3.3, left). At two weeks after
surgery, no difference was observed in the magnitude of upregulation of SCG10 and CAP-
23 between a sciatic nerve crush and a cut and ligation injury (not shown). At 6-7 weeks
after sciatic nerve crush, both SCG10 and CAP-23 had returned to normal levels (Fig. 3.4,
right column), although the signal for GAP-43 in the injured motor neurons remained
slightly elevated, albeit significantly reduced from that seen at two weeks. At five weeks
and 6-7 weeks after cut and ligation of the sciatic nerve, all three molecules were still

significantly upregulated (Fig. 3.4, left column).

iii. Expression of SCG10, CAP-23 and GAP-43 in lumbar dorsal root ganglion

neurons of the unoperated animal

Constitutive expression of SCGI10, CAP-23 and GAP-43 in lumbar primary sensory
neurons was examined by ISH on 14 and L5 dorsal root ganglia (DRG) from unoperated

animals. Expression was found to be indistinguishable from that in the DRG on the
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unoperated side of experimental animals, shown in Figs. 3.5-3.7 (right-hand columns).
Moderate to strong SCGI0 expression was found in all DRG neurons, and a few small to
medium sized cells showed very high levels (Fig. 3.5, right column). Low levels of CAP-23
were found in nearly all small to medium diameter DRG neurons, with some cells showing
stronger expression (Fig. 3.6, right column). A minority of large diameter DRG neurons
also showed weak expression, but the remainder were devoid of CAP-23. Most large
diameter neurons did not have detectable levels of GAP-43, although a minority had
moderate levels. Many of these neurons were negative for both GAP-43 and CAP-23 (Fig.
3.8, lower panel). Some GAP-43 was found in nearly all small to medium sized DRG
neurons (Fig. 3.7, right column; Fig. 3.8, lower panel) with most having only a low level,
and a subset having relatively high levels. Where it could be determined by studying
adjacent sections, this subset of cells appeared to be the same neurons as those expressing

high levels of SCG10 and CAP-23 (Fig. 3.8, lower panel).

iv. Expression of SCG10, CAP-23 and GAP-43 in lumbar dorsal root ganglion

neurons following sciatic nerve injury

At time points of between 1 day and 6-7 weeks after a crush injury or a transection and
ligation of the sciatic nerve, ISH for SCG10, CAP-23 and GAP-43 was performed on
lumbar primary sensory neurons and the hybridisation signals in neurons ipsilateral to the
injury were compared to those on the contralateral side. One day after a sciatic nerve crush,
no increase in SCG10 or CAP-23 mRNAs could be detected (Figs. 3.5, 3.6), although
GAP-43 was clearly increased (Fig. 3.7). From 3 days until at least 2 weeks after injury,
levels of SCG10, CAP-23 were increased in neurons of all sizes in ipsilateral DRGs (Figs.
3.5, 3.6) and the higher levels of GAP-43 were maintained (Fig. 3.7). The increases in
expression in SCG10 and CAP-23 appeared to be similar to each other, and similar to that
seen in motor neurons. Again, both these mRNAs showed a less marked increase than did

GAP-43.

Where individual neurons could be identified in more than one consecutive serial section,
those neurons which had upregulated one of these molecules were found also to have
upregulated the molecule probed for on the adjacent section. Some neurons could be

identified on three consecutive sections and had clearly upregulated all three molecules
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(Fig. 3.8). Two weeks after injury no difference was observed in the magnitude of
upregulation of SCGI0 and CAP-23 in injured DRG neurons between animals which had
received a cut and ligation of the sciatic nerve and those which had received a crush (not
shown). By 6-7 weeks after sciatic nerve crush, the expression of both SCG10 and CAP-23
had declined to normal levels (Fig. 3.9, lower panels in each set), but after sciatic nerve cut
and ligation injuries, the expression of SCG10, CAP-23 and GAP-43 was seen to remain
elevated in DRG neurons 5 weeks and 6-7 weeks following injury (Fig. 3.9, upper panels
in each set), although the signals were somewhat reduced compared with animals killed

after two weeks.

. Expression of SCG10, CAP-23 and GAP-43 in lumbar dorsal root ganglion

neurons following dorsal root injury

Three animals received a transection and re-anastomosis of the dorsal roots of the 1.4 and
L5 spinal nerves. At 3, 7 and 24 days after injury, no obvious increase in the number of
CAP-23, SCGI10 or GAP-43 mRNA-positive cells, nor in the intensity of hybridisation

signals, was observed in the axotomised neurons (not shown).
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Figs. 3.1, 3.2. In situ hybridisation (ISH) with digoxigenin-labelled probes for SCGI10,
CAP-23 and GAP-43 in the lumbar spinal cord between 1 and 14 days following unilateral
sciatic nerve crush. In the motor neurons on the contralateral (right) side of each section,
a moderate constitutive level of expression of SCGI0 and CAP-23 can be seen.
Upregulation of both these mRNAs is visible in the motor neurons on the crush (left) side

from 3 days onwards, while GAP-43 is upregulated from 1 day onwards.

Bar 500pum.
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Fig. 3.3. ISH for SCG10, GAP-43 and CAP-23 on serial sections through lumbar spinal
cord 6 days after sciatic nerve crush. On the side of the injury the same motor neurons have
upregulated all three molecules (the numbersl-7 identify corresponding profiles of
individual neurons in the three serial sections). In the motor neurons on the contralateral
side, SCG10 and CAP-23 are expressed at low levels and GAP-43 expression is barely
detectable (the two lower panels on the right show the contralateral motorneurons of the
sections shown on the left, but the upper panel shows another section from the same

series).

Bar 50 pm.
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Fig. 3.4. Comparison of expression of SCG10 and CAP-23 in lumbar motor neurons 6-7
weeks after crush or cut and ligation of the sciatic nerve. By this time afer a crush injury,
SCG10 and CAP-23 expression has returned to basal levels (right column). In
contrast, cut and ligation of the nerve, which prevents axons from regenerating to and
Feinn_ervatipg their targets, also prevents the downregulation of these two molecules  (left
‘c;olumn).‘ |

|

Bar 500pm.
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Fig. 3.5. Expression of SCG10 in LS dorsal root ganglion neurons 1 day, 3 days, 6 days
and 14 days following unilateral sciatic nerve crush. On the contralateral side (right
column), constitutive expression is found in all neurons and stronger expression is found
n a subset of small and medium-sized cells. On the crush side (left column), upregulation
of SCG10 is visible in neurons of all sizes from 3 days onwards but is most marked in the

smaller neurons.

Bar 100 pm.
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