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ABSTRACT

This thesis concerns the role of neuropeptides and cytokines in regeneration of
injured peripheral nerve.

A novel experimental technique is described for the rapid preparation of pure cell
populations from rat sciatic nerve, involving immunoselection by "panning".

Forskolin elevates Schwann cell cAMPi in vitro, permitting growth factor-induced
proliferation and expression of nerve growth factor (NGF) and of the transcription
factor suppressed cAMP inducible POU (SCIP). The neuropeptide calcitonin gene-
related peptide (CGRP) acts through cAMPi in other systems and is upregulated in
regenerating motor axons following peripheral nerve injury. I show that CGRP and
isoprenaline elevate cAMPi acutely in non-neuronal cells derived from rat sciatic
nerve, but that this cAMPi elevation rapidly attenuates due, probably, to the
desensitisation of receptors by cAMP-dependant protein kinase (PKA) and the B-
adrenoceptor kinase (BARK), respectively. CGRP fails to promote Schwann cell
proliferation, in vitro, due to the time course of desensitisation rather than lack of
signalling downstream of cAMPi, since CGRP elevates Schwann cell SCIP, and
inhibits fibroblast proliferation. Degradation of CGRP by Schwann cell
endopeptidase 24.11. may reduce desensitisation in vivo. Supraphysiological
magnesium (Mg™™) concentrations enhance receptor / G protein coupling, allowing
maintenance of cAMPi elevation in response to CGRP. Consequently, previously
desensitising levels of CGRP and isoprenaline are now mitogenic and increase NGF
synthesis.

In the second section, I show that interleukin-1B (IL-1fB) promotes Schwann cell
proliferation and survival in culture and, with tumour necrosis factor o (TNFa),
additively increases NGF production. These responses are lost with time and thus are
not apparent in cells purified by conventional methods. IL-1f is active alone and
stimulates several distinct intracellular signals: these probably include PKA, a
pertussis toxin sensitive G protein, prostaglandin E5 (PGE5) and a tyrosine kinase or
protein kinase C (PKC). Inhibiting any of these transduction signals reduces IL-1f3
action. Gamma-interferon (y-IFN) dramatically enhances IL-1f stimulated NGF
synthesis, yet inhibits proliferation. When PGE, synthesis or PKA are
downregulated, IL-1 becomes weakly mitogenic for fibroblasts but no longer
promotes NGF synthesis. Transforming growth factor type B (TGFp), a macrophage
product, does not influence quiescent Schwann cells, but inhibits mitogen induced
proliferation.
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A model is proposed whereby the responses of non-neuronal cells after axotomy are
regulated by a combination of axon and macrophage-derived signals, with a priming
action by T cells. Clinical ramifications of the work are then discussed.
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SUMMARY

The studies presented in this thesis are concerned with the role of cytokines and
neuropeptides in regeneration of peripheral nerve following injury. Specifically, we
have investigated the action of these agents in controlling the proliferation and
synthesis of trophic factors by non-neuronal cells during degeneration and in assisting
regeneration of the injured peripheral nerve. The contribution of factors derived from
lesioned axons and recruited macrophages will be discussed.

I developed a novel technique for generating pure populations of non-neuronal cells
from rat sciatic nerve, which involves immunoselection by "panning". Homogeneous
cells approaching 100% purity are obtained within a few hours of sciatic nerve
dissociation by applying mixed dissociated cells to dishes coated with cell-type
specific antibodies to surface antigens. Such cells are less than 24 hours old, in
culture, and their behaviour is consistent with that demonstrated in vivo. Traditional
techniques require a week or more and use cytotoxic agents to eliminate
contaminating fibroblasts, followed by rounds of growth factor mediated expansion,
to yield sufficient numbers for in vitro assays. Consequently, the biological responses
differ from acutely isolated Schwann cells whose behaviour should more closely
resemble what occurs after axotomy in vivo.

The first section of the thesis concerns the role of neuropeptides in the control of
proliferation and gene expression in non-neuronal cells during regeneration of
peripheral nerve. Agents that elevate cAMPIi, such as forskolin and cholera toxin,
permit Schwann cell proliferation when used in conjunction with growth factors such
as PDGF, FGF or foetal calf serum (FCS) in vitro. To date, no endogenously
occurring agents have been shown to elevate Schwann cell cAMPi and thereby allow
proliferation. The neuropeptides CGRP and vasoactive intestinal polypeptide (VIP)
are known to elevate CAMPi in other systems and, furthermore, following axotomy
are upregulated in regenerating motor and sensory axons respectively. Therefore,
these neuropeptides are ideally positioned to influence responses associated with
axonal regeneration in vivo. We show that CGRP and the [-adrenergic agonist
isoprenaline acutely elevate cAMPi in Schwann cells and fibroblasts, as does VIP to a
lesser extent. CGRP and isoprenaline demonstrate synergy in cAMPi elevation,
suggesting independent receptor mechanisms for adenylate cyclase activation.
Ligand-induced cAMPi elevation is short lived in cultured cells, due to
desensitisation, explaining why these agents do not reliably permit Schwann cell
proliferation in vitro. Agents that elevate cAMPi also increase levels of the
transcription factor SCIP in Schwann cells. CGRP also elevates SCIP levels, showing
that intracellular signals are generated and reach the nucleus. The lack of mitogenic
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action, therefore, is likely to be a result of receptor desensitisation and not due to
failure of signalling downstream of cAMPi elevation. Experimental constraints,
including cell losses during replacement of medium and loss of available peptide
through adhesion and degradation, have led investigators to add agents to cultured
cells at concentrations often in the micromolar range, exposing cells to continuous
high concentrations of agents, such as CGRP. This is unlike the situation in vivo
where continuous release of CGRP by axons followed by removal or degradation
would prevent the accumulation of desensitising concentrations. To support this, we
find that Schwann cells degrade CGRP via a surface endopeptidase e.c.24.11 which is
inhibited by phosphoramidone in vitro. Evidence is presented that desensitisation is
mediated by PKA and possibly by BARK. Inhibitors of PKA, such as H-8 and H-89,
reduce cAMPi attenuation to CGRP but also prevent proliferation. Heparin inhibits 3
ARK, in digitonin permeabilised cells, and also reduces cAMPi attenuation to
isoprenaline, but under these conditions no proliferation occurs and cells eventually
die. Inhibitors of phosphodiesterase or the inhibitory G protein, Gj, potentiate acute
responses but do not prevent desensitisation, suggesting that neither cAMPi
breakdown nor downregulation of adenylate cyclase are important for desensitisation.
To prove our contention that, in the absence of desensitisation, both CGRP and
isoprenaline would be permissive signals for growth factors as Schwann cell
mitogens, we have utilised a novel technique. Theoretical concepts suggest a critical
role for Mg*™ in favouring the dissociated state of the heterotrimeric Gg complex
following receptor ligand interaction. In this state the Gg, subunit is free to activate
adenylate cyclase. Increasing the concentration of Mg could therefore enhance
receptor G protein coupling and thereby overcome the effects of receptor
desensitisation. At concentrations between 5 and 10mM Mgt the rapid loss of
cAMPi elevation to both CGRP and isoprenaline is reduced and they are permissive
in conjunction with serum, PDGF or FGF. Mg*™ itself neither elevates cAMPi nor is
mitogenic and is therefore potentiating a specific receptor response. Other
neuropeptides such as somatostatin, met-enkephalin, ACTH, galanin and substance P,
which do not elevate Schwann cell cCAMPi, are not mitogenic even in high Mg*™". In
the presence of high Mg**, CGRP is able to increase NGF synthesis by fibroblasts,
and isoprenaline stimulates NGF synthesis by Schwann cells. CGRP, even in the
absence of Mg*™, inhibits fibroblast proliferation. In this case a brief elevation of
cAMPi is sufficient as a similar time course of desensitisation is seen in these cells
also.

The second section examines the role of the macrophage-derived cytokines, IL-1 and
TNF, in regulating proliferation and NGF synthesis by non-neuronal cells. Data is
presented which shows that IL-1 and TNF both increase NGF synthesis by cultured
fibroblasts and weakly by Schwann cells, and that their action is additive. IL-1 is also
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shown to be a Schwann cell mitogen. These Schwann cell responses are lost with time
in culture and are not apparent, therefore, in cells prepared by older methods. This is
the first in vitro demonstration that products of activated, recruited macrophages may
regulate Schwann cell responses. IL-1 stimulates NGF production by endoneurial
fibroblasts and stimulates proliferation weakly if PGEo synthesis is inhibited by
indomethacin. PGE> inhibits fibroblast proliferation via activation of PKA as IL-1 is
mitogenic if PKA is inhibited with H-89. y-IFN potentiates the action of IL-1. y-IFN
is a product of activated T-cells and is upregulated in injured neurons. Co-treatment
of cells with y-IFN and IL-1 leads to marked synergistic stimulation of NGF
synthesis, suggesting that it may sensitise non-neuronal cells to macrophage products.

v-IFN inhibits proliferation of fibroblasts and Schwann cells, even when IL-1
stimulated, suggesting that it may operate a switch from proliferation to synthesis of
NGF. y-IFN inhibits fibroblast proliferation independently of cAMPi and is not
prevented by H-89. It may be of interest to examine the role of TGF-f in this respect,
as it also inhibits proliferation of fibroblasts and Schwann cells. IL-1 stimulates
Schwann cell proliferation through more than one intracellular signalling pathway.
Data is presented that a pertussis toxin sensitive G protein mediates part of IL-1
action; we have indirect evidence that IL-1 increases Schwann cell production of the
E-series prostaglandin, PGE,. These pathways are both critical for synergy between
IL-1 and PDGF, which is prevented by pertussis toxin or indomethacin pre-
treatments. Part of intrinsic IL-1 mitogenic activity is unaffected by these agents but
is by the tyrosine kinase inhibitor genistein. PKA activity must be intact for cell
division as H-89 prevents the action of all mitogens. IL-1 acts in synergy with either
forskolin or PDGF to induce proliferation. I propose that IL-1 is a mitogen by the
activation of at least two intracellular signalling pathways; one of which is linked to
cAMPi elevation and activation of PKA and one which is via a tyrosine kinase. TGF-
B, also a macrophage product, has previously been suggested as a Schwann cell
mitogen. I show that TGF-B does not influence acutely isolated Schwann cells, whilst
quiescent, but inhibits mitogen induced proliferation.

Finally, a unifying model is suggested whereby the responses of non-neuronal cells
following axotomy are regulated by a combination of both neuron-derived and
macrophage-derived signals. Clinical aspects of the work are also discussed,
including the therapeutic potential of supraphysiological serum Mg*™ in situations,
such as heart failure, where down regulation of adenylate cyclase linked receptors is
prominent.
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CHAPTER 1

INTRODUCTION
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OVERVIEW

In mammals, neurons within the peripheral nervous system (PNS) regenerate whereas
those in the central nervous system (CNS) do not. This fundamental difference has
profound clinical implications. Although the proximal stumps of transected axons in
the CNS begin to regenerate, this growth ceases by two weeks (Cajal, 1928) whereas,
in the PNS, regrowth continues and functional reinnervation of target tissues may
occur. A large body of evidence suggests that glial cells and other non-neuronal cells
provide a permissive environment for neuronal regeneration to occur, within the PNS,
and that failure of functional regeneration within the CNS may be due to differences
in surrounding non-neuronal cells rather than in the neurons themselves. Regeneration
in the optic nerve may be promoted by applying grafts of PNS tissue such as the
sciatic nerve. Regeneration in the CNS can also be promoted by applying grafts of
foetal CNS tissue, suggesting that the properties of neurons or glial cells differ
between embryonic and adult stages. It is therefore of great interest to understand the
biology of non-neuronal cells within the PNS. Identification of those factors
influencing Schwann cell and fibroblast activity during PNS regeneration may not
only lead to methods of improving functional outcome after peripheral nerve injury or
in neuropathic disorders, but might also suggest therapeutic strategies for promoting
regeneration within the CNS. Sufferers of motor neuron disease might benefit if
trophic factor production by glial cells could be enhanced: understanding those
factors which regulate this process could have great impact on the treatment of this
and related disorders. Furthermore, many diseases involve primarily disordered
function of the non-neuronal cells themselves, including Guillain-Barré syndrome in
the PNS and multiple sclerosis within the CNS: again, identification of factors
controlling proliferation and myelination by these cells could have therapeutic
implications. Finally, the progression or genesis of nerve sheath tumours, occurring
sporadically or in individuals with neurofibromatosis type 1 (NF-1) or type 2 (NF-2),
could be manipulated if those factors governing proliferation were identified.
Therapeutically, this might be of critical importance particularly where tumour
location either precludes surgery or where surgical intervention is likely to result in
damage to surrounding structures such as cranial nerves around the internal auditory
meatus. It might also shed some light on the processes governing malignant
transformation in subsets of glial cells bearing the NF-1 mutation.

In this thesis, we set out to identify factors regulating proliferation and trophic factor
synthesis by Schwann cells and fibroblasts. Intracellular second messenger systems
mediating these effects have also been studied and the relative contributions of axon
and macrophage derived signals on these examined.
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PERIPHERAL NERVE ULTRASTRUCTURE

Peripheral nerves contain axons which are the distal extensions of sensory, motor and
autonomic neurons whose cell bodies lie in dorsal root ganglia, the anterior horn of
the spinal cord, and autonomic ganglia, respectively. A peripheral nerve, such as the
sciatic, consists of numerous fascicles, or axon bundles, accompanied by Schwann
cells that provide the axons with myelin or membranous/cytoplasmic ensheathment.
A sleeve of basement membrane covers the Schwann cell and extends uninterrupted
from one Schwann cell to the other along the same axon. Schwann cells form the
basal lamina components on contact with axons (Bunge et al., 1986). The innermost
part of the nerve, containing axons, is called the endoneurium and is surrounded by a
flattened cellular layer, the perineurium, which surrounds each fascicle. Around the
entire complement of fascicles is the epineurium. The connective tissue stroma, which
lies between axon-Schwann cell units surrounding the nerve fibres, is formed by the
endoneurial and specialised epineurial fibroblasts which produce the majority of
endoneurial collagen (Salonen et al., 1988; Salonen et al., 1987; Roytta et al., 1987).
The perineurial fibroblasts also contribute to the blood-nerve barrier (Bunge et al.,
1989). Anastomotic networks of blood vessels, with numerous perforating feeders,
along the entire length of the nerve supply intra fascicular networks. The peripheral
nerve trunks contain substantial connective tissue; a third of protein in peripheral
nerve trunks is collagen. The endoneurium also contains macrophages, particularly
along the blood vessels (Oldfors, 1980), and mast cells in varying numbers depending
on the species (Gamble and Goldby, 1961; Nennesmo and Reinholt, 1986) which
contribute to post-injury oedema (Powell et al, 1979). The vasa nervora
communicate with the extracellular fluid of the peripheral nervous system and play a
critical role in composition of that fluid (blood-nerve barrier). The intrafascicular
cells and axons themselves also add products which are released into the endoneurium
(Skene and Shooter, 1983).

PERIPHERAL NERVE REGENERATION

It is well established that peripheral nerves of most vertebrates have the capacity to
regenerate after injury, to the extent that sensory and motor function can return.
Peripheral nerve injuries fall into two broad categories: first, transection injuries
where regeneration into the disconnected stump is prevented by spatial separation
and, second, those such as crush injuries or non-displaced transection injuries where
axonal regeneration into the distal stump can occur. Initially, the structural changes
occurring in the distal stump are identical following both types of injury; axonal
degeneration is accompanied by the proliferation of non-neuronal cells. Ischaemia,
however, is not induced in peripheral nerve even after crush/transection. Both
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proximal and distal stumps are supplied from perforating vessels, ensuring that the
distal stump retains a good blood supply, even prior to regeneration and any new
vessel formation or vascular repair. Crushed axons which retain their Schwann cell
and basal lamina sheaths may regrow and reinnervate their targets; severed axons may
grow out from their proximal tips to reconnect to their original targets, some
remaining intact axons may sprout fine processes both at their terminals and at the
nodes of Ranvier, some of which may succeed in innervating denervated muscle
fibres. In the case of nerve section, the gap between the proximal and distal stumps is
closed by Schwann cells and by perineurial and endoneurial cells which differentiate,
proliferate, and move in from both sides of the lesion (Bijlsma et al., 1988). The entry
of axons into the distal stump may be delayed or absent if the distance between
severed ends is too great. Cut axons can grow over 1-2cm to reach the stump, but
functional recovery will be poor (Lundborg et al., 1989). Transected nerves may
traverse greater distances if a guidance channel or implanted chamber is employed
(Aebischer et al., 1989). Using the Schwann cell as a guide, the regenerating axons
reconnect with their targets. The quality of this reconnection depends on the ability of
the fibres to enter the correct channels distal to the lesion, and on the survival of
damaged neurons until they achieve this. In man, the best rate of growth is
approximately Imm per day, whereas in adult rat, the rate of regeneration of sciatic
nerve neurons after crush is 2-3mm per day. There is a latent period of 5-6 days
before appearance of regenerating axons beyond the crush site, for a lesion located
45mm from the target tissue (Guttman et al., 1942). Rates are faster following crush
than following transection, and functional outcome is more complete because the
basal lamina tubes have not been interrupted and can direct axons back to their
correct targets. It has been estimated that only 6% of growing neurites do not reach
their targets after crush injuries measuring 2mm in width.

Trauma to neurons results in significant biochemical rearrangements and
readjustments. These changes have been described extensively: the soma undergoes
what is collectively called chromatolysis, which eventually leads to either
regeneration of the injured neuron or to its eventual degeneration; the axons,
disconnected from their cell bodies, undergo Wallerian degeneration ( named after
A.V.Waller who first described these changes, in severed peripheral nerves in 1850).
Similar changes occur after crush (Powell et al., 1979), cold injury (Myers et al.,
1980), after damage by the immune system (Ridley and Rainbird, 1978), or when the
blood supply is interrupted (Hess et al., 1979; Perry and Brown, 1981). Following
nerve fibre injury, axons and myelin in the distal stump are degraded; this stage of
Wallerian degeneration is largely executed by macrophages invading the distal stump,
though Schwann cells may also play a part. There has been considerable debate as to
the direction of degeneration, morphological changes proceed centripetally while
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electrophysiological changes appear first at the nerve terminals. These differences
may reflect the fact that axons are degenerating from the distal end, whereas myelin
degradation occurs in the reverse direction. In baboon motor axons there is failure of
neuromuscular transmission by 4-5 days, whereas conduction block appears later and
develops centripetally.

The changes in the proximal stump are similar to those in the distal stump over the
first 2 millimetres, representing about 3-4 internodes proximal to the injury, and
include axonal degeneration and Schwann cell proliferation. These changes are
locally confined, although a variable number of axons undergo degeneration and there
is a small loss of cell-bodies through retrograde degeneration.

The question of which cells are responsible for clearing the myelin debris has been
clarified. Recent evidence suggests that both macrophages and Schwann cells may be
involved, but that the majority of clearance is by EDI1-positive macrophages.
Macrophages begin entering the nerve from blood vessels by the second day
following injury, migrate to degenerating nerve fibres, penetrate the basal lamina and
phagocytose myelin (Stoll et al., 1989). There are only rare resident macrophages
present in mature adult peripheral nerve (Samuel et al., 1987b). Macrophage and
polymorphonuclear leukocyte (PMNL) recruitment is required for normal progression
of the degenerative response (Lunn et al., 1989; Beuche and Friede, 1984). In its
absence, as is seen in the C57Bl/Ola mutant mouse strain, Wallerian degeneration
proceeds extremely slowly and Schwann cell proliferation remains confined to the
actual injury site (Brown et al., 1991). The lack of proliferation is paralleled by a
failure of NGF production in the distal stump. The mutation seems to be a defect
within the nerve, leading to absence of a recruitment stimulus rather than in
circulating monocytes (Perry et al, 1990), though the nature of this is not known.
Macrophages are prominent participants in inflammatory demyelinating neuropathies.
In patients with chronic inflammatory neuropathy and Guillain-Barré syndrome
(Griffin et al., 1990b), it was found that Ia-positive macrophages were adherent to
both normal and demyelinating fibres. Foamy macrophages, judged to be
postphagocytic, were Ia-negative. The actual recruitment stimulus for macrophages is
not known but could be a T-cell product. T-lymphocytes are frequently present in
nerves obtained from patients with various types of neuropathy (Cornblath et al.,
1990). Monocytes can be demonstrated in 76% of biopsies taken from neuropathic
nerves, with CD3+ cells (T lymphocytes) at the greatest density. Factors that attract T
lymphocytes into nerves may thus be important in pathogenesis.
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THE SCHWANN CELL IN NERVE REGENERATION

It has been known for more than forty years that injury to peripheral nerve causes
multiplication of non-neuronal cells, especially Schwann cells. These cells may
determine the success of axonal regeneration (Taniuchi et al., 1986) by secreting
trophic factors, such as NGF (Heumann et al., 1987, Lindholm et al., 1987) and brain
derived neurotrophic factor (BDNF) (Acheson et al., 1991). Numerous observations
suggest that axons may grow over short distances on their own, but that over longer
distances they require Schwann cells to do so. Although there are reports of basal
lamina tubes deprived of living Schwann cells supporting regeneration (Ide et al,,
1983), they do not appear to do so if Schwann cells are prevented from growing out
from the proximal stump along with regenerating axons (Hall, 1986a). When
Schwann cell mitosis is impaired by irradiation or anti-mitotic agents, axonal growth
is retarded and myelin formation impaired (Hall, 1986b;, Hall and Gregson, 1977,
Love, 1983). Five days after axotomy of rat sciatic nerve proliferating Schwann cells
have migrated within endoneurial spaces and within basal lamina to form longitudinal
arrays with longitudinally overlapping processes just within the perineurium, referred
to as the Bands of Bungner. It is generally believed that Schwann cells within distal
bands provide trophic support for regenerating axons, this is most clear for sensory
and sympathetic axons. Following axotomy, Schwann cells and fibroblasts produce
NGF (Heumann et al., 1987c; Bandtlow et al., 1987), and Schwann cells start to
produce receptors for NGF (Taniuchi et al., 1988; DiStefano and Johnson, 1988). In
the C57Bl/Ola mutant mouse, normal NGF synthesis by non-neuronal cells does not
occur, and the regeneration of sensory neurons is greatly impaired (Brown et al.,
1991) although this may be coincidental. Schwann cells may secrete and bind NGF to
their cell surface, providing a sink of NGF and thereby trophic support for
regenerating axons. Schwann cells also make cilliary neurotrophic factor (CNTF)
(Rende et al., 1992; Dobrea et al., 1992; Muir et al., 1989; Wewetzer et al., 1990),
and BDNF. CNTF is a potential trophic factor for motoneurons (Sendtner et al.,
1990); BDNF, neurotrophin-3 (NT-3) and neurotrophin-5 (NT-5) can prevent the
death of cultured embryonic rat spinal motoneurons (Henderson et al., 1993), though
it is not known if NT-3 and NT-5 are made by Schwann cells, or how they are
regulated following injury. This dependence of neurons on exogenous trophic factors
may be primarily a feature of developing or regenerating peripheral nerves. It is
known that neurons express mRNA for high affinity NGF receptors (Ttk A) and up to
35% of DRG neurons express both high affinity BDNF receptors (Trk B), and the
preferred NT-3 receptor (Trk C) in vivo (Meakin and Shooter, 1992; McMahon et al.,
1994); what is surprising however, is the finding that BDNF produced by dorsal root
ganglion (DRG) neurons may act as an autocrine survival factor in vitro, for a
subpopulation of sensory neurons at least (Acheson et al., 1995). It is therefore
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possible that exogenous trophic support may not be required for some adult neurons,
but equally supports the hypothesis that some form of survival signals are needed in
adult as well as developing cells, which can be autocrine. The ability of nerves to
successfully regenerate in the peripheral nervous system (PNS) is, therefore, at least
in part due to the permissive environment provided by proliferating Schwann cells
and secreted growth factors.

NERVE GROWTH FACTORS IN REGENERATION

Nerve growth factor (NGF), was discovered in the 1950s by Levi-Montalcini and
Hamburger (Levi-Montalcini and Hamburger, 1951). It was found to enhance the
outgrowth of neurites selectively from neurons of sympathetic and embryonic dorsal
root ganglia both in vivo during foetal development, and in vitro (Levi-Montalcini
and Angeletti, 1963; Levi-Montalcini et al., 1954). NGF is produced by target tissues
of NGF-sensitive fibres, taken up by presynaptic terminals and retrogradely
transported to the perikaryon (Hendry et al.,, 1974; Stoeckel et al, 1975; Stoeckel et
al., 1976). The importance of NGF for neuronal survival during development has
been demonstrated conclusively by immunosympathectomy. Administration of NGF
antiserum to new-born rats results in a significant reduction of neuronal number in the
lumbar DRG (Yip et al., 1984). Addition of NGF during development reduces the
extent of naturally occurring cell death (Hamburger et al., 1988), possibly by
suppression of an active cell death program (Martin et al., 1988). Considerable cell
death occurs in sympathetic and DRG neurons following peripheral axotomy in rats
(Hendry, 1975; Yip and Johnson, 1984; Tessler et al., 1985; Arvidsson et al., 1986).
Deprivation of NGF does not increase the degree of cell death in the lumbar DRG or
affect the success of regeneration after sciatic nerve transection (Rich et al., 1984).
NGF, however, partially reverses the central changes in the cell body following
transection, when applied locally to lesioned nerve (Fitzgerald et al., 1985; Rich et
al., 1987). NGF may be involved in collateral sprouting of sensory axons in the skin
(Diamond et al.,, 1992). NGF mRNA increases distal to a sciatic nerve lesion
(Heumann et al., 1987b), localised to Schwann cells and fibroblasts, with peaks at 6
hours and 3 days. This persists until regeneration occurs (Heumann et al., 1987c).
This increased expression following axotomy may enable the distal stump to act as a
surrogate target, providing trophic support to regenerating sensory and sympathetic
fibres. However, although NGF receptors transiently accumulate around a nerve
lesion by axonal transport (Raivich and Kreutzberg, 1987), both retrograde and
anterograde transport decrease rapidly from one day after injury (Raivich et al,
1991). NGF receptors on Schwann cells conversely reach a peak at 6 days after injury
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(Raivich et al., 1987), and this expression only decreases with the arrival of
regenerating axons (Taniuchi et al., 1988). In contrast to NGF peptide, the receptor is
not regulated by recruited macrophages (Brown et al., 1991; Heumann et al, 1987)
but probably by axonal contact. It is, therefore, not clear what role NGF is playing in
regeneration. It has been suggested that NGF produced by non-neuronal cells in the
distal stump (Matsuoka et al., 1991) could bind to Schwann cell receptors and support
regeneration of sensory axons by acting as a bridge between the two (Taniuchi et al.,
1988). The disappearance of axonal expression and retrograde receptor transport after
axotomy suggests that the regenerating axons may not be the target of NGF (Raivich
et al., 1991). No local action on non-neuronal cells has been shown to date. Many
related factors have now been described; BDNF has been isolated and sequenced
(Barde et al., 1982; Leibrock et al, 1989) and may be a trophic factor for
subpopulations of sensory neurons (Acheson et al., 1995); PCR cloning techniques
have revealed the identity of the NGF-like neurotrophic factors, NT-3 (Maisonpierre
et al., 1990) and NT-4/5 (Berkemeier et al., 1991; Ip et al., 1992). These
neurotrophins exert motoneuron trophic activity in vitro (Henderson et al., 1993). All
the neurotrophins including NGF bind to two classes of receptor; the tyrosine kinases
encoded by the #k genes (rkA4, trkB, and #kC) which mediate neurotrophin action
(Cordon-Cardo et al., 1991), and the protein p75 which enhances sensitivity of cells
bearing trk receptors to neurotrophins (Hempstead et al., 1991), and may be a
functional element of the receptor. Interestingly, Schwann cells express both p75
(Schatteman et al., 1990; Heuer et al., 1990) and #4B mRNA (Klein et al., 1990;
Martin-Zanca et al., 1990), though biological responses of Schwann cells to
neurotrophins have so far not been described.

SCHWANN CELL PROLIFERATION IN VIVO

In normal uninjured adult peripheral nerve non-neuronal cells consisting of Schwann
cells and fibroblasts, and a smaller number of vascular endothelial cells and resident
macrophage/ monocytes, are essentially quiescent and neither proliferate nor secrete
detectable amounts of NGF. Knowledge of the signals involved in regulating cell
proliferation and growth factor expression following nerve injury and during
subsequent regeneration may lead to advances in the treatment of traumatic or
neuropathic nerve damage, and may throw light on factors involved in the genesis or
maintenance of the nerve sheath tumours of neurofibromatosis. Schwann cell
division, meticulously regulated throughout development, occurs at an extremely low
level in normal adult nerves. Loss of the myelin sheath in disease results in active
proliferation of Schwann cells which, in the case of some demyelinating neuropathies,
can be patchy with only parts of the nerve involved. The dividing cells are usually
thought to be the Schwann cells of the demyelinated fibres and their daughters,
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though it has been suggested that there is a 'surround' of Schwann cell proliferation
around foci of demyelination; in this surround, multiple populations of Schwann cells
are recruited to proliferate, including Schwann cells of intact unmyelinated fibres
(Griffin et al., 1990a; Griffin et al.,, 1990). The release of diffusable mediators,
possibly by recruited macrophages, at these sites of demyelination could be
influencing all Schwann cells in range of the stimulus, which in the case of a
completely transected nerve would involve most of the distal stump. In sciatic nerve
chamber experiments extracellular fluid conditioned by nerve regeneration promotes
Schwann cell proliferation (Le Beau et al., 1988). Fluid harvested at one day after
transection was more effective in promoting Schwann cell mitosis than that collected
at later days, the activity approaching control levels by day 5 and climbing from day
7 to peak again at day 14. These peaks coincide with the occurrence of Schwann cell
mitosis in vivo, and with the recruitment of macrophages and arrival of regenerating
axons, respectively.

Macrophages recruited to foci of demyelination, either by axonal or T-cell factors,
may in turn release mitogens for Schwann cells. y-IFN is known to be present in the
nervous system (Kiefer and Kreutzberg, 1990) and is upregulated in sciatic nerve
neurons following axotomy (Olsson et al., 1989; Schmidt et al., 1990). It inhibits
Schwann cell proliferation (Eccleston et al., 1989) and regulates the expression of
MHC class II antigens (Armati et al., 1990). y-IFN can activate macrophages and is
synthesised by activated T-cells. The exact role of neuronal y-IFN is not known,
although there is indirect evidence that it may be involved in regulation of MHC
antigen induction and possibly the recruitment of T-lymphocytes into the nerve after
axotomy. After axotomy, motor neurons transiently express y-IFN, and T-cells invade
such areas of the spinal cord, also MHC antigens are induced in and around motor
neurons (Olsson et al., 1989; Maehlen et al., 1989).

v-IFN expression by sensory neurons may be important in the prevention or outcome
of viral infection in sensory ganglia (Eneroth et al., 1992). It is tempting to speculate
that y-IFN may also play a role in the recruitment as well as the activation of
macrophages in axotomized nerve, either directly or via T-lymphocyte recruitment.

Mast cell products may be important after nerve injury, and in certain types of
neuropathy where these products may be elevated and mast cell numbers are
increased. Mast cells differentiate from resident precursors under the influence of IL-
3 and NGF, and interact closely with axons (Matsuda et al., 1991; Theoharides, 1990;
Blennerhassett et al., 1991), though their role in regeneration is not known. Activated
mast cells secrete a number of biologically active factors, including leukotrienes,
histamine, heparin, eosinophil chemotactic factor, and serotonin, and are important in
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the acute inflammatory response. Some of these mediators may play a role in
peripheral nerve (Powell et al., 1980b). Repeated injuries can lead to progressively

more severe reactions, as mast cells proliferate after each trauma.

In addition to factors produced by recruited or resident non-neuronal cells, the axons
themselves are now known to upregulate the production of several neuropeptides,
including CGRP, VIP, as well as galanin (Villar et al., 1989; Hokfelt et al., 1987);
these neuropeptides are transported to the injury site and remain concentrated at the
leading edge of regenerating axons, where they may be released. These peptides are
therefore in a position to influence the behaviour of non-neuronal cells following
axotomy and during regeneration.

Following axotomy, Schwann cells start to proliferate during the first day following
injury, and within the distal stump this peaks at day 3 in the rodent and day 4 in the
cat, as assessed by 3H-thymidine uptake. The timing of Schwann cell proliferation in
the adult mouse has been reviewed previously (Brown and Asbury, 1981). At the
peak proliferative rate, thymidine incorporation is some 40-fold above normal. The
rate of proliferation falls to normal by day 11, and is already falling rapidly from day
5. This peak of Schwann cell division does not correlate with myelin breakdown
which proceeds in a proximal-distal gradient. Schwann cell proliferation appears to
occur simultaneously in all fibres and at several points measured along the length of
the distal stump. There is a second peak of Schwann cell proliferation which
coincides with regrowth (Pellegrino et al., 1986), closely paralleling re-establishment
of axonal contact, and therefore does show a proximal-distal gradient. Concluding
from this, one can say that after transection, when reinnervation is prevented, there is
a monophasic proliferation by Schwann cells, whereas a biphasic response is seen if
regeneration is permitted. The second wave of Schwann cell proliferation is paralleled
by a much decreased proliferation of fibroblasts, which overgrow and populate the
denervated distal stump if reinnervation is prevented (Haftek and Thomas, 1968;
Miyamoto et al., 1986). Scar formation and fibroblast overgrowth in front of
regenerating axons prevents reinnervation, so making regulation of fibroblast
proliferation as important as that of Schwann cells if adequate recovery after injury is
to occur.

In many respects, regeneration may be recapitulating peripheral nerve development.
During development, Schwann cells proliferate along axons while they are growing
into nerves. Axon numbers are adjusted by cell death (Reier and Hughes, 1972), and
Schwann cell proliferation is curtailed (Peters and Muir, 1959) allowing
differentiation into the myelin or non-myelin forming phenotypes. Myelin forming
cells differentiate first; these Schwann cells attain a 1:1 relationship with large axons,
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and produce the myelin sheath. Several smaller axons are ensheathed within the
cytoplasm of non-myelin forming Schwann cells. Distances between myelin
internodes increase with maturity, and redundant Schwann cells degenerate (Berthold,
1973), leading to the required ratio of Schwann cells to axons. This reduction in
Schwann cell number may be due to apoptosis, but this is not known. Schwann cells
undergo a phase of active proliferation ir vivo, which is followed by a growth
inhibition, a necessary step prior to differentiation (Morgan et al., 1991).

SIGNAL TRANSDUCTION

External factors are able to regulate cell division, differentiation, and other responses
from the cell surface by activating intracellular signalling pathways which can
integrate a variety of extracellular stimuli. Signalling pathways within cells are
formed by chains of intercommunicating proteins which integrate signals from
upstream activators and pass them on to downstream effectors. This process is known
as signal transduction, and allows signals to be amplified, dampened down, or
processed, before being passed on to downstream targets. Because mammalian gene
expression is largely regulated at the level of transcription, it is the activation of
transcription factors that converts the stimulus into a new genetic program. Many
neurotransmitters interact with membrane receptors to induce conformational changes
that generate intracellular second messengers such as, cAMP, Ca'™ and
diacylglycerol (DAG), via activation of G proteins. These, in turn, act via a group of
serine/threonine kinases; cAMP dependent protein kinase (PKA), calcium-calmodulin
kinase (CaM), and protein kinase C (PKC), respectively, which modulate cell
responses by phosphorylating target proteins on serine or threonine residues. Growth
factors, conversely, act via receptors that have intrinsic tyrosine kinase activity and do
not require intermediary G proteins or second messengers to stimulate kinase activity.
Receptor tyrosine kinases are autophosphorylated on ligand interaction and transmit
mitogenic signals through the phosphorylation of key growth regulatory targets on
tyrosine residues. In this manner, phosphorylation on tyrosine residues might activate
the mitogenic potential of target proteins either by enhancing their enzymatic activity,
or by altering their interactions with other cellular proteins.

Non-receptor tyrosine kinases include the protein product pp60¢-S7C of the
protooncogene c-src. These factors play a role in proliferation, and in chamber
experiments increased expression of pp60¢-7C occurs in Schwann cells and neurons
seven days after axotomy and peaking at thirty-five days, coinciding with the period
of neurite outgrowth and myelination in vivo. In normal adult peripheral nerve there
are generally undetectable levels of expression.
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A number of proteins phosphorylated by tyrosine kinases have been identified. The
level of tyrosine phosphorylation of some enzymes thought to play a role in signal
transduction, such as phospholipase C, correlates well with their increased activity
upon growth factor stimulation. Recently, there has been increased interest in the
protein tyrosine phosphatases which may constitutively reverse the action of tyrosine
kinases and probably have other receptor mediated functions. Downregulation of
growth factor receptors occurs on prolonged exposure to agonist or by stimulation of
other growth factor receptors, a process called transmodulation. EGF receptor
downregulation occurs via PKC, with resultant serine/threonine phosphorylation of
the receptor and decreased EGF binding; this process can be reversed by cAMPi
elevation, which stimulates phosphatases that restore normal binding (Winston et al.,
1991).

MOLECULAR SIGNALLING BY GROWTH FACTORS

The role of growth factors, receptors, and tyrosine kinases, in the control of
mammalian cell proliferation has been well established, as has the potential for viral
subversion and oncogenic disturbance in each of these components. The mechanisms
of signal transduction, amplification, and the biochemical pathways stimulated by the
mitogenic growth factors and oncogenic tyrosine kinases, are being clarified. Several
lines of evidence suggest that direct or indirect activation of cytosolic threonine/serine
protein kinases by tyrosine kinase activity, may provide a crucial downstream
function following membrane-mediated molecular signalling events. Functional links
have been shown for activation of phospholipase Cy (PLCy) and thence PKC by
growth factor receptor tyrosine kinases. A number of cytosolic serine/threonine
kinases are directly activated by tyrosine phosphorylation. Mitogen-activated or
microtubule-associated kinase (MAP kinase), a 42kD tyrosine kinase substrate which
itself exhibits serine/threonine kinase activity, is phosphorylated in mammalian cells
stimulated with EGF, PDGF, IGF-II or phorbol muyristate acetate (PMA)
(Rossomando et al., 1989). Cloning reveals that MAP kinase is identical to ERK-1
(extracellular signal-regulated kinase) (Boulton et al., 1990). Functioning as a key
intermediary in the cascade of growth factor-mediated protein phosphorylation, the
MAP kinase is only active when phosphorylated on both tyrosine and threonine
residues (Anderson et al., 1990). In CCL39 fibroblasts, MAP kinase is synergistically
phosphorylated by FGF and thrombin, which are also synergistic mitogens.
Interestingly, the action of thrombin, but not FGF, is mediated via a pertussis toxin
sensitive G protein, suggesting that MAP kinase may lie at a convergence point
downstream of at least two distinct signalling pathways. Activated MAP kinase in
turn phosphorylates and activates the 'growth associated' (40s ribosomal protein) S6
kinases (Sturgill et al., 1988), revealing a pathway of sequential protein
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phosphorylation extending from the plasma membrane to the principal
phosphoprotein of the eukaryotic ribosome.

The ras and raf-1 proto-oncogenes are indispensable elements in the transduction of
growth and differentiation signals initiated by receptor and non-receptor tyrosine
kinases. The normal products of the ras gene are members of a large family of
proteins known to bind guanine nucleotides. Like the structurally related G proteins,
the Ras proteins function as a binary switch. In the inactive state, Ras binds GDP and
is located at the inner cell membrane; upon activation it binds GTP and releases
growth stimulating signals into the cell. Normally, this process is short-lived and
terminated by the proteins intrinsic GTPase activity, which hydrolyses bound GTP
back to GDP and restores the inactive state. Oncogenic Ras proteins have greatly
reduced GTPase activity, allowing prolonged activation and growth stimulation. It is
known that GTPase-activating proteins (GAPs) associate with Ras proteins and
stimulate their intrinsic GTPase activity, thereby shutting them off (Trahey and
McCormick, 1987). GAP proteins are defective in patients with type-1
Neurofibromatosis (NF-1) (Viskochil et al., 1990; Wallace et al., 1990; Basu et al,,
1992), and consequently these patients have an increased risk of developing
malignancy through defects in shutting off Ras. Interestingly, accelerated
proliferation of Schwann cells occurs even in the absence of malignant change, and
may reflect a simple imbalance in tonic Ras activity. The element regulated directly
by yeast Ras proteins is adenylate cyclase, but in higher eukaryotes their direct target
enzymes are only now being elucidated. Several cytoplasmic oncogenic
serine/threonine kinases are rapidly and possibly directly regulated by Ras, including
c-Raf-1 (Robbins et al.,, 1992), MEK, MAP kinase (Wood et al.,, 1992), and Rsk
(Wood et al., 1992), stimulated by several mitogenic growth factors. Evidence
suggests that these serine/threonine kinases are arranged in a linear cascade; Rsk is
phosphorylated and activated by p42/p44 MAP kinases (Sturgill et al., 1988), which
are in turn activated by MEK ( Gomez and Cohen, 1992). c-Raf-1 phosphorylates and
activates MEK in vitro, and a drosophila MEK-like kinase can act as a suppressor of a
drosophila raf~I loss of function mutation (Tsuda et al, 1993). Of these
serine/threonine kinases, c-raf-1 is situated most proximal to the signal generated by
Ras. In NIH 3T3 cells, c-Raf-1 is essential in transducing proliferative signals
initiated by receptor tyrosine kinases and transmitted through c-Ras. Antisense c-raf-/
RNA, or dominant negative c-raf~/ mutations, can block the DNA synthesis and
growth stimulated by serum, TPA, or ras oncogenes (Kolch et al., 1991). Expression
of v-raf can overcome the blockade to proliferation present in ras revertant lines
(Rapp et al., 1988), or induced by microinjection of inhibitory anti-Ras antibodies. In
most cells, growth factor induced Raf-1 activation is accompanied by multisite
serine/threonine phosphorylation of Raf-1 through a PKC independent pathway and
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can be deactivated in vitro by the serine/threonine-specific phosphatase-1 (Kovacina
et al., 1990). Co-ordinated activity between protein kinases and phosphatases are
probably a feature of most signalling pathways (Review by Hunter, 1995). Ras and
Raf-1 may interact directly: Raf is, in fact, a direct effector of Ras (Zhang et., 1993;
Warne et al., 1993). The GTP bound, active form, of Ras has the highest affinity for
Raf-1. An intact Ras effector region is required for interaction with Raf-1, and may
exhibit competitive binding between Raf-1 and GAP polypeptides (which stimulate
Ras GTPase activity). Raf may in turn phosphorylate and activate MAP kinase kinase,
the homologue of mammalian MEK kinase.(Hughes et al., 1993). Raf-1 may,
however, be activated by tyrosine phosphorylation as a direct result of the intrinsic
kinase activity of the PDGF receptor (Morrison et al., 1989). Once activated, the Raf-
1 kinase phosphorylates a factor/factors that then stimulate transcription of c-fos and
the B-actin gene (Blackshear et al., 1990). The activity of Raf-1 is thus linked to
induction of early response genes.
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Fig. 1. The Ras signalling pathway.

Binding of growth factor, in this case EGF, leads to autophosphorylation of the
receptor on tyrosine residues. Controllers of RAS exchange factors, such as Grb2 /
SemS, recruit exchange factors, like Sos, which act as guanine-nucleotide releasing
factors. This converts Ras-GDP to active Ras-GTP. Several downstream targets are
shown. Activated Raf phosphorylates MAP kinase kinase (or MEK) which via
ERKI1/2 (MAP kinase) can produce signals which enter the nucleus and
phosphorylate transcription factors that regulate gene expression.
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CELL CYCLE REGULATION

The regulation of the cell cycle maintains the balance between cell proliferation,
differentiation, survival and death. Positive regulation is provided by the cyclins and
cyclin-dependent kinases (CDKs), and negative regulation by tumour suppressor
proteins, notably those encoded by the tumour suppressor genes p53 and RBA, and
the SDK inhibitors. In the active state, cyclin/SDK complexes enable transition of the
cell through distinct phases of the cell cycle: the checkpoint phases (Gl and G2),
DNA synthesis (S) and mitosis (M).

A major control point in the mammalian cell cycle is the G1-S transition. It is during
G1 that serum factors such as PDGF, EGF and IGF-1 act to stimulate transition to S
phase (Gould and Nurse, 1989), and after which exogenous growth factors are no
longer required to complete the cell division cycle. In the animal cell cycle this
restriction point in mid-G1 phase, at which cells commit themselves to the mitotic
cycle rather than differentiation or quiescence, is analogous to Start in yeast. One
protein kinase stands out as the critical sentinel of the S phase, p340d‘32 . This is the
founding member of a family of protein serine/threonine kinases, CDKs, whose
activity depends on their association with specific regulatory subunits known as
cyclins. Studies using immunodepletion (Pardee, 1989), and antisense
oligodeoxynucleotide strategies (Blow and Nurse, 1990), confirm that p340d02 plays
a pivotal role in the initiation of DNA replication in higher eukaryotes.

The cyclins are an ever growing family of proteins defined by an 150 amino acid
region of structural homology, called the cyclin box, responsible for binding to the
CDK subunit. The G1 or START cyclins act before S phase, whereas the G2 or
mitotic cyclins act after S phase. The B cyclins, the first described cyclins isolated
from marine invertebrates, regulate transition through mitosis. Cyclin A facilitates
progression through S phase in mammalian cells. The G1 cyclins operate in the
earliest phase of the cycle, including the G1/S transition. The G1 cyclins consist of at
least three D cyclins and cyclin E. These G1 cyclins and their CDK partners are rate-
limiting for progression through G1 into S phase (Dulic et al., 1992; Reznitsky et al.,
1994). The D cyclins are uniquely modulated by exogenous growth factors
(Matsushime et al., 1991). The D cyclins are induced by CSF-1 and downregulated by
TGF-B.

Different cyclins that bind the same CDK alter the specificity of the complex, and in
fact CDKs in non-proliferating cells may serine/threonine phosphorylate targets
unconnected with the cell cycle. The D type cyclins are short lived proteins, like the
yeast CLNs, whose mRNA and protein synthesis are serum-dependent (Matsushime
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et al., 1991). The D type cyclins associate with CDK2, CDK5 and CDK6, but
primarily CDK4 (Matsushime et al., 1992). The cyclin D-CDK4 complexes form at
the restriction point, and dissociate when the cell enters S phase (Baldin et al., 1993).
Cyclins D1 and D2 are protooncogenes overexpressed in certain tumours; the PRAD1
and bcll protooncogenes are both cyclin D1 (Motokura et al., 1991). The cyclin D-
CDK4 complex may be rate limiting in G1; overexpression of cyclin D1 shortens the
cell cycle and the G1 phase. The cyclin D-CDK4 complex may neutralise Rb-
mediated growth inhibition (Kato et al., 1993), by phosphorylating the Rb protein. D
cyclins may also bind directly to a critical pocket region of Rb, and inactivate it.

Cyclin E, whose expression is cell cycle-dependent, may be involved in initiation of
DNA replication once cells have passed the restriction point (Reznitsky et al., 1994).
Cyclin E primarily activates CDK2 and is raised in tumour cell lines. TGF inhibition
of growth may be by inducing G1 arrest by production of an inhibitor which binds
and inactivates the cyclin E-CDK2 complex (Koff et al., 1993).Other inhibitors
include Cip1/picl (21kDa) which bind and inhibit numerous cyclin-CDK complexes
in vitro, and are found associated with cyclin-CDK complexes in normal but not
transformed cells. The Cipl/pic protein is upregulated in senescent cells and is
induced by wild-type but not mutant p53 (El-Deiry et al., 1993), suggesting a
mechanism whereby DNA damage could inhibit the cell cycle. Once cells begin to
synthesise DNA, cyclin E is rapidly degraded and replaced by cyclin A which
associates with CDK2; the resulting complex may share many substrates. The cyclin
A-CDK2 complex is needed for continuing DNA replication; although the exact role
is unknown the complex can interact with replication machinery including PCNA and
helicases. Both cyclin E and A complexes with CDK interact with E2F and DP1 and
could regulate their transcriptional activity. The cyclin B-CDK1 complex is the
primary mitotic kinase, and is regulated by weel/mikl mediated phosphorylation of
Y15 to prevent its premature activation. Once the cell is ready to enter the cell cycle
then stockpiled cyclin B-CDK1 complexes are rapidly activated and translocated to
the nucleus. Destruction of cyclin B and inactivation of the CDK complex are crucial
for regulation of the metaphase-anaphase transition. Mutant indestructible cyclin B
will block a cell in metaphase (Glotzer et al., 1991).

The retinoblastoma (Rb) susceptibility protein is underphosphorylated in GO, and in
early G1 becomes highly phosphorylated on serine and threonine residues at the G1-S
phase boundary and remains so during S and G2 (Furukawa et al., 1990; Ludlow et
al., 1990). This has led to the suggestion that phosphorylation and hence inactivation
of this protein may be an obligatory step in the transition from Gl to S phase.
Interestingly, Rb phosphorylation can be inhibited by TGF-3 (Mihara et al., 1989), or
other treatments leading to cytodifferentiation (Laiho et al., 1990). Quiescent, but not
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senescent, fibroblasts are capable of phosphorylating Rb protein when stimulated with
serum. Active p34Cd"2 kinase complexes are known to be capable of phosphorylating
the Rb protein at multiple sites in vitro (Chen et al., 1989). The identity of the Rb
kinase remains unresolved, but belongs to the CDK class, because coexpressing
cyclins such as cyclin A and E can override Rb induced cell cycle arrest correlating
with increased Rb phosphorylation (Zhu et al.,, 1993; Hinds et al., 1992). These
cyclins can not override p107 induced cell cycle arrest. The most convincing in vivo
evidence for p340d‘32 kinase being linked with Rb comes from studies in human T-
cells, in which p34 mRNA and protein were induced on mitogenic activation. In this
study, p34 induction, Rb phosphorylation, and transition to S phase were blocked by
incorporation of antisense oligonucleotides. The underphosphorylated Rb protein may
interact negatively with members of the cell cycle specific transcription factor family,
such as DRTF1/E2F or DP1, that are important for cell-cycle progression (Chellappan
et al.,, 1991). Two other members of the Rb family have been described, p107 and
p130; these so called “pocket proteins” may interact directly with cyclins and when
upregulated will prevent cell cycle progression (Zhu et al., 1993). They may also
interact with DRTF/E2F, but p130 complexes appear predominantly during Go and
G1, and the p107 complex during G1 and S. E2F mRNA increases towards the end of
G1; they can overcome Rb-dependent cell cycle arrest (Zhu et al., 1993) and if
artificially increased in quiescent fibroblasts causes them to progress into S phase
(Johnson et al., 1993).

Speculation continues on the role of other G1-S phase specific cyclins in cell cycle
control. A large number of studies have suggested the existence of a so called S-phase
promoting factor (SPF) in somatic cells analogous to MPF of oocytes. It has been
postulated that this SPF enzymatic activity may consist of p34 in complex with a G1-
specific cyclin (Taya et al., 1989) or possibly cyclin A itself (Murray and Kirschner,
1989a). Recent studies suggest that not only is p34 kinase necessary, but that addition
of cyclin A to a G1 cell extract is sufficient to initiate DNA replication (Murray and
Kirschner, 1989b). In rat PC12 cells, tyrosine hydroxylase is phosphorylated at
multiple sites by proline directed protein kinase (PDPK) (Vulliet et al., 1989).
Western blotting and use of specific antisera reveal the active form of this kinase
consists of the p34¢4c2 catalytic subunit and p58cyclin A (Hall et al., 1990). A model
predicts that the association of p34 and p58 and/or activation of the resulting
heterodimer is under growth factor control. The cyclin A subunit is tyrosine
phosphorylated in PDPK, suggesting differences in regulation compared to HIK
(another p34 complex with cyclin B). The latter seems be active later in the cycle,
during G2 just prior to M phase, whereas PDPK seems to peak during S phase. Both
Rb and p53 tumour suppressor proteins are putative substrates for p34, and known to
be phosphorylated during interphase. Complexes of cyclin A-cdc2 and cyclin B-cdc2
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are required for the G2-M transition; activation of cyclin B-cdc2 triggers entry into M
phase. and inactivation of both complexes is required for completion of mitosis
(Review by King et al., 1994). Unlike regulation of protein phosphorylation by
classic serine/threonine protein kinases, such as PKA and PKC, governed by minute
to minute changes in steady state levels of respective second messengers, the p34¢dc2
containing protein kinase complexes, proposed to control both S phase (p34/pS8
PDPK) and M phase (p34/p62¢¥clin B) are designed to remain active for more
prolonged times. The activity of the p34 catalytic subunit is regulated by
dephosphorylation and phosphorylation, and appears relatively independent of ionic
fluctuations and second messenger molecules. Once triggered, the p34 containing PK
complex may remain active for hours, and it’s phosphotransferase activity remain
until cyclins are removed by proteolysis. This makes sense for their functional roles;
control of onset and maintenance of S and M phase. Neither of these is considered
reversible in somatic cell cycles, and failure to complete would be catastrophic.
p34¢cdc2 s also phosphorylated on tyrosine residues, however in this case it is
profoundly inactive until dephosphorylated for activation at the onset of M phase
(Jamal and Ziff, 1990).

NEOPLASIA, ONCOGENES AND GROWTH FACTORS

In 1911 Peyton Rous reported the transmission of sarcomas in chickens by injections
of cell-free filterable extracts of tumours into healthy birds (Rous, 1911). This agent
was subsequently shown to be an RNA virus, the retrovirus. The retroviruses capable
of causing malignant tumours contain a gene that is not essential for viral replication,
and may have been picked up from a host cell; these viral oncogenes (v-onc genes)
have similar counterparts in normal cells (reviewed in Bishop, 1985), which are
called protooncogenes. An oncogene may be defined as a gene whose aberrant
activity is essential to the neoplastic state. Retroviruses may pick up and damage a
normal protooncogene and hence become transforming viruses. In addition, mutagens
or other mechanisms, may activate these genes which are then known as cellular
oncogenes or c-oncs. Oncogenes are often classified by cellular location as either
cytoplasmic or nuclear. A major class of cytoplasmic oncogenes are receptor tyrosine
kinases. This group includes the products of the v-src, v-yes, v-fps/fes, v-erb-B, v-fms
and v-ros. Some of these are now known to be growth factor receptors, the oncogene
v-erb-B is homologous to the EGF receptor. The internal tyrosine kinase domain, is
able to tyrosine phosphorylate substrate proteins and the receptor itself. The v-fins
gene product is homologous to the receptor for CSF-1. Aberrant activation of these
growth factor receptors is one mechanism for uncontrolled growth. The v-sis
oncogene encodes a protein p28V-SiS, that is virtually identical to the B chain of
PDGF. Growth factors or their receptors may be protooncogenes, as indeed may
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GTP-binding proteins, intracellular second messengers, protein kinases or
transcription factors. Cells transformed by certain cytoplasmic oncogenes (ras, src,
mos, fes, abl, erb-B, yes and mil/raf) which do not themselves code for growth
factors, release growth-stimulating factors into culture medium. This can lead to
autocrine growth if appropriate receptors are expressed. The ras oncogene family
consists of at least 3 genes; Harvey(Ha), Kirsten(X7) and N-ras. The protein products
are 21kD peptides called p21. Ras proteins specifically bind GTP and GDP and
resemble receptor-linked G proteins. A characteristic feature of mutant ras proteins is
their reduced GTPase activity, leading to impaired inactivation and potential
unregulated signalling. Several nuclear oncogenes show similarity to one another
(myc, N-myc, myb). A common functional feature is their ability to immortalise
cultured cells. Other members of this class are p53, L-myc, ski, ets and fos. Activation
of protooncogenes is varied: ras genes may be activated by point mutations in amino
acid positions 12 or 61; Ha- ras and myc may become oncogenic by overexpression,
due to translocation away from regulatory elements. Loss of tumour-suppressors such
as p53 or Rb may lead to excessive proliferation and reduction in apoptosis.
Chromosomal rearrangement, as occurs for ab/ in chronic myeloid leukaemia (CML),
and myc in Burkitts lymphoma, lead to activation by translocation of the proto-
oncogene. In most cells it seems that two different oncogenes are needed for
tumorigenesis. Combinations of nuclear and cytoplasmic genes are most common,
suggesting that nuclear genes are important for immortalising the cell, and
cytoplasmic ones for promotion of growth. Tumour initiation or progression is likely
to arise from abnormalities in both tumour promoters and or tumour suppressors.

Excessive, aberrant or temporally inappropriate expression of various cyclins during
the cell cycle could be involved in tumour pathogenesis. Gene amplification at the D1
locus is seen in up to 15% of breast cancers, 33% of oesophageal cancers and some
non-small-cell lung cancers (Motokura et al., 1993). The cyclin D2 gene is located in
a region often disturbed in germ-cell tumours, and abnormalities in cyclin D3 are
found in many lymphomas and acute lymphocytic leukaemias. The vast majority of
breast cancers demonstrate abnormalities in cyclin E (Keyomarsi et al.,, 1993).
Alterations in cyclin E correlate with tumour aggressiveness and invasiveness, and
may help discriminate malignancy from non-neoplastic states. Cyclin E abnormalities
may be a general mechanism for tumour initiation and promotion.

Many CDK inhibitors linked to p53, exogenous growth inhibitors, and Rb are known.
The p53 transcription factor, is lost or mutated in a large number of malignancies,
including the familial Li-Fraumeni syndrome (Malkin et al., 1990) and the breast-
ovarian cancer syndrome (Jolly et al., 1994). The normal role of p53 probably
includes the induction of cell cycle-arrest in the presence of DNA damage, and
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induction of apoptosis if subsequent repair is impossible (Kuerbitz et al., 1992). Part
of this activity may be mediated via production of growth-arrest DNA damage-
inducible (GADD) gene products (Kastan et al.,1992), which prolong G1 phase, and
allow DNA repair. P53 also increases transcription of the genes for a CDK inhibitor
known as p21WAF-1/CIP-1 (El-Deiry et al., 1993; Harper et al., 1993), which may
prevent cyclin-CDK complexes from phosphorylating and inactivating Rb (Xiong et
al., 1993; Dulic et al., 1994). The loss of p53 expression in fibroblasts is accompanied
by a loss of p21 from G1 cyclin/CDK complexes (Dulic et al., 1993). Transfected
p21, can inhibit the growth of numerous tumour cell cultures, and may be a key
mediator of p53-induced cycle arrest, and link p53 and Rb tumour-suppressor action.
It is not known what controls the outcome of p53 action in terms of growth-arrest or
apoptosis. Proliferating cell nuclear antigen (PCNA), which interacts with both p21
and GADD has been suggested as a possible switch (Waga et al., 1994; Smith et al.,
1994). Other CDK inhibitors: p27*"" (kinase inhibitory protein), P28"* (inhibitor of
cyclin-dependent kinase), are induced by different factors, namely TGFp or cell-cell
contact (Polyak et al., 1994). Another CDK inhibitor, p16™ -+ specifically inactivates
cyclin D/CDK4 complexes (Serrano et al., 1993). The multiple tumour supressor-1
(MTS1)gene, is structurally abnormal in many tumour cell-lines. The M7S2 gene is
adjacent to MTS! and encodes p15™ ", which binds CDK4 and CDKG, in favor of D
cyclins. Both p15 and p27, CDK inhibitors are increased by TGFB and mediate
TGFB-induced cell cycle-arrest (Hannon et al., 1994).

The CDK inhibitors, suppress the cell cycle, in response to cell-cell contact, oxidative
stress, and TGFf, by preventing the phosphorylation, and thereby inactivation of Rb
by cyclin/CDK complexes.
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NEUROFIBROMATOSIS

Von Recklinghausen neurofibromatosis, also known as Neurofibromatosis type-1
(NF-1), is an autosomal dominant inherited condition due to a mutation of a gene on
chromosome 17 (Barker et al., 1987), and is characterised by the development of
peripheral nerve sheath tumours, and some tumours in the CNS (Riccardi, 1981). The
prevalence of the disease is 30-40 per 100,000, and occurs in one per 2500-3300 live
births (Crowe et al., 1956). There is sequence homology between the NF-1 gene and
the negative regulators of the ras cAMP pathway, ira-/ and ira-2 (Buchberg et al,,
1990). The NF-1 gene product is also closely related to GTPase-activating protein
(GAP) (Xu et al., 1990b), and can stimulate ras-GTPase and complement yeast ira
mutants (Xu et al., 1990a; Ballester et al., 1990; Martin et al., 1990). The GAP-
related domain of NF-1 can stimulate p2179S GTPase activity. Growth factors may
activate p2179S by stimulating conversion of the GDP to the active GTP bound form.
Activated p2179S may then mediate the activation of the MAP kinase, erk2, by
growth factors such as PDGF and insulin, but not by phorbol esters (de Vries Smits et
al., 1992). The NF-1 gene product is not exclusively expressed in cells of neural crest
origin, such as Schwann cells, but is found mainly in nervous tissue (Daston et al.,
1992).

Neurofibromatosis type-2 (NF-2) is characterised by autosomal dominant inheritance,
the development of bilateral acoustic neuromas usually before the age of 21 years,
and an increased susceptibility to gliomas and meningiomas. Many cases of acoustic
neuroma contain deletions of part of chromosome 22 (Rouleau et al., 1987), which
may contain a tumour suppressor gene (Comelli et al., 1992; Seizinger et al., 1987,
Bijlsma et al., 1992) with homology to a cytoskeletal element.

Both types of tumour contain growth factor activity; elevated levels of FGF protein
and mRNA have been described in acoustic neuromas (Murphy et al., 1989), and
have also been isolated from neurofibromas in NF-1 (Ratner et al., 1990a; Ratner et
al., 1990b). Glial growth factor (GGF) has also been isolated from sporadic acoustic
neuromas not associated with NF-1 or NF-2 (Brockes et al., 1986). Other mitogenic
activity has been isolated from Schwannoma cell lines, e.g. schwannoma-derived
growth factor (Kimura et al., 1990). The HER-2 / neu oncogene encodes a receptor
tyrosine kinase, p185¢"®B2 originally identified as a dominant transforming gene in
neurogliomas and Schwannomas, induced by ethylnitrosurea in rat embryos. It is
structurally related to the EGF receptor (Ulrich et al., 1984) and to erbB3, but does
not bind EGF, although EGF can induce its phosphorylation (Stern and Kamps,
1988). Ethylnitrosurea-induced Schwannomas all carry a mutation in the erbB2 (neu)
gene (Nikitin et al., 1991). Neu mRNA and immunoreactive p185€” bB2 are expressed
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in rat sciatic nerve between postnatal days 1 and 7, but decrease in adulthood. After
axotomy, however, neu mRNA and pl85¢" bB2 protein progressively increase.
Schwann cells in culture express low levels of neu, but can be greatly increased on
treatment with forskolin (Cohen et al., 1992), which also potentiates the mitogenic
response to GGF (Davis and Stroobant , 1990). Several recombinant GGFs, and
several putative p185¢70B2 receptor ligands, are derived from alternatively spliced
mRNAs of the same GGF gene (Marchionni et al., 1993), and are expressed primarily
in primary sensory neurons and motoneurons. These so called "neuregulins" (named
after their interaction with the neu gene product) are all activators of the p185 €7 bB2
receptor tyrosine kinase, and include heregulins (Holmes et al, 1992), neu
differentiation factor (Wen et al., 1992), and probably acetylcholine receptor inducing
activity (ARIA) (Falls et al., 1993). Thus, p185 €r: bB2 is probably the receptor for
GGF in vivo, and may play an important role in the neuronal regulation of Schwann
cell proliferation and differentiation in development, and during nerve regeneration.
Interestingly, the neu oncogene, but not the protooncogene, downregulate alpha and
beta PDGF receptor (PDGFr) subtypes in transfected NIH 3T3 cells (Lehtola et al,,
1991); this receptor transmodulation occurs by decreased mRNA for PDGFr.

It seems likely that in neurofibromas, particularly in NF-1, a genetic defect could lead
to activation of the cAMP pathway. In other cases, transformation might involve
synthesis or activation of growth factor receptors independently of cAMP. In either
case, proliferation could then occur in concert with local growth factors, which are
clearly present within these tumours. Many tumours of connective tissue origin,
including dermatofibromas, contain PDGF beta receptor and PDGF BB peptide, but
less clearly PDGF AA. Similarly, malignant gliomas in the CNS produce PDGF BB
and receptor (Mauro et al., 1991), suggesting that autocrine stimulation by PDGF BB
may be important, if not itself sufficient, for malignant growth (Smits et al., 1992).
Interestingly, after injury increased levels of PDGF and receptor occur as part of the
wound healing response. However, in this situation a glycoprotein, SPARC, is
produced concurrently, which reduces PDGF receptor binding (Raines et al., 1992)
and may thereby limit its activity. It remains to be shown whether SPARC plays a
role in tumours.

PLATELET DERIVED GROWTH FACTOR

PDGF, consists of a family of three homodimeric and heterodimeric combinations
(AA, AB, BB) of the A and B chains of PDGF. The chains are linked by disulphide
bonds; the B chain is 92% homologous with part of the transforming protein product
p285iS of the simian sarcoma virus, which also shows 50% homology with the A
chain. The c-sis proto-oncogene is expressed by activated human monocytes
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(Martinet et al., 1986). PDGF A chain is expressed by mammalian neurons (Yeh et
al., 1991) in the CNS and PNS, whereas, PDGF B chain has been demonstrated in
neurons only within the CNS (Sasahara et al., 1991), although it is expressed within
peripheral nerve, probably by glia. PDGF stimulates a number of physiological and
morphological changes in cultured fibroblasts, including proliferation (Ross et al.,
1986), enhanced phosphatidylinositol turnover (Habenicht et al., 1981), and increases
in the transcription of certain genes (Bravo et al., 1987) (Greenberg and Ziff, 1984).
The ability of PDGF to initiate these varied responses lies in the tyrosine kinase
activity intrinsic to its receptor. Functionally distinct PDGFr subtypes are described
(Gronwald et al., 1988; Matsui et al., 1989; Claesson-Welsh et al., 1988; Hart et al.,
1988; Heldin et al., 1988), which bind different dimeric forms of PDGF. The alpha
receptor binds all three isoforms via distinct binding sites (Heidaran et al., 1992),
whereas, the beta receptor recognises the BB homodimer, and AB heterodimer
(Drozdoff and Pledger, 1991). The B chain residues, arginine 27 and isoleucine 30,
were identified as critical for receptor binding and activation, by site directed
mutagenesis studies (Clements et al, 1991). PDGF receptor subtypes may
phosphorylate unique or common target substrates (Eriksson et al., 1992b); and
PDGF isomers induce unique responses (Roth et al., 1991; Kazlauskas et al., 1988,
Nister et al., 1988). In BALB/c 3T3 cells, the alpha receptor activates the serum
response element (SRE) only via a PKC dependent signalling mechanism, whereas,
the beta receptor, which can also induce prolonged activation of c-fos, also acts via
PKC independent signalling (Salhany et al., 1992). The binding of PDGF to its
receptor results in a change in receptor conformation and dimerisation (Eriksson et
al., 1992a) and induces receptor autophosphorylation (Ek and Heldin, 1982) and the
phosphorylation of a number of cellular proteins on tyrosine residues (Cooper et al.,
1982). Dimerisation of receptor by ligand binding is believed to be important in
activation of kinase activity, autophosphorylation, and consequently signalling.
Interestingly, even the monomeric form of PDGF seems able to induce receptor
dimerisation (Andersson et al., 1992). Mutations abolishing the tyrosine kinase
activity, eliminate the signalling capacity of the receptor (Escobedo and Williams,
1988). PDGF stimulation of inositol phospholipid hydrolysis is, in fact, dependent on
phosphorylation of PLC1 on tyrosines 783 and 1254 (Kim et al., 1991). The PDGF
alpha receptor may interact with a phosphatidylinositol 3-kinase (PI3-kinase)
(Whitman et al., 1988) of unknown biological function, and whose interaction is
prevented by mutations in the receptor at tyrosines 731 or 742 which do not prevent
PDGF mitogenic signalling (Yu et al, 1991). The proteins identified that are
phosphorylated on tyrosine residues following PDGF treatment, include the tyrosine
kinase c-src, an 85 kd PI kinase (Whitman et al., 1987), and the serine/threonine
kinase Raf-1 (Morrison et al., 1989). Many signal transduction enzymes associate
with the PDGF receptor only when it is phosphorylated; two of these, GAP and PI3-
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Kinase, bear src¢ homology (SH) 2 domains which interact with specific
phosphotyrosine containing sequence motifs in the kinase site of the receptor (Fantl et
al., 1992). GAP can bind to activated PDGF receptors (Kazlauskas et al., 1990) and is
rapidly tyrosine phosphorylated by PDGF. The stimulated beta receptor interacts with
a signalling complex (Kaplan et al., 1990). In NIH 3T3 cells, there is an associated
increase in p21ras bound to GTP which is sufficient to support proliferation (Molloy
et al., 1992). PDGF-induced p21 ras activation may in turn lead to activation of
ERK2 (extracellular signal-related kinase 2) (de Vries Smits et al., 1992). GAP and
PI3-kinase bind to specific regions of the PDGF receptor beta subunit (Kazlauskas et
al., 1992). Phosphorylation sites on the beta receptor have different binding
specificities for GAP and PI3 kinase (Kashishian et al., 1992); Tyr 740 and 751 are
involved in PDGF-stimulated binding of PI3-kinase, and Tyr 771 is required for
efficient binding of GAP. Raf-1 which has been implicated in signal transduction
mediated by membrane bound oncogene products and growth factor receptors, may
be activated directly by phosphorylation on tyrosine residues by the PDGF f receptor
(Morrison et al., 1989). However, phorbol esters which enhance the serine/threonine
phosphorylation of Raf-1, also increase the kinase activity of Raf-1 (Morrison et al.,
1989). It seems that for interaction with the PDGF receptor, certain src homology
domains are required, notably SH2 (McGlade et al., 1992). The C-terminal SH2
domain of p85 is sufficient for directing the association of PI3-kinase with the PDGF
beta receptor (Klippel et al., 1992). PDGF also activates PLC, thereby increasing
diacylglycerol (DAG) levels (Habenicht et al., 1981) and activating PKC. It is
possible that serine/threonine phosphorylation may also be important in activating
Raf-1 kinase activity in response to PDGF. Raf-1 kinase activity and proliferation in
response to PDGF are correlated, and treatment of serum-starved quiescent 3T3 cells
with the amino-terminal truncated Raf-1 will induce DNA synthesis, suggesting a role
for Raf-1 proteins in cellular proliferation.

Some of the actions of PDGF may be abolished by the use of the tyrosine-kinase
inhibitors, genistein or the tyrphostins (Bryckaert et al., 1992), which prevent receptor
autophosphorylation and tyrosine phosphorylation of many target proteins. Genistein
inhibits PDGF and EGF mitogenesis in 10T1/2 fibroblasts and rat liver T51B cells
with an ED50 of 40uM and 10uM respectively, and also inhibits IP3 generation and
calcium signalling in response to PDGF. Activation of PLCy by PDGF is not required
for stimulation of DNA synthesis in some cells (Hill et al., 1990), although down-
regulating PKC with TPA leads to a 50% reduction in PDGF-stimulated mouse
fibroblast proliferation (Nishizawa et al., 1990). PKC seems to be required for
transducing the mitogenic signals of PDGF from cytoplasm to nucleus in NIH/3T3
fibroblasts (Fields et al., 1990). Inhibition of PKC in malignant glioma cell lines
abolishes PDGF induced proliferation (Pollack et al., 1990). However, in MG-63
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human osteogenic sarcoma cells, PDGF can stimulate c-myc expression and this is not
prevented by downregulating PKC (Frick et al., 1988), or by preventing elevation in
Ca'™. Experiments using mutant PDGF receptors suggest that neither activation of
tyrosine kinase activity nor PI turnover are sufficient for induction of proliferation
(Escobedo and Williams, 1988). PDGF stimulated fibroblast proliferation can be
inhibited by TGF-$; in human bone marrow fibroblasts TGF-p inhibits PDGF BB
receptor autophosphorylation and PI metabolism, through induction of a
serine/threonine phosphatase (Fontenay et al., 1992). Okadaic acid, which inhibits
phosphatases restores PDGF mitogenic activity and autophosphorylation. PDGF beta
receptors on cultured human fibroblasts, are downregulated after 48 hour incubations
with either PDGF BB, IL-1, or TNF-a.. This is associated with a decreased mitogenic
response to subsequent PDGF BB (Tingstrom et al., 1992) and suggests a modulatory
role for macrophage derived cytokines in regulating fibroblast proliferation. PDGF
BB can also transiently upregulate the expression of both alpha and beta PDGF
receptors in human fibroblasts (Eriksson et al., 1991).

SCHWANN CELL MITOGENS

The actual signals regulating Schwann cell proliferation in vivo are not known. A
chemical signal was first proposed by Abercrombie and Johnson (1946). Since then,
several mitogens have been described which are active in vitro. Salzer and Bunge
(1980) suggested that the mitotic signal was a product of myelin breakdown, yet
Schwann cells proliferate in unmyelinated nerves (Abercrombie et al, 1959
Clemence et al., 1989), and in the absence of myelin breakdown (Lunn et al., 1989).
Other mitogens active in vitro are serum, PDGF, GGF (Brockes et al., 1980), basic-
FGF (Ratner et al, 1988b), TGF-B (Ridley et al., 1989), axolemmal fragments
(Ratner et al, 1988a), and the matrix molecules, laminin and fibronectin (Baron-
VanEvercooren et al, 1982; McGarvey et al, 1984). Agents that increase cAMPi ,
such as forskolin and cholera toxin, act as permissive agents for Schwann cell
proliferation (Raff et al., 1978b) and synergise with GGF and TGF-p in serum
(Ridley et al., 1989). None of the growth factors, PDGF, TGF-B or GGF, or the
agents which elevate cAMPi, are mitogenic alone when cells are cultured in defined
medium (Stewart et al., 1991). Elevating cAMPi may induce the synthesis of
receptors for growth factors such as PDGF (Weinmaster and Lemke, 1990; Davis and
Stroobant, 1990a), and GGF (Cohen et al., 1992), whose lack of mitogenic action
alone may at least in part be explained by an absence of these receptors. At least two
distinct signals are required for Schwann cell proliferation, firstly a growth factor
such as PDGF or FGF, and secondly an absolute requirement for an agent able to
elevate CAMPi (Stewart et al., 1991). Acidic-FGF (Eckenstein et al., 1991) and
PDGF (Hardy et al., 1992) are present in peripheral nerve, and axons contain mRNA
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for GGF's (Marchionni et al., 1993). Both FGF and PDGF are known to be released
by activated macrophages at other sites of injury. Acidic FGF levels actually decline
in the distal stump after axotomy (Eckenstein et al., 1991), and it remains to be shown
that FGF or PDGF are available to non-neuronal cells after axotomy and what role
they play in vivo. Supernatants from activated cultured monocytes are mitogenic for
Schwann cells in vitro (Lisak et al., 1985), and in the absence of or exclusion of
macrophage recruitment neither Schwann cell proliferation (Beuche and Friede, 1984;
Brown et al., 1992), nor prolonged NGF expression occur (Brown et al., 1991). The
time course of both these responses in vivo coincides with the recruitment of
circulating macrophages / monocytes into the nerve (Clemence et al., 1989). The
identity of the macrophage activity for Schwann cells is, however, still not known.
Macrophages are known to synthesise numerous cytokines, including IL-1 (Auron et
al., 1984) and the biologically similar TNF (Kohase et al., 1987), which have wide
ranging effects on numerous different cell types, including astrocytes and fibroblasts
(Gadient et al., 1990). IL-1 may be a factor regulating NGF production in vivo, and is
able to influence NGF production by cultured endoneurial fibroblasts (Lindholm et
al., 1988). However, this activity could not be demonstrated for Schwann cells in
vitro (Matsuoka et al., 1991a). IL-1 receptor antagonists can impede peripheral nerve
regeneration if introduced to guidance chambers (Guenard et al., 1991). In addition,
others have failed to show any mitogenic activity for IL-1 or TNF on Schwann cells
(Stewart et al., 1991), though antibodies to IL-1 can inhibit the mitogenic activity of
cytokine-containing supernatants derived from cultured activated monocytes (Lisak
and Bealmear, 1991) in vitro. VIP, secretin and noradrenaline, have previously been
shown to elevate Schwann cell cAMPi (Yasuda et al., 1988b) but, to date, no
endogenously occurring agents have been shown to elevate Schwann cell cAMPi and
thereby induce proliferation, either in serum or in the presence of growth factors such
as PDGF (Stewart et al, 1991; Raff et al,, 1978b; Raff et al., 1978c; Davis and
Stroobant, 1990b). The identification of endogenous cAMPi elevating factors would
seem to be of key importance in understanding the regulation of Schwann cell
behaviour post-axotomy. Axolemmal preparations may synergise with growth factors
in a similar manner to forskolin, yet do not elevate cAMPi (Davis and Goodearl,
1991). It has been suggested that localisation of the cAMP signal to a small defined
region of the cell might explain these anomalies, but this is not a feature of the
numerous receptor-adenylate cyclase linked systems extensively studied in vivo or in
vitro .

Cessation of Schwann cell growth can be brought about by growth inhibitory
molecules (Muir et al., 1990; Eccleston et al., 1989). Cultured Schwann cells can
secrete an autocrine growth inhibitory molecule(s), which may explain their low
proliferation rate and unresponsiveness to many protein mitogens in vitro (Muir et al,,
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1990). This factor resembles stromelysin and is able to cleave fibronectin to generate
a fragment which inhibits Schwann cell proliferation (Muir and Manthorpe, 1992).
These same Schwann cells are also thought to secrete PDGF B-chains (Eccleston et
al., 1990), express PDGF receptors, and respond to exogenous PDGF by DNA
synthesis. More recently, however, it has been shown that cultured Schwann cells do
not produce PDGF B-chain, although they may produce some A-chain (Hardy et al.,
1992). As Schwann cells do not respond to this form of PDGF, it is unlikely that they
have an autocrine growth activity in short term culture, though immortalised cells
which do produce B-chain may do so (Hardy et al., 1992). DNA synthesis in
spontaneously immortalised Schwann cells, which have a high basal proliferation
rate, was inhibited by conditioned medium from short-term cultures of Schwann cells,
raising the possibility that the increased proliferation of immortalised Schwann cells
is due to lack of secretion of an autocrine growth inhibitor. Loss of such a growth
inhibitory factor or its receptors could have a role in the expression of the NF-1 or
NF-2 mutant phenotype in Schwannomas and neurofibromas in vivo. As the PDGF B-
chain is found in peripheral nerve during development in vivo, and probably also after
injury, and to a lesser extent in normal adult nerve (Eccleston et al., 1990, Hardy et
al., 1992), it is of interest to speculate as to the source of this peptide.

The aims of our work were therefore, to examine the role of endogenous agents on
the regulation of cAMPi in Schwann cells, and to understand the signalling
mechanisms of these key regulators of proliferation. We also set out to re-examine
the role of macrophage-derived cytokines in mediating proliferation and NGF
synthesis in cultured cells.
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CHAPTER TWO

NEUROPEPTIDES IN REGENERATING AND DEGENERATING
PERIPHERAL NERVE
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INTRODUCTION

OVERVIEW

Injury to sciatic nerve results in proliferation of both fibroblasts and Schwann cells
(Abercrombie and Johnson, 1946) which, in turn, may promote successful
regeneration (Taniuchi et al., 1986) by producing trophic factors, such as NGF
(Lindholm et al., 1987). There are two waves of Schwann cell proliferation following
axotomy in vivo, one closely following nerve lesioning, and a second coinciding with
the ingrowth of regenerating axons. The latter is also followed by a reduction in the
proliferation of fibroblasts which otherwise overgrow and populate the distal stump
when reinnervation is prevented (Haftek and Thomas, 1968; Miyamoto et al., 1986).
Scar formation and fibroblast overgrowth in front of regenerating axons prevent
reinnervation, making regulation of fibroblast proliferation as important as that of
Schwann cells if adequate recovery after injury is to occur.

PDGF (Davis and Stroobant, 1990a; Davis and Stroobant, 1990b), GGF (Raff et al.,
1978a; Brockes et al., 1980) and basic-FGF (Ratner et al., 1988a; Chen et al., 1991)
are Schwann cell mitogens in vitro, but only in the presence of agents that increase
cAMPi, such as forskolin and cholera toxin (Raff et al., 1978b; Stewart et al., 1991).
Elevation of cAMPi induces the synthesis of receptors for growth factors, such as
PDGF (Weinmaster and Lemke, 1990), thus allowing Schwann cells to respond to the
growth factor. No endogenous cAMPi-elevating agent has been shown to allow
growth factor stimulated Schwann cell proliferation in vitro. Schwann cells have
previously been shown not to respond to B-adrenergic agonists or PGE| (Raff et al,,
1978b; Raff et al., 1978¢c) and although VIP and noradrenaline elevate cAMPi
(Yasuda et al., 1988a), they have not been shown to be mitogenic (Stewart et al.,
1991; Davis and Stroobant, 1990b).

Fibroblast proliferation, in other systems, has variously been shown to be inhibited by
forskolin and TGF-f3, and stimulated by PDGF.

BIOCHEMICAL CHANGES FOLLOWING AXOTOMY

The processes of axonal transport and protein synthesis are essential for nerve
regeneration. There is no change in the overall rate of axonal transport in injured
nerve, but there is an increase in certain specific proteins reaching the nerve
terminals. The preferential increase in transport includes polypeptides destined for the
plasma membrane and cytoskeleton, e.g. GAP-43, one of a small family of related
growth associated peptides (GAPs), is found in considerably higher concentrations in
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developing and regenerating nerves (Verge et al., 1990). More recently, it has been
shown that some neuropeptides are also preferentially transported, and are
upregulated in specific populations of neurons after axotomy. Immunochemical
studies have demonstrated the presence of a number of peptides in the dorsal and
ventral horns of the spinal cord, as well as in the DRG. These neuropeptides are
possible neurotransmitters or neuromodulators, and normally co-exist with classical
neurotransmitters. Following sciatic nerve transection, there is a reduction in
substance P and tachykinins in the L5 DRG (Noguchi et al., 1989; Nielsch and Keen,
1989); this is thought to be part of a diversion of metabolic priorities away from
molecules required for normal nerve function towards those required for axonal
regeneration. Peptides which are upregulated following injury might be expected to
play a role in the regenerative process. Following sciatic nerve injury, CGRP is
upregulated in motor neurons (Haas et al., 1990), whereas Galanin (Villar et al.,
1991) and VIP (Nielsch and Keen, 1989; Shehab and Atkinson, 1986) are upregulated
in sensory neurons. Both CGRP and VIP accumulate in increased amounts proximal,
and transiently distal, to the site of nerve injury (Haas et al., 1990; Noguchi et al,,
1990) .

CALCITONIN GENE-RELATED PEPTIDE

CGRP is a 37- amino acid neuropeptide which exists in two forms, o -CGRP and f -
CGRP. a -CGRP is generated by alternative splicing of the primary transcript of the
calcitonin gene (Amara et al., 1982). However, B -CGRP, which was discovered in
brain and thyroid (Amara et al., 1985), is generated from a different gene which does
not encode calcitonin. Comparison of the peptide sequences of the two CGRP
molecules reveals only a single amino acid substitution of a lysine in B -CGRP for a
glutamate in o -CGRP at position 35 in the rat, whereas there is a three amino acid
difference between the human forms (Steenbergh et al., 1985). CGRP is widely
distributed within the nervous system (Skofitsch and Jacobowitz, 1985; Yamamoto
and Tohyama, 1989). Particularly, it is found in a large population of primary sensory
neurons, and it is the first peptide to be localised in motoneurons (New and Mudge,
1986; Fontaine et al., 1986). When the distribution of mRNA for oo -CGRP and § -
CGRP is analysed, it is oo -CGRP which is more abundant in sensory ganglia and
motoneurons (Gibson et al., 1988). CGRP is found within synaptosomal vesicles
(Gulbenkian et al., 1986; Freid et al., 1989), and is released from electrically or K*
stimulated neurons in vitro (Uchida et al., 1990). CGRP is highly concentrated in
nerve terminals by axonal transport (Kashihara et al., 1989) from the cell body (New
and Mudge, 1986; Fontaine et al., 1986); the rate of anterograde transport of CGRP
being about 1mm/hr in both sensory and motor fibres (Kashihara et al., 1989).
Peripheral axotomy induces an increased immunostaining for CGRP in the axons of
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injured motoneurons, as well as up-regulation of mRNA encoding a -CGRP, but not
B -CGRP, in motoneuron cell bodies (Streit et al., 1989; Haas et al., 1990; Arvidsson
et al.,, 1990; Noguchi et al., 1990). This contrasts with decreased oo -CGRP and § -
CGRP mRNA in the DRG following peripheral nerve injury (Noguchi et al., 1990).
Since levels of transmitter-related enzymes usually decrease in response to axotomy,
it is surprising that CGRP in motoneurons increases after injury. This raises the
possibility that CGRP plays a role in peripheral nerve regeneration. There is a clear
differential effect of nerve injury on  neuropeptide  expression.
Immunohistochemically detectable substance P-like-immunoreactivity (SPLI) rapidly
disappears from sciatic nerve fibres trapped in nerve-end neuromas, but CGRP-LI and
neuropeptide  Y-like-immunoreactivity remain. Following axotomy, CGRP
accumulates proximal, and transiently distal, to the lesion site within a few hours
(N.Bindemann, pers.comm.; Kashihara et al., 1989). Immunohistochemistry shows
this to be axonal, presumably due to anterograde and retrograde pile-up of peptide,
with greatest levels in the region extending from the lesion to 2mm proximal to it.
CGRP rapidly disappears from the distal stump and is undetectable by 24 hours.
However, during regeneration, CGRP can be shown to be present at the leading edge
of regenerating axons. Following sciatic nerve ligation, proximally accumulating
organelles (i.e., organelles which were in transport distally in the axons) contained
CGRP-LI. Retrogradely transported organelles, however, contained virtually no
CGRP-LI (Dahlstrom and Booj, 1988); early accumulation of CGRP distal to the
lesion, prior to reinnervation, may be due to local synthesis or leakage from damaged
axons, rather than through retrograde transport. Many neuropeptide receptors have
been characterised, all belong to the family of GTP binding protein (G protein)
coupled receptors with 7 membrane-spanning domains (Hokfelt, 1991).

The actions of CGRP in many systems seem to be mediated via elevation of cAMPi
(Boudard and Bastide, 1991; Laufer and Changeux, 1987). The ability of CGRP to
regulate acetylcholine receptor (AChR) expression at the motor end plate (Laufer and
Changeux, 1987), and to stimulate proliferation of human umbilical vein endothelial
ce119< (Haegerstrand et al., 1990), are mediated via cCAMP1 elevation and by interaction
with specific high affinity receptors (Roa and Changeux, 1991). The effect of CGRP
on HUVECs may be important for formation of new vessels during physiological and
pathophysiological events such as, ischaemia, inflammation, and wound healing.
CGRP elevates cCAMPi in skeletal (New and Mudge, 1986; Laufer and Changeux,
1987) and cardiac muscle (Sigrist et al., 1986). cAMP levels are elevated below and
above a peripheral nerve lesion within 6 hours distal and 24 hours proximal to the
crush injury (Appenzeller, 1972).
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Endopeptidase 24.11 or enkephalinase (E.C.24.11) has been shown to be present on
the surface of both myelinating and non-myelinating Schwann cells in sciatic nerve,
and is expressed by Schwann cells in culture (Kioussi and Matsas, 1991; Kioussi et
al., 1992; Matsas et al., 1986; Barnes et al, 1988). CGRP is a substrate for EC 24.11,
which is upregulated in peripheral nerve following injury (Kioussi et al., 1992).
Inhibitors of this enzyme are available and include phosphoramidone. Interestingly,
during metabolism of CGRP by EC 24.11, a homologous sequence to eosinophil
chemotactic factor is liberated (Davies et al., 1992). This could influence the
progression of inflammation by recruiting eosinophils to inactivate mast cell products.

RECEPTOR-ADENYLATE CYCLASE SYSTEMS

The B-adrenergic receptors are the best studied examples of receptor systems using
cAMP as a second messenger. Tissues contain a heterogeneous population of B-
adrenergic receptor (BAR) subtypes (Carlsson et al., 1972; Minnemann et al., 1981,
Stiles et al., 1983). In human heart, f1AR (Kaumann and Lemoine, 1987; Lemoine et
al., 1988) and B>AR (Kaumann and Lobnig, 1986; Kaumann et al., 1989) subtypes
have been described.

The many effects of the endogenous catecholamines, adrenaline and noradrenaline,
follow from their interaction with high affinity receptors on the cell surface of
specific target cells. This interaction links hormone-mediated chemical signals at the
cell surface to intracellular effector proteins, via increases in cAMPi. Agonist receptor
interaction leads to activation of a stimulatory GTP-binding protein (Gg), with the
consequent liberation of its active subunit Ggy. This activation is dependent on GTP
binding and Mg*t concentration. Ggq activates adenylate cyclase to increase
synthesis of cAMPi. A major feature of this system is its rapid attenuation on
prolonged exposure to catecholamines. This desensitisation results in reduced cAMPi
elevation in response to agonist.

Prevention of desensitisation is an important therapeutic goal in the management of
patients with heart disease, and many other clinical situations.

More than thirty GTP-binding protein (G protein) linked receptors have now been
cloned (Dohlman et al., 1987); many of these are integral membrane glycoproteins,
and in common with the BAR and the prototypic rhodopsin (Findlay and Pappin,
1986), consist of seven hydrophobic, a-helical transmembrane spanning domains.
This conserved structure has resulted in various pseudonyms for G protein linked
receptors, including serpentine and magnificent seven. The intervening hydrophilic
loops are arranged with the N-terminus and three short loops exposed extracellularly,
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and two short and one long cationic loop and the C-terminus within the cytoplasm
(Parker and Ross, 1989; Findlay and Pappin, 1986, Wang et al., 1990). Sequence
homology is largely confined to the membrane spanning domains and to a lesser
degree the shorter connecting loops. Individuality is conferred by the longer loop
between spans five and six, and the carboxy terminal end of the third cytoplasmic
loop which links to specific G proteins (Kubo et al., 1988; Kobilka et al., 1988,
ODowd et al., 1988; Hausdorff et al., 1990b; Franke et al., 1990; Okamoto et al.,
1991). The agonist binding site is contained within the hydrophobic core in a pocket
formed by the bundle of membrane spanning helices (Strader et al., 1989b; Wong et
al., 1988; Tota and Strader, 1990; Strader et al., 1988; Strader et al., 1989a).

G PROTEINS

Many receptor systems activate signalling pathways which utilise G proteins to link
surface signals to second messenger formation (Rodbell et al.,, 1971; Stryer and
Bourne, 1986; Ross, 1989, Birnbaumer et al., 1990a). G proteins are designated either
stimulatory (Gg) or inhibitory (Gj) according to their initially recognised regulatory
activity on adenylate cyclase (Bourne et al., 1991). Each G protein is a heterotrimer
of a GTP binding o subunit (Bray et al., 1986; Kozasa et al., 1988) and regulatory 8
and ¥ subunits. Agonist binding to the BAR promotes exchange of GDP to GTP on
the o subunits of Gg (Gilman, 1987; Bimbaumer et al., 1987; Birnbaumer et al,,
1985). The divalent metal ion Mg*™ is required for the formation of the activated
GTP-bound species, a-Mg*-GTP (Gilman, 1987; Higashijima et al., 1987), which is
then available for promoting cAMP formation through activation of adenylate
cyclase. It seems a general rule that signal transducing G proteins, not just Gg, are
activated by the binding energy of Mg*t-GTP. Agonist-receptor (AR) interaction
accelerates dissociation of GDP, perhaps by lowering the Mg'™ concentration
required to facilitate this reaction (Freissmuth et al., 1989). There is negative
cooperativity between the binding of GTP and By to G protein subunits; thus, GTP
promotes G protein subunit dissociation and this reaction is shifted far to the right by
Mg*™* (Gilman, 1987).

The effect of Mg*™ on binding of GTP is striking; the rate of dissociation of the
nucleotide from Gy is reduced to near zero at mM concentrations (Higashijima et

al., 1987). Negative control is provided in the system by Py, through increased
affinity of GDP for Gy and inhibition of GDP dissociation from Gg. However, in
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the presence of 10 mM Mg*™ | the effect of By on affinity of Gg, is not great. The
effect of Mg is thus to increase dissociation and decrease association of GDP, and
enhance stability of Ggo-GTP, the physiologically active form of the G protein.
Mg*t has diverse actions on receptor- G protein interaction depending on
concentration; in general, at supraphysiological concentrations, it enhances activation
of Gg by AR, by stimulating GTP binding and GDP dissociation, and also GTP-
induced subunit dissociation (Ross, 1989; Parker and Ross, 1989).

Gy, (Birnbaumer et al., 1990b; Birnbaumer et al., 1990a), dissociated from the
receptor and from the Py subunit, activates adenylate cyclase (Kaumann and
Bimbaumer, 1974; Kaumann et al., 1983), thereby increasing cAMPi formation. The
response is terminated by the intrinsic GTPase activity of the o subunit that
stimulates hydrolysis of bound GTP to GDP, thereby promoting reassociation of the
G protein afly trimer. In mutants where this GTPase activity is lost, the o subunits
remain constitutively active and may therefore behave as oncogenes (Climenti et al.,
1990; Landis et al., 1989) in cell types in which cAMPi elevation is mitogenic (Hen
et al., 1989; Dumont et al., 1989). Basal GTPase activity for Gg is extremely low
(Brandt and Ross, 1985). The a subunits, although they have unique regulatory
regions, exhibit highly conserved sequences including the nucleotide binding sites,
which share structural homology with other GTP binding proteins such as the
oncogene product p2179S (de Vos et al.,, 1988; Holbrook and Kim, 1989). The a
subunit of G proteins contains at least one high affinity binding site for divalent metal
ions. The more variable carboxy-terminal regions are responsible for receptor binding
(Sullivan et al., 1987), and are targets for pertussis, or cholera toxin induced ADP-
ribosylation (West et al., 1985). The B and y subunits, in contrast, are relatively
interchangeable among G proteins, although some heterogeneity of y subunits is seen.
They act as a By dimer (Whiteway et al., 1989) to regulate signalling by inhibiting a
subunit activation by GTP (Northup et al., 1983; Brandt and Ross, 1985), and may
promote the intrinsic GTPase activity of the G protein. Recently it has become clear
that the By subunit may potentiate the stimulatory action of Gy on the type II and IV
adenylate cyclases (Tang and Gilman, 1991), whereas it inhibits Ggp stimulation of
adenylate cyclase type I. Insufficient By subunits are released from Gg in vivo to
mediate this effect due to the relatively low abundance of Gg. Far greater quantities
are liberated by dissociation of Gj or G,. This could in part explain the ability of G;
to inhibit adenylate cyclase type I and to synergise with Gg in activating type II (Tang
and Gilman, 1992), and provides a further mechanism for cross-talk between
signalling pathways.
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DESENSITISATION OF B-ADRENERGIC RECEPTORS

A remarkable feature of the BAR / adenylyl cyclase system is that, even in the
continuous presence of agonist, CAMPi responses generally plateau and wane within a
few minutes; subsequently administered P-agonists are less effective at elevating
cAMRPi if receptors have previously been exposed to maximally effective B -agonists
(micromolar concentrations) (Johnson et al., 1978; Shear et al., 1976). As with many
other receptor-effector systems it undergoes desensitisation upon agonist exposure.
This property is not confined to G protein linked systems but has been shown for the
tyrosine kinase receptors for EGF and insulin (Schlessinger, 1988). Receptor
desensitisation has profound physiological implications. Clinically manifested heart
failure can be precipitated by loss of myocardial contractility. Reduction in maximum
myocardial contractility occurs in the presence of supranormal -agonist levels, either
endogenous or exogenous, as there are no functional spare B-receptors in human
myocardium (Bristow et al., 1982; Colucci, 1990). This desensitisation of cardiac -
receptors can be measured as a decrease in isoprenaline induced cAMPi production,
following prior -agonist exposure (Bristow et al., 1985), and is termed homologous
desensitisation (Clark, 1986; Reithmann et al., 1989; Reithmann and Werdan, 1988;
Reithmann and Werdan, 1989; Sibley and Lefkowitz, 1985). Desensitisation has
separate components, short-term (Su et al., 1979) and long-term; recovery from the
former is rapid whereas, prolonged agonist exposure results in a more profound
desensitisation, requiring new protein synthesis and thus days for recovery (Perkins et
al., 1990). Desensitisation can also be classified according to its specificity, as
homologous or heterologous; the former does not impair responsiveness to a different
receptor ligand whereas, the latter will reduce the second messenger responses of
numerous different agents. Rapid agonist induced desensitisation of mammalian cells
involves receptor phosphorylation by two kinases, PKA and BARK. Homologous
desensitisation is mediated primarily by BARK whereas, heterologous desensitisation
may require PKA mediated phosphorylation of receptors (Sibley et al., 1987). Longer
exposures, hours rather than minutes, are generally required to induce heterologous
desensitisation in addition to homologous desensitisation, but both will reverse within
hours upon withdrawal of agonist. Prolonged exposure, usually days, may induce
downregulation of receptor mRNA by decreased stability and increased receptor
degradation following phosphorylation. Once receptor numbers are decreased,
reversal of desensitisation, on withdrawing agonist, requires several days and new
protein synthesis. This system is less well studied, and mechanisms discussed below
refer to "short-term" desensitisation occurring within 24 hours of agonist exposure.
Recent work suggests that PKA mediated desensitisation occurs even at nanomolar
concentrations, and may be important in regulating response to low levels of
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circulating catecholamines, whereas BARK (as well as PKA) mediated desensitisation
occurs at micromolar concentrations and may be more important at synaptic sites.

Intracellular cAMP levels are the product of at least three processes, the generation of
cAMP from ATP by adenylate cyclase, the degradation of cAMP by
phosphodiesterase (PDE), and the export of cCAMP out of the cell. Desensitisation
leads to the decreased generation of cAMP. Export is not critical in mediating
desensitisation, as the total cCAMP levels (both extracellular and intracellular) plateau
under desensitising conditions. PDE gene expression can be upregulated by cAMPi
within hours (Swinnen et al., 1989). However, both the rapid time course of
desensitisation, and the inability of PDE inhibitors to prevent it, suggest that PDE is
not critical in mediating desensitisation. PDE inhibitors, such as milrinone and
amrinone, may in fact further promote desensitisation of the B-adrenergic receptor
and other cyclase linked receptors, by potentiating and maintaining acute cAMPi
elevation (Bobik and Little, 1984; Benovic et al., 1985; Brown et al., 1986, Hadcock
and Malbon, 1988; Maisel et al., 1989b). These agents probably depend on receptor
induced cAMPi generation to be effective (Feldman et al., 1987). Rolipram, a specific
PDE type III inhibitor, is less prone to cause this in some in vitro systems
(Gordeladze, J.0., 1990). Prolonged exposure of cells to cAMPi elevating agents,
including iloprost, a stable prostacyclin analogue, and cholera toxin can down
regulate Gg. Chronic exposure to agonist over several days, leads to a decrease in the
density of ventricular BAR (Neve and Molinoff, 1986; Hadcock and Malbon, 1988;
Hadcock et al., 1989), and reduced activation of adenylate cyclase (Harden, 1983;
Fowler et al., 1986; Ginsburg et al., 1983; Bristow et al., 1982; Karliner and
Scheinman, 1988; Colucci et al., 1989; Murphree and Saffitz, 1989; Otto-Erich et al.,
1989; Tse et al,, 1979), whereas acute exposure over a matter of hours, does not.
Acute exposure, however, still results in attenuation of catecholamine action (Vatner
et al., 1988), cAMPi elevation, and contractility. This is due to phosphorylation of the
receptor (Benovic et al., 1986; Strasser, 1989; Lohse et al., 1990; Benovic et al.,
1985; Lefkowitz et al., 1984) and consequently, an uncoupling of the receptor from
Gg (Strasser et al., 1984; Vatner et al., 1985; Kaumann et al.,, 1989; Kaumann and
Birnbaumer, 1976; Kaumann et al., 1982; Bristow et al., 1989; Kassis and Fischman,
1984; Vatner et al., 1989). Acute, homologous desensitisation is mediated primarily
by the BARK (Benovic et al., 1986, Lohse et al., 1990; Strasser et al., 1986b; Strasser
et al., 1986a; Hausdorff et al., 1990a; Lohse et al., 1989) in co-operation with an
arrestin-like molecule which binds to the phosphorylated receptor (Benovic et al.,
1987; Lohse et al., 1992; Rapoport et al., 1992). Extracellular cysteine residues on the
BAR may be important for action (Liggett et al., 1989), but phosphorylation sites are
believed to occupy the serine/threonine rich C-terminus (Bouvier et al., 1988). PKA
contributes little to acute desensitisation (Lohse et al., 1989), but is important in
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mediating heterologous desensitisation on more prolonged agonist exposure (Benovic
et al., 1985; Hausdorff et al., 1990a; Clark et al., 1988). PKA may also act by
phosphorylating part of the C-terminal end of the third cytoplasmic loop and thereby
prevent activation of Gy (Okamoto et al.,, 1991). This process has been extensively
studied using permeabilised cells or membrane preparations. Desensitisation of the
B2AR can be induced by incubation of a purified plasma membrane fraction with the
catalytic subunit of PKA (Clark et al., 1987), or by treatment of cells with PMA to
elevate PKC (Johnson et al., 1990). In these "broken cell" studies, heterologous
desensitisation is most marked at Mg*™ concentrations of 1mM or less (Clark et al.,
1987), and can be partly overcome by increasing the Mg™™ concentration to between
5 and 10mM (Kunkel et al., 1989), which improves receptor-G-protein coupling
(Gilman, 1987). In fact, at 10 mM Mg™™ the coupling efficiency of phosphorylated
receptors (Pitcher et al., 1992) is only 15% less than the unphosphorylated one. A
similar effect has been demonstrated for cell membranes at 10mM Mg+t (Johnson et
al., 1990; Hausdorff et al., 1989). Under conditions where desensitisation is believed
to be mainly PKA mediated, sub-millimolar Mg*™ levels allow desensitisation to
occur, but at higher concentrations this is largely abolished. In addition, at
supraphysiological Mg™™ concentrations (i.e. > 0.9mM ), the usual inhibitory action
of By on GTP binding to the o subunit is reversed and GDP release is facilitated.
These results suggest that Mgt can facilitate receptor/Gg coupling by interacting
with a lower affinity binding site. PKA mediated heterologous desensitisation may be
most sensitive to inhibition by supraphysiological levels of Mg*tt. BARK mediated
homologous desensitisation, which requires the cofactor arrestin for maximum
efficiency, is not impaired at a wide range of Mgt™ concentrations (0.5-5SmM) in
vitro. In this chapter, I provide the first evidence for an effect of supraphysiological
Mg ™™ on desensitisation in intact, living cells.

Cross talk between separate signalling pathways can occur. Receptor phosphorylation
can be induced by PKC (Bouvier et al., 1987), which might allow regulation of the
BAR by a-agonists, or cholinergic inputs (review by Pitcher et al., 1992). In some
systems, Gj activation may induce desensitisation through liberation of excess Py.
Pertussis toxin pretreatment partially blocks desensitisation to parathormone in ROS
17/2.8 cells, as well as potentiating acute cAMPi elevation; inhibiting tonic Gj
activity or concurrent activation of Gj by agonist may explain this (Abdul-Badi Abou-
Samra et al., 1989). In S49 lymphoma cells, treatment with isoprenaline or forskolin
increases levels of Gj, thereby increasing the inhibitory control of cAMP by
somatostatin; this effect is also pertussis toxin sensitive (Haddock et al., 1990).
Somatostatin can act via Gj, and in many systems exerts negative control over cAMPi
elevation. Pertussis toxin can prevent homologous desensitisation of adenylate cyclase
(Wilson et al., 1986), which can also be inhibited via Gj. Melatonin antagonises the
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ability of forskolin to activate adenylate cyclase via a pertussis toxin sensitive G
protein, and thereby reduces cAMPi accumulation (Carlson et al., 1989). Prolonged
treatment of adipocytes with PGEj leads to loss of G; activity, and subsequent PGE
or other agents such as nicotinic acid, are less effective at suppressing cAMPi
elevation. Through the action of G;j, cAMPi production may be reduced by choline
esters, somatostatin, epinephrine (via o-receptors), dopamine, IL-1, serotonin, and in
the presence of an adenylate cyclase activator, vasopressin.

Treatment with noradrenaline may also cause heterologous, or agonist independent
desensitisation of other cyclase linked receptors, such as the PGE| and histamine
receptors (Reithmann and Werdan, 1988; Bohm et al., 1988), and also those for
CGRP, (this thesis).

In several cell types, activation of cell responses results from receptor-mediated
hydrolysis of inositol phospholipids, generating two second messengers,
diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3), which activate PKC and
elevate intracellular Cat™ concentration, respectively (Nishizuka, 1988; Berridge and
Irvine, 1989). PKC activation has variously been shown to inhibit, stimulate, or not
change, cAMPi concentrations in different systems. The phorbol ester PMA may
induce desensitisation via receptor phosphorylation. This has been shown for the -
adrenergic receptor in C6 rat glioma cells (Kassis et al, 1985). PMA or
phospholipase C, which activate PKC directly or via elevation of intracellular DAG
levels, were able to antagonise both isoprenaline and forskolin mediated elevation of
cAMPi in C6 rat glioma cells, via an increase in phosphodiesterase activity (Bressler
and Tinsely, 1990). A calmodulin-dependent phosphodiesterase is upregulated in
human glioma cells by muscarinic cholinergic agonists (Tanner et al., 1986) within
minutes of cholinergic stimulation. PMA treatment reduces receptor binding of
calcitonin to T47D human breast cancer cells and BEN human lung cancer cells via
phosphorylation of the receptor, and consequently decreases receptor mediated
adenylate cyclase activation and cAMP production. This is dependent on PKC
activation and is inhibited by H7. Conversely, in some systems PKC may promote
adenylate cyclase activation, ie. S49 lymphoma cells and 3T3 fibroblasts (Rozengurt
et al). In prolactin-secreting rat adenoma (GH4C1) pituicytes, PKC can stimulate
adenylate cyclase activity by inhibiting G; and thereby may potentiate the activity of
agents such as VIP (Gordeladze et al., 1989). In swine luteal cells TPA markedly
potentiates the CAMPi elevation obtained with leuteinizing hormone, forskolin, or
cholera toxin, but has no effect on basal cAMPi levels. TPA also augments the
stimulatory effect of pertussis toxin when combined with maximally effective doses
of forskolin or cholera toxin (Wheeler and Veldhuis, 1989), but there was no effect
on basal cCAMPi. This potentiation of maximal levels of cAMPi had little effect on the
EDS50 and was seen within 15 minutes and was still seen after 48 hours. This effect
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was seen in the presence and absence of IBMX which potentiated cAMPi levels of all
combinations.
DESENSITISATION OF OTHER CYCLASE LINKED RECEPTORS

Receptors for CGRP on cultured cardiac myocytes (Chatterjee et al., 1991) and on
mesenteric artery (Han et al, 1990), elicit markedly attenuated cAMPi and
vasodilatation responses, respectively, following prior exposure to CGRP (Davies et
al., 1992). Short-term exposure of mesenteric artery to CGRP leads to homologous
desensitisation of CGRP responses, leaving those to isoprenaline unaffected. CGRP
may also mediate heterologous desensitisation (Miles et al., 1989). CGRP regulates
phosphorylation of the AChR in primary rat myotube cultures, which is increased in
the presence of the phosphodiesterase inhibitor Ro 20-1724. Phosphorylation of the
AChR in the presence of CGRP, appears to be mediated by CGRP-stimulated
increases in cAMP levels leading to activation of PKA. These results suggest that
CGRP may play a physiological role as a regulator of AChR desensitisation by
modulating AChR phosphorylation at the neuromuscular junction. CGRP is a potent
vasodilator (Kawasaki et al., 1988; Greenberg et al., 1987) and enhances myocardial
contractility via a cAMPi dependant mechanism (Sigrist et al., 1986), and via
stimulation of inward calcium current (Ono et al., 1989).

DESENSITISATION IN DISEASE

Heart failure is an extremely common condition associated with great morbidity and a
considerable shortening of life expectancy. This syndrome is associated with a loss of
responsiveness to endogenous catecholamines and rapid loss of response to
exogenously administered inotropes, due to receptor desensitisation. The limitation or
prevention of desensitisation by preventing receptor phosphorylation, or by
augmenting receptor effector coupling, is an important therapeutic goal.

One difficulty in assessing receptor desensitisation in living patients with congestive
cardiac failure (CCF), is accessibility of myocytes. Most studies have relied on
transplant specimens, animal models, or haemodynamic measures of contractility and
heart rate. Another approach is to study the regulation of B-AR found on more readily
available tissue. Several studies confirm that B-AR on circulating lymphocytes closely
resemble those on myocardium with regards to their regulation by catecholamines and
in heart failure (Brodde et al., 1986; Aarons and Molinoff, 1982; Maisel et al., 1989a;
Colucci et al., 1981; Mancini et al., 1989; Horn and Bilezikian, 1990).

CYCLIC AMP AND GENE REGULATION
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CYCLIC AMP AND GENE REGULATION

Regulation of gene expression is modulated by the interactions of positive and
negative factors with specific DNA motifs. The hormonal stimulation of a variety of
eukaryotic genes is mediated by cAMPi, through a conserved cAMP response
element (CRE)(Montminy et al., 1986). Transcriptional induction by cAMP is rapid,
peaking at 30 minutes, and gradually declining over 24 hours. This burst in
transcription is resistant to inhibitors of protein synthesis, suggesting that cCAMP may
stimulate gene expression by inducing the covalent modification rather than de novo
synthesis of specific nuclear factors. Since the majority of known cellular effects of
cAMP occur via the catalytic subunit (C-subunit) of PKA, with the notable exception
of direct cAMP gating of channels in the olfactory system, it is likely that this enzyme
mediates the phosphorylation of factors that are critical for the transcriptional
response. PKA-deficient cell lines are unable to stimulate somatostatin gene
expression in response to forskolin (Montminy et al., 1986). Furthermore, micro-
injection of the C-subunit into cells can directly activate CRE-dependent
transcription, of genes for VIP and also c-fos, even without simultaneous addition of
cAMP (Riabowol et al., 1988). Treatment of cells with cAMP induces the transport of
the active C-subunit of PKA to the nucleus. The CRE binding protein (CREB), which
stimulates the transcription of the somatostatin gene has been described. CREB is
constitutively bound to the CRE, even in non-stimulated cells, but acts as a repressor,
and can block the action of upstream enhancer binding transcription factors. Once
phosphorylated at Ser-133 by the C-subunit, however, activation of genes with CRE
promoters progresses (Gonzalez and Montminy, 1989). De novo protein synthesis is
not required for activation of genes by phosphorylated CREB, although a CREB
binding protein may be involved in the action of phosphorylated CREB. This
contrasts with some effects mediated via the AP-1 site which require the de novo
synthesis of the fos and jun proteins, which in turn, then activate gene transcription
via an AP-1 site. When cAMPi levels decline, the catalytic subunit of PKA is
inactivated, resulting in an increase in phosphatase activity, particularly protein
phosphatase 1 (PP1), which dephosphorylates and inactivates CREB (Hagiwara et al.,
1992).

Jun protein, the product of protooncogene jun and a member of the AP-1 family of
transcription factors, can upregulate the transcription of it’s own gene, whereas a
related JunB protein can suppress it’s transcription. Similarly the product of the
nuclear oncogene fos can suppress the transcription of its own promoter, but activates
the transcription of promoters containing AP-1 binding sites. The AP-1 site present in
the human and mouse c-jun promoter are similar. Also, the core consensus sequence
of CRE required for induction by increases in cAMPi, is very similar to the AP-1
binding site (Montminy et al., 1986). CREB can bind to the AP-1 site present in the
promoter of c-jun, and when phosphorylated by the C- subunit of PKA, will activate
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this promoter. CREB, unphosphorylated in the absence of PKA activity, is actually a
repressor of the c-jun promoter (Lamph et al., 1990). This CREB repression extends
to both serum and PMA induction. The c-jun promoter can be activated by Jun or
Fos-Jun proteins, but unphosphorylated CREB can still interfere with this
transactivation, suggesting that CREB is a potent repressor of transcription but
reverses its role after phosphorylation. CREB acts to inhibit binding of the Fos-Jun
heterodimer, but when phosphorylated, either allows its transactivation domain to
interact with other transcription factors, or that the phosphorylated CREB has a
greater binding affinity for its cognate CRE than to the AP-1 site. Recent work
suggests a similar effect on the c-fos promoter. PDGF mediated proliferation and
stimulation of c-myc mRNA levels are inhibited by elevating cAMPi in human
foreskin fibroblasts (Heldin et al.,1989). Elevation of cAMPi also inhibits IL-2
stimulated c-myc levels in T-lymphocytes. However, although cAMPi inhibits
proliferation in macrophages, it has no effect on growth factor related c-myc
expression, though it does increase c-fos mRNA (Vairo et al.,1990). cAMPi elevation
in macrophages may also reduce IL-1 production (Knudsen et al.,1986).

REGULATION OF THE NERVE GROWTH FACTOR GENE

Mechanisms for the transcriptional activation of the NGF gene have been studied in
fibroblasts. IL-1 can increase the stability of NGF mRNA as well as activating
transcription (Lindholm et al., 1988). Following axotomy, the increase in NGF
mRNA levels is preceded by an increase in mRNAs for c-fos and c-jun. Heterodimers
of Fos and Jun protein are known to regulate activity of certain genes after binding to
a consensus sequence (AP-1 site) in the promoter of these genes. In fibroblasts,
regulation of NGF transcription can be achieved by interaction of transacting factors
with a specific AP-1 site. Interestingly, the transcriptional activation of the NGF gene
can be prevented by pre-treatment with dexamethasone, both after nerve lesion in
vivo, and after stimulation of fibroblasts with serum or IL-1 in vitro. This
transcriptional regulation is prevented by deletion of a 162 bp segment of the NGF
promoter. Forskolin and activated PKA increase NGF mRNA transcription in the
absence of protein synthesis, possibly by phosphorylation of CREB, whereas, TPA
and other inducers of Fos protein are ineffective. If CREB is involved, then synergy
would be expected with TPA or PDGF once CREB had been phosphorylated by the
C-subunit of PKA. Schwann cell NGF-mRNA transcription is activated
synergistically by forskolin and TPA, independently of protein synthesis (Matsuoka et
al., 1991b). This activation of NGF mRNA transcription requires PKA, as it can be
prevented with H-8, whereas, H-7 only blocks the synergistic action of TPA, without
affecting forskolin induced elevation. Interestingly, TPA alone reduces basal NGF-
mRNA levels slightly. Growth factors such as PDGF, FGF, EGF, IL-1, IGF-I, or
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IGF-II did not increase Schwann cell NGF mRNA even in the presence of serum or
forskolin. In fact, TGF-f abolishes forskolin-stimulated increases, and reduces basal
levels of NGF mRNA. Forskolin-mediated increases in NGF mRNA are potentiated
by pre-treatment with ionomycin, which stimulates Ca*t influx by an EGTA
inhibitable pathway. This could be physiologically relevant, as Gg activates a
dihydropyridine sensitive Cat™ channel, in addition to adenylate cyclase (Mattera et
al., 1989; Brown and Birnbaumer, 1988). Agents such as noradrenaline and CGRP
which act via Gg, could also activate these Cat'channels. Further experiments are
needed to examine whether this could lead to enhanced ability to promote NGF
synthesis. Forskolin, which directly activates adenylate cyclase bypassing the G
protein, would thus be expected to be less effective. However, upregulation of NGF-
mRNA by isoprenaline is also enhanced by ionomycin. It would be interesting to
determine the effect of EGTA or of a selective calcium-calmodulin protein kinase
inhibitor on isoprenaline induced NGF-mRNA elevation.

Elevation of cAMPi increases levels of NGF mRNA but reduces the amount of
BDNF mRNA in Schwann cell cultures (Acheson et al., 1991). In nerve explants, IL-
1 elevates NGF mRNA but does not effect BDNF mRNA. As for the NGF receptor,
mRNA increases concomitant with axonal degeneration. During regeneration, axonal
contact down regulates the NGFr mRNA. Administration of TGF-B1 down regulates
NGFr mRNA in cultured Schwann cells and this is potentiated by forskolin.

REGULATION OF SUPPRESSED cAMP-INDUCIBLE POU IN SCHWANN
CELLS

The POU proteins constitute a large family of putative transcription factors, named
from the first 3 members to be described (pit, oct and unc). They are most closely
related in their DNA binding homeobox domains (a helix-turn- helix motif) and in a
contiguous POU-specific domain immediately upstream of this domain (Herr et
al.,1988; He et al.,1989). In these regions, the degree of amino acid sequence
conservation between SCIP and the other class III POU proteins, Brn-1 and -2, is
striking. Sequence analysis suggests that mRNA for SCIP and the previously
described 7st-1, encode the same protein (Monuki et al., 1989; Monuki et al., 1990;
Kuhn et al., 1991). POU proteins have been shown to transcriptionally activate cell-
specific genes and to participate in the determination of cell fate. It is therefore
thought that these proteins function in development through the stable activation of
genes that define specific developmental pathways. SCIP is expressed by developing
Schwann cells in the nervous system (Treacy et al., 1991, Monuki et al., 1990,
Monuki et al., 1989). SCIP expression in cultured Schwann cells may be stimulated
by agents that elevate cAMPi (Monuki et al., 1989). Both in normal development and
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in response to nerve transection, SCIP expression is transiently activated only during
the period of rapid cell division that separates the premyelinating and myelinating
phases of Schwann cell differentiation. Following axotomy, SCIP mRNA (normally
at very low levels) is transiently elevated with a peak between 2 and 5 days post-
lesion, coinciding with the first wave of Schwann cell proliferation. In cotransfection
assays, SCIP acts as a transcriptional repressor of myelin-specific genes (Monuki et
al., 1990) and was shown to repress the P, promoter (He et al., 1991). It has thus
been suggested that SCIP expression is linked to proliferation, and acts to repress
myelin gene expression. The association with proliferation may have functional
significance, as the POU transcription factors Oct-1 and Oct-2 have been shown to
stimulate DNA replication in vitro (Verijzer et al.,1990). Oct-3 is expressed by the
embryonic stem cell line p19 only under conditions that permit cell proliferation but
prevent differentiation (Okamoto et al., 1990). Nearly all the POU proteins analysed
to date are expressed at high levels in regions of the early embryo, such as the
ventricular zone of the neural tube, that are populated by rapidly proliferating
progenitor cells (He et al.,1989). POU proteins may therefore act as transiently
expressed regulators in proliferating progenitors.

CILIARY NEUROTROPHIC FACTOR

Ciliary neurotrophic factor (CNTF) was originally described as a survival factor for
chick ciliary ganglion neurons. It has been cloned and expressed (Lin et al., 1989,
Negro et al., 1991), and demonstrates no significant amino acid homology to any
other known protein. It is a cytoplasmic protein, as shown by the absence of a
hydrophobic signal sequence and its lack of release from HeLa cells transfected with
a CNTF expression vector (Stockli et al., 1989). The receptor has also been cloned
and found to resemble that for IL-6 (Davis et al, 1991). CNTF has been
immunolocalised to peripheral nerve (Rende et al., 1992), particularly to myelinating
Schwann cells (Dobrea et al., 1992). It may function as a motor neuron trophic factor
following axotomy (Sendtner et al., 1990), though others have shown it to act only in
vitro (Wewetzer et al., 1990). A survival promoting action has also been
demonstrated for hippocampal neurons (Ip et al, 1991) and chromaffin cells
(Unsicker et al., 1985). Expression in peripheral nerve in the rat, starts at postnatal
day 4 and increases to high adult levels by three weeks. Interestingly, developmental
expression of CNTF occurs after the time period of physiological cell death of CNTF-
responsive neurons. It is unlikely, in rodents at least, to act as a target derived trophic
factor in development. CNTF can be released from Schwann cells after injury even
though it lacks a signal sequence. Very low levels are seen in cultured Schwann cells,
although they are a rich source in vivo, suggesting that this property may be lost with

time in culture.
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CGRP RECEPTORS

Different biological effects of CGRP analogs have suggested the existence of receptor
subtypes. Alpha-human CGRP binding sites exist in rat cerebellum, liver, and spleen
exhibiting the same rank order of analog displacement. However, CGRP activates
adenylate cyclase in the liver and spleen but not in the cerebellum, suggesting existence
of CGRP receptor subtypes.(Bushfield et al., 1993; Stangl et al., 1993). CGRP8-37 is
believed to be a selective antagonist of the CGRP1 receptor, which has now been
cloned (Aiyar et al.,1996). In situ studies show specific localization of the CGRP1
receptor mRNA to alveolar cells in the lung and to cardiac myocytes in the heart.
Other putative subtypes have not been cloned. The distribution of CGRP receptors in
the peripheral nervous system has not previously been examined.

LOCALISATION OF CGRP IN THE NERVOUS SYSTEM

In the sensory nervous system CGRP distribution correlates with expression of NGF
receptors. In dorsal root ganglia virtually all trkA-immunoreactive cells express CGRP
immunoreactivity (Averill et al., 1995). In the dorsal horn TrkA immunoreactivity is
heaviest in laminae I and II outer and has a similar distribution to CGRP. CGRP is
depleted by dorsal rhizotomy.

CGRP-LI is not found in all motor terminals of the sciatic nerve. Endplates of IIB
fibres located in the superficial portion of tibialis anterior (TA) display CGRP-LI,
whereas in the deep portion of TA some endplates lack CGRP-LI. Thirty per cent of
the IIB fibres in extensor digitorum longus (EDL) show CGRP-LI at the endplates. All
endplates of IIA fibres in TA and EDL lack CGRP-LI. CGRP-LI is rarely detected at
endplates in the soleus muscle. CGRP-LI levels in general are lower in motoneurons of
small and slow-twitch motor units ( eg. innervating soleus) than those of large and
fast-twitch motor units (eg. innervating TA and EDL), but that there are also
differences between the different types of fibres in TA and EDL (Forsgren et al.,

1995). After axotomy, although all motoneuron pools display stronger CGRP labeling
than corresponding unlesioned pools, in a fraction of the axotomized motoneurons the
increase seems to be discrete or even absent (Piehl et al., 1993).

It is interesting that CGRP-LI appears in normally non-reactive motor endplates during
axon regeneration after nerve injury (Csillik et al., 1993). The number of CGRP-IR
motoneurons is also increased after injury to the hypoglossal nerve (Grothe, 1993).
CGRP immunoreactivity is absent from preganglionic parasympathetic motoneurons,
but may be induced if these nerves are surgically implanted into striated muscles
normally innervated by CGRP immunoreactive neurons (McWilliam et al., 1995),
suggesting the existence of a muscle-derived factor able to induce CGRP expression.
Members of the FGF family including bFGF can abolish the upregulation of CGRP that
follows axotomy of motor neurons in vivo (Piehl et al.,1995); deprivation of such
muscle-derived factors could account for CGRP upregulation in injured motor
neurons.

During development CGRP-LI is uniformly high in lateral horn motoneurons (the
retrodorsolateral nucleus) of males and females at all ages examined. The majority of
motoneurons of the dorsolateral nucleus are also positive throughout postnatal
development although the percentage of positive motoneurons is slightly higher in
males than in females (Forger et al., 1993).

S ma
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VASOACTIVE INTESTINAL POLYPEPTIDE

VIP is a major regulatory peptide in the mammalian brain and a member of the
glucagon-secretin family of gastrointestinal peptide hormones. It is 28 amino acids
long and was originally isolated from porcine duodenum (Said and Mutt, 1970). It has
been identified in neurons of the CNS and in primary sensory neurons in the PNS
(Fuji et al., 1983; Hokfelt et al.,1980). VIP is not normally detectable in sensory
neurons in lumbar 4/5 DRG, but VIP mRNA and peptide appear after sciatic nerve
lesion (Nielsch and Keen, 1988). VIP mRNA appears 3 days following injury and
also in the dorsal horn (Shehab and Atkinson,1986). The VIP gene was recently
isolated and found to contain 7 exons. cCAMP induces a substantial increase in VIP
immunoreactivity regulated at the transcriptional level (Hayakawa et al.,1984).
Increased protein kinase activity by phorbol ester may increase VIP synthesis in
adrenal chromaffin cells (Pruss et al.,1985). Levels of VIP mRNA in rat are low at
birth, peak at 14 days, and decrease in aged rats.
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MATERIALS AND METHODS

MATERIALS

Anti rat O4 and Thy 1.1 hybridomas were a kind gift from Prof. R. Mirsky (Dept. of
Anatomy); Ox42 was purchased from Seralab; anti mouse immunoglobulins were
from Dako. Anti-CGRP antibody was from Peninsula. Antibodies to NGF were from
Boeringer. CGRP was from Bachem; VIP and Somatostatin were from Peninsula,
PDGF-BB and basic FGF were from Promega, Isoprenaline, galanin, theophylline,
IBMX, staurosporine, H-7, PGE9, laminin, PMA, forskolin, Pertussis toxin, Cholera
toxin, Poly-D-lysine, type la trypsin, type III collagenase and general lab chemicals
were from Sigma. H-8, H-89, Genistein, and chlorophenol red fD-galactopyranoside,
were from Calbiochem. The dual range cAMP radioimmunoassay kit and 1251dU
were from Amersham. The CellTitre non-radioactive cell proliferation assay kit was
from Promega. Foetal calf serum was from Gibco. Culture media were from Flow.
Tissue culture plastics were from Falcon. Tissue culture 24 and 96-well plates were
Falcon Primaria grade except where stated.

ANIMALS AND SURGICAL PROCEDURES

Young adult male Sprague-Dawley rats (approximately 200g) were operated under
deep halothane anaesthesia. For nerve lesion experiments, the sciatic nerve crush or
transection was performed in the mid-femoral position. Following transection the
distal stump was displaced to prevent reinnervation. Nerve crush was performed with
watchmaker forceps ( No.5) for 1 minute, followed by application of a tight silk
suture for 1 minute ( 2/0 Mersilk). The animals were killed by CO7 narcosis, between
2 hours and 14 days post lesioning. Nerve segments, measuring 2cm proximal and
5cm distal to the lesion were removed. Contralateral nerve segments were removed as
controls.

For cell cultures, p4-6 rat pups were killed by decapitation, and sciatic nerves
collected into cold calcium-magnesium free dissociation buffer.

TISSUE PREPARATION FOR IMMUNOHISTOCHEMISTRY

After dissection, the nerves were immediately immersed in 4% (W/v)
paraformaldehyde in phosphate buffered saline, pH 7.4 (PBS) and fixed overnight at
4°C. The following day they were placed in 30% (w/v) sucrose in PBS for 2 hours for
cryoprotection. The tissue was embedded in OCT embedding medium ( Tissue-tek,
Miles) and then stored at -70°C until sectioned on a freezing microtome (Bright).
Longitudinal sections of nerve, 10-15 u thick were cut and thawed onto gelatin, and
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pottassium permanganate, coated glass microscope slides. For crushed nerve, sections
traversed the lesion site and included Smm proximal and distal to it. Further distal
segments were also examined. For cut nerves, proximal and distal segments were
embedded and sectioned separately.

CGRP IMMUNOHISTOCHEMISTRY

Sections were washed for 15 minutes in 5% (v/v) horse serum (Gibco), 0.1% (v/v)
Triton-x100 (Sigma), 0.01% (w/v) sodium azide and 20mM L-lysine(Sigma) in PBS
("immunohistochemistry buffer" (IHB)). Slides were labelled overnight at 4°C with a
rabbit anti-human CGRP polyclonal antibody (Peninsula) at 1/700 dilution in THB.
Control sections also received 1uM human CGRP or IHB only. Following
incubations, slides were washed 3 times, for 5 minutes each, in IHB. The second
antibody, a goat anti-rabbit flourescein-conjugate (Amersham), preabsorbed with
20% rat serum and microfuged to remove precipitates, was applied to sections at
1/100 in ITHB for 45 minutes at room temperature.

Triplicate washes were repeated and slides mounted in Citiflour ( City University,
U .K), prior to viewing with a fluorescence microscope (Zeiss Universal).

CELL DISSOCIATION

Sciatic nerves were dissected from up to 14 p4-6 rats per preparation and collected
into cold dissociation buffer ( 136 mM NaCl, SmM KCl, 5mM Na phosphate, pH 7.4
with 33mM glucose). Sterile plastic was used throughout. Sciatic nerves were finely
chopped with a scalpel and forceps in a 100mm Petri dish and transferred to a 15ml
conical tube. Nerves were incubated for 35 minutes at 37°C in 2ml of 0.025% type la
trypsin and 0.15% type III collagenase, in dissociation buffer. Final dissociation was
achieved by trituration with a 1ml Pipetteman. Enzymes were inactivated by addition
of an equal volume of culture medium (1:1 DMEM/ HAM-F12 with 10% foetal calf
serum) or with trypsin inhibitor (for defined medium experiments) and cells collected
by centrifugation at 1600 rpm for 10 minutes. The cell pellet was resuspended in
culture medium, filtered through nylon mesh and then applied to precoated and
washed panning dishes.
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PANNING

Schwann cell cultures were prepared by positive immunoselection by panning. Cells
newly dissociated from sciatic nerve are panned on 150 mm Petri dishes pre-coated
with cell-type specific antibodies. Panning dishes were prepared by coating Petri
dishes for 2 hours at 37°C , or overnight at 4°C with a non-specific rabbit anti-mouse
immunoglobulins (Dakopatts) diluted 1 in 400 in 15mM Trisma base buffered to pH
9.6 with HCI, to a final concentration of 10ug/ml. Following aspiration of buffer, the
dishes were washed three times in normal saline before coating with cell specific
antibodies, for at least 1 hour in pH 7.4 medium, with 0.2% (w/v) BSA, at 37°C.
Triplicate washes were repeated before application of cell suspensions.

MACROPHAGE SELECTION

Macrophages are removed from cell suspensions by panning on OX 42 (Seralab)
coated Petri dishes. Cell suspensions are serially transferred from one OX 42 coated
dish to another, until no further cell binding can be observed under microscopic
control. Resultant cell suspensions are, consequently, free of macrophages, which
remain adherent to the OX 42 coated Petri dishes, when cell suspensions are
transferred to further dishes.

FIBROBLAST SELECTION

Following removal of macrophages, suspensions are enriched for Schwann cells by
depletion of fibroblasts through serial pannings on Thy 1.1 coated dishes. As
described for macrophage depletion, suspensions are transferred serially from one
Thy 1.1 coated Petri dish to another until no further binding could be observed
microscopically. If resulting pure fibroblasts cultures were to be used for parallel
experiments, then Petri dishes with bound fibroblasts were washed several times, with
buffer, under microscopic control, until all loosely bound cells have been washed off.
This step is included to increase the purity of resultant cultures by excluding
contaminating non-antibody bound cells.

SCHWANN CELL SELECTION

Pure Schwann cells were derived either by positive immunoselection involving
panning on O4, or by total depletion of macrophages and fibroblasts. Pure O4 bound
Schwann cells were harvested by trypsinisation. To avoid this extra trypsinisation
step, and to increase the eventual Schwann cell yield per preparation, Schwann cell
cultures of at least 99% purity were derived by total depletion of macrophages and
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fibroblasts. The resulting cell suspension containing almost exclusively Schwann cells
could then be counted and plated. Purity was assessed by trypan staining of ethanol-
extracted cultures in all cAMP assays, fibroblasts and Schwann cells were apparent by
morphology (and comparable results were obtained with immuno-stained preparations
using Thy 1.1 and S100).
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Plate 1. SIOO immunostaining of cultures of mixed Schwann cells and fibroblasts
derived from rat sciatic nerve.

Upper plate taken at higher power.
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Plate 2. Comparative morphology of Schwann cell and fibroblast cultures, 4 days
after dissociation.

Upper plate, Schwann cells and lower plate fibroblasts.
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Plate 3. Pure Schwann cell cultures, derived by fibroblast and macrophage depletion.

Upper plate taken at lower power
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Panning is performed by applying cell suspensions serially to coated dishes. Cells are
applied to individual dishes for 15-30 minutes in culture medium at 37°C in a COp
gassed incubator and agitated vigorously at 10 minute intervals to prevent non-
specific binding. After a final vigorous agitation, the medium containing non-
adherent cells is transferred to the next dish. This is monitored microscopically and
cells transferred to the next series of dishes when no further adhesion of cells is seen
for a particular antibody and that cell type may be regarded as maximally depleted.
This is most critical where Schwann cells are being purified solely by depletion of
other cell types. Dishes with adherent cells are washed three or more times, under
microscopic control, until all unbound and loosely attached cells are removed.
Adherent pure cells are harvested immediately by trypsinisation (0 .125 % trypsin in
dissociation buffer for 10 minutes at 37°C) and squirting cells off the dish with a 1ml
Pipetteman. Anti-trypsin or 10% FCS is added and cell suspension transferred to a
15ml conical tube. Cells are collected by centrifugation at 1600rpm for 10 minutes,
resuspended in culture medium and following counting are plated into 96 or 24-well
primaria tissue culture plates (falcon) for use. To avoid contamination of cultures
with exogenous growth factors, cells are washed several times in defined medium
when adherent and assays performed without added serum, except where stated. This
technique allows assays of cell function to be performed within 24 hours of
dissociation from the nerve.

CELL CULTURE

For mitogen and cAMP assays cells were grown in Falcon Primaria 96- or 24-well
plates at a density of 5-10,000 cells per 96-well or 50-100,000 per 24-well,
respectively. For NGF assays cells were plated at 250-500,000 per well in 24-well
plates.

In all cases cells were grown in 1:1 Dulbeccos modified Eagles medium (DMEM)
and HAM F12 (Flow) with either 10% FCS or modified rat Satos defined medium
(transferrin 50pg/ml; progesterone 60ug/ml; putrescine 1.6pg/ml; insulin Spg/ml;
thyroxine 0.4pg/ml; selenium 100pg/ml; triidothyronine 0.1ug/ml; BSA 0.3mg/ml)
and supplemented with penicillin 100 IU/ml; glutamine 2mM; streptomycin
100pg/ml and amphotericin except where stated. Schwann cell cultures were
variously grown on uncoated, laminin (2p.g/cm2) (Sigma) or PDL (1mg/ml) (Sigma)
coated wells as stated. Cells were allowed to settle overnight following plating prior
to experimentation. Medium was changed regularly and always prior to
commencement of experiments.
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cAMPi ASSAYS

Cells were grown in 24-well dishes for no longer than 24 hours in defined medium
before assays. Preincubations with IBMX, 2mM (Sigma); theophylline, 0.5mM
(Sigma); rolipram, 10uM; phosphoramidone, 100nM (Sigma); where used, were
commenced at least 30 minutes before addition of CGRP (Bachem) or Isoprenaline
(Sigma). Preincubations with pertussis toxin, lpg/ml (Sigma); H-7, 10mM
(Calbiochem); staurosporine, 10nM (Sigma) or the protein kinase A inhibitor H-89,
30uM (calbiochem) ,where used, were commenced at least three hours before
addition of CGRP or Isoprenaline.

For acute dose-response studies, CGRP or isoprenaline were added to wells for 10
minutes, except where stated. Reactions were stopped by rapid simultaneous
replacement of culture medium with ice-cold 80% ethanol and cAMP extracted by a
subsequent incubation for a minimum of 2 hours at -20°C. This extraction buffer was
then aspirated, transferred to clearly labelled Eppendorfs and dried by vacuum
spinning using a Speed Vac SC100 (Savant). Recovery of cAMP of greater than 90%
was achieved by this method. The resultant cCAMP containing pellet was resuspended
in assay buffer and cAMP content for each sample measured in duplicate using the,
more sensitive, acetylation method of the dual range cAMP competitive
radioimmunoassay kit (Amersham). Samples of cAMP were incubated with a 127
radiolabeled cAMP standard and could thus compete for added anti-cAMP antibody.
Antibody bound cAMP was then precipitated as a pellet using a conjugate antibody
linked to a magnetic bead. The amount of bound labelled cAMP tracer, inversely
related to the amount of sample cCAMP present, was determined using a y-counter
(Nuclear enterprises NE1600), and could be compared to known cAMP standards.

MITOGEN ASSAYS

Schwann cell division was measured from the incorporation of [5 -1251] 2-deoxy-
uridine (1251dU) (Amersham) into newly synthesised DNA in pure Schwann cells.
Schwann cell division could thus be measured in microwells, speeding up assay times
and allowing a greater number of conditions to be simultaneously investigated,
compared to methods requiring microscopic cell counting, such as BrdU labelling.
Cells were cultured in 96-well Primaria plates, in defined or serum-containing
medium. Fibroblasts were grown on uncoated dishes, Schwann cells on laminin
(2ug/cm?), except where stated, at densities of 5000 and 10,000 per well respectively.
After plating, cells were left overnight, before gentle washing and replacement of
medium. Drug incubations were performed over 48 hours with addition of agents at 0



70

and 24 hours. Enzyme inhibitors were preincubated for at least 3 hours prior to the
start of stimulations. 1251dU at 2uCi/ml was added for the final 24 hours of the assay.
Following washes, cells were harvested onto glass fibre filter mats and DNA
synthesis determined by measuring incorporated radioactivity by y-counting.

To confirm that increased DNA synthesis was actually followed by cell division,
mitogen experiments were repeated using a non-radioactive CellTitre cell
proliferation kit (Promega). Cells were plated and handled exactly as previously
described. MTT, a tetrazolium salt, was added for the final 4 hours in culture, to
allow conversion to a blue formazan reaction product by cell mitochondrial enzymes.
Cells were then solubilised and viable cell number determined by measuring
absorbance at 570-630A in an ELISA plate reader. The reaction product, and hence
O.D, is directly proportional to the number of viable cells present, and in control
experiments there was a linear correlation with the number of cells plated as
measured by haemocytometer.

NERVE GROWTH FACTOR ASSAY

Cells were prepared as previously described, by panning, and were immediately
plated in Falcon Primaria 24 well plates. For fibroblast cultures, plates were not
coated with substrate. For Schwann cell cultures, all plates were coated with laminin
at 100ul of a 10pg/ml solution per well for 30 minutes at 379C. Cells were plated at
4x105 per well for Schwann cells and 5x104 for fibroblasts. Medium in all cases
consisted of a 1:1 mixture of DMEM and HAM F-12 supplemented with penicillin,
streptomycin and glutamine, and either 10% FCS or the rat defined medium and
insulin mixture as previously described. Prior to the start of experiments, the volume
of medium per well was kept at 0.5 ml. Cells were left overnight, before the medium
was changed. For the experiment, serum free medium was added at 0.2ml per well,
and final volume prior to assay kept at 0.225ml, to allow determination of basal
unstimulated NGF levels in the assay without using a concentration step. Cells were
kept in humidified boxes, in a gassed incubator at 370C. Additions were made to
cultures at 0 and 24 hours, after a further 24 hours medium was collected for assays.
All additions were made in serum free medium and volumes were kept constant by
addition of medium with carrier, if used, to control wells. Cell free wells receiving
additions were used as further assay controls to exclude any immunoreactivity of
various additions.

NGF was assayed using a modified two-site sandwich immunoassay (Korsching and
Thoenen, 1983). Linbro 96-well rigid EIA plates (ICN) were coated with an anti-
mouse-f-(2.5S)nerve growth factor antibody (Boehringer Mannheim). This was
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added at 0.5ug/ml in coating buffer at pH 9.6 at 120ul per well overnight at 4°C.
100ul of coating buffer containing 2% albumen was then added for 2 hours at room
temperature, to reduce subsequent non-specific binding. The plates were then washed
three times, following aspiration of coating solution, in albumin free wash buffer
containing 0.2% Triton X-100 at pH 7.0 immediately prior to the addition of samples
and standards. B-(2.5S) nerve growth factor standards (Boehringer Mannheim) were
made up in serum free medium at doubling concentrations from 1pM- 0.5nM.
Samples and standards were added at 100ul per well, and prior to addition received
11ul of 10x extraction buffer, consisting of 2% albumin, 70g/ml aprotinin, 40mmol/l
EDTA, and 0.5% Na-azide in Tris-HCl, 50mmol/l; NaCl, 200mmol/l at pH 7.0.
Samples and standards were then incubated overnight at 40C. Washes were repeated
three times following aspiration of solutions. Anti-mouse-f-(2.5S)nerve growth
factor-f3-gal (Boehringer Mannheim) was then added to the wells at 0.1U/ml in 100pl
of conjugate buffer for 4 hours at 37°C. Conjugate buffer consisted of Tris HCI,
50mmol/l; NaCl, 200mmol/l; CaCly, 10mmol/l; albumin, 1%(w/v); triton X-100,
0.1%(w/v) and Na-azide, 0.01%(w/v); pH7.0. Triplicate washes were again
performed and then substrate added. The substrate used was chlorophenol red-f-D-
galactopyranoside (Calbiochem) at 40mg in 20 ml of substrate buffer consisting of
Hepes, 100mmol/l; NaCl, 150mmol/l; MgCly, 2mmol/l; Na-azide, 0.1%; albumin,
1%; pH 7.0. This was added at 120pl/well. Absorbance was then measured at 2 hours
and at subsequent 1 hour intervals at 570-630A against substrate solution until all
standard solutions were clearly readable against blanks.

SCIP ASSAYS

STIMULATIONS

For SCIP assays, cultures of pure Schwann cells, approximately 500,000 cells per
dish, were prepared by 04 +ve immunoselection by panning, as previously described.
Having an excess of Schwann cells in the supernatant, dissociating 30 sciatic nerves
for 6 dishes, and applying equal aliquots to 100mm panning plates in parallel, ensured
there was less than 5% variability in cell numbers per plate, as determined by both
MTT assays (conducted in dishes) and haemocytometer counting following
trypsinisation.. Cells were allowed to incubate on panning dishes overnight in defined
medium before commencing stimulations. For stimulations, medium was replaced
and CGRP or forskolin added for 24 hours. To minimise desensitisation, medium and
additions were exchanged 4 times at 4 hour intervals, with a 30 minute addition free
period between each, during the day and a final 8 hour incubation overnight prior to
extraction of SCIP. Each condition was duplicated, and samples pooled for assay.
These experiments were repeated on separate occasions to validate results
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EXTRACTION OF NUCLEAR PROTEINS

For extraction of SCIP, dishes were first washed in 10 ml of ice-cold PBS. Cells were
next scraped in 1ml of ice-cold PBS, using a glass rod and rubber policeman, and
transferred to an Eppendorf tube. Cells were pelleted for 15 seconds in a microfuge at
40C, the supernatant aspirated, and the pellet resuspended, by gentle pippetting, in
400ul of cold buffer A (10mM HEPES pH 7.9; 10mM KCI; 0.1mM EDTA,; 0.1mM
EGTA; 1mM DTT and protease inhibitors 0.5mM PMSF; 0.5 pg/ml leupeptin; 0.7 p
g/ml pepstatin, 40pg/ml bestatin and 1pg/ml aprotinin). These were then incubated on
ice for 15 minutes before addition of 25ul of 10% NP-40 solution and vigorous
vortexing for 10 seconds. Eppendorfs were microfuged for 30 seconds at 4°C, and the
resultant nuclear pellet resuspended in 50ul of ice-cold buffer C (20mM HEPES pH
7.9, 0.4 M NaCl; 1mM EDTA; 1mM EGTA and 1mM DTT with protease inhibitors).
Resuspension of this pellet required a combination of vigorous pipetting and
vortexing for 15 seconds. The mixture was then vigorously rocked for 30 minutes on
a shaking platform at 49C. Eppendorfs were well sealed and taped securely to the
platform with masking tape. Nuclear debris was then removed by spinning in a
microfuge for 5 minutes at 4°C. Supernatants were stored at -700C until assayed.

SCIP WESTERN BLOT

SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS

Stacking and resolving gels were cast. The resolving gel (20 ml at 12%) consisted of
7.9 ml of 30% protogel acrylamide mix; 2.5 ml of resolving mix; 0.2 ml of 10% SDS;
9.2 ml H>O; 0.2 ml of 10% APS and 20 ul of TEMED. The stacking gel, which was
warmed, (10ml at 5%) consisted of 1.7 ml of protogel; 2.5 ml of stacking mix; 0.1 ml
of 10% SDS; 5.6 ml of H>O; 0.1 ml of APS and 10 pl of TEMED. In both cases the
APS and TEMED were added just before pouring to run the polymerisation. The
resolving gel was poured first and butanol layered on top 1:1 with resolving buffer.
This was rinsed off, after the gel set, the stacking gel poured and combs added to
create wells.

Nuclear extracts were run on the SDS gels. Before loading, samples were boiled for 3
minutes in 1x sample buffer (SOmM Tris.Cl (pH 6.8); 100mM dithiothreitol; 2%
SDS; 0.1% bromphenol blue and 10% glycerol). 50ul of sample was then added to
each well in the gel. Markers were also added and an extract from a BBB
Schwannoma line as a positive control. Gels were run at 15V/cm in electrophoresis
buffer (25mM Tris; 250mM glycine (pH 8.3); 0.1% SDS), until the die front reached
the bottom. Samples were transferred to Immobilon P, nitro-cellulose paper,
membranes by semi-dry electrophoretic transfer. Membranes were wet in MeOH,
immersed in water for 2 minutes and transfers performed with 0.8mA/cm?2 for 60-90
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minutes, in transfer buffer (48mM Tris; 39mM glycine; 0.037% (v/v) and 20%
MeOH).

IMMUNOLABELLING OF BLOTS

Blots were then incubated in blocking buffer (5%(w/v) non-fat dry milk containing;
0.2%(v/v) TWEEN 20; 0.02% Na-azide and 1xPBS). Blots were washed 7 times for
15 minutes each in wash buffer (1xPBS and 0.2%(v/v) TWEEN 20). Next, to
conserve antibody stocks, blots were sealed in plastic bags with affinity purified
rabbit anti-SCIP antibody (Gift from G.Lemke) at 1:100 in 3ml of blocking buffer
overnight at room-temperature on a slow rotating wheel. Blots were then washed in
wash buffer 7 times for 15 minutes each. Peroxidase conjugated swine anti-rabbit
antibody (Dako p217) was next added at 1:1000, in blocking buffer, for 1 hour at
room temperature. Washes were repeated as previously described. Blots were then
developed using an Enhanced chemi-luminescence kit (Amersham). Equal amounts of
solutions A and B were mixed and added to the blot in a dark room for 1 minute.
Blots were drained, wrapped in saran wrap and exposed to film (Amersham x-ray
film) in a sealed cassette. In general reactions were so strong that a few seconds of
exposure to film was sufficient and remained detectable by brief film exposure,
inspite of fading, for several hours.
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RESULTS

SUMMARY

In this chapter, I show that CGRP is concentrated at the injury site and at the
regenerating nerve front, by axonal transport in vivo. CGRP elevates Schwann cell
and fibroblast cAMPi in vitro, and increases fibroblast NGF synthesis. CGRP inhibits
fibroblast proliferation, via elevation of cAMPi. The action of CGRP on Schwann
cells is limited by the rapid attenuation of cCAMP elevation. This desensitisation does
not involve Gj or PDE, but is mediated by PKA. Desensitisation to (-adrenergic
agonists is mediated by BARK-like activity. Improving receptor-effector coupling by
increasing extracellular Mg*™, limits cAMPi attenuation, and unmasks a permissive
action of both CGRP and isoprenaline on Schwann cell proliferation. Schwann cells
metabolise CGRP via a phosphoramidone sensitive enzyme, which may limit
desensitisation in vivo. This degrading enzyme is likely to be the surface
endopeptidase, enkephalinase (EC.24.11). CGRP may mediate axonal influences on
non-neuronal cells after axotomy in vivo, particularly at the regenerating nerve front.
By promoting Schwann cell proliferation and inhibiting fibroblast proliferation, as
well as by stimulating NGF production, CGRP may play an essential role in

regeneration.
CGRP IN REGENERATING NERVE

The distribution of CGRP in adult rat sciatic nerve following a cut or crush injury,
was examined immunohistochemically and by radioimmunoassay. As shown in
Fig.2a, there is a marked accumulation of CGRP proximal to and to a lesser extent
distal to the nerve lesion, which occurs within 2 hours. Initially this is similar for both
crushed and transected nerves. The linear, fibre-like staining pattern, suggests that
this CGRP immunoreactivity is within axons (Fig.2b). A transient distal accumulation
of CGRP occurs within hours of axotomy, and may be due to leakage of CGRP from
damaged axons as well as anterograde transport. This distal accumulation declines
over 24-48 hours unless reinnervation of the distal stump occurs (Fig.2c). The
appearances of some CGRP-stained sections, suggested there might also be a more
cellular distribution of CGRP-like immunoreactivity in the distal stump. However, in
follow up experiments, where sections were examined under electron microscopy, no
immunostaining was localised to Schwann cells or other resident non-neuronal cells
(Fig.2f). Following transection, the proximal accumulation of CGRP is still present at
2 weeks (Fig.2d), but there is a loss of staining in the degenerating distal nerve by 48
hours. Following a crush injury, where reinnervation is permitted, CGRP
immunostaining is increased both proximal and distal to the crush for 3 weeks post
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injury (the longest time course examined) (Fig.2e). It is likely that CGRP
accumulation is initially due to antero- and retro-grade transport, and that thereafter
CGRP seen distal to a crush injury is due to CGRP accumulation at the leading edge
of regenerating axons, and not through any significant local synthesis within the distal
nerve. CGRP present in crushed and control nerves has been quantified by
radioimmunoassay, confirming the immunohistochemical findings (Bindemann and
Mudge, unpublished results). The continued presence of high levels of CGRP at the
regenerating nerve front, suggested that it might have a role in the regenerative
process. Most neurotransmitters are downregulated during regeneration, with
synthesis in the cell body largely confined to substances of value to axonal growth.
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Fig.2a. Longitudinal sections of rat sciatic nerve, showing proximal and distal
accumulation of CGRP, 24 hours after nerve crush.

Orientation of sections is shown in red type.
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Fig.2b. Longitudinal sections of rat sciatic nerve, showing linear staining for CGRP

proximal to the lesion site.
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Fig.2c. Longitudinal sections of rat sciatic nerve, showing loss of CGRP
immunostaining distal to the lesion, unless reinnervation is allowed.
The top section shows the distal stump 48 hours after transection, the bottom section

shows the proximal and distal sides around the crush lesion, 7 days after injury.
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Fig.2d. Longitudinal sections of rat sciatic nerve, showing continued presence of
CGRP immunostaining at the proximal stump nerve front, at 7 and 14 days after nerve

transection
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Fig.2e. Longitudinal sections of rat sciatic nerve, showing continued presence of
CGRP immunostaining at the regenerating nerve front, at 7 and 14 days after nerve

crush, allowing regeneration into the distal degenerating nerve.
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CGRP AND cAMPi

The effect of CGRP on cAMPi elevation and DNA synthesis of cultured non-
neuronal cells derived from rat sciatic nerve, was examined. For these studies we
prepared cultures of pure Schwann cells or fibroblasts using a novel adaptation of
immunoselection by panning (Barres et al.,1988).

CGRP was added to cultures for a 10 minute period following which cAMPi levels
were determined. CGRP stimulates a dose-dependent elevation of cAMPi in both
Schwann cells (Fig. 3) and fibroblasts (Fig. 4b) in vitro, which is potentiated by the
phosphodiesterase inhibitor isobutyl methyl xanthine (IBMX) (Fig. 4a,b).
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Fig.3. Dose response curve for CGRP stimulation of Schwann cell cAMPi.

Schwann cells were plated at 10,000 cells per well of a 24-well plate in serum-free
defined medium, and were 24 hours old in culture at the time of assay. Cells were
exposed to CGRP for 10 minutes, at varying doses, and cAMPi assayed. Values are
mean +/- s.e. of triplicate wells. Where no error bars are shown, in this and
subsequent figures, these fall within the confines of the point symbol.
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Fig.4a. Schwann cell cAMPi dose response to CGRP +/ - IBMX

Schwann cells were plated at 10,000 cells per well of a 24-well plate in serum-free
defined medium. Cells were exposed to CGRP for 10 minutes, at varying doses, and
cAMPi assayed. IBMX, where used, was added 30 mins. before CGRP. Values are
mean +/- s.e. of triplicate wells. Where error bars are shown with only positive or
negative deflection this is to facilitate graphical representation.
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Fig.4b. Fibroblast cAMPi dose response to CGRP + / - IBMX

Endoneurial fibroblasts were plated at 10,000 cells per well of a 24-well plate in
serum-free defined medium. Cells were exposed to CGRP for 10 minutes, at varying
doses, and cAMPi assayed. IBMX, where used, was added 30 mins. before CGRP.
Values are mean +/- s.e. of triplicate wells.
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SCHWANN CELL PROLIFERATION

Two methods were used to assess Schwann cell proliferation: the incorporation of
12514U into newly synthesised DNA as a marker of replication, and a non-radioactive
cell viability / proliferation assay based on the conversion of the tetrazolium salt MTT
to a formazan-containing dye by the mitochondrial enzyme succinyl dehydrogenase.
The MTT assay was used because criticisms have been levelled at techniques that
measure only DNA synthesis as a marker of proliferation (Oliver et al., 1989); errors
have arisen due to arrest of cells in S or G5 phases of the cell cycle, whereby DNA
synthesis progresses without subsequent cell division and proliferation. The MTT
assay has been shown to correlate closely with cell number in many systems, but must
also be interpreted with caution as it is dependent on the metabolic activity / viability
of cells; a decrease in mitochondrial activity is an early sign of cell death by
apoptosis.

Two distinct signals are required for Schwann cell proliferation. Firstly, a growth
factor such as PDGF, FGF or IGF-I, and secondly, a permissive signal that elevates
cAMPi. Forskolin, which elevates cAMPi via activation of adenylate cyclase, is
widely used in experiments to elevate cCAMPi.

Growth factor activity is mostly dependent on the activation of receptor tyrosine
kinases, but may be mediated indirectly via phospholipase Cy (PLCy) followed by
activation of PKC; in fact, activators of PKC can substitute for growth factors in
many mitogen assays. The phorbol ester PMA is mitogenic for Schwann cells in
defined medium but, as is the case with growth factors, only if cAMPi is elevated
(Fig.5a). PDGF added to cultures already stimulated with PMA, in the presence of
cAMPi elevation, promotes some additional activity (Fig.S5a), but this is barely
significant, unless PMA is used at submaximal doses (Fig.5b). Inhibiting PKC with
either H-7 or staurosporine, prevents Schwann cell proliferation to mitogenic
combinations such as PDGF and forskolin (Fig.5b). In cultures where basal
proliferation was high, this was also inhibited. Schwann cell growth factor mitogens,
such as PDGF, are known to act via receptor tyrosine kinases in other systems.
Genistein, which inhibits tyrosine kinases, abolishes all Schwann cell mitogenic
activity and leads to the rapid onset of cell death, probably by apoptosis. The
activation of tyrosine kinase would therefore seem of prime importance in mediating
growth factor action on Schwann cell proliferation and survival. Tyrosine kinases are
not involved in the generation of cAMPi, and growth factors such as PDGF, do not
elevate Schwann cell cAMPi. I suggest that PKC activation is at least one important
downstream mediator of growth factor tyrosine kinase activation, which in itself is
sufficient for promoting DNA replication if cAMPi is also elevated. It is not yet
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possible to conclude that downstream PKC activation is sufficient to mediate the
growth promoting activity of tyrosine kinases, where tyrosine kinases were inhibited
with genistein, Schwann cells failed to proliferate and died, and no survival action /
increase in cell number could be shown with phorbol esters, but DNA incorporation
was increased above controls in the presence of both PMA and forskolin. Further
experiments are required to distinguish whether tyrosine kinases promote cell survival
and proliferation by distinct signalling systems. PKC seems sufficient to stimulate
proliferation in forskolin-treated cultures, but may not be sufficient to prevent
apoptosis. Inhibition of PKA prevents the permissive action of forskolin (Fig.Sb),
suggesting that PKA is important for enabling growth factor activity, and probably
mediates the action of cAMPi on proliferation. Pertussis toxin which inhibits G;
thereby increasing basal cAMPi levels, also enables the growth factor activity of
PMA. Eventually, cultures incubated with inhibitory doses of any of these three
classes of protein kinase inhibitors, die, probably via apoptosis; interestingly, only
with tyrosine kinase inhibitors does this occur within 24-48 hours, whereas a longer
time is required for other inhibitors.
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Fig.Sa. Incorporation of by pure cultured Schwann cells, in the presence or
absence of PMA.
Cells were plated in serum-free defined medium, at 10,000 cells per well of laminin
coated 96-well plates. Cells were 24 hours post-nerve dissociation at the start of
incubations. Mitogens were added to cultures for a total of 48 hours, with additions
repeated at 24 hours. Enzyme inhibitors and PMA were added 4 hours prior to

mitogens Values are mean +/- s.e. of triplicate cultures
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Fig.Sb. Schwann cell incorporation of in the presence of inhibitors of PKA or

PKC

Experiments were performed as in 5a.
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It seems likely, therefore, that activation of PKA and both tyrosine kinases and PKC,
are required for Schwann cell proliferation. Growth factor stimulation of DNA
replication in Schwann cells, may require only PKC activation. It seems likely that
PKC is activated via the tyrosine kinase activity of the growth factor receptor.

Other growth factors were investigated, and FGF was found to be mitogenic, whereas
in our experiments TGF-f3 was inhibitory on Schwann cell division, antagonising the
proliferative effects of forskolin and PDGF in both MTT and 1251dU assays
(Fig.6a,b). Inhibition of proliferation was seen both in serum and in defined medium.
TGF- is a weak mitogen and has synergistic action with forskolin in 10% FCS if
cells are prepared by more traditional means (more than 7 days old in culture) (Davis
and Stroobant, 1990).
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Fig.sa. The effect of TGFp on Schwann cell incorporation of “1dU.

Schwann cells were grown in DMEM and 10% FCS, at 10,000 cells per well of a
PDL coated 96-well plate, and were 24 hours post-nerve dissociation at the start of
incubations. Forskolin and TGFP were added for 48 hours, and additions were
repeated at 24 hours. Values are mean +/- s.e. of triplicate cultures.
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Fig.eb. The effect of TGFp on Schwann cell proliferation, as assessed by MTT assay.

Schwann cells were plated at 10,000 cells per well of a laminin coated 96-well plate,
and cultured in DMEM and 10% FCS. Cells were 24 hours old at the start of assays,
and additions were made over 48 hours, following which cell number was determined
by MTT assay. Values are mean +/- s.e. of triplicate cultures.
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Experiments were now conducted to test the hypothesis that CGRP might be an
endogenously occurring permissive factor for growth factor activity on Schwann
cells. Although on some occasions CGRP was permissive for Schwann cell
proliferation in 10% FCS and with PDGF in defined medium, on a number of
occasions this was not seen. Forskolin was consistently permissive for proliferation in
response to serum or PDGF. Plating efficiency was improved by using laminin as a
culture substrate, but did not alter results obtained with CGRP. To further examine
the relatively labile response of Schwann cells to CGRP as compared with forskolin,
we plotted the time courses of cCAMPi elevation for the two agents. As shown in Fig.
7, addition of 106M CGRP caused a marked 4-fold increase in cAMPi after 10
minutes, which diminished after 60 minutes, and had returned to baseline levels by 24
hours, even in the continuous presence of peptide. This contrasts with the results
obtained over 24 hour incubations with 10-5M forskolin, where cAMPi levels
declined gradually from an initial 10 minute peak to 50% of peak levels by 24 hours
but were still elevated.
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Fig.7. Timecourse of Schwann cell cAMPi elevation after CGRP or forskolin
addition.

Pure Schwann cells, 24 hours following nerve dissociation, were cultured in defined
medium at 30,000 cells per well of a 24-well plate, and IBMX added 1 hour prior to
start of assays. Reactions were stopped by simultaneous replacement of medium with
70% ice cold methanol, and extracted cAMPi WAS measured by competitive
radioimmunoassay. Values are mean +/- s.d. of duplicate cultures, and all assays were

performed in duplicate.
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Forskolin (which directly activates adenylate cyclase) may bypass those intracellular
regulatory mechanisms that CGRP (which acts via a membrane receptor) would be
subject to. Loss of cAMPi elevation during the first few hours of an extended
incubation, is typical of other receptor-linked adenylate cyclase systems, and reflects
the development of receptor desensitisation. CGRP in vivo is likely to be released
continuously at low concentration, and presented to Schwann cells at non-
desensitising doses. In addition, mechanisms for removal of peptide may help
maintain this. Variable responses in culture, could arise from experimental constraints
that necessitate the use of relatively high doses of CGRP, which unfortunately
promote rapid desensitisation. Incubating cultures with low concentrations of CGRP
(less likely to induce desensitisation), unfortunately results in a relatively rapid loss of
cAMPi inducing activity in the medium, as determined by transfer of medium to fresh
cultures, suggesting that CGRP is being actively degraded, or lost by adsorption or
sticking to plastics or substrates. Only at initial micromolar concentrations was there
still significant cAMPi inducing activity left in the medium after 24 hours.
Attempting to avoid desensitisation to CGRP as well as losses of peptide activity
from the medium, by delivering intermittent pulses of CGRP at low concentration,
with replacement of medium to avoid incremental rises in peptide concentration,
inevitably led to cell losses. These cell losses resulted in unacceptably high levels of
variability between replicate cultures, even for PDGF and forskolin combinations,
making analysis unreliable.

Cells firmly bound to panning dishes remain adherent during washes. Administering
pulses of 100nM CGRP (with washes and replacement of medium) to Schwann cells
on 100mm panning dishes, enabled us to investigate whether, under these conditions,
some cell responses downstream of cAMPi elevation could be promoted. In fact,
CGRP is able to increase levels of the POU-domain protein, suppressed cAMP-
inducible POU (SCIP), in cultured Schwann cells when administered in pulses. This
action is mediated by elevated cAMPi, and shared by forskolin (Fig 8). As previously
shown in Western blots immunostained with a SCIP antiserum (Collarini et al,
1991), a second specific band is visible.

These results suggested that a more prolonged elevation of cAMPi is required for
Schwann cell responses, particularly a permissive action on growth factor-mediated
proliferation. Further experiments were therefore performed to investigate the
contribution of peptide degradation and desensitisation in regulating CGRP activity.
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Two exposures of the same Western blot. The longer exposure on the right shows a
second band.
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Two exposures of the same Western blot. The longer exposure on the right shows a
second band.

Fig.s . SCIP Western blots on CGRP- and forskolin- stimulated Schwann cells.
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DESENSITISATION OF RESPONSES TO CGRP

We determined whether biologically-active CGRP remained in medium incubated for
24 hours with Schwann cells. Following incubation, medium with or without added
100nM CGRP or forskolin, was transferred to fresh test cells and cAMP1 measured
after 10 minutes. Elevation of cAMPi by this incubated medium in test cells, was
compared with fresh stock peptide. CGRP-containing medium was less effective in
increasing cAMPi following a 24 hour preincubation with Schwann cells,
demonstrating that CGRP may be significantly degraded in this period (Fig 9).
Forskolin was as effective as fresh equimolar stock. Part of the loss of biologically
active CGRP could be prevented by including an inhibitor of endopeptidase 24.11
during the 24 hour incubation (Fig.9). There was no inhibitory activity in the
medium, as transferred medium alone had no effect on cAMPi levels and,
furthermore, supplementation of transferred medium with fresh peptide restored
cAMPi elevating ability. CGRP degradation alone is not sufficient to account for the
attenuation of cCAMPi. Repeated addition of fresh peptide to cultured cells does not
alter the time course of desensitisation, and Schwann cells remain refractory to
subsequent peptide for 24 hours or more. Cells are down regulating their
responsiveness over a 24 hour period, even in the presence of biologically active
forskolin and CGRP. Forskolin acts directly on adenylate cyclase, thereby bypassing
receptor mediated regulation, suggesting that the fall in cAMPi during a 24 hour
incubation with forskolin involves downregulation of adenylate cyclase or increased
breakdown of cAMPi via phosphodiesterase. Addition of IBMX largely inhibits the
fall in cAMPi seen with forskolin over a 24 hour incubation. Phosphodiesterase does
not significantly contribute to desensitisation to CGRP. Time courses to 10-6M
CGRP in the presence and absence of the phosphodiesterase inhibitor IBMX are
similar, but basal cAMPi levels are increased and acute CGRP responses potentiated
(Fig.10). After 24 hours there is still a marked decline in cAMPi levels, although
levels are slightly greater than with IBMX alone (Fig.11). Although breakdown of
cAMPi is prevented, synthesis of cCAMPi in the presence of CGRP is still curtailed
over a short time course, and acutely generated cAMPi lost via other mechanisms
over the 24 hour period. In mitogen assays, no effect of CGRP beyond that achieved
by IBMX alone could be detected. IBMX alone exhibited synergy with PDGF, but
potentiated neither the actions of forskolin or CGRP in mitogen assays.
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Fig.9. The effect of Schwann cell E.G.24.11 on CGRP degradation.

Pure Schwann cells, cultured in defined serum-free medium at 15,000 cells per well
of a 96-well plate, were preincubated with O.IpM CGRP for 24 hours in the presence
or absence of phosphoramidone Resultant preincubated medium was then transferred
to fresh cells, and CGRP bioactivity was assessed by determining cAMP1 elevation in
test cells following a 10 minute incubation. cAMPi elevation is expressed as a
percentage of that obtained with fresh O.IpM CGRP, representing proportion of
CGRP bioactivity retained following a 24 hour preincubation. Values are mean +/-
s.e. oftriplicate cultures.



929

300 - 1IBMX(0.3mM)
Pertussis toxin (1 2g/ml)
Control

Pertussis toxin and IBMX

200
cAMPi

fmol / 10 Cells

100

-10 -8

Fig. 10. The role of Gj and phosphodiesterase in regulating acute Schwann cell cAMPi

elevation.

Dose response curves are shown for pure cultured Schwann cells, following a 10
minute exposure to CGRP. Cells were plated at 10,000 cells per well of a laminin
coated 96-well plate. Pertussis toxin and IBMX were added 2 hours prior to CGRP
stimulations. FCS-containing medium was replaced by serum-free defined medium,

four hours prior to start of assays. Values are mean +/- s.e. of triplicate cultures.
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The complete loss of cCAMPi elevation and rapid time course of desensitisation,
suggest that receptor downregulation, or reduced activation of adenylate cyclase,
possibly via Gj, are important. This is characteristic of most agonists using CAMP as
an intracellular second messenger, and has been demonstrated for the (-adrenergic
receptor, and also for VIP. Pertussis toxin, which can inhibit sensitive G proteins, Gj
and G, markedly potentiates acute cAMPi elevation to CGRP but has little effect on
basal cAMPi. This action is not therefore due to inhibition of tonic Gj activity.
Further acute potentiation is seen in the presence of IBMX, suggesting that G;
inhibition leads to increased synthesis of cAMPi, and not reduced breakdown
(Fig.10). Pertussis toxin does not, however, prevent the rapid time course of
desensitisation. Over 24 hours, cAMPi still attenuates (Fig.11) and, in mitogen
experiments, although pertussis toxin accentuates the permissive action of forskolin, it
does not enable the mitogenic action of isoprenaline or CGRP. Isoprenaline (10uM)
weakly elevates cAMPi and demonstrates potent synergy with CGRP, but in
combination desensitisation was unchanged and they were not mitogenic.
Isoprenaline also induces desensitisation to CGRP after a 24 hour preincubation,
whereas after 4 hours this is far less prominent, suggesting that heterologous
desensitisation requires a more prolonged time course (Fig.14b). The importance of
receptor phosphorylation on desensitisation was assessed by inhibiting the kinases
ARK and PKA. These enzymes are known to mediate homologous and heterologous
desensitisation of -adrenergic receptors, respectively.
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Fig. 11. The role of Gj and phosphodiesterase in regulating cAMPi1 in Schwann cells
over a 24 hour incubation with CGRP

Elevation of cAMPi in Schwann cell cultures, was measured following stimulation
with 2p.M CGRP in the presence or absence of enzyme inhibitors. Schwann cells
were plated at 10,000 cells per well of laminin coated 96-well plates in serum-free
defined medium. cAMPi at 15 minutes and 24 hours after CGRP addition are
compared. Enzyme inhibitors were added 4 hours prior to assays. Values are mean +/-
s.e. of triplicate cultures.
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The PKA inhibitors, H-8 and H-89, dramatically increase basal and stimulated cAMPi
production in acute assays. These high cAMPi levels were maintained over 24 hours,
and loss of cAMPi response to CGRP was greatly reduced (Fig.12). To inhibit BARK,
heparin (100nM) was added to cells permeabilised with digitonin (0.15%);
permeabilisation was necessary to allow heparin to enter the cell. Heparin reduces
desensitisation to isoprenaline, but not CGRP, suggesting that BARK is important in
mediating the loss of cAMPi response during prolonged exposure to B-adrenergic
agonists, but not to CGRP (Fig.13). These results suggest that the regulation of
adenylate cyclase-linked systems differ for individual classes of agonists. In contrast
to the results seen with inhibition of PKA, inhibiting BARK had no effect on basal
cAMPi levels. This suggests that PKA mediated phosphorylation is providing a
degree of negative feedback inhibition on cAMPi turnover, even in the resting state.
In order to study the role of receptor desensitisation in regulating a potential
mitogenic activity in Schwann cells, proliferation assays with isoprenaline were
conducted in the presence or absence of heparin (100nM), which was added either
with digitonin or during cell dissociation and trituration, to aid cell entry.
Unfortunately, cells did not survive long enough for proliferation to be measured.
Proliferation assays were also conducted in the presence of a PKA inhibitor. In the
presence of H-89, despite massive elevation of cAMPi and prevention of
desensitisation, no Schwann cell proliferation was seen, with either CGRP or
isoprenaline. Even the action of forskolin and PDGF was prevented, confirming the
importance of PKA mediated phosphorylation in mediating the permissive actions of
cAMPi on growth factor activity. These results suggest that PKA mediated
desensitisation, possibly by inactivation of the CGRP receptor, is preventing the
permissive action of CGRP on growth factor activity under these assay conditions.
Avoiding desensitisation, by repeated addition of low doses of CGRP and exchange
of medium might thus be expected to avoid desensitisation and allow a growth
promoting activity. However, attempting this in mitogen assays led to inconsistent
results within assays due to washing off of cells. Further optimisation of this is
required, though preliminary experiments suggest that CGRP is a mitogen under these
conditions.
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Fig. 12. The effect of inhibiting PKA on CGRP mediated Schwann cell cAMPi

elevation.

Schwann cells were plated at 10,000 cells per well of laminin coated 96-well plates in
serum-free defined medium. Schwann cells were preincubated for 24 hours with
medium alone or with 2p,M CGRP +/- the PKA inhibitor H-89. Following the
preincubation, medium was replaced, and after 30 minutes cAMPi elevation in
response to a 10 minute incubation with 2p.M CGRP, determined. Results are mean

+/- s.e. of triplicate cultures.
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Fig. 13. The effect of heparin, an inhibitor of pARK, on isoprenaline- and CGRP-
induced Schwann cell cAMP1 elevation.

Schwann cells were plated at 100,000 cells per well of laminin coated 24-well plates
in serum-free defined medium. Schwann cell cultures were preincubated for 6 hours
with isoprenaline or CGRP in the presence or absence of heparin and digitonin.
Medium was then replaced and, after 30 minutes, acute 10 minute stimulations with
CGRP and isoprenaline were performed and cAMP1 assayed. Values are mean +/- s.d.

of duplicate cultures.
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MAGNESIUM AND DESENSITISATION

It has long been known that Mg*™ is critical for G protein receptor coupling. We
therefore set out to determine the effects of increasing extracellular Mgt
concentration on isoprenaline and CGRP-mediated cAMPi elevation. We show that
by increasing Mg*™ in the medium to 4mM, we greatly reduced the loss of cCAMPi
elevation to both isoprenaline and CGRP, suggesting that coupling was enhanced and
the effect of desensitisation reduced (Fig.14a). Following a 4 hour exposure to
isoprenaline, there was only minimal reduction of subsequent cAMPi elevation in
response to CGRP. Mg't had no effect on this low level of heterologous
desensitisation induced by preincubation of Schwann cells with isoprenaline before
CGRP stimulation (Fig. 14b).
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Fig. 14a. The effect of supraphysiological magnesium concentration on isoprenaline
and CGRP mediated Schwann cell desensitisation.

Schwann cells were plated at 10,000 cells per well of laminin coated 96-well plates in
serum-free defined medium. Cultures were preincubated for 4 hours with 2pM CGRP
or 5pM isoprenaline in the presence or absence of SmM magnesium. Cells were then
washed and after 45 minutes, acute 10 minute stimulations with CGRP performed.
Magnesium and IBMX were added to relevant wells directly following washes.

Values are mean +/- s.e. of triplicate cultures.
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Fig. 14b. The effect of magnesium on heterologous and homologous desensitisation.
The lower graph shows actual cAMP1 values whereas, the upper graph represents this
as a proportion of normal acute cAMP1 elevation.

Schwann cells were grown in defined serum-free medium at 10,000 cells per well of a
96-well plate. Cells were preincubated for 4 hours with medium only, 5pM
isoprenaline, or 2pM CGRP. Following preincubations, cells were washed, IBMX
added, and then after 1hour acute 10 minute exposures to 2pM CGRP performed.
Values are mean +/- s.e. of triplicate cultures.
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Of great interest, in the presence of 4mM Mg*1™, both these agents are permissive for
growth factor induced Schwann cell proliferation, enabling serum (Fig.15a,c.), PDGF
(Fig.15c¢.), and also FGF induced proliferation (Fig.15d.). In the latter experiment,
CGRP alone was not analysed as some of these wells had become infected. However,
the increase in O.D. seen with CGRP and FGF combined is greater than would have
been anticipated for CGRP alone from other assays. PDGF has little additional
activity above that seen with 10% FCS (Fig.15c.). Mg'™ alone neither elevates
cAMPi nor is mitogenic. It therefore seems likely that Mg is merely augmenting a
direct and specific action of these agents that act via cAMPi.
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Fig. 15a. The effect of magnesium on the permissive action of Isoprenaline and CGRP

on serum induced Schwann cell proliferation.

Schwann cells were plated at 10,000 cells per well of a laminin coated 96-well plate
in DMEM with 10% FCS and smM Mg™. Additions were repeated at 24 hour
intervals over a total of 48 hours, and cell number assessed by MTT assay. Values are
mean +/- s.e. of O.D. readings of triplicate cultures.
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Fig. 15b. The effect of magnesium on the permissive action of CGRP and Isoprenaline
on PDGF induced Schwann cell proliferation in defined medium.

Schwann cells were plated at 10,000 cells per well of a laminin coated 96-well plate
in serum-free defined medium, with or without SmM magnesium. Cells were
incubated for 48 hours with additions. Cell number was determined by optical density
following a 4 hour incubation with MTT. Values are mean +/- s.e. of triplicate

cultures.
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Fig. 15¢c. The effect of magnesium on the permissive action of Isoprenaline and PGE2

on serum induced proliferation.

Schwann cells were plated at 10,000 cells per well of a laminin coated 96-well plate
in DMEM with 10% FCS and 4mM magnesium. Cells were incubated with additions
for 48 hours before assessing viable cell number by optical density. Values are mean

+/- s.e. of triplicate cultures.
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Fig.ISd. The effect of magnesium on the permissive action of CGRP on FGF induced
Schwann cell proliferation.

Schwann cells were plated at 10,000 cells per well of a laminin coated 96-well plate
in serum-free defined medium, with or without 5SmM magnesium. Cells were
incubated for 48 hours with additions. Cell number was determined by optical density
following a 4 hour incubation with MTT. Values are mean +/- s.e. of triplicate
cultures.
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NGF SYNTHESIS

CGRP and isoprenaline increase fibroblast NGF production. In fact, CGRP is only
weakly active in the absence of Mg, but this is potentiated strongly in it’s presence
(Fig.16a,b). Isoprenaline is active in the absence of increased extracellular Mgt
(Fig.16c). NGF production by Schwann cells is stimulated by isoprenaline in the
presence of Mg*™ (Fig.16d), but to date no action of CGRP on Schwann cells has
been confirmed These results suggest that Mg™ is able to increase receptor
signalling thereby minimising desensitisation in the presence of receptor agonists.
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Fig. 16a. The induction of fibroblast NGF synthesis by CGRP is potentiated by

magnesium.

NGF immunoassay of endoneurial fibroblast supernatants, following a 72 hour
incubation of pure cultured fibroblasts with 2 [aM CGRP with or without added
magnesium. Cells were cultured in defined serum-free medium at 200,000 cells per
well of a 24-well plate, in a final volume of 200pl/well of medium. Values are mean
+/- s.d. of duplicate cultures assayed in duplicate.
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Fig. 16b. NGF production in cultured fibroblasts is stimulated by CGRP, and
potentiated by magnesium.

NGF immunoassay of endoneurial fibroblast supernatants, following a 72 hour
incubation of pure cultured fibroblasts with 2pM CGRP with or without added
magnesium. Cells were cultured in defined serum-free medium at 200,000 cells per
well of a 24-well plate, in a final volume of 200pl/well of medium. Values are mean
+/- s.d. of duplicate cultures assayed in duplicate.
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Fig. 16c. Magnesium potentiation of CGRP induced fibroblast NGF synthesis.

NGF immunoassay of endoneurial fibroblast supernatants, following a 72 hour
incubation of pure cultured fibroblasts with isoprenaline or CGRP with or without
added magnesium. Additions were repeated at 24 hour intervals. Cells were cultured
in DMEM with 2% FCS at 200,000 cells per well of a 24-well plate, in a final volume

of 200pl/well of medium. Values are mean +/- s.d. of duplicate cultures assayed in
duplicate.
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Fig.16d. Magnesium and isoprenaline induced Schwann cell NGF synthesis.

NGF immunoassay on supernatants of pure cultured rat Schwann cells, following a 72
hour incubation with SpM Isoprenaline, with or without added magnesium. Cells
were grown in 5 % FCS at a density of 500,000 cells per well of a 24-well plate, and
restricted to a 150pl total volume of supernatant by the end of assays. Values are
mean +/- s.d. of duplicate cultures assayed in duplicate.
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CGRP AND INHIBITION OF FIBROBLAST PROLIFERATION

As already shown, CGRP also elevates fibroblast cAMPi (Fig.4b). CGRP causes a
consistent, dose dependent reduction in fibroblast proliferation, whether induced by
serum (Fig.17) or PDGF (Fig.19a), and this is potentiated by IBMX. This action is
shared by forskolin (Fig.18), IBMX (Fig 19a), and theophylline (Fig.19b), confirming
that this effect is mediated by cAMPi.
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Fig.17. The effect of CGRP on serum induced fibroblast proliferation.

MAIdU proliferation assay on cultured endoneurial fibroblasts. Fibroblasts were 24
hours old in culture at the start of assays and were plated at 5,000 cells per well of a
96-well plate in DMEM with 10% FCS. Additions were made over 48 hours, with

additions repeated at 24 hours. Values are mean +/- s.e. of triplicate cultures.
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Fig. 18. The effect of forskolin on serum - induced fibroblast proliferation.
"IdU proliferation assay on cultured endoneurial fibroblasts. Fibroblasts were 24
hours old in culture at the start of assays and were plated at 5,000 cells per well of a
96-well plate in DMEM with 10% FCS. Additions were made over 48 hours with

additions repeated after 24 hours. Values are mean +/- s.e. of triplicate cultures.
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Fig. 19a. The effect of IBMX on CGRP-mediated inhibition of fibroblast

proliferation.

AALIdU proliferation assay on cultured endoneurial fibroblasts. Fibroblasts were 24

hours old in culture at the start of assays and were plated at 5,000 cells per well of an
uncoated Primaria 96-well plate in DMEM with 10% FCS. Additions were made over
48 hours with additions repeated after 24 hours. Values are mean +/- s.e. of triplicate

cultures.
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Fig. 19b. The effect of theophylline on the inhibition of fibroblast proliferation by
CGRP and by CNTF.

MTT assay on cultured endoneurial fibroblasts. Fibroblasts were 24 hours old in
culture at the start of assays and were plated at 5,000 cells per well of a 96-well plate
in DMEM with 10% FCS. Additions were made over 48 hours with additions repeated

after 24 hours. Values are mean +/- s.e. of triplicate cultures.



123
SIGNAL TRANSDUCTION IN FIBROBLAST PROLIFERATION

In fibroblasts, proliferation can be inhibited by pertussis toxin, which reduces the
activity of the inhibitory G protein, G; , suggesting that tonic inhibition of cAMPi
formation by G; may play a role in enabling fibroblast proliferation Pertussis toxin
inhibits fibroblast proliferation, and no additional inhibition is seen with agents that
act via cAMPi (Fig.20a ), suggesting that cAMPi formation may be constitutive in
this situation. This result, however, does not exclude the possibility that another
pertussis toxin sensitive G protein is involved in the transduction of growth
promoting signals. The fact, however, that y-IFN, which does not act via cAMP4j, is
still able to cause further inhibition suggests that mitogenic signals are still being
transduced even in the presence of pertussis toxin (Fig.20b). Basal cAMP1i levels have
little inhibitory action, as H-89, an inhibitor of PKA, does not increase proliferation,
though it prevents the inhibitory action of CGRP (Fig.20b). It may be that inhibitory
levels of cCAMPi are contained by the action of G;. PDGF probably acts, at least in
part, via PKC, as little added mitogenic action of PDGF is seen beyond that of
phorbol ester. The action of phorbol is antagonised by CGRP via elevation of cAMPi.
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Fig.20a. The role of Gj in fibroblast proliferation.

1) proliferation assay on cultured endoneurial fibroblasts. Fibroblasts were 24
hours old in culture at the start of assays and were plated at 5,000 cells per well of a
96-well plate in DMEM with 10% FCS. Additions were made over 48 hours with

additions repeated after 24 hours. Values are mean +/- s.e. of triplicate cultures.
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Fig.20b. The role of various second messengers in mediating inhibition of fibroblast

proliferation by CGRP, forskolin and y-IFN.

AMAIdU proliferation assay on cultured endoneurial fibroblasts. Fibroblasts were 24

hours old in culture at the start o f assays and were plated at 5,000 cells per well of a

96-well plate in DMEM with 10% FCS. Additions were made over 48 hours with

additions repeated after 24 hours. Values are mean +/- s.e. of triplicate cultures.
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The inhibition of fibroblast proliferation by CGRP is not as sensitive to
desensitisation as Schwann cell proliferation seems to be. Sustained elevation of
cAMPi does not appear necessary for this action. CGRP affects cAMPi with a similar
time course and magnitude to that seen in Schwann cells, yet still inhibits fibroblast
proliferation. This may reflect the more rapid turnover of fibroblasts in culture.

Other agents that are known to elevate Schwann cell cAMPi were also examined. VIP
elevates Schwann cell cAMPi, though this effect is less potent than that of CGRP
(Fig.21). VIP had no demonstrable mitogenic activity for Schwann cells in standard
culture conditions. Further experiments are planned to examine the potential role of
VIP as a mitogen in the presence of supraphysiological magnesium.

Other growth factors were examined for a potential role in controlling non-neuronal
cell proliferation. CNTF, which is made by Schwann cells, may inhibit fibroblast
proliferation (Fig.22). No consistent action on Schwann cells themselves was shown
for CNTF, suggesting that, at least as regards proliferation, there is no autocrine
function for this factor. It may however provide a means for Schwann cell inhibition
of fibroblast proliferation.
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Fig.21. Dose response curve for VIP induced cAMPi elevation in Schwann cells.

Schwann cells plated at 100,000 cells per well of a 24-well plate were grown in
serum-free defined medium, and IBMX added 1 hour prior to stimulations. Cultures
were exposed to VIP for 10 minutes at different concentrations of peptide, and
cAMPi assayed. Values are mean +/- s.d. of duplicate cultures.



500

400

300

200

500

570-630>t
0.D.

400

300

200

200

100

10% FETAL CALF SERUM

PERTUSSIS TOXIN (5ng/ml)

STAUROSPORINE (1 uM)

128

THEOPHYLLINE
PDGF

CGRP
CNTF
FORSKOLIN

10% FCS

I 11
WV

PHORBOL MYRISTATE ACETATE (IuM)

H-7(10uM)

Fig.22. Second messengers in fibroblast proliferation. The action of CNTF on

fibroblast proliferation.

MTT cell proliferation/viability assay on pure fibroblasts following a 48 hour

incubation with agents. Cells were plated at 5,000 cells per well of'a 96 well plate,
and grown in DMEM with 10% FCS. Additions were made at 24 hour intervals, and
cell number determined by formation of a coloured formazan product detectable by

O.D. after 48 hours Values are mean +/- s.e. of triplicate cultures.
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DISCUSSION

A model may be proposed in which axotomy results in increased amounts of CGRP at
the site of injury by anterograde and retrograde transport of peptide, and possibly also
by increased synthesis by motoneurons. CGRP is present in vivo when and where
both waves of Schwann cell proliferation are occurring, and is therefore in a position
to trigger Schwann cell proliferation and to prevent fibroblast proliferation at the
leading edge of regenerating or damaged axons. CGRP can elevate fibroblast cAMPi
and causes a dose dependent inhibition of fibroblast proliferation in vitro. CGRP
when added to Schwann cells in vitro, produces an elevation in cAMPi and a variable
increase in the rate of cell division when added in the presence of 10% FCS. The
action of cAMPi elevation on Schwann cells may involve augmenting or enabling the
action of other growth factors such as PDGF. We suggest that Schwann cell cAMPi
elevation may in part be mediated by neuronal CGRP and by circulating or neuronal
catecholamines acting on Schwann cell CGRP and p-adrenergic receptors,
respectively.

Formation of cAMPi by Schwann cells in response to CGRP and f-agonists is
regulated by many factors, but of prime importance, is the onset of receptor
desensitisation by phosphorylation of the receptor. Investigation of the various second
messenger systems and regulatory enzymes involved in cAMPi responses, has
enabled us to outline their contributions in regulating Schwann cell cAMPi formation.
The inhibitory G-protein, G; (which can downregulate adenylate cyclase and thereby
inhibit agonist induced cAMPi elevation), and the enzyme phosphodiesterase
(involved in the breakdown of cAMP1), function primarily to limit the level of acute
cAMPi elevation in response to CGRP, and do not play an important role in
desensitisation on prolonged (hours or more) exposure to agonist. It seems that
phosphorylation of receptors for CGRP and [-agonists is responsible for
desensitisation, and can be blocked by inhibitors of PKA and BARK, respectively.
These agents are incompatible with proliferation; PKA activation is required to
promote downstream responses essential for proliferation, and currently available
techniques for inhibiting BARK, such as heparin and digitonin, are too toxic for
anything other than very brief assays, such as acute cAMPi dose responses. Schwann
cells are able to metabolise CGRP via endopeptidase 24.11, and this may represent a
mechanism for preventing desensitisation in vivo. Both homologous and heterologous
desensitisation can be demonstrated, with a more prolonged time course required for
the latter. We have developed a novel strategy for overcoming desensitisation in
living cell culture. In the presence of supraphysiological Mg*™t in the culture
medium, desensitisation is greatly attenuated, cCAMPi responses are maintained, and
CGRP and isoprenaline seem to be permissive for proliferation in serum and with
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growth factors, such as PDGF and FGF. CGRP is metabolised by Schwann cells in
culture, and this is inhibitable by phosphoramidone, an inhibitor of enkephalinase
(endopeptidase E.C.3.4.24.11). This is known to exist on the surface of Schwann cells
(Kioussi and Matsas, 1991), and CGRP may be a substrate (Davies et al., 1992).

The source of mitogenic growth factors, such as PDGF and FGF, in vivo is not clear.
PDGF and TGF-B are both known to be released from macrophages at sites of injury
(Rappolee et al., 1988), and this may also prove to be so for peripheral nerve.
Macrophages are known to invade injured nerves and may indeed be a necessary
requirement for Schwann cell proliferation in vivo ( Lunn et al., 1989). Recent work
has confirmed the presence of PDGF A-chain mRNA in mouse peripheral nerve, both
in sensory and motor cell bodies; our own preliminary results confirm the presence of
A-chain mRNA in rat anterior horn. It remains to be shown, however, if these
neurons contain B-chain, the form most active on Schwann cells. Schwann cells
themselves may produce a number of growth factors in vitro, including PDGF and
CNTF, and may also produce TGF-B (Unsicker et al., 1991). However, it is not
known whether Schwann cells synthesise PDGF following axotomy or whether the
form of PDGF produced would exhibit autocrine action. The exclusion of
macrophages from our cultures is of great importance when investigating the activity
of potential mitogens; traditional purification methods do not specifically exclude
macrophages.

CGRP, in addition to the inhibitory effects on fibroblast proliferation that we have
found, has previously been shown to inhibit both macrophage and also T-cell
proliferation (Umeda et al., 1988) via elevation of cAMPi (Boudard and Bastide,
1991; Umeda and Arisawa, 1989). It is possible that the main function of CGRP in
vivo, is to downregulate the immune and inflammatory response through a negative
action on T-cells and macrophages, and to prevent excessive scar formation by a
negative action on endoneurial fibroblasts. Following injury in vivo, circulating
catecholamine levels are high and could contribute to the local effects of
neuropeptides, such as CGRP and possibly VIP. VIP is present in sensory neurons
and has been shown to inhibit human monocyte function via elevation of cAMPi

(Wiik, 1989).

In conclusion, therefore, we suggest that CGRP and possibly also VIP in concert with
B-adrenergic agonists, contribute to cAMPi elevation in Schwann cells following
axotomy, and that by doing so they permit proliferation of these cells in response to
growth factors, such as PDGF. The failure, to date, in demonstrating a mitogenic
effect of these agents in vitro, is due to a rapid desensitisation of the response. This is
not surprising, and is a feature of cAMP-linked systems studied to date.
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Desensitisation is less likely to be a problem in vivo, where cells would be exposed to
continuously released low concentrations of peptide and these removed by uptake or
breakdown. Heterologous desensitisation for CGRP may have other implications.
Endopeptidase 24.11 (enkephalinase) is a cell surface enzyme involved in the
degradation of atrial natriuretic peptide and also of CGRP (Davies et al., 1992).
Experiments using inhibitors of endopeptidase 24.11 are underway to assess the
potential benefit of inhibiting breakdown of atrial natriuretic peptide in diuresis and
heart failure; one potential problem would be coincidental inhibition of CGRP
breakdown. Although this may lead to beneficial vasodilatation, it could lead to
desensitisation of adrenergic receptors and loss of inotropic action, this has been
shown for isolated myocyte calcium influx (Ono et al., 1989).

In addition, CGRP is permissive for the mitogenic response to the growth factor
PDGF. This response in vitro is, however, limited by the rapid development of
homologous desensitisation to CGRP and also to isoprenaline. Furthermore, on
prolonged stimulation (>8 hour) a degree of heterologous desensitisation is also
induced. We show that this desensitisation can not be prevented by inhibitors of PKA,
PKC, or phosphodiesterase, and is not dependent on pertussis toxin sensitive G
protein inhibition. We provide the first evidence for the role of Mg™™ in limiting the
effect of desensitisation both to CGRP and isoprenaline. In the presence of SmM
Mg*t, CGRP and isoprenaline-mediated elevation of cAMPi is potentiated and
maintained, indicating that the effect of desensitisation is being neutralised. Not
surprisingly, in the presence of SmM Mg*™™, both CGRP and isoprenaline are
permissive for Schwann cell proliferation; Mg*™ on its own neither elevates CAMPi
nor is mitogenic. CGRP and isoprenaline increase NGF synthesis by fibroblasts, and
isoprenaline increases Schwann cell NGF synthesis only in the presence of SmM
Mg*. We also show that Schwann cells are able to metabolise CGRP, and that this is
probably via a phosphoramidone inhibitable surface endopeptidase, 24.11. We
suggest that CGRP released from injured peripheral nerves may play an important
role in nerve regeneration by regulating the responsiveness of Schwann cells to other
growth factors via an elevation in cAMPi. Additionally, CGRP may be important in
preventing fibroblast proliferation at the regenerating nerve front which could
otherwise impair reinnervation. Desensitisation in vivo could be limited by the
continuous release of low levels of CGRP from neurons, and the prevention of
accumulation of desensitising levels of peptide by continuous degradation of CGRP
by 24.11 on Schwann cells.

In some systems, such as S49 lymphoma cells and 3T3 fibroblasts, PKC may promote
adenylate cyclase activation (Rozengurt et al). In prolactin-secreting rat adenoma
(GH4C1) pituicytes, PKC can stimulate adenylate cyclase activity by inhibiting G;
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and thereby may potentiate the activity of agents such as VIP (Gordeladze et al.,
1989). In swine luteal cells, TPA markedly potentiates the cCAMPi elevation obtained
with leuteinizing hormone, forskolin, or cholera toxin. TPA also augments the
stimulatory effect of pertussis toxin when combined with maximally effective doses
of forskolin in the presence and absence of IBMX. This is of great interest as we have
Schwann cells. The combination of pertussis toxin and PMA resulted in a greatly
amplified proliferation of Schwann cells. Pertussis toxin in this system also
potentiates CAMPi elevation, as does PMA. One may infer from this that stimulatory
coupling exists between PKC and cAMP generating systems in Schwann cells, and
that this may be at the level of G-proteins or the catalytic units of adenylate cyclase.
PMA, which is not mitogenic alone in defined medium, potentiated proliferative
responses and synergised with forskolin but not PDGF. Inhibitors of PKC, such as H-
7 and staurosporine, prevent the mitogenic action of PDGF, as does the tyrosine
kinase inhibitor, genistein. This suggests that PDGF action on Schwann cell
proliferation is wholly or partly mediated by protein kinase C, and less by tyrosine
kinase activity. There is an additive effect when PMA is combined with pertussis
toxin; the latter is not able to substitute for PDGF, but enhances the action of
forskolin, suggesting that inhibition of Gj is able to augment the effects of cAMPi
elevating agents. From cAMP assays, this is due to enhancing elevation of cAMPi.
PKC activation does not seem to be at the level of Gj, as pertussis toxin potentiates
the effects of PMA. One possibility is that it acts at the level of the catalytic subunit
of PKA (C-subunit) . PKC mediated phosphorylation of the C-subunit has been
demonstrated in erythrocytes and has been suggested by studies in pituitary cells. The
effect occurs both with and without added IBMX, suggesting that the effects are not
mediated by decreased breakdown of cAMPi via an inhibitory effect of PKC on
phosphodiesterase.

My description of an inhibitory effect of TGFf on Schwann cell proliferation raises
several possibilities. TGF-B3 is expressed in sciatic nerve, as is TGFB1 in connective
tissue, and they have been localised to Schwann cells (Unsicker et al., 1991). The
possibility exists, therefore, that TGF may play a negative autocrine role in control
of proliferation. TGFp is also made by macrophages, which may therefore provide
both stimulatory and inhibitory signals for Schwann cell proliferation. CNTF may
provide a mechanism for the Schwann cell mediated inhibition of fibroblast
proliferation during regeneration and development, when synthesis of this factor are
known to be high.
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CHAPTER THREE

THE ROLE OF MACROPHAGE DERIVED CYTOKINES IN
REGENERATING AND DEGENERATING PERIPHERAL NERVE
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INTRODUCTION

OVERVIEW

Peripheral nerves can regenerate after a crush or cut injury. Various cellular events in
the distal stump seem crucial for successful axon regrowth: (i) Macrophages invade
the damage site (Perry et al., 1987), then spread into the distal endoneurium (Lunn et
al., 1990). (ii) There are two waves of Schwann cell division within the first week
after injury, the first around the injury site and the second throughout the
endoneurium with the same distribution and timing as the spread of macrophages
(Clemence et al., 1989; Brown et al., 1991). (iii) NGF synthesis is increased in both
Schwann cells and epineurial fibroblasts, with the timing also coinciding with
macrophage invasion (Brown et al, 1991; Heumann, 1987a; Heumann et al 1987b).
Nerve growth factor receptor (NGFr) is upregulated in Schwann cells (Taniuchi et al,
1987; Taniuchi et al, 1988) independently of macrophages, and may be mediated by
loss of axonal contact (Taniuchi et al, 1988; Lemke et al, 1988). (iv) Axons in the
distal stump degenerate and their debris is phagocytosed (Bray et al., 1981).

Macrophages recruited from the circulation are crucial for Schwann cell division,
NGF synthesis, and axonal degeneration, as shown by the following experiments:
Exclusion of invading cells from chambers containing explanted nerve prevents
Schwann cell division and myelin phagocytosis, but both events are restored by
allowing their entry (Beuche and Friede, 1984). The mouse strain C57/Bl/Olac, does
not recruit macrophages into the endoneurium; in these mice, nerve degeneration is
greatly delayed, and both division of endoneurial Schwann cells and expression of
NGF away from the crush site are absent, and the expression of NGFr lowered
(Brown et al., 1991). Blocking macrophage recruitment into the distal endoneurium
of normal mice with antibodies to the complement receptor, mimics the situation in
C57/Bl/Olac mice (Bruck and Friede, 1990). Regulation of the two waves of
Schwann cell proliferation may be different; macrophage recruitment and the second
wave of proliferation are interdependent, whereas macrophages may not be critical
for the first wave at the injury site. A further period of Schwann cell proliferation
occurs during axonal regrowth and may be mediated by axonal signals. Macrophages
secrete many cytokines, including Il-1 (Auron et al., 1984), and TNF (Kohase et al.,
1987). Growth factors, such as FGF and PDGF are mitogenic for Schwann cells in
vitro, but only in the presence of agents which increase cAMPi (Stewart et al., 1991).
Several reported experiments show that II-1 and TNF have no effect on Schwann cell
proliferation (Stewart et al., 1991; Davis and Stroobant, 1990b). II-1 increases NGF
synthesis by epineurial fibroblasts in nerve explants and by cultured fibroblasts in
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vitro , but is reported to have no effect on Schwann cell NGF synthesis in vitro
(Matsuoka et al., 1991a).

MACROPHAGES

Macrophages recruited into peripheral nerve after injury are of critical importance for
normal degeneration and regeneration, NGF production, and Schwann cell
proliferation to occur. It is not, however, clear how their actions on Schwann cells
and fibroblasts are mediated.

There is considerable evidence that macrophage or leukocyte entry into peripheral
nerve is required for myelin destruction and removal, and for Schwann cell mitosis
(Perry et al., 1987; Lunn et al., 1989; Brown et al., 1991; Beuche and Friede, 1984).
Peripheral nerve injury is slightly different to other sites of inflammation in that there
is only a very slight, or no, early recruitment of neutrophils to the lesion. The major
cellular response is the recruitment of macrophage/monocytes to the lesion and distal
stump at a few days post injury. Normal uninjured nerve contains only a small
population of resident macrophages, as defined by immunological criteria.
Macrophages, as defined by the expression of ED1 marker, begin to enter injured
peripheral nerve from blood vessels by day 2 post axotomy, and numbers are
approaching maximum by 3 days post lesion. Macrophages thus begin to accumulate
in the distal stump just prior to the period of Schwann cell proliferation (Thomas,
1966, Haftek and Thomas, 1968; Perry et al., 1987). A recently described mutant
mouse strain, in which axons degenerate very slowly, demonstrates a much reduced
macrophage recruitment following axotomy than a normal mouse strain (Lunn et al.,
1989). These C57BL/Ola mice also demonstrate a much lower increase in NGF
mRNA and NGFr mRNA (Brown et al., 1991) associated with impaired regeneration
of sensory but not motor axons. Interestingly, there is almost no proliferation of
Schwann cells following injury, except in the first few millimetres surrounding the
injury site, possibly due to the absence of IL-1 or other growth factor production, by
recruited monocytes / macrophages. Proliferation adjacent to the lesion might be
mediated by axonal signals, such as CGRP released from damaged neurons, which act
as permissive agents for proliferation in response to PDGF, FGF, or other growth
factors. These growth factors could originate from the Schwann cells themselves or
even the axons. Macrophages could also be involved in this, as even in the
C57BL/Ola mouse, macrophages are seen adjacent to the lesion site.

Macrophages in culture secrete Schwann cell mitogens when presented with myelin
membrane fractions (Baichwal et al., 1988). Macrophages secrete TGF-3 (Assoian et
al., 1987) and also PDGF after injury (Shimokado et al., 1985a; Mornex et al., 1986;
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Martinet et al., 1986; Rappolee et al., 1988). Macrophages produce the PDGF-B
protein (Ross et al., 1990; Shimokado et al., 1985b), but they stop making PDGF
about 12 hours after stimulation. Lipid loading of macrophages, as occurs in
Wallerian degeneration, leads to the production of TGF-f and II-1 (Rappolee et al.,
1988). These macrophages then attract more macrophages by secreting TGF-3, which
may also be produced by Schwann cells in peripheral nerve (Unsicker et al.,1991).
Platelet TGF-B is a chemoattractant for monocytes and induces monocyte Il-1
production, an action shared by the complement fragment, C5a (Wahl et al., 1987).

Ia antigen is involved in antigen recognition by T-cells and can be induced on
cultured macrophages and Schwann cells by gamma-interferon (Samuel et al.,
1987a). During Wallerian degeneration, a sub population of ED1-positive monocytes/
macrophages express Ia antigen, Schwann cells are Ia-negative (Stoll et al., 1989). Ia
expression by monocytes/ macrophages appears to be a transient event and is not seen
in post-phagocytic macrophages, as indicated by the fact that EDI1-positive
phagocytes with large vacuoles are Ia-negative. The expression of Ia antigen during
Wallerian degeneration indicates that Ia expression need not necessarily reflect
specific immune events, but in some instances can represent a non-specific response
to peripheral nervous system damage. Apolipoprotein E (apoE), a lipid-binding
glycoprotein involved in transport and metabolism of phospholipids and cholesterol,
is synthesised and secreted at elevated rates following transection of mature rat
peripheral and central nerves. In the peripheral nervous system (PNS) infiltrating
macrophages express apoE during Wallerian degeneration (Stoll et al.,1989b).

Colony stimulating factor-1 (CSF-1), granulocyte/macrophage colony stimulating
factor (GM-CSF), IL-3, and PMA, are mitogens for cultured murine bone marrow
derived macrophages. Agents that elevate macrophage cAMPi, such as 8-BrcAMP,
IBMX, PGE, and cholera toxin, inhibit this proliferative response (Vairo et al,
1990). C1-inhibitor (C1-inh) is synthesised and secreted by mononuclear phagocytes.
Amongst the most potent stimulators of monocyte C1-inh synthesis are the interferons
(IFNs) IFN-a, IFN-B, and y-IFN. A number of agents which inhibit monocyte C1-inh
secretion and reduce Cl-inh mRNA levels (such as histamine, PGE,, C5a des arg,
and serum treated immune complexes), elevate cAMPi and activate PKA (Lappin and
Whaley, 1989). Interferons bind to specific receptors (IFN-a and -p binding to Type I
IFN receptors, and y-IFN binding to type II IFN receptors). At least two mechanisms
by which IFN receptor-ligand interaction elicit their effects exist. These are: 1)
binding of an activated receptor transducer/regulatory component to specific DNA
sequences on IFN sensitive genes. 2) the activation of protein kinase C and binding of
it’s regulatory components to specific DNA sequences. Unlike, the well described Ras
signalling pathway, the end result of which is the translocation of activated protein
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kinases to the nucleus (where they activate nuclear transcription factors by
phosphorylation), IFN’s induce tyrosine phosphorylation and activation of
transcription factor subunits in the cytoplasm, which then translocate into the nucleus
and induce transcription. y-IFN causes a dose related increase in monocyte Cl-inh
mRNA abundance and protein synthesis, maximal within 1-2 hours of treatment. This
rapid stimulation of monocyte Cl-inh synthesis, suggests that this increases the
transcription of the C1-inh gene. y-IFN alters the stability of C1-inh mRNA.

IL-1 ACTION AND BREAKDOWN

Interleukin-1 (IL-1) includes two polypeptides, IL-1ac and IL-18, both of which
recognise the same receptor and share biological properties, although they are distinct
gene products. They are synthesised by both leukocytic as well as non-leukocytic
cells, and their effects are manifested in nearly every tissue. Although they are
biologically similar to TNF, IL6, FGF, PDGF and TGF-B, they are structurally
distinct, with the exception of acidic-FGF which is related to IL-18. IL-1B contains
several cleavage sites for serine proteases, and recently, an endopeptidase that is
membrane bound and is involved in the degradation of neuropeptides, has been
shown to destroy the biological activity of IL-1 (Pierart et al., 1988). Enkephalinase,
24.11, a phosphoramidone-sensitive endopeptidase found in the nervous system, is
associated with both myelinating and non- myelinating Schwann cell membranes in
peripheral nerve, before and following axotomy (Kenny and Bourne, 1991).

In human macrophage lines, endotoxin-stimulated IL-1 transcription can be observed
within 15 minutes (Fenton et al., 1987), and there appears to be some sort of negative
regulation, as inhibitors of protein synthesis amplify and prolong this effect. IL-1 is
under both transcriptional and translational control. When macrophages adhere to
glass, IL-1 mRNA expression is stimulated, but no peptide is produced unless another
signal (such as endotoxin) is also given. Endotoxin, however, stimulates both
transcription and translation (Libby et al., 1986a). PGE,, often produced in response
to IL-1 stimulation, can suppress IL-1 translation via induction of cAMPi (Knudsen et
al., 1986), and this action is potentiated by dibutyryl cAMP (dbcAMP) or
theophylline. No effect is seen at the transcriptional level. IL-1 stimulates human
endothelial cells in vitro, to release PGI,, PGE9, and platelet-activating factor. Co-
stimulation with PMA and IL-1, results in synergistic PGE, synthesis (Rollins et al.,
1991). IL-1 has been shown to elevate cAMPi in a number of cell types, including
lymphocytes and fibroblasts (Chedid et al., 1989). It is thought that this can be
mediated directly by interaction of IL-1 with it’s receptor and associated G protein, as
well as by an indirect action through increased PGE, production. Atypically, the G
protein mediating IL-1-induced cAMPi elevation, appears to be pertussis toxin-
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sensitive, as pre-treatment with pertussis toxin abolishes the cAMPi elevation seen
with IL-1 (Chedid et al., 1989). Pertussis toxin, but not cholera toxin, also inhibits
PGE, production in murine fibroblasts. In addition, the IL-1-induced GTPase activity
of G-protein o subunits, is impaired.

SIGNAL TRANSDUCTION IN IL-1 STIMULATED CELLS

Addition of IL-1 to human synovial fibroblasts, results in increased arachidonic acid
release and a transient rise in DAG. PMA, an activator of PKC, also increases
arachidonic acid release, but with a different time course. This action of IL-1 is
blocked by staurosporine and H-7 (both fairly non-specific inhibitors of PKC),
suggesting that a protein kinase activity mediates IL-1 induced arachidonic acid
release. However, as neither desensitising PKC with prolonged PMA pre-treatment,
nor inhibiting PKA with H-8, prevents arachidonic acid release, this PK activity may
not be PKC or PKA (Cisar et al., 1991), but another kinase inhibited by staurosporine
or H-7. IL-1 stimulates PGE5 production by osteoblasts, and in this case it is
abolished by verapamil (100u M) and the calmodulin inhibitor W-7 (50u M), whilst
potentiated by A23187 (0.1n M). PGE7 production is also potentiated by IBMX,
suggesting that both Ca** and cAMP second messenger systems are involved. This is
of interest as it has recently become clear that Gg can, in addition to activating
adenylate cyclase, activate dihydropyridine-sensitive Ca®™ channels. In renal
mesangial cells, genistein blocks IL-1-mediated PGE, production in serum-
containing medium (Coyne and Morrison, 1990), suggesting a role for tyrosine
phosphorylation. In the EL4 murine thymoma cell line, IL-1 stimulation leads to
secretion of IL-2; cAMPi blocks or partially inhibits this response, whereas PKC
activation leads to synergistic enhancement. This is also inhibited by pertussis toxin
(Rollins et al., 1991). The regulation of the AP-1 transcription complex in these cells
has been studied, and found to be regulated by several signalling pathways (Chedid et
al., 1991). IL-1 and cAMP do not themselves induce AP-1,/activation but synergise
with phorbol esters. No effect of IL-1 on cAMP production could be demonstrated in
these cells, suggesting different sites of activity for forskolin and IL-1. PKC activity,
however, was critical as neither IL-1 or forskolin up-regulated AP-1 in the presence
of a transfected PKC inhibitor. This inhibitory effect was reversed in the presence of
added protein phosphatase inhibitor (okadaic acid). AP-1 may thus be regulated by
the balance of several serine/threonine protein kinases and phosphatases.

IL-1 AS AMITOGENIC FACTOR

In vitro IL-1-induced proliferation occurs in fibroblasts and smooth muscle cells, only
if a cyclooxygenase inhibitor is included (Libby et al., 1986a; Libby et al., 1986b).
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This may reflect an anti-proliferative action of IL 1-induced PGE, elevation on
fibroblasts, though a weak mitogenic response has been demonstrated in endoneurial
fibroblasts (Lisak and Bealmear, 1991; Lisak et al., 1985). Part of IL-1 action may be
through increased production of receptors for other growth factors, such as EGF. IL-1
and TNF, mitogenic for fibroblasts even in the absence of insulin, act synergistically
to promote fibroblast proliferation (Elias et al., 1987). This seems to occur at a
second messenger level, and is not the result of up-regulation of receptors.

IL-1 IN AXOTOMISED PERIPHERAL NERVE AND SCHWANN CELL
CULTURE

IL-1 is released from activated macrophages, and is one of the first cytokines whose
mRNA is expressed after injury (Fenton et al.,, 1987). Recently, using a polymeric
guidance channel to bridge a transected mouse peripheral nerve, it was found that
inclusion in the regeneration chamber of a receptor antagonist to IL-1, decreased the
number of regenerating myelinated and unmyelinated axons (Guenard et al., 1991).
Supernatants from activated macrophages are mitogenic for Schwann cells and
endoneurial fibroblasts cultured in 10% new-born calf serum (Lisak et al., 1985),
leading to a 2-3 fold increase in cell number, and increased 3H-thymidine
incorporation, after 48 hours. This action of unfractionated macrophage-derived
cytokines on Schwann cells can be partially blocked by mixed antibodies to IL-1a
and IL-1B (Lisak and Bealmear, 1991). In this study, Schwann cells were cultured for
48 hours in 10% FCS, and contained no detectable monocytes as defined by Fc
receptor expression, latex bead phagocytosis, or Ox42 expression. It was concluded
that part of the activity of unfractionated cytokines was due to IL-1, and that this
action was direct, as indomethacin (which blocks prostaglandin synthesis) did not
impair IL-1-induced proliferation. However, in this study as well as others, neither
recombinant nor purified IL-1a or IL-1p, have been shown to promote Schwann cell
proliferation (Davis and Stroobant, 1990a; Stewart et al., 1991). Equally, submaximal
GGF-induced Schwann cell proliferation was not potentiated by IL-1.

Following axotomy, the amount of NGF mRNA present in rat sciatic nerve increases
dramatically from nearly undetectable levels in the normal adult nerve, to a more than
10-fold elevation after nerve lesion. This response is biphasic: a first, rapid transient
increase peaking 6 hours after nerve lesion, is followed by a second, long-lasting
elevation, reaching maximum levels 3-7 days after injury. The induction of the
second peak requires macrophage invasion and secretion of IL-1. This is suggested by
the fact that IL-1 induces expression of NGF-mRNA in sciatic nerve explants, and
that in mutant mice lacking a macrophage response, the second mRNA peak is not
seen. Moreover, in explants devoid of a blood supply, the second peak is not seen but
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may be restored by IL-1f. Other cytokines, including TNF, have not been studied in
this context to date.

REGULATION OF NGF SYNTHESIS BY CYTOKINES

Neonatal rat cortical astrocytes in primary culture, synthesise and secrete NGF.
Levels of NGF mRNA may be increased 2-fold by stimulation of cultures with FGF
or IL-1 (Vige et al., 1991). The IL-1-induced response is maximal after a 3 hour
incubation period, and persists for 36 hours. Unlike FGF, IL-1 also increases the
stability of NGF mRNA. The actions of FGF and IL-1 are additive. Primary cultures
of rat cortical astrocytes contain low cellular levels of NGF (2 pg/mg of protein), but
secrete NGF into the culture medium (540 pg of NGF/mg of cell protein/38 hours). A
maximal 3-fold increase in NGF can be elicited by IL-1 (10U/ml) after a 38 hour
incubation period (Carman Krzan et al., 1991). IL-1 elevates NGF mRNA and protein
in cultures of rat hippocampus, and this is partially blocked by indomethacin. In
keeping with this, PGE, also elevates NGF (Friedman et al., 1990).

IL-1 acts synergistically with TNF to elevate NGF content in supernatants of cultured
rat neocortical astroglia. Purified astrocytes in defined medium, respond poorly to
either added individually, but when IL-1 and TNF are combined, they increase NGF
in culture supernatants 3-6-fold over 48 hours (Friedman et al., 1990). Both IL-1 and
TNF can further enhance the maximal stimulation of NGF secretion induced by acidic
or basic FGF in astrocyte cultures. FGFs also enhance secretion of NGF from
fibroblasts (Yoshida and Gage, 1991); in both cases, PDGF is ineffective. In a
fibroblast cell line, L929, NGF production may be increased by phorbol esters,
implicating PKC. This seems to be cell-specific, as this is not seen in dispersed
salivary cells.
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MATERIALS AND METHODS

Experimental and culture techniques have been described previously in Chapter 2.
Cells were prepared by panning, and cultured as previously outlined. In all cases,
MTT and 1251dU mitogen experiments, as well as cCAMPi and NGF assays, were
performed as previously described. Enzyme inhibitors were from the same sources as
described in Chapter 2.

IL-1B (Promega) was used at concentrations between 1-100U/ml, IL-1a (Promega) at
10ng/ml, y-IFN at 100-300U/ml, and TNFa (Promega) at 10ng/ml.
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RESULTS

SUMMARY

In this chapter I have used Schwann cells and fibroblasts dissociated from neonatal
sciatic nerve and rapidly purified by immuno-panning, to re-investigate the action of
the cytokines: Il-1, TNF and y-IFN. In contrast to previous reports, I show that Il-1 by
itself is a mitogen for Schwann cells, and Il-1 can synergize with PDGF to give a
mitogenic signal without the need for exogenous signals to raise Schwann cell
cAMPi. In addition, both II-1 and TNF increase fibroblast NGF synthesis, and these
effects are additive; Il-1 also increases NGF synthesis in freshly prepared Schwann
cells. Moreover, the effects of Il-1 on NGF synthesis are greatly potentiated by y-IFN
which has no effect by itself and thus seems to act as a priming signal for Il-1 action.

IL-1 AND SCHWANN CELL PROLIFERATION

Because Schwann cell properties change with time in culture ( Mirsky et al, 1990;
Scarpini et al, 1990; Seilheimer et al, 1989), we developed a fast immuno-panning
procedure for purification of cells. In all experiments, pure Schwann cells were
grown in vitro for 24 hours before the start of the experiment, except where stated. As
shown in Figure 23(a-b), treatment of such Schwann cells with recombinant IL-18
(10-30 U/ml) for 48 hours in defined serum-free medium, led to an increase in DNA
synthesis and in viable cell number, as measured by the incorporation of 125-
iododeoxyuridine (1251dU) and the MTT assay, respectively. The synergistic
stimulation of Schwann cell proliferation by IL-1 and PDGF, is comparable with that
of forskolin and PDGF (Fig. 23c.). IL-1 is mitogenic in serum, as is TNFa (Fig.23d).
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Fig.23a. The action of IL-1 and PDGF on Schwann cell proliferation assessed by
MU assay.

Schwann cells, plated at 10,000 cells per well of a laminin coated 96-well plate in
serum-free defined medium, were 24 hours post nerve-dissociation at the start of
assays. Agents were added over 48 hours, and repeated at 24 hour intervals. “"dU
was added for the final 24 hours of culture. Cells were then harvested and
incorporated radioactivity determined. Values are mean +/- s.e. of triplicate cultures
Two separate experiments are shown.
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Fig.23b. IL-1 induced Schwann cell proliferation in defined medium, as assessed by
MTT assay.

Cells were plated at 10,000 per well of a laminin coated 96-well plate in defined
medium, and were 24 hours old at the start of assays. Cytokines were added over 48
hours with additions repeated at 24 hour intervals. IL-1 was used at 30u/ml. Values
are mean +/- s.e. of % increase in O.D. from day 0 of triplicate cultures.
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Fig23c. IL-ip induced Schwann cell proliferation in defined medium, compared to
forskolin / PDGF synergy, as assessed by ~'IdU assay.

Schwann cells, plated at 10,000 cells per well of a 96-well plate in serum-free defined
medium, were 24 hours post nerve-dissociation at the start of assays. Agents were
added over 48 hours and repeated at 24 hour intervals. " IdUwas added for the final
24 hours of culture. Cells were then harvested and incorporated radioactivity
determined. Values are mean +/- s.e. of triplicate cultures.
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Fig.23d. TNFa and IL-ip induced Schwann cell proliferation in serum containing
medium, as assessed by “IdU assay.

Schwann cells, plated at 10,000 cells per well of a 96-well plate in DMEM and 5%
FCS, were 24 hours post nerve-dissociation at the start of assays. Agents were added
over 48 hours and repeated at 24 hour intervals. "~ IdU was added for the final 24
hours of culture. Cells were then harvested and incorporated radioactivity determined.

Values are mean +/- s.e. of triplicate cultures.
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Fig.23e. IL-ip induced Schwann cell proliferation in serum containing medium, as

assessed by MTT assay.

Schwann cells were plated at 10,000 per well of a 96-well plate in DMEM and 5%
FCS, and were 24 hours old at the start of assays. Cytokines were added over 48
hours with additions repeated at 24 hour intervals. IL-ip was used at 30u/ml. Values
are mean +/- s.e. of % increase in O.D. from day 0 of triplicate cultures.
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Cells were generally cultured on laminin as this improved plating efficiency, but
similar results were obtained using poly-D-lysine as a substrate. IL-13 was also able
to synergize, in proliferation assays, with PDGF, as well as forskolin (Fig. 24). These
Schwann cell responses to Il-1 were however, inconsistent if the cells were grown in
vitro for a week before starting the experiment, and in fact, were not seen in cells
prepared by traditional methods.( data not shown).

SIGNAL TRANSDUCTION IN IL-1 ACTION

Various second messenger systems were investigated to determine the mechanism/s
of IL-1pB action. IL-1P produced a small elevation in Schwann cell cAMPi after 4
hours or more (Fig.25), though this could not be detected in acute assays. This
relatively prolonged time-course, suggests that synthesis of an intermediate is
required for cAMPi elevation, and argues against a direct link between the IL-1
receptor and adenylate cyclase. We do not have data confirming that indomethacin
pre-treatment prevents IL-1 induced cAMPi elevation in Schwann cells, as in fact, it
has proved difficult to consistently measure cAMPi elevation, in response to IL-1.
Indomethacin pre-treatment does reduce the mitogenic activity of IL-1 (Fig.26),
suggesting that prostaglandin synthesis is involved in IL-1-induced proliferation. The
prostaglandin PGE, is able to acutely elevate cAMPi when added to Schwann cells in
vitro (Fig.25), and is mitogenic if desensitisation is prevented with high magnesium
(Fig.28). It seems likely, therefore, that Il-1 elevates cAMPi via a prostaglandin-
mediated pathway. Pre-treatment of Schwann cells with either H-8 or H-89, both
selective inhibitors of PKA, only attenuate IL-1 mitogenic activity although they
virtually abolish the synergistic action of forskolin and PDGF, and of IL-1 and PDGF

(Fig.27a, b).

Pertussis toxin, which in some systems potentiates the action of agents acting through
cAMPi, partly inhibits IL-1 induced proliferation, in defined medium (Fig.26 and
29a), and in serum containing medium (Fig.29b), suggesting the involvement of a
sensitive G protein.
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Fig.24. 1I-1 synergises with PDGF and forskolin.

MTT cell proliferation/viability assay on pure cultured Schwann cells, following a 48
hour incubation with cytokines. Cells were plated at 10,000 per well of a 96-well
plate in defined medium, and were 24 hours old at the start of assays. Cytokines were
added over 48 hours with additions repeated at 24 hour intervals. IL-ip was used at
30u/ml and IL-la at 1Ong/ml. Values are mean +/- s.e. of % increase in O.D. from
day o of triplicate cultures
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Fig.25. The effect of IL-I and PGE2 on Schwann cell cAMPi.

Schwann cells were plated at 10,000 cells per well of a 96-well plate in serum-free
defined medium. cAMPi was determined, following 4 hour stimulations with EL-1, or
after 10 minutes with PGE2 Rolipram was added for 4 hour stimulations only.
Values are mean +/- s.e. of triplicate cultures.
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Fig.26. The comparative effects of pertussis toxin and indomethacin pre-treatment on

IL-1-induced Schwann cell proliferation.

MTT assay on Schwann cells after 48 hour incubation with agents. Cells were plated
at 10,000 cells per well in 5% FCS. EL-Ip was used at 50u/ml; IL-1a at 10ng/ml;

PDGF at 2ng/ml and forskolin at 2pM. Values are mean +/- s.e. of triplicate cultures.
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Fig.27a. H-89 impairs IL-1-induced Schwann cell proliferation.. H-89 impairs IL-1-

AU cell proliferation assay on pure cultured Schwann cells. Cells were plated at
10,000 per well of a 96-well plate in defined medium, and were 24 hours old at the
start of assays. Cytokines were added over 48 hours with additions repeated at 24
hour intervals. IL-ip was used at 30u/ml and PDGF at 2ng/ml. Values are mean +/-

s.e. of triplicate cultures
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Fig.27b. H-8, an inhibitor of PKA, impairs IL-1 mediated synergy with PDGF on

Schwann cell proliferation.

AALdU cell proliferation assay on pure cultured Schwann cells. Cells were plated at
10,000 per well of a 96-well plate in defined medium, and were 24 hours old at the
start of assays. Cytokines were added over 48 hours with additions repeated at 24
hour intervals. IL-ip was used at 30u/ml and PDGF at 2ng/ml. Values are mean +/-

s.e. of triplicate cultures
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Fig.28. PGE: action on proliferation of Schwann cells cultured in supraphysiological

magnesium .

MTT cell proliferation/viability assay on pure cultured Schwann cells. Cells were
plated at 10,000 per well of a 96-well plate in defined medium, and were 24 hours old
at the start of assays. Cytokines were added over 48 hours with additions repeated at
24 hour intervals. IL-ip was used at 30u/ml and PGE: at IpM. Values are mean +/-

s.e. of % increase in O.D. from day 0 of triplicate cultures.
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Fig.29a. The effect of pertussis toxin pre-treatment on IL-1-induced Schwann cell

proliferation.

MTT assay on pure cultured Schwann cells, plated at 10,000 cells per well of a 96-
well plate in defined medium. Cells were 24 hours old at the start of assays.
Cytokines were added over 48 hours with additions repeated at 24 hour intervals.
MTT assay was then performed. IL-lp was used at 30u/ml; IL-la at 10ng/ml; PDGF
at 2ng/ml and forskolin at 2pM. Values are mean +/- s.e. of % increase in O.D. from

day 0 of triplicate cultures
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Fig.29b. Effect of pertussis toxin pre-treatment on IL-I-induced proliferation of

Schwann cells cultured in serum-containing medium.

MTT cell proliferation/viability assay on pure cultured Schwann cells. Cells were
plated at 10,000 per well of a 96-well plate in 10% FCS, and were 24 hours old at the
start of assays. Cytokines were added over 48 hours with additions repeated at 24
hour intervals. EL-Ip was used at 30u/ml and PDGF at 2ng/ml. Values are mean +/-

s.e. of % increase in O.D. from day 0 of triplicate cultures
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IL-1 is not mitogenic for endoneurial fibroblasts unless pertussis toxin or
indomethacin are added, suggesting that any intrinsic mitogenic activity is neutralised
by prostaglandin synthesis via a pertussis toxin sensitive G protein (Fig.30a, b). This
probably involves cAMPi, as PKA inhibition also prevents inhibition of fibroblast
proliferation. Production of PGE7, via a pertussis toxin-sensitive G protein, is
probably also important for Schwann cells as pertussis toxin attenuates IL-1-induced
proliferation, and in particular, prevents the synergy between IL-1 and growth factors,
such as PDGF or serum (Fig.26; 29a,b). It is likely, therefore, that the pertussis toxin-
sensitive G protein is important for activation of the cCAMPi related pathway in some

manner.



158

0.10 DMEM + 5% FCS PERTUSSIS TOXIN
(mg/ml)
0.09
0.08
0.07
0.D. 0.06
570-630%
® 005
0.04 0.04

0.03
CON. IL-1 IL-1 Y-IFNPDGF FORS. CON. IL-1 IL-1 Y-IFN PDGF FORS.

| H-89 (20HM)
0.11

0.09

0.08

0.06
0.05

0.04

CON. IL-1 IL-1 Y-IFN PDGF FORS.

CON. = CONTROL
FORS. = FORSKOLIN

Fig.30a. The effect of pertussis toxin and H-89 on II-1 action on endoneurial
fibroblast proliferation.

MTT cell proliferation assay on endoneurial fibroblasts. Cells were grown in 5%
FCS, at 5,000 cells per well of a 96-well plate. Additions were made at 24 and 48
hours, and cell number determined at 72 hours by MTT assay. Where used, enzyme
inhibitors were added 4 hours before cytokines. Values are mean +/- s.e. of triplicate
cultures. IL-1 was used at 30u/ml; IFN at 300u/ml; PDGF at 2ng/ml and forskolin at
IpM.
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Fig.30b. The effect of pertussis toxin and H-89 on II-1, y-IFN and forskolin mediated
actions on fibroblast proliferation.

MTT cell proliferation assay on endoneurial fibroblasts. Cells were grown in 5%
FCS, at 5,000 cells per well of a 96-well plate. Additions were made at 24 and 48
hours, and cell number determined at 72 hours by MTT assay. Where used, enzyme
inhibitors were added 4 hours before cytokines. Values are mean +/- s.e. of triplicate

cultures. IL-1 was used at 30u/ml; IFN at 300u/ml; PDGF at 2ng/ml and forskolin at
IpM.
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Inhibitors of PKC, such as staurosporine and H-7, prevent the mitogenic action of
PDGF in the presence of IL-1 or forskolin, but do not affect the action of IL-1 itself
(Fig. 30a,b). These results suggest that neither PKA or PKC are essential for IL-1-
induced proliferation but activation of these kinases may potentiate IL-1 actions. IL-
1-induced Schwann cell proliferation is also attenuated, but not abolished, in the
presence of the tyrosine kinase inhibitor genistein, genistein also prevents the
mitogenic activity of FGF and PDGF with both IL-1 and forskolin (data not shown).
IL-1 may act via a pertussis toxin-sensitive G-protein to activate at least two distinct
signalling pathways: one via a PGE, dependent increase in cAMPi, and another
independent of both PKA and PKC. IL-1 can augment the activity of agents that
activate both PKA and PKC, but can act independently of PKA and PKC.
Interestingly, when Schwann cells are cultured in the absence of insulin in defined
medium, approximately 50% of cells have died within 48 hours, but survive in the
presence of growth factors. Either PDGF, forskolin or IL-1 can rescue cells from
death, and in fact IL-1 still demonstrates a weak mitogenic activity (Fig.31).

IL-1pB induced proliferation can be antagonised by both TGF-f (Fig.32) and also by
PGE (Fig.33).
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Fig.31. EL-1 is a Schwann cell survival factor in insulin free medium.

Schwann cells were grown in serum-free defined medium without insulin, at 10,000
cells per well of a laminin coated 96-well plate. Additions were made at 24 and 48
hours, and cell number was determined at 72 hours by MTT assay. Where used,
enzyme inhibitors were added 4 hours before cytokines. Values are mean +/- s.e. of
O.D. measurements of triplicate cultures. EL-1 was used at 30u/ml, EFN at 300u/ml,
PDGF at 2ng/ml, and forskolin at 1pM.
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Fig.32. TGFp inhibits IL-1-induced Schwann cell proliferation.

MAIdU cell proliferation assay on pure cultured Schwann cells. Cells were plated on
laminin at 10,000 per well of a 96-well plate in defined medium, and were 24 hours
old at the start of assays. Cytokines were added over 48 hours with additions repeated
at 24 hour intervals. IL-ip was used at 30u/ml and PDGF at 2ng/ml. Values are mean
+/- s.e. of triplicate cultures
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Fig.33. PGE]j inhibits Schwann cell proliferation mediated by IL-1.
"IdU cell proliferation assay on pure cultured Schwann cells. Cells were plated on
laminin at 10,000 per well of a 96-well plate in defined medium, and were 24 hours
old at the start of assays. Cytokines were added over 48 hours with additions repeated
at 24 hour intervals. IL-1 3was used at 30u/ml and PDGF at 2ng/ml. Values are mean
+/- s.e. of triplicate cultures
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The mitogenic action of IL-1 prompted us to re-investigate it’s ability to increase
NGF synthesis in non-neuronal cells. Using the sensitive two-site immunoassay
previously described, we found that IL-1 produced a 2-3 fold elevation in NGF levels
of sciatic nerve fibroblasts (Fig.34), and also a 50% increase in NGF production in
freshly purified Schwann cells, in the absence of other added growth factors
(Fig.35a,b). A similar magnitude of response was seen with TNF alone, and an
additive effect with IL-1 was seen for Schwann cell (Fig.36) and for fibroblast NGF
synthesis (Fig.37).
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Fig.34. IL-I and TNF induction of fibroblast NGF production; synergistic action of y-
IFN

NGF immunoassay of endoneurial fibroblast supernatants, following a 72 hour
incubation of pure cultured fibroblasts with IL-1 or TNF. Cells were cultured in
defined serum-free medium at 500,000 cells per well of a 24-well plate in a final
volume of 200|iL/well of medium. Values are mean +/- s.d. of duplicate cultures.
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Fig.35a. IL-1 induction of Schwann cell NGF production.

NGF immunoassay of Schwann cell supernatants, following a 72 hour incubation of
pure cultured Schwann cells with IL-1. Cells were cultured in defined serum-free
medium at 500,000 cells per well of a 24-well plate in a final volume of 150uL/well
of medium. Values are mean +/- s.d. of duplicate cultures.
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Fig.35b. Potentiation of IL-1-induced NGF synthesis by y-IFN.

NGF immunoassay of Schwann cell supernatants, following a 72 hour incubation of
pure cultured Schwann cells with EL-1. Cells were cultured in defined serum-free
medium at 500,000 cells per well of a 24-well plate in a final volume of 150pL/well
of medium. Values are mean +/- s.d. of duplicate cultures.
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Fig.36. Additive action of IL-1 and TNF on Schwann cell NGF production.

NGF immunoassay of Schwann cell supernatants, following a 72 hour incubation of
pure cultured Schwann cells with IL-1. Cells were cultured in defined serum-free
medium at 500,000 cells per well of a 24-well plate in a final volume of 150uL/well
of medium. Values are mean +/- s.d. of duplicate cultures.



169

Under these same conditions, forskolin treatment induced a similar increase in NGF
production by Schwann cells.

In response to IL-1, NGF synthesis by Schwann cells and fibroblasts, increases by
50% and 200-300%, respectively. In the presence of y-IFN, however, IL-1-induced
NGF synthesis by both fibroblasts and Schwann cells is dramatically potentiated.
Although y-IFN has no effect by itself, IL-1-induced NGF synthesis in fibroblasts and
Schwann cells is increased to 16-fold and 4-fold, respectively. This suggests a key
role for y-IFN in priming non-neuronal cells to respond to IL-1. It is known that vy-
IFN, a potent macrophage activator, promotes release of IL-1 from recruited
macrophages. The actual source of y-IFN is not known, but may be from activated T-
cells or from the axons themselves.

y-IFN inhibits proliferation of Schwann cells and fibroblasts, and in fibroblast
cultures, particularly, there was a clear inverse relationship between proliferation and
NGF synthesis (Fig.37). In these assays neither pertussis toxin nor indomethacin
inhibited NGF synthesis in response to IL-1.



170

0.5 r-
MEDIUM
INDOMETHACIN
PERTUSSIS TOXIN
0.4 - IL-1P (10u/ml)
0.D.
570-630 >
0.3 -
0.2
CONTROL IL-IB TNF Y-IFN FORS
50 r-
40 -
30 -
NGF CONTENT
pMol / L
20 -
10
(0]
CONT IL-IB TNF y-I1FN FORS

CONT. = CONTROL; FORS. = FORSKOLIN

Fig.37. y-IFN potentiates IL-1-induced fibroblast NGF synthesis and inhibits

proliferation.

NGF immunoassay of supernatants, following a 72 hour incubation of pure cultured
fibroblasts with IL-1 or TNF. Cells were cultured in defined serum-free medium at
200,000 cells per well of a 24-well plate in a final volume of 200[iL/well of medium.
Enzyme inhibitors were added 4 hours prior to cytokines. Parallel MTT assays were
performed. Values are mean +/- s.d. of duplicate cultures.
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DISCUSSION

Macrophages are known to invade injured nerves and may indeed be a necessary
requirement for Schwann cell proliferation in vivo. My demonstration of IL-1 as a
Schwann cell mitogen and survival factor, provides further evidence that
macrophages may have an important role in the control of Schwann cell proliferation
after axotomy. Macrophages may influence regeneration primarily via IL-1
production, but may also do so via production of other cytokines such as TNFa.
Additionally, they may also produce peptide growth factors; it is known that PDGF
and TGFs are both released by macrophages at sites of injury, and this may also prove
to be so for peripheral nerve. These growth factors however, unlike IL-1, are not
mitogenic alone but require a permissive factor in order to stimulate proliferation. As
PDGF is a mitogen in the presence of IL-1, it is possible that macrophage signals
might be sufficient to stimulate Schwann cell proliferation, without requiring other
cell products. The action of IL-1, in this respect, may be mediated via the production
of PGE» , and consequent activation of the cAMPi / PKA pathway. The ability of IL-
1 to act as a sole mitogen may be due to the activation of several distinct signalling
pathways, including activation of PKA through elevation of cAMPi, and also
PKC/tyrosine kinase. In fact, it is the only mitogen tested which was active even in
the absence of insulin, and in this situation also improved survival\metabolic activity
as assessed by an MTT assay. It is not possible from our data, to determine for certain
whether tyrosine kinase activity in addition to activation of PKC via PLCy-induced
DAG formation, plays a role in proliferation. The ability of IL-1 and TNF to elevate
NGF synthesis in Schwann cells and fibroblasts, suggests that macrophage cytokines
may also be vital for the success of axonal regeneration. y-IFN dramatically
potentiates IL-1 stimulated NGF synthesis thereby supporting an additional role for T
cells other than activation or recruitment of macrophages. T cell factors, such as y-
IFN, may also prime non-neuronal cells to greatly enhance their responsiveness to
macrophage products. It is tempting to speculate that the role played by y-IFN may be
to switch cell activity from a proliferative phase to one of synthesis of trophic factors
such as NGF. y-IFN inhibits both Schwann cell and fibroblast proliferation in
response to various growth factor combinations, as well as potentiating IL-1-induced
NGF synthesis. The cessation of Schwann cell proliferation, which occurs during
regeneration of axons, may be due to y-IFN or through down-regulation of cell
responses to IL-1 by Schwann cells, as clearly occurs during prolonged time in
culture. It is of considerable importance to examine what role cytokines, such as IL-1,
may play in the regulation of abnormal Schwann cell proliferation, as in the nerve
sheath tumours of neurofibromatosis. Blocking monocyte function / recruitment could
be a viable therapeutic strategy as might the use of selective receptor antagonists for
IL-1 and even TNF, which are now available.
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CHAPTER FOUR

DISCUSSION

In this thesis I have attempted to describe the contributions of axon- and monocyte-
derived signals in regulating events believed to underlie successful regeneration
within the injured peripheral nervous system. To further understand how extracellular
signals may mediate these responses, I have also described those second messenger
systems involved in their action and regulatory events involved in limiting these
responses.

Schwann cells are critical in the development, function, and regeneration of
peripheral nerves. During embryogenesis, Schwann cell progenitors migrate from the
neural crest (LeDouarin, 1982), and proliferate along tracts to be occupied by
peripheral axons, where they support axon extension. The development of peripheral
axons seems to rely on Schwann cells, particularly for the formation of the basal
lamina (Bunge et al., 1986) and as a major source of trophic factors (Muir et al.,
1989; Acheson et al., 1989), which regulate neurite outgrowth and neuronal survival.
During later stages of development, Schwann cells produce the myelin sheath. Adult
Schwann cells are normally quiescent, but retain the capacity for cell division and can
de-differentiate to a proliferative state after injury (Salzer et al.,, 1980). Two early
bursts of Schwann cell proliferation follow nerve injury, and could be influenced by
inflammatory mediators (Baichwal et al., 1988), myelin breakdown products (Salzer
et al., 1980), axonal signals, loss of axonal contact (Salzer and Bunge, 1980) or
secreted factors. Later, during axon regrowth, a second wave of Schwann cell
proliferation occurs and precedes remyelination (Pellegrino et al., 1986).

Schwann cell proliferation and production of trophic factors are essential for normal
regeneration of sensory, sympathetic, and probably motor neurons, following
axotomy of peripheral nerve. It is of great importance, therefore, to understand the
signals which control these processes in vivo. Our work, and that of others, suggests
that Schwann cell proliferation in vitro requires a combination of two distinct signals:
one a growth factor such as PDGF, FGF, or GGF, and the second an elevation of
cAMPi. Current evidence suggests that the stimulation of proliferation through the
cAMPi pathway involves increased synthesis of receptor tyrosine kinases for growth
factors such as PDGF and the GGFs, and probably others. Numerous growth factors
might be present at the right time and place in vivo; neurons, themselves, can produce
mRNA for GGFs during development (Marchionni et al., 1993), and macrophages
have been shown to produce PDGF in other injury models. It remains to be seen
whether growth factors are indeed transported within axons and presented to Schwann
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cells, or whether macrophages provide growth factors within peripheral nerve. It is
also not known to what extent circulating growth factors may gain access to and
influence Schwann cell responses, particularly after disruption of the blood / nerve
barrier following axotomy. Further experiments must follow to clarify this.

Growth factor stimulation of Schwann cell proliferation requires PKC. Agents such as
PMA, which activate this kinase, are mitogenic in the presence of cAMPi elevation,
and, furthermore, agents such as H-7 and staurosporine which inhibit PKC, block
growth factor action. Tyrosine kinase activity may largely be involved upstream of
PKC, probably linked to the activation of PLCy by growth factor receptor tyrosine
kinase activity. Inhibitors of tyrosine kinase, such as genistein, impair growth factor
action, but also rapidly lead to cell death. The development of more selective and less
toxic inhibitors may allow these pathways to be more readily pharmacologically
dissected. At least in vitro, many known growth factors, including PDGF, GGF, FGF,
EGF and probably IGF-1, are capable of stimulating Schwann cell proliferation under
permissive conditions.

The identity of endogenous agents capable of elevating Schwann cell cAMPi, and
thereby enabling growth factor-induced proliferation has, however, remained much
more elusive. Agents such as forskolin and cholera toxin enable growth factor action
in vitro, by increasing the expression of Schwann cell growth factor receptors, for
GGF (Cohen et al., 1992), and PDGF (Weinmaster and Lemke, 1990). However,
endogenous agents, including B-adrenoceptor agonists and numerous peptides known
to act via adenylate cyclase, have previously been shown not to have this activity
(Eccleston et al., 1992). Increased synthesis of growth factor receptors can not be the
only role of cAMPi, as even PMA, which acts down-stream of growth factor
receptors, is mitogenic only if cAMPi is concurrently elevated. Part of the
requirement for cCAMPi elevation might be the lifting of transcriptional repression by
CREB on genes activated via PKC after stimulation by growth factors (Lamph et
al.,1990). The reversal of CREB action following cAMPi elevation could then result
in synergistic stimulation of gene transcription. Another possibility is that PKA-
mediated phosphorylation and inactivation of a cell-cycle inhibitor such as the
retinoblastoma gene product, Rb, or a Schwann cell homologue, is required to allow
progression through the important G1-S transition in the cell cycle. The cAMPi
pathway may also be involved in promoting NGF synthesis by Schwann cells, and
this seems not to require a growth factor stimulus (Matsuoka et al., 1992).

As experiments, to date, had failed to reveal a mitogenic activity for all known
endogenously occurring cAMP1 elevating agents, we set out to re-examine their
activity. CGRP was chosen for an in depth study as firstly, it is expressed in and
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transported by peripheral axons and is actually up-regulated following axotomy; and
secondly, because it is a known elevator of cCAMPi in most systems where it has been
studied. As shown in this thesis, CGRP is a potent elevator of Schwann cell cAMPi,
but in common with most studied systems of this type, readily undergoes
desensitisation such that in standard tissue culture conditions CGRP responsiveness is
completely lost within a few hours. Consequently, rather than searching for an
unknown endogenous ligand, which might elevate cAMPi and enable growth factor
activity in vivo, we undertook to reappraise the role of known factors, such as CGRP.
CGRP was felt to be of particular interest as firstly it was actually upregulated
following injury and concentrated at the edge of regenerating axons, and secondly it
was a potent elevator of Schwann cell cAMPi. Earlier experiments have used levels
of agonist that might rapidly desensitise Schwann cell responses/receptors, thereby
preventing the demonstration of mitogenic activity in vitro. We thus investigated the
mechanism of desensitisation of Schwann cells to CGRP, and the B-adrenoceptor
agonists, which elevate cAMPi in vitro. Inhibition of cAMPi degradation with
phosphodiesterase inhibitors, or prevention of Gj-mediated down-regulation of
adenylate cyclase with pertussis toxin, potentiate the acute elevation of cAMPi, but do
not prevent rapid agonist induced desensitisation. Phosphodiesterase and inhibitory G
proteins may act primarily to regulate resting cCAMPi levels, and the extent of acutely
stimulated cAMPi elevation. PKA and PBARK mediate a large part of the
desensitisation seen after a 6 hour exposure to CGRP and the B-agonist, isoprenaline,
respectively. Inhibition of these kinases, however, is incompatible with proliferation;
inhibiting PKA with H-8 or H-89 also blocks the downstream activation of signals
required for entry to the cell cycle, and using heparin to inhibit BARK requires
digitonin to permeabilise cells, proving rapidly cytotoxic. When CGRP was
administered to Schwann cells in a pulsatile manner, allowing periods of recovery
without peptide present, CGRP was able to increase expression of Schwann cell
SCIP. This activity is shared by forskolin, suggesting that cAMPi elevation, as has
previously been described, is mediating this action. Early attempts at performing
mitogen experiments under similar conditions were unsuccessful due to loss of cells
during washes and mitogen experiments were generally unsuccessful when performed
on antibody bound Schwann cells. I describe a novel method of circumventing
desensitisation, involving the use of supraphysiological Mgt concentrations to
promote Gg dissociation, and liberation of the active Gy subunit. At SmM Mg*T,
down-regulation of cAMPi elevation is reduced and both CGRP and B-adrenergic
agonists enable growth factor stimulated proliferation of Schwann cells. Mgt alone
is without activity, suggesting that a specific receptor response is being potentiated. It
is known that CGRP is up-regulated after peripheral nerve injury and becomes
concentrated at the regenerating nerve front. It is therefore in place to influence
Schwann cell responses in vivo. This contention is further supported by my
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demonstration that Schwann cell cultures irn vitro, are able to metabolise CGRP via a
phosphoramidone-sensitive endopeptidase, 24.11. This may be an important
mechanism for preventing desensitisation in vivo. It has previously been shown that
this enzyme is present on the Schwann cell surface and is up-regulated in peripheral
nerve after axotomy. Regulation of enzyme levels may thereby represent a further
control step by moderating desensitisation at the time when levels of peptide are also
up-regulated. Circulating catecholamine levels are high following injury, but to what
extent this may contribute to Schwann cell responses in vivo is not known. The
regulation of Schwann cell SCIP by CGRP may play a role in the regulation of
switches between myelination and proliferation, such as are known to occur during
development and during nerve regeneration

In addition to stimulation of Schwann cell responses, fibroblast proliferation must be
restricted to the nerve sheath and connective tissue, whilst preventing scar tissue
formation from impeding the outgrowth of regenerating axons. We show that CGRP
is able to elevate fibroblast cAMPi and thereby prevent growth factor mediated
proliferation in vitro. Release of CGRP from regenerating axons could prevent
fibroblast proliferation at the regenerating nerve front; if axonal regrowth is
prevented, fibroblast proliferation goes unchecked and eventually the distal stump is
entirely replaced by connective tissue. Axonal CGRP may play an important
inhibitory role in vivo, further to fibroblast inhibition, by limiting both macrophage
and T cell activity. CGRP can inhibit both T cells and macrophages in other in vitro
systems, through cAMPi elevation.

It has long been known that macrophages, recruited following axotomy, are critical
for successful nerve regeneration, Schwann cell proliferation, and the synthesis of
trophic factors within the nerve. The identity of the macrophage products mediating
these responses in vivo, has remained obscure. Others have shown no mitogenic
activity for IL-1 or TNF, in vitro, although antibodies to IL-1 reduce the mitogenic
activity of macrophage conditioned medium. Although, in isolated nerve segments,
IL-1 results in increased expression of NGF by both fibroblasts and Schwann cells,
neither IL-1 nor TNF have been shown to regulate NGF production by cultured
Schwann cells, in vitro. We show that IL-1 is a mitogen and survival factor for
Schwann cells, in vitro, but this response is lost if cells are cultured for more than a
few days. Previous failure to reveal an action of this cytokine probably reflect,
therefore, the method of cell isolation/purification previously used. It seems that IL-1
is uniquely able to act via both the growth factor and cAMPi pathways, and is both a
mitogen and survival factor for Schwann cells as a sole agent. In keeping with this,
we show that part of IL-1 action is via a PKC / tyrosine kinase pathway which shows
synergy with forskolin, and part through an activation of PKA which shows synergy
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with PDGF. Activation of PKA may require IL-1-induced PGE7 synthesis as an
intermediary, as it is inhibited by blocking prostaglandin synthesis with
indomethacin. It also seems that a pertussis toxin sensitive G protein is involved, as
pertussis toxin also inhibits part of IL-1 action. IL-1 also increases NGF production
by cultured Schwann cells, as well as fibroblasts, and is additive in this with TNFa.
Importantly, IL-1-induced NGF synthesis is greatly potentiated by y-IFN.

Schwann cell proliferation can be influenced by both macrophage products, such as
IL-1, which is a survival factor in the absence of insulin, and also by axon-derived
signals such as CGRP, which require concurrent growth factor both for mitogenic
action and for survival promotion in the absence of insulin. IL-1 synergises with
PDGF and also with forskolin, suggesting that it stimulates both pathways
submaximally.

The activity of CGRP and the B-adrenergic agonists are curtailed by the rapid
development of receptor desensitisation, which prevents their exerting a permissive
action on growth factor-driven Schwann cell proliferation at high dose in vitro. This
may be less prominent in vivo, where continuous release of peptide at low level, and
breakdown of CGRP by 24.11, may prevent the accumulation of desensitising levels
of peptide. The action of IL-1, certainly in vitro, is limited by a loss of Schwann cell
responsiveness to this cytokine after even a relatively short time in culture. The signals
which regulate this expression of IL-1 responsiveness are of great interest and deserve
further investigation. One possible candidate is y-IFN; we show that this cytokine
greatly potentiates the activity of IL-1 on Schwann cell and fibroblast NGF
expression. y-IFN is inhibitory to both Schwann cell and fibroblast proliferation, and
may be important in mediating a switch from proliferation to differentiation. This
switch may be important in myelination, and has been associated with the expression
of the transcription factor SCIP. It is not known if y-IFN can stimulate SCIP
expression, but this would seem an interesting experiment. y-IFN is likely to have a
major role in promoting axonal regeneration through its profound augmentation of
NGF synthesis by non-neuronal cells and as a macrophage-activating factor. It would
certainly be important to examine the effect of “knocking out” y-IFN, on NGF
synthesis and nerve regeneration in vivo (these experiments are currently underway in
our laboratory). y-IFN may be originating from either T cells or possibly from the
axons themselves. As summarised by Fig.38, considerable work is still required to
define how these factors interact in development and after axotomy in vivo. However,
work by ourselves and others has clarified to an extent how macrophage, T cell and
axon derived signals may interact to regulate Schwann cell function after peripheral
nerve injury.
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It has been shown that macrophage products have a role in regulating both NGF
production by non neuronal cells and also Schwann cell proliferation. Our results,
which show that y-IFN potentiates the action of IL-1 in promoting NGF synthesis,
suggest that T cells (or possibly the axons themselves), as sources of y-IFN, may also
play a critical part in this response. y-IFN also inhibits proliferation of both Schwann
cells and fibroblasts, and conceivably could be operating a switch from a proliferative
state to one of trophic factor synthesis. The contribution of axonal signals to nerve
regeneration may also include the neuropeptide CGRP, which is a permissive signal
for growth factor mediated Schwann cell proliferation if desensitisation is
circumvented in vitro.
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The demonstration of CGRP degradation by cultured Schwann cells, via a
phosphoramidone inhibitable enzyme, suggests that Schwann cells, in vivo, may
avoid desensitisation by limiting local concentrations of CGRP. Axonal signals are
probably of great importance. GGF is made in sensory and motoneurons and is
mitogenic for Schwann cells. Receptors for this are up-regulated following nerve
injury, during development, and by treatment with forskolin in vitro. It is tempting to
speculate that macrophage products may be required for up-regulating ErbB2
expression. It is possible that the axons themselves may contribute to this via release
of cAMPi elevating signals, such as CGRP. It is thus probable that the regulation of
growth factor receptors is the critical control step, rather than the availability of
growth factor. The actual time course of GGF expression in peripheral nerve is not
known, although our own work shows that CGRP is up-regulated and concentrated in
the areas of Schwann cell proliferation following axotomy. Therefore, CGRP could
be influencing Schwann cell expression of growth factor receptors such as ErbB2 and
PDGFr. In mice, at least, it would seem that macrophage factors as well as neuronal
products are required for NGF expression and proliferation; in the C57Bl mutant,
where macrophage recruitment into injured nerve fails to occur, neither proliferation
nor NGF expression occur. It would be interesting to determine whether Schwann cell
PDGF and GGF receptor expression are up-regulated normally in the C57Bl mutant,
and if, in fact, neuronal expression of GGF occurs. Equally, it is not known whether
CGRP upregulation occurs normally in the mutant, and it may be interesting to see if
expression patterns of neuropeptides are different. Possibilities would include a
further decrease in levels of neuronal peptides, particularly in sensory neurons, which
are regulated by NGF; these include CGRP and VIP which are downregulated to
some extent in subpopulations of neurons. Equally one might see an absence of the
expected upregulation of CGRP in motorneurons, particularly if a similar regulatory
mechanism exists between Schwann cell and macrophage for motorneurons. In this
case one should examine the presence of other trophic factors including CNTF,
BDNF, NT3 etc.

If neurons are, in fact, capable of providing the necessary complement of mitogens
for Schwann cells, then the macrophage role may be to prevent apoptosis. In our
experiments, IL-1 treated Schwann cell cultures, in contrast to non-treated, looked
healthier on microscopic examination, produced greater responses in MTT assays
(whereas IdU assays differed less), and in insulin free medium IL-1 exerted a
survival-promoting action on Schwann cells. More experiments are clearly needed to
delineate the relative contributions of all these factors on Schwann cell regulation.

Knowledge of the detailed cell-cell interactions present during nerve injury, and in

regulating proliferation in non-neuronal cells may have clinical implications.



180

Strategies could be developed to improve the extent of nerve regeneration, and
possible treatments developed for abnormally increased Schwann cell growth in the
nerve sheath tumours of neurofibromatosis. In these tumours, abnormal upregulation
of Ras protein activity occurs by inactivation of GTPase activating proteins (GAP's),
through an inheritable gene mutation. Increased amounts of growth factors including
GGF and PDGF have been isolated from these tumours. It is possible, that in these
tumours there is activation of growth factor activity through Ras, which might bypass
the requirement of cAMPi elevation, and increased receptor synthesis due to direct
activation of signalling, downstream of the receptor tyrosine kinase. Immortalised
Schwann cell lines, derived by repeated passaging of cultures, have increased levels
of growth factor receptors, and basal cAMPi is raised. In fact, such cultures may
exhibit autocrine growth by also secreting PDGF. It remains unexplained why
neurofibromata only arise in restricted locations, even when the NF-1 mutation has
occurred in the germ line, rather than as a somatic mutation. If increased Ras activity
alone is not sufficient for abnormally increased growth, a further signal / signals may
be required in those sites at which neurofibromata develop. These added signals
might either be growth factors or cAMPi elevating factors; it would be of great
interest to determine whether neuropeptides such as CGRP are present in these
tumours, as well as the macrophage products, IL-1 and TNF. The PKC pathway
would seem a potentially important control step, based on our own findings in normal
cultured Schwann cells. Future experiments of interest could involve blocking IL-1 or
CGRP activity with antibody or receptor antagonists, in human tumours in culture or
implanted in nude-mice. Success in this situation could relatively easily be followed
by clinical trials. Our panning technique would allow the rapid purification of these
cells for use in mitogen and second messenger assays. Studying the growth factor
requirements of Schwann cells purified and cultured from human neurofibromata,
would also allow the delineation of second messenger systems. Potentially, acoustic
neuromas are a simpler model of up-regulated Schwann cell proliferation. These
tumours are almost entirely of Schwann cell origin, whereas the nerve sheath tumours
in NF-1 are often a complex mixture of Schwann cells and fibroblasts. In a pilot
study, human Schwann cells were successfully purified from normal adult human
auditory nerve (obtained from surgical specimens kindly donated by Mr R Brookes;
Royal National Ear, Nose and Throat Hospital). Schwann cells derived from acoustic
neuromas (from patients with NF-2 or arising as sporadic acoustic neuromas), with
Schwann cells from normal auditory nerve, removed for intractable Meniéres disease,
can thus be compared. Equally, however, panning could be used to yield pure cultures
of fibroblasts, Schwann cells, and even macrophages, from neurofibromata. Thus, not
only could the mitogen requirements of these cell types be assessed, but also their
production of cytokines and growth factors determined from supernatants. We are
now in a position to define the mitogenic signals in these tumours, and to develop
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treatment strategies accordingly. For instance, immunomodulatory treatments are
already available which could influence IL-1 action; corticosteroids and indomethacin
block PGE, synthesis, IL-1 receptor antagonists are used in vitro, and y-IFN is used
therapeutically. Agents that elevate cCAMPi inhibit macrophage and T cell activity. -
agonists at high dose, or inhibitors of 24.11, might increase desensitisation, and
thereby eventually down-regulate the activation of the cAMPi pathway in Schwann
cells. The inhibitory activity of cAMPi elevating ligands is less influenced by
desensitisation; in fibroblasts, macrophages, and T cells, inhibition may still occur,
even if desensitisation is eventually induced. Inhibitors of 24.11 are currently in use
in clinical trials, to assess the impact of enhanced atrial natriuretic peptide (ANP)
activity in heart failure, and for use as diuretics. Inhibitors of protein kinases are
likely to be too toxic for easy use. Malignant transformation could occur in Schwann
cell tumours through mutation in a survival pathway or even in the activity of the
cAMPi pathway. Such mutations could be at any level between the receptor and CRE
or AP-1 site, or in a cell-cycle control step downstream of cAMPi-stimulated
transcription in the nucleus. It seems likely that part of the action of mitogenic
combinations or of IL-1 in cultured Schwann cells is due to reduction in cell-death in
culture. Therefore, further experiments are essential to define which signals are
induced by these agents to promote survival. These survival-promoting factors could
be important in the generation of a malignant phenotype.
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