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ABSTRACT

Growth factors and growth associated protein (GAP-43) in the peripheral 
nervous system -  H.J.S.Stewart

The factors required to stimulate short-term Schwann cell DNA 
synthesis in serum-free medium (containing insulin) are thoroughly 
analysed and compared with the growth factor requirements of long-term 
"autocrine” Schwann cells. Evidence is presented to demonstrate the 
importance of cAMP in Schwann cell DNA synthesis. Measurements of 
intracellular cAMP levels by radioimmunoassay in both Schwann cell 
types is related to the differing mitogen requirements of these cells.

Further tissue culture studies show that insulin-like growth factor-I 
(IGF-I) plays a role in Schwann cell DNA synthesis, and that cultured 
Schwann cells are IGF immunoreactive. Binding studies and Scatchard 
analysis using ^^I-IG F-I provide evidence for a type 1 IGF receptor on 
cultured Schwann cells. An immunohistochemical analysis on the 
distribution of IGF in vivo in the rat sciatic nerve is reported. Dried cell 
preparations and and 2hr cultures are used to document the presence of 
IGF in the Schwann cells from embryonic to adult rats. Teased nerve 
preparations from postnatal rats are used to study the distribution of IGF 
in neurones. Results obtained suggest that IGF-I may be acting as an 
autocrine/paracrine Schwann cell mitogen in vivo

An immunohistochemical investigation reveals that the growth 
associated protein GAP-43, hitherto considered to be associated with 
neurones and certain CNS glia, is present in non-myelin-forming 
Schwann cells. Nerve sections and dried cell preparations are used to 
document the developmental distribution of GAP-43 in Schwann cells in 
vivo. Further analyses on the developmental regulation of GAP-43 
expression in Schwann cells has been carried out in tissue culture. Gel 
electrophoresis and western blotting techniques are used to confirm the 
identity of Schwann cell GAP-43.
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Evidence that GAP-43 is widely distributed in the neurones of the 
adult peripheral nervous system (PNS) is provided. Immunohistochemical 
studies and western blotting demonstrate that GAP-43 is present in high 
amounts in all three sub divisions of the autonomic nervous system (ANS) 
of the adult rat. Taken together with known distribution of GAP-43 in 
areas of the CNS associated with plasticity, these findings suggest a role 
for GAP-43 in the plasticity of the ANS.
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CHAPTER 1

GENERAL INTRODUCTION



GROWTH FACTORS AND GROWTH ASSOCIATED PROTEIN 
(GAP-43) IN THE PERIPHERAL NERVOUS SYSTEM.

Development of the peripheral nervous system proceeds as 
complex series of well defined ontogenic processes. These processes 
include events such as cell migration, proliferation, differentiation, axonal 
elongation and synapse formation. In the past decade considerable 
advances have been made in determining the factors involved in the 
coordination, control and successful outcome of these events. These 
include not only agents that act on the outside of the cell, such as growth 
factors, but also molecules confined to the cell, such as receptors. Many 
of these factors are also important in regeneration, a process that is in 
many ways similar to development. The aims of this study have been :-
a) To identify the growth factors involved in the control of Schwann cell 
mitosis in vitro and to demonstrate their prevalence in vivo at times of 
Schwann cell proliferation.
b) To study the distribution of the growth associated protein GAP-43 in 
Schwann cells throughout development and in the mature peripheral 
nervous system.

To study the actions of a growth factor, or indeed to understand the 
function of a molecule, the biological context in which it acts must be 
considered. Thus detailed below are the aspects of PNS biology 
considered pertinent to this study.

Early nerve development
The neurones and Schwann cells of the peripheral nervous system 

arise from the neural crest. Throughout development these neurones 
express high levels of GAP-43, a trait that has been exploited, using 
immunocytochemical techniques, to study the timing and pattern of 
innervation of the developing PNS (Reynolds et al., 1991; Fitzgerald et 
al., 1991). Cells from the neural crest migrate out to form the ganglia of 
the PNS from which emanate the neurones and accompanying Schwann 
cells (Le Dourain and Smith, 1988). Schwann cells are seen 
accompanying groups of axons from the earliest time that they project
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towards their targets. Even though single axons may sometimes be seen 
projecting towards their target without accompanying Schwann cells, in 
nerve trunks containing large numbers of axons there is always a close 
association between axons and supporting cells (eg Mirsky and lessen,
1990). During early nerve development, at about embryonic days 14-15 
in the rat, many precursor Schwann cells are seen lying at the edges of 
axon bundles, although some have already penetrated the nerve. At this 
stage these cells lack a basement membrane. Continuing proliferation 
increases Schwann cell numbers resulting in division of the nerve into 
separate axon-Schwann cell units or "families" (Fig 1.0). These families 
consist of a large number of axons communally enveloped by one or two 
Schwann cells ( Gamble and Breathnach, 1965; Ziskind-Conhaim, 1988; 
Webster and Favilla, 1984). The ratio of axons to Schwann cells falls 
because of neuronal death and continuing Schwann cell proliferation. At 
this stage Schwann cells start to make the basement membrane (Webster 
and Favilla, 1984). Basement membrane formation is promoted by axonal 
contact (Bunge et al., 1982) and is an obligatory event in Schwann cell 
development. Experimental disruption of this process will prevent further 
Schwann cell maturation, particularly myelination (Bunge et al., 1986; 
Eldridge et al., 1987). By embryo day 17-18 the first premyelinated 
axons are isolated from the rest of the bundle by a spiral of Schwann cell 
cytoplasm (Ziskind-Conhaim, 1988). As development proceeds further 
the Schwann cell will eventually establish either one of two mature axon- 
Schwann cell relationships. The Schwann cell will either ensheath many 
small diameter axons to form a unmyelinated fibre, or when the axon 
diameter exceeds a critical value (Friede, 1972) the Schwann cell will 
wrap concentrically around it to form the myelin sheath (Fig 1.0). 
Myelination starts at around birth and is largely completed by the third 
postnatal week (Ziskind-Conhaim, 1988). The first mature unmyelinated 
fibres are formed about 10-14 days after birth, their development being 
completed 2-3 weeks later (Ziskind-Conhaim, 1988).

Schwann cell function and phenotype.
The Schwann cell fulfils several important functions in vivo such as 

provision of the myelin sheath, regulation of the extracellular environment 
and provision of adhesion molecules and trophic factors during nerve
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FIGURE 1.0. Schematic diagram of the morphological 
differentiation of mature myelin-forming and non-myelin- 
forming Schwann cells from a precursor Schwann cell. In 
early development, Schwann cell precursors enclose large 
groups of axons. As development proceeds the Schwann cells 
proliferate and gradually segregate groups of axons until they 
finally assume the relationship with axons seen in mature 
fibres, a one-to-one relationship in the case of myelinated 
fibres, and several axons in the case of unmyelinated fibres. 
Reproduced with the kind permission of R.Mirsky and 
K.R.Jessen (Mirsky and lessen, 1990).
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development, maintenance and regeneration (Mirsky and lessen, 1990). 
The function of the myelin sheath is to facilitate impulse conduction in 
large diameter fibres. In the mature nerve the two Schwann cell variants 
can be differentiated not only by their relationships with axons but also by 
their molecular phenotype. Phenotypic changes occur as these two 
Schwann cell types develop from early Schwann cells and their precursors 
(Fig 1.1) (Mirsky and lessen, 1990).

The two distinct molecular phenotypes of the mature Schwann cells 
could, in theory, develop by induction of a specific set of antigens in both 
cell types, or by a mixture of induction and suppression in one cell type 
only. Current opinion suggests that the latter alternative is the more 
likely. Many of the developmental changes in Schwann cell phenotype, 
particularly in the myelin forming pathway, involve axonal signals (lessen 
et al., 1987; Lemke and Chao, 1988; Mirsky and lessen, 1990). These 
changes can, in many instances, be mimicked in tissue culture by agents 
known to elevate intracellular cAMP (Sobue and Pleasure, 1986; Morgan 
et al., 1991). The induction of the myelin protein P q occurs in response to 
cAMP when DNA synthesis is inhibited. Other characteristic changes 
which happen in myelin-forming Schwann cells such as down-regulation 
of expression of N-CAM, A5E3, NGF receptor and GFAP are also seen 
in response to cAMP elevation, particularly in those cells in which P q 

induction is strongest. The induction of the antigen 04 is not however 
affected by the proliferative state of the Schwann cell (Morgan et al.,
1991).

When isolated Schwann cells are placed in tissue culture 
considerable phenotypic changes occur (Table 1.0). In myelin-forming 
cells, the myelin proteins are down regulated and N-CAM, GFAP, A5E3 
and NGF receptors are all re-expressed (lessen et al., 1990). Similarly, 
both myelin-forming and non-myelin-forming cells lose surface 
expression of 04 and galactocerebroside (Gal-C)(Mirsky et al., 1990). 
These phenotypic changes also occur in Schwann cells deprived of axonal 
contact as a consequence of nerve injury.
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FIGURE 1.1. Development of the molecular phenotype of 
myelin-forming and non-myelin-forming Schwann cells 
from precursor cells in the rat sciatic nerve. Sch, Schwann 
cell; N-M Sch in stipple frame, cells with the molecular 
phenotype similar to mature non-myelin-forming cells, that 
will progress to myelination; M Sch, Myelin-forming 
Schwann cell; Gal-C, galactocerebroside. Arrow indicates 
molecules that are down-regulated during differentiation of 
the Schwann cell along the myelin pathway. All other 
Schwann cell molecules or properties are first seen at the time 
points indicate. Reproduced with the kind permission of 
R.Mirsky and K.R.Jessen (lessen and Mirsky, 1991).
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TABLE 1.0. The molecular phenotype of Schwann cells. 
Antigenic markers of non-myelin-forming, myelin-forming, 
short-term cultured and precursor Schwann cells are listed 
opposite. (Mirsky and lessen, 1990). |
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Table 1.0
The Molecular Phenotype of Schwann cells.

Short-term
ANTIGEN |M-F Sch cells 

|
N-M-F Sch cells Cultured cells Precursors

CNP'ase
1 1 

+ n.d. + n.d.
+o i

MBP + - - -
MAG + - - -
P170k + n.d. - n.d.
PLP + n.d. + n.d.
P2 1 + a - - n.d.
Oil +

|
- - n.d.

GFAP
1

+ + -
NGF receptor | + + +
N-CAM + + + +
L-l 1 ± b + + +
A5E3 | + + +
Ran-2 | + + +
C4

1
+ n.d. n.d.

S100
1

+ + + -
Vimentin + + + +
Laminin + + + +
04, 08, 09 + + - -
Gal-C + + - -
Seminolipid +

i
+

i
+

1 i

a -  Present on some m -f Schwann cells only
b -  Present mainly at Nodes of Ranvier, very little elsewhere
n.d. -  Not determined
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Peripheral nerve regeneration
Following nerve injury considerable changes occur in the resident 

Schwann cell population. Many of these regenerative events are 
reminiscent of events that occur in Schwann cell development. After 
axotomy, nerve fibres distal to the site of injury degenerate by a process 
known as Wallerian degeneration. Both the axon and the myelin sheath 
degenerate leaving behind Schwann cells in the basement membrane tubes 
that surrounded the original nerve fibre. These tubes are known as bands 
of Biinger or endoneurial tubes. Disruption of the axon-Schwann cell 
contact leads to de-differentiation of the Schwann cell as judged by 
phenotypic changes (as detailed above). In terms of protein expression the 
de-differentiated cell resembles that of the non-myelin-forming and 
cultured Schwann cell in many respects. After nerve injury rapid 
Schwann cell proliferation occurs (Brown and Asbury, 1981; Pelligrino et 
al., 1986; Clemence et al., 1989) reaching maximal rates 2-3 days post- 
operatively (Clemence et al., 1989). The molecular mechanisms 
responsible for triggering Schwann cell division after nerve injury are 
unclear. In vitro studies have shown that axonal and myelin debris 
stimulate Schwann cell mitosis (Salzer and Bunge, 1980; Salzer et al., 
1980a) and that macrophages that have phagocytosed myelin produce a 
conditioned medium that is mitogenic for Schwann cells (Baichwal et al., 
1988). Furthermore the accumulation of macrophages in the distal stump 
at around the time of Schwann cell proliferation has been documented 
(Clemence et al., 1989; Perry et al., 1987; Thomas 1966; Williams and 
Hall, 1971).

After axotomy most surviving neuronal cell bodies undergo 
changes in gene expression and metabolism. The onset of regeneration is 
associated with the induction of many genes and proteins many of which 
are the same as those encountered during neurite outgrowth in 
development. In particular synthesis of GAP-43 is significantly enhanced 
(Benowitz and Rottenberg, 1987) as are tubulin and actin synthesis 
(Hoffman and Cleveland, 1988). Synthesis of neurofilament proteins are 
not however elevated but are decreased during regeneration. This is 
associated with a decrease in quantity of neurofilaments and a decrease in 
diameter of the regenerating nerve fibres (Hoffman et al., 1987; Oblinger
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and Lasek, 1988).
Several hours after axotomy axons begin to regenerate. Sprouts 

arising from the proximal stump grow across the site of injury into the 
distal stump (Fried and Bischhausen, 1980; Meller, 1987). Here the 
regenerating axons enter the bands of Bungner through which they grow 
towards the periphery to hopefully reinnervate the appropriate target 
(review Fawcett and Keynes, 1990).

The autonomic nervous system
The autonomic nervous system (ANS) can be subdivided into the 

sympathetic, parasympathetic and enteric subdivisions (Langley, 1921). 
The main features of each system will be discussed below.
A)Sympathetic nervous system

The sympathetic division of the ANS consists of segmentally 
arranged ganglia that lie along the length of the vertebral column in the 
sympathetic chain (paravertebral ganglia). Sympathetic ganglia are also 
found in prevertebral masses of neurones around the abdominal aorta. In 
general the sympathetic nervous system is characterized by short 
preganglionic neurones and long postganglionic neurones. The latter 
generally synthesize the transmitter noradrenaline. The preganglionic 
fibres to the sympathetic chain leave the spinal cord via the ventral roots 
of the thoracic and lumbar vertebrae. The axons of postganglionic 
neurones very rarely have myelin sheaths.
B)Parasympathetic nervous system.

The parasympathetic ganglia, in contrast to the sympathetic 
ganglia, are usually found in association with, or very close to, their 
peripheral targets. In this system the preganglionic fibres are relatively 
long and the postganglionic fibres short. These fibres generally synthesize 
the transmitter acetylcholine as do the preganglionic fibres of both the 
parasympathetic and sympathetic nervous system. The parasympathetic 
division has a cranio-sacral outflow of preganglionic nerve fibres.
C)Enteric nervous system.

The enteric nervous system is an immense network of more than 10 
million neurones in man (for reviews on the enteric nervous system see 
Furness and Costa, 1980; Llewellyn-Smith et al., 1983). The neurones 
are organized as two interconnected plexuses present along the entire
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length of the gut. The myenteric plexus is situated between the 
longditudinal and circular muscles of the gut wall, whereas the 
submucosal plexus is in the submucosa. The enteric nervous system 
receives both sympathetic and parasymapathetic extrinsic innervation 
(Gershon, 1981). The major feature that distinguishes the enteric nervous 
system from the other subdivisions of the ANS is its relative independence 
from the CNS. The supporting cells of the enteric plexus are also unusual 
in that they resemble CNS astrocytes more than they resemble other 
peripheral glia (Schwann or satellite cells) (lessen and Bumstock, 1982).

Transmitters are released from autonomic nerve fibres from axonal 
swellings along the length of axons known as varicosities. This 
arrangement clearly differs from the classical neuromuscular presynaptic 
nerve ending seen in skeletal muscle, where transmitter is released from a 
single structure at the end of the axon.

Growth factors and the nervous system
It is becoming increasingly apparent that growth factors are 

important participants in the processes of PNS development, maintenance 
and regeneration. Nowadays it is widely accepted that development of the 
PNS of vertebrates is dependent in part on the interaction of immature 
sensory and autonomic neurones with specific survival factors derived 
from peripheral targets (Barde, 1988, 1989; Davis and Lumsden, 1990). 
Competition for limiting amounts of these factors results in significant 
neuronal losses during embrogenesis. In addition to the role of supporting 
particular neurones early in development, neuronotrophic factors are also 
required for the normal function of certain neurones in adult animals 
(Snider and Johnson, 1989). In addition, tissue culture studies have 
implicated growth factors in many other aspects of PNS development. 
Detailed below are the effects of growth factors relevant to this study, on 
both PNS and CNS derived cells. Where possible these effects have been 
related to the reported distribution of these factors and their receptors in 
vivo.

Nerve growth factor family
The first identified neuronotrophic factor was NGF discovered
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more than 30 years ago by Levi-Montalcini and coworkers. In the PNS, 
NGF synthesized by target organs, supports the development and 
maintenance of sympathetic and sensory neurones derived from the neural 
crest (Levi-Montalcini and Angelleti, 1968; Thoenen and Barde, 1980; 
Levi-Montalcini, 1978). Both the levels of mRNA and protein correlate 
with the density of sympathetic innervation in adult rat tissues (Shelton 
and Reichart, 1984; Heumann et al., 1984). More recently NGF mRNA 
has been detected in the brain with the highest levels being in the 
hippocampus and cerebral cortex (Maisonpierre et al., 1990; Korshing et 
al., 1985) areas receiving major cholinergic projections from their basal 
forebrain. In much the same way that embryonic neurones die after 
interruption of contact with their targets, the basal forebrain cholinergic 
neurones die after axotomy (Korshing, 1986). These axotomized 
neurones can be rescued by the intraventricular injection of NGF 
(Williams et al., 1986; Hefti, 1986; Kromer, 1987; Montero and Hefti, 
1988). In all NGF responsive neurones NGF has been shown to be 
retrogradely transported to the neuronal cell body. In the case of central 
cholinergic neurones the site of NGF synthesis is the pyramidal cells of 
the hippocampal neurones of the dentate gyrus (Ayer-le Lievre et al., 
1988; Whittmore et al., 1988).

Recently factors related to NGF such as brain derived neurotrophic 
factor (BDNF)(Barde et al, 1982) and neurotrophin-3 (NT-3)(Hohn et al., 
1990) have been discovered. BDNF is a protein of extremely low 
abundance that has so far only been isolated from pig brain (Barde et al., 
1982; Hofer and Barde, 1988). It has been shown to induce sprouting of 
embryonic peripheral sensory ganglia in vitro in a manner 
indistinguishable from that of NGF (Davis et al., 1986). In addition 
neurones derived from the ectodermal placodes that are not responsive to 
NGF are responsive to BDNF and sympathetic neurones responsive to 
NGF are not responsive to BDNF (Lindsay et al., 1985; Davis et al., 
1986). The third member of the NGF family, NT-3, has been shown to 
support the survival of 30% of neurones derived from the nodose ganglion 
the effect being additive to that of BDNF. Motomeurones, ciliary 
neurones and sympathetic neurones from embryonic chick did not survive 
in the presence of NT-3 (Hohn et al., 1990). The onset of gene 
expression for all three neurotrophins occurs between the 11th and 12th
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day of rat embryogenesis, a time coinciding with the onset of neurogenesis 
(eg Altman and Bayer, 1984). The levels these factors achieve in early 
embryos however differ greatly. NT-3 mRNA is the most highly 
expressed in embryos whereas BDNF is expressed at the lowest levels and 
NGF expression varies locally during development (Maissonpierre et al., 
1990).

Fibroblast growth factors
In addition to the NGF family many other growth factors have been 

shown to play varied roles in the nervous system. In particular the actions 
of the acidic and basic fibroblast growth factors (aFGF and bFGF) are 
becoming increasingly well documented. FGF,s are 16kDa heparin 
binding growth factors thought to play a central role in many cellular 
processes such as development, wound healing and angiogenesis 
(Folkman et al., 1987; Gospodarowicz et al., 1987). In the nervous 
system, both factors are found in embryonic and adult brain tissues in 
relatively high amounts (Logan and Logan, 1986; Gospodarowicz, 1987; 
Risau et al., 1988; Gonzales et al., 1990) when compared with NGF or 
BDNF. Both the studies of Logan and Logan, (1986) and Caday et al., 
(1990) have shown that levels of FGF increase from embryonic to 
postnatal stages of brain development. In the CNS immunohistochemical 
studies have shown that bFGF is found primarily in neurones (Pettman et 
al., 1986; Finklestein et al., 1988). bFGF has been shown to support 
survival and/or neurite outgrowth of granule cell neurones (Hatten et al., 
1988), hippocampal neurones (Walicke et al., 1986), mesencephalic 
neurones (Ferrari et al., 1989), cerebral cortical neurones (Morrison et al., 
1986; Walicke 1988) chick spinal cord neurones (Unsiker et al., 1987), 
PC12 cells (Togari et al., 1983, 1985; Schubert et al., 1987; Rydel and 
Greene, 1987) and postnatal rat retinal ganglion cells (Lipton et al., 1988). 
Both oligodendrocytes (Eccleston and Silberberg, 1985; Saneto and de 
Vellis, 1985) astrocytes (Hatten et al., 1988 ), and neural precursor cells 
(Murphy et al., 1990) have been shown to respond mitotically to bFGF 
and astrocytes have been shown to synthesize bFGF (Hatten et al., 1988). 
bFGF, in combination with PDGF, has also been shown to cause 
prolonged proliferation of oligodendrocyte-type 2 astrocyte (0-2A) 
progenitors thus preventing their maturation into astrocytes (Bogler et al.,
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1990).
The effects of FGF are presumably mediated by a cell surface 

receptor. Indeed two forms of basic FGF receptor have been detected in 
the developing mouse brain (Reid et al., 1990) and the adult rat brain 
(Imamura et al., 1988). The sequences of the mouse receptors reveal that 
they are both tyrosine kinases, the smaller receptor appears to be 
expressed at higher level during development and probably also binds 
aFGF. Studies of Wanaka et al., (1990) using in situ hybridization on 
CNS sections detected widely distributed populations of cells that express 
bFGF receptor mRNA. The distribution of receptor mRNA often 
correlated closely with populations of neurones responsive to FGF in 
vitro. Interestingly, neurones with bFGF receptors were largely devoid of 
NGF receptors. In the peripheral nervous system FGF receptor mRNA 
has been detected only in DRG during late development and early 
postnatal life. No mRNA was detected in sympathetic or parasympathetic 
ganglia at any developmental stage studied (Wanaka et al., 1991).

In the peripheral nervous system FGF has been isolated from the 
cat sciatic nerve (Logan and Logan, 1986) and bFGF has been detected 
immunohistochemically in the embryonic rat peripheral nerve where 
intense staining is found associated with the nerve fibres, fibroblasts, 
endothelial cells, and extracellular matrix (Gonzales et al., 1990). Both 
acidic (Claude et al., 1988) and basic FGF (Stemple et al., 1988) have 
been shown to promote neurite outgrowth and proliferation of chromaffin 
cells. The studies of Unsiker et al., (1987) on a wide range of peripheral 

neurones revealed neuronotrophic effects of FGF only on chick ciliary 
ganglion neurones, bFGF being more efficacious in this regard. In these 
studies FGF was found to support survival even when bound to 
polyomithine or polylysine substrates. Moreover FGF bound to 
nitrocellulose has been shown to enhance regeneration in the transected 
sciatic nerve (Danielson et al., 1988). Thus the neurotrophic effects of 
FGF are probably being receptor mediated by activation of an intracellular 
second messenger pathway (as apposed to retrograde transport of the 
ligand as is the case with NGF) or are mediated by non neuronal cells in 
the assay system. Indeed, studies using iodinated bFGF have failed to 
detect retrograde FGF transport in any neuronal type of the sciatic nerve 
(Ferguson et al., 1990). Contrastingly, receptor mediated internalization
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and anterograde transport of bFGF has been reported in retinal ganglion 
cells (Ferguson et al., 1990).

Certain non-neuronal cells such as Schwann cells are known to 
respond to FGF,s. Studies have shown that FGF can stimulate Schwann 
cell mitosis in the mouse (Krikorian et al., 1982) and that bFGF is weakly 
mitogenic for rat Schwann cells whereas aFGF is ineffective (Ratner et al., 
1988). Both acidic and basic FGF can clearly be seen to be rat Schwann 
cell mitogens however provided forskolin is present in the culture medium 
to elevate intracellular cAMP levels (Davis and Stroobant, 1990). With 
regard to the above mentioned role of FGF as a Schwann cell mitogen, it 
has been reported that the neuronal cell surface molecule mitogenic for 
Schwann cells is a heparin binding growth factor (Ratner et al., 1988). 
Although this protein is not thought to be bFGF or aFGF it may be a 
member of the family of FGF related molecules.

Any consideration of FGFs as neurotrophic factors must take into 
account the fact that FGF,s are not secretory proteins as they lack the 
appropriate signal sequence (Prats et al., 1989). While it is conceivable 
that FGFs are released from damaged cells and may thus play a role in 
nerve repair it is difficult to envisage a role as target derived neurotrophic 
agent regulating neuronal survival during development. It is possible 
however that an as yet undiscovered mechanism may enable FGF to be 
released from cells.

Ciliary neuronotrophic factor
Ciliary neuronotrophic factor (CNTF) is a 23kDa protein that is 

present in high concentrations in the sciatic nerve of adult rats (Manthorpe 
et al., 1986). At birth the levels of CNTF and its mRNA are just at the 
detection limit they rapidly rise during the first postnatal week reaching 
adult levels by the end of the second postnatal week (Stockli et al., 1989). 
In vitro it has been demonstrated that CNTF has a potent survival effect on 
various populations of neurones in particular neurones isolated from chick 
ciliary, dorsal root sensory and sympathetic ganglia (Barbin et al., 1984). 
More recently Sendtner et al., (1990) have demonstrated that CNTF 
prevents degeneration of motomeurones caused by nerve lesion in 
newborn rats. Furthermore Arakawa et al., (1990) have shown that CNTF 
exhibits a marked survival effect on chick motomeurones isolated from
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embryos at the beginning of the period of naturally occurring 
motomeurone cell death. However it remains to be established whether 
CNTF is present at this early developmental stage. The suggestion has 
therefore been made that CNTF may function as a "lesion factor" 
preventing motomeurone cell death after lesion in the adult rat (Stockli et 
al., 1989). In the early postnatal period when CNTF levels in the sciatic 
nerve are very low (Sendtner et al., 1990) motor neurones are very 
sensitive to nerve injury. Moreover as CNTF, like FGF, lacks a secretory 
signal sequence (Stockli et al., 1989) thus supporting the hypothesis that 
CNTF plays an important role after cell injury.

The precise cellular location of CNTF in the PNS is at present 
unknown. Northern blot analysis of several adult rat tissues show 
detectable levels of mRNA only in the sciatic nerve (Stockli et al., 1989). 
Whether sciatic nerve CNTF has a neuronal or nonneuronal origin is not 
known. Support for a nonneuronal origin of CNTF comes from studies in 
the CNS where type 1 astrocytes have been reported to synthesize CNTF 
(Lillian et al., 1988; Hughes et al., 1988).

Tissue culture studies on the differentiation of CNS glia from 0 -  
2A progenitor cells show that CNTF in combination with the extracellular 
matrix cooperates in inducing type-2 astrocyte development (Lillien et al., 
1990). Other roles for CNTF in differentiation have been provided by 
studies on PNS neurones where CNTF induces the expression of 
vasointestinal peptide immunoreactivity in embryonic chick sympathetic 
neurones (Ernsberger et al., 1989) and choline acetyltransferase activity in 
neonatal rat sympathetic neurones (Saadat et al., 1989). In both these 
studies a reduction in tyrosine hydroxylase immunoreactivity occurs 
concomitantly. CNTF also inhibits the proliferation of sympathetic 
neuroblasts (Ernsberger et al., 1989). Thus it may be that the 
physiological role of CNTF is as a differentiation factor rather than as a 
neuronotrophic agent during embryonic development, any neuronotrophic 
role being exerted only under pathophysiological conditions.

Transforming growth factor-a and Epidermal growth factor
Transforming growth factor-a (TGF-a) and epidermal growth 

factor (EGF) are related growth factors that both bind to the EGF receptor 
(Massague, 1983). The previously described activities of TGF-a have
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been attributed to this binding (Deuel, 1987). EGF stimulates DNA 
synthesis (Leutz and Schachner, 1981; Raff et al., 1983) and proliferation 
of astrocytes (Simpson et al., 1982) and supports the survival of neonatal 
striatal, cortical, and cerebellar neurones in vitro (Morrison et al., 1987,
1988). EGF also induces enzymatic activities in glial cells (Honeggar and 
Guentert-Lauber,1983; Guentert-Lauber and Honeggar, 1983; Almazan 
et al., 1985) and inhibits acetylcholine release from cholinergic nerves 
(Takayanagi, 1980). The presence of EGF in the mammalian CNS is 
however controversial. Immunoreactive EGF has been detected in the 
CNS of rats older than 2 weeks but not in younger rats (Fallon et al., 
1984) and a prepro EGF mRNA has been detected, albeit at very low 
levels, in the adult mouse CNS (Rail et al., 1985). Conversely studies of 
Probsteimer and Schachner, (1986); and Poulsen et al., (1986) have failed 
to detect any EGF in the adult rat brain. Nevertheless receptors for EGF 
have been detected in the embryonic mouse brain (Adamson and Meek,
1984) and in the rat forebrain the numbers of binding sites declining with 
age (Quirion et al., 1988). EGF binding sites have also been detected in 
cultured astrocytes (Leutz and Schachner, 1981; Simpson et al., 1982) and 
oligodendrocytes but not neurones (Simpson et al., 1982). EGF receptor 
expression has also been detected in human glial tumours (Libermann et 
al., 1984).

The presence of TGF-a in the brain is less controversial. 
Immunoreactive TGF-a and mRNA have been detected in neurones of 
adult human, rat and mouse brain (Wilson and Derynck, 1988; Kudlow et 
al., 1989). In the fetal rat brain TGF-a mRNA was found to be 2-fold 
more abundant than in adult brain (Kudlow et al., 1989). Thus TGF-a is 
present in the brain during development (Kudlow et al., 1989) at a time 
when EGF receptor expression is high but EGF protein is not detectable 
(Adamson and Meek, 1984; Quirion et al., 1988). Therefore it is possible 
that in vivo TGF-a mediates many of the effects that are in vitro ascribed 
to EGF. In this regard TGF-a has been shown to stimulate neurite 
outgrowth from PC12 cells and support the survival of embryonic brain 
neurones (Zhang et al., 1990). TGF-a has also been shown to have 
similar activity to EGF in a number of other assay systems (for review see 
Derynck, 1989).
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Transforming growth factor-/?
The transforming growth factors-yS's (TGF-/?) are a large family of 

growth factors involved in growth, differentiation and morphogenesis 
(review Massague, 1990). In the nervous system TGF-/^ and TGF- ^ 2  

stimulate Schwann cell proliferation (Eccleston et al., 1989; Ridley et al.,
1989) the mitogenic response being modulated by forskolin mediated 
increases in intracellular cAMP (Ridley et al., 1989). Interestingly, the 
proliferation of long-term cultured ’’autocrine” Schwann cells is inhibited 
by TGF-fii (Eccleston et al., 1989). Thus in Schwann cells, as has been 
reported in other cells, TGF-/3 may be involved as a switch where when 
some process is in an inactivated state TGF-ft will facilitate the activation 
of this process; conversely in the same cells once the process has been 
activated TGF-/7 will function as a stop signal (review Spom and Roberts,
1990). No role for TGF-fi in the CNS has yet been documented.

Little is known about the site of synthesis and distribution of TGF- 
P in nervous tissues. Wilcox and Derynck, (1989) could detect no TGF- 
Pl mRNA in adult mouse brain, however TGF- ^ 3  mRNA has been 
detected in the CNS of the developing mouse (Pelton et al., 1990), and 
TGF-/?i mRNA has been reported mouse neural crest cells (Schmid et al.,
1990).

Platelet derived growth factor
The platelet derived growth factors (PDGF) are disulphide linked 

hetero- or homodimers of two distinct but related chains (PDGF A and 
PDGF B). In the CNS PDGF has been shown to have an important role in 
the proliferation and timing of oligodendrocyte development (Richardson 
et al., 1990). PDGF secreted by type-1 astrocytes in vitro keeps 0-2A  
progenitors dividing and prevents their premature differentiation into 
oligodendrocytes (Richardson et al., 1988; Noble et al., 1988). mRNA for 
PDGF A has been detected in cultures of type-1 astrocytes and is present 
in the brain and optic nerve from late embryonic development throughout 
adulthood (Richardson et al., 1988; Pringle et al., 1988). PDGF A chain 
has also been shown to be produced by tumours of nerve tissue ( Betsholtz 
et al., 1989). Recent studies, however have shown that high levels of 
PDGF A immunoreactivity and mRNA are found in the CNS and PNS 
neurones of both embryonic and developing mice. Some astrocytes and
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oligodendrocytes were also seen to contain mRNA transcripts for PDGF A 
but at a much lower intensity than in neurones (Yeh et al., 1991). Thus it 
is possible that the source of the PDGF A required for oligodendrocyte 
development in vivo may be neuronal. 0 - 2 A progenitor cells are known 
to express a  receptors (Hart et al., 1989) which mediate the effects of all 
three forms of PDGF.

The role of PDGF B in the CNS is less well documented. B chain 
mRNA has been found in low but constant amounts throughout 
development in the rat CNS (Richardson et al., 1988) and B chain 
immunoreactivity has been detected at variable intensity in monkey CNS 
neurones (Sasahara et al., 1991). Most regions of the adult monkey brain 
were also found to express mRNA for PDGF A chain as well as a  and ft 
receptors. Using transgenic mice the same authors that PDGF B chain 
transgene activity was greatest around birth and was expressed in higher 
levels in the CNS than in other tissues. Glial cells and ependymal cells 
were negative for immunohistochemically detectable levels of transgene 
expression and receptor (Sasahara et al., 1991). PDGF B, possibly 
released from neurones, may also play a role in oligodendrocyte 
development as part of an AB heterodimer and influence 0 -2A  progenitor 
and astrocyte chemotaxis (Bressler et al., 1985; Armstrong et al., 1990).

Recently several studies have implicated PDGF in the development 
of the PNS. Eccleston et al., (1990) and Yong et al., (1988) have shown 
that PDGF is able to stimulate Schwann cell mitosis in serum containing 
medium. In other studies no effect of PDGF was observed under these 
conditions however significant effects of PDGF BB (not PDGF AA) on 
DNA synthesis and proliferation were observed in the presence of the 
adenylate cyclase activator forskolin (Davis and Stroobant, 1990). The 
effect of forskolin in these experiments may be to upregulate PDGF 
receptor gene expression (Weinmaster and Lemke, 1990). In vitro 
Schwann cell PDGF receptors have been shown to be predominantly of 
the type (Eccleston et al., 1990). The ft type receptor is able to respond 
to PDGF BB and PDGF AB but not PDGF AA a fact that is consistent 
with the observed mitogenic effects of the PDGF types (Davis and 
Stroobant, 1990). Both short- and long-term cultured Schwann cells 
have been shown to secrete a PDGF-like molecule that may be involved 
in an autocrine proliferation loop in long-term cultured cells (Eccleston et
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al., 1990). In vivo PDGF A chain transcripts and protein are detectable 
at high levels from late embryogenesis to adulthood in dorsal root 
ganglion neurones but are not detectable in the accompanying 
Schwann/satellite cells (Yeh et al., 1991). Using transgenic mice B chain 
gene expression has been demonstrated in the large sensory neurones of 
the dorsal root ganglia (Sasahara et al., 1991).

Thus in both the CNS and PNS, PDGF has been shown to have a 
variety of effect on glial cells. The source of PDGF mediating these 
effects in vivo is uncertain but it seems likely that much of it may be of a 
neuronal origin. Further studies will be required to determine if PDGF is 
transported in the axon and whether PDGF is released soley from the axon 
terminal or from the axon shaft.

Other growth factors
Aside from the growth factors mentioned above several others have 

been shown to elicit effects on neuronal and glial cells. Glial growth 
factor (GGF) a partially purified protein from bovine brain (Brockes et al., 
1980) is of particular interest in this study. This molecule is a 31kDa 
basic protein that has been shown to be mitogenic for Schwann cells (Raff 
et al., 1978; Brockes et al., 1980; Davis and Stroobant, 1990) and 
astrocytes in dissociated cultures of the rat corpus callosum (Brockes et 
al., 1980). The GGF mediated stimulation of Schwann cell proliferation is 
not accompanied by a rise intracellular cAMP (Brockes et al., 1980) and is 
dependent upon the presence of one or more components of fetal calf 
serum (Raff et al., 1978; Lemke and Brockes, 1984). GGF has 
subsequently been implicated in limb regeneration of Urodele amphibians 
(Brockes and Kintner, 1986) and GGF like polypeptides have been 
detected in Schwann cell tumours (Brockes et al., 1986). Further 
clarification of the role of GGF in the nervous system awaits the 
purification of this protein.

Interestingly several factors normally associated with the immune 
system are reported to have effects in the nervous system. Interleukin 2 
has been shown to stimulate the proliferation of oligodendrocytes 
(Benviste et al., 1986) and to enhance neurite outgrowth from sympathetic 
but not sensory neurones (Keely Haughen and Letoumeau, 1990).
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Interleukin 1 (IL-1) has been shown to stimulate astrocyte proliferation 
(Guilian and Latchman, 1985) and to regulate NGF synthesis in 
astrocytes (Carman-Krzan et al., 1991) and in the non neuronal cells of 
the sciatic nerve (Lindholm et al., 1987) suggesting a possible role for IL- 
1  in the glial response to injury.

Many of the studies detailed above were carried out in serum 
containing medium. Thus a complete analysis of the actions of individual 
growth factors is impossible as serum is known to contain a multitude of 
hormones and growth factors. It is also becoming apparent that many of 
the cellular processes that occur during development and growth depend 
upon the complex interaction of a wide spectrum of growth factors. One 
of the major classes of serum growth factors that are known to have 
profound effects on animal growth and development are the insulin-like 
growth factors.

Insulin-like growth factors
The insulin-like growth factors (IGFs), or somatomedins, are 

polypeptide mitogens that play a fundamental role in mammalian growth 
processes. Their levels in serum are affected by nutritional status, adequate 
insulin secretion and in the case of IGF-I in postnatal life, growth 
hormone (Froesch et al., 1985). The structures of IGF-I and II have been 
elucidated by Rinderknecht and Humbel, (1978a, b). They consist of an 
A-domain homologous to the A-chain of insulin and a B-domain 
homologous to the B-chain of insulin. In contrast to insulin, the C 
domains are retained in both IGF-I and II. Although clearly separate 
entities, these two peptides have about 70% sequence homology and about 
50% homology with proinsulin. IGF-I is a slightly acidic and IGF-II a 
basic peptide. Both have a molecular weight of about 7.5kDa. The 
complete sequences of rat IGF-I and II have been deduced (Shimatsu and 
Rotwein, 1987; Marquardt et al., 1981). Only three amino acid changes 
were noted between rat and human IGF-I and five amino acid differences 
between rat and human IGF-II.

34



Other forms of IGF
A)IGF-I.

The cDNA sequence for IGF-I predicts the existence of two 
different precursor molecules (Rotwein, 1986). The nucleotide sequence 
of the cDNA predicts an IGF-I molecule with a C terminal extension of 
35 amino acids (IGF-IA) or 77 amino acids (IGF-IB). The extended 
carboxy terminus is known as the E peptide region. A larger form of 
IGF-I has been isolated from media conditioned by human fibroblast cell 
lines (Clemmons and Shaw, 1986). A biologically active peptide of 21.5 
kDa was isolated that had an amino acid sequence that appeared to be 
identical to human IGF-IB. Cultured human fibroblasts have also been 
shown to secrete a peptide of 19kDa as estimated by SDS polyacrylamide 
gel electrophoresis (Conover et al., 1989). Using an antibody to the E 
peptide region of IGF-I this peptide was identified as IGF-IA. IGF-IA 
has also been detected in serum from children and adults with chronic 
renal failure (Powell et al., 1987). In addition Blum et al., (1987) have 
isolated at least six peptides from human plasma all with IGF action that 
were reactive with antisera against IGF-I or IGF-II. In the CNS a variant 
form of IGF-I has been characterized with a truncated N-terminal region 
(Sara and Carlsson-Skwirut, 1988).

B)IGF-II
A single IGF-II precursor has been predicted to exist that has an E 

peptide carboxy terminal extension of 89 amino acids (Jansen et al.,
1985). A number of variant forms of IGF-II have been reported. 25% of 
the IGF-II isolated from human plasma was found to lack the N-terminal 
alanine residue (Rinderknecht and Humbel, 1978b). Several other forms of 
IGF-II have been purified from the conditioned media of a rat epithelial- 
like cell line. These peptides were all in the molecular weight range 5- 
8 kDa as determined by SDS polyacrylamide gel electrophoresis (Tanaka 
et al., 1989). Similarly a large molecular weight form (8.7-10kDa) of 
IGF-II has been isolated from pheochromocytomas, neural crest tumors 
(Gelato and Vassalotti, 1990). A large (9kDa) IGF-II form has also been 
isolated from human cerebrospinal fluid and detected in the brain 
(Hasselbacher and Humbel, 1982; Hasselbacher et al., 1985). Larger 
forms of IGF-II have been detected in several systems.
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Gowan et al., (1987) have isolated a 15kDa form of IGF-II from 
human plasma that had equal affinity for plasma IGF binding proteins and 
for the IGF-II receptor of rat placenta when compared to 7.5kDa IGF-II. 
The amino acid composition of this peptide is however significantly 
different from that predicted from the cDNA sequence of an IGF-II of this 
mass. Further IGF-II peptides of molecular weights 8 , 10 and 19kDa 
have been isolated from the conditioned medium of buffalo rat liver cells 
(Yang et al., 1985). They are postulated to be intermediates from 20k 
pro-IGF-II to the processed form.

Binding proteins
The IGFs do not exist in serum (or other body fluids) in the free 

form but are bound to specific carrier proteins that extend the circulating 
half life of IGFs by 60-90 fold (review Holly, 1990). At present several 
distinct IGF binding proteins exist which appear to be independently 
regulated and almost certainly have separate roles. Only three of these 
binding proteins have been purified to homogeneity and their structures 
determined. These binding proteins may modulate the activities of the 
IGFs.

IGFBP-1
IGFBP-1 is a 25kDa protein that binds both IGF-I and IGF-II 

(Clemmons and Gardener, 1990). The mRNA for IGFBP-1 has been 
detected in rapidly growing/ differentiating tissues and in the liver. 
Immunohistochemical studies show however IGFBP-1 that the peptide is 
widely distributed throughout most tissues. The IGFBP-1 is unlikely to 
have biological action itself but has been shown both to inhibit the actions 
of IGF (reviewed by Holly, 1990) and to enhance the mitogenic effects of 
IGF-I (Elgin et al., 1987). The potentiation of the IGF-I response 
appears to be dependant on an integrin-like cell surface receptor. Indeed 
IGFBP-1 contains an RGD (Arg-Gly-Asp) sequence a feature common 
to several matrix proteins known to bind to receptors of the integrin family 
(Hynes, 1987).

IGFBP-2 and 3.
The IGFBP-2 a 32kDa protein that binds IGF-II with a higher
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affinity than IGF-I (Brown et al., 1989). IGFBP-3 is a 53kDa growth 
hormone dependant glycoprotein that binds IGF-I and II with high 
affinity and can acts as an inhibitor or potentiator of IGF action (Blum et 
al., 1989; DeMellow and Baxter, 1988).

IGF receptors
The IGFs can exert their effects via the insulin receptor and the type

I and type 2 IGF receptors. The insulin receptor recognises insulin with 
20-100 x higher affinity than IGF-II and I respectively (Gammeltoft et 
al., 1988).

A)Type 1 receptor.
The type 1 IGF receptor is a heterodimeric tyrosine specific protein 

kinase comprised of 2  a  and 2  ft subunits joined by disulphide bridges . 
This receptor shows considerable homology with the insulin receptor 
notably in the ft subunit (95kDA) tyrosine kinase domain (Massague and 
Czeck, 1982). Ligand binding occurs on the a  subunit (130kDa). IGF-I 
binds with a somewhat higher affinity that IGF-II and insulin binds 
weakly. A neuronal subtype of the type 1 receptor with an a  subunit of 
115kDa has been isolated from fetal rat brain neurones (Burgess et al.,
1987). The type 1  IGF receptor is believed to mediate the biological 
effects of IGF-I and IGF-II and is thought to mediate many of the 
response caused by supraphysiological concentrations of insulin.

B)Type 2 receptor
The type 2 IGF receptor is a 250kDa glycoprotein that binds IGF-

II with high affinity, cross reacts weakly with IGF-I and does not bind 
insulin (Rechler and Nissley, 1985). Analysis of the cDNA of the human 
IGF-II receptor reveals that it is identical to the cation-dependant 
mannose-6 -phosphate receptor (Morgan et al., 1987). Majority of type-2 
receptors are found in intracellular organelles where they are involved in 
the sorting and transport of lysosomal enzymes from the Golgi apparatus 
to a prelysosomal compartment (Morgan et al., 1987; MacDonald et al.,
1988). Recent studies of Senior et al., (1990) have shown that IGF-II 
receptor mRNA expression is high in the developing rat being strongly 
down regulated postnatally. Given that IGF-II expression is also regulated
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in the same manner in most tissues (Beck et al., 1987,1988; Stylianopolou 
et al., 1988) these authors suggest that high levels of IGF-II receptor 
present in embryonic and fetal tissue serve to stabilize local concentrations 
of IGF-II at required values by endocytosing excessive amounts of locally 
synthesized growth factor. A role for the IGF-II receptor in the 
metabolism of IGF-II has also been suggested by Czeck, (1989).

IGFs and development
Both IGF-I and IGF-II are thought to play a role in embryonic and 

fetal development. IGF-II mRNA has been detected during 
embryogenesis in most mesodermally derived rat tissues, expression being 
switched off in adulthood in all tissue except the brain (Beck et al., 1987; 
Stylianopoulou et al., 1988). Intriguingly the pattern of IGF-II gene 
expression during embryogenesis overlaps significantly with the reported 
distribution of immunohistochemically detected TGF-fii (Stylianopoulou 
et al, 1988; Heine et al., 1987). Serum levels of IGF-II are also known to 
drop dramatically after birth (Moses et al., 1980) thus supporting the 
hypothesis that IGF-II is predominantly a fetal growth factor. Although 
most IGF-II gene expression is localized to tissues of mesodermal origin, 
IGF type 1 receptor (which can mediate the effects of IGF-I and IGF-II) 
expression is reputedly highest in tissues of ectodermal origin (Girbau et 
al., 1989). Thus in development IGF-II may be of prime importance in 
the development of ectodermal tissues. This interpretation must be treated 
with caution however as these studies were carried out in different species 
(rat vs chick).

IGF-I and IGF-I mRNA on the other hand are expressed by a 
variety of mesodermal and neuroectodermal derived tissues during 
embryonic and fetal development (for review see Hansson, 1990). For 
example vascular cell walls, endothelial cells, smooth muscle cells and 
fibroblasts show transient expression of IGF-I immunoreactivity, limited 
to early stages of their formation and maturation (Hansson et al., 1987b,
1989). The vascular walls of the mature animal are however able to re­
express IGF-I immunoreactivity if exposed to increased blood flow or 
blood pressure (Hansson et al., 1989; Hansson et al., 1987). Similarly 
skeletal muscle cells show IGF-I immunoreactivity for only a short time
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period during their postnatal development and differentiation (Jennische 
and Olivecrona, 1987).

Whether the IGFs exert their effects by autocrine/paracrine 
mechanisms, as well as, or as opposed to, endocrine actions unclear. In 
the fetus IGF-I and IGF-II genes are expressed by many tissues, and the 
serum levels of the IGFs are relatively low. This suggests a predominant 
role of autocrine/paracrine actions over endocrine actions. Consistent 
with this hypothesis is the observation that classical hormones (endocrine 
gland products) that are involved in postnatal growth do not appear to play 
key roles during embryonic development. In the postnatal animal 
however there is a progressive rise in serum IGF-I levels during the 
prepubertal years (Daughaday and Rotwein, 1989). Thus postnatally 
endocrine actions may interplay with autocrine/paracrine actions of IGF-I. 
Which mode of action predominates probably varies amongst tissues and 
with developmental stage. Autocrine/paracrine actions are likely to 
predominate in tissues where the entry of IGFs from the circulation is 
limited such as the nervous system, and in tissues were there are high local 
concentration of IGFs.

IGFs and nervous system development
IGF-I mRNA is expressed at high levels in the fetal brain 

declining to adult levels postnatally (Sandberg et al., 1988). In situ 
hybridization studies of Ayer-le Lievre et al., (1991) have noted high 
level of mRNA in the olfactory bulb and in discrete areas of the cranial 
sensory ganglia of the rat fetus. In the adult animal IGF-I mRNA is 
concentrated mainly in the olfactory bulb and cervical-thoracic spinal 
cord and to a lesser degree in the midbrain and cerebellum (Rotwein et al.,
1988). IGF-I has also been detected by radioimmunoassay of adult brain 
tissue (D'Ercole et al., 1984). Short-term culture studies suggest that both 
the neurones and glia synthesize the IGF-I message in vivo (Rotwein et 
al., 1988). It must be noted however that reports have been published that 
fail to detect IGF-I mRNA in the adult brain (Lund et al., 1986) and fetal 
brain (Beck et al., 1987). IGF-I immunoreactivity has been detected in 
the neurones and glia of the developing cerebellum, the levels of protein 
declining with the onset of differentiation (Andersson et al., 1986).
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In contrast IGF-II mRNA has been detected only in the choroid 
plexus, the leptomeninges (Stylianopoulou et al., 1988; Beck et al., 1987; 
Ayer-le Lievre et al., 1991) and the hypothalamus (Ayer-le Lievre et al.,
1991). The expression of IGF-II in these cells continues throughout adult 
life (Stylianopoulou et al., 1987; Rotwein et al., 1988). The presence of 
IGF-II protein in the brain has been demonstrated by Hasselbacher et al., 
(1985). The persistence of relatively high levels of IGF-II in the CNS 
into adulthood contrasts with its more developmentally restricted 
expression in other rodent tissues (see above) and suggests that IGF-II is 
of importance in the brain.

Few studies have documented the distribution of the IGFs in the 
PNS. In the embryonic rat two groups have failed to detect any IGF-II 
mRNA (Beck et al., 1987; Stylianopoulou et al., 1988). A third group 
looking at the distribution of IGF-II in the craniofacial region of the rat 
fetus by in situ hybridization detected IGF-II mRNA only in association 
with the vascular endothelia of the ganglia (Ayer-le Lievre et al., 1991). 
In the same study IGF-I mRNA was detected in the iris primordium and 
ciliary body. Immunohistochemical studies that could not distinguish 
between IGF-I and 2 have found IGFs in the peripheral nerves of the 
mouse and chick embryo (Ralphs et al., 1990). Furthermore studies by 
other authors have shown that IGF-I immunoreactivity is present in the 
myenteric plexus, and at low levels in the axons and Schwann cells of the 
adult peripheral nerve (Hansson et al., 1988b; Andersson et al., 1988). It 
must be emphasized however that areas of IGF immunoreactivity do not 
nessesarily reflect sites of IGF synthesis but may represent sites of IGF 
sequestration and utilization.

In vitro actions
As noted above, two of the major growth promoting ingredients of 

serum, and those replaced by high concentrations of insulin in artificial 
media, are the IGFs. These growth factors mediate a plethora of effects on 
neuronal and glial cells via interaction with IGF receptors. Table 1.1 
summarizes the effects of IGFs on the nervous system. In other systems 
IGFs have been implicated in many cellular processes such as matrix 
formation (eg Goldstein et al., 1989), migration (Stracke et al., 1989) and 
proliferation (eg Froesch et al., 1985).
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Table 1.1. The actions of the IGFs in the nervous system in 
vitro.
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Actions of IGFs in vivo
Few studies have addressed the role of IGFs in the nervous system 

in vivo. Nevertheless Caroni and Grandes, (1990) demonstrated that 
injection of low quantites of IGF-I or IGF-II into the gluteus muscle of 
adult mice led to intramuscular nerve sprouting. Hence it is plausible that 
nerve sprouting after denervation may be enhanced by increased muscle 
synthesis of IGF. This hypothesis is supported by two observations of 
Ishii, (1989; 1990). Firstly, sciatic nerve transection produced a 
significant increase in muscle IGF-II mRNA, and secondly, treatment of 
rats pups with botulinum toxin prevented the developmental decline of 
IGF-II mRNA. Botulinum toxin is known to produce intramuscular nerve 
sprouting and paralysis by blockade of acetycholine release at the 
neuromuscular junction. Furthermore correlative evidence of Ishii, (1989) 
suggests that IGF-II may be involved synaptogenesis. This study 
demonstrates that IGF-II mRNA levels in muscle are high during 
embryogenesis at a time when polyneuronal innervation is occuring. The 
developmental time course for the elimination of polyneuronal innervation 
is seen to closely follow that for decline in muscle IGF-II content. Thus 
factors regulating IGF-II gene expression may indirectly regulate 
synaptogenesis.

A role for IGF in peripheral nerve regeneration has been proposed 
by several authors (Hansson et al., 1986, 1987a, 1988a; Sjoberg and 
Kanje, 1989; Kanje et al., 1990). The latter authors showed that local 
administration of IGF-I to a crush lesion of the rat sciatic nerve stimulated 
nerve regeneration. Moreover this enhanced regeneration could be blocked 
by antibodies to IGF-I. A role for IGF-I during peripheral nerve 
regeneration is supported by immunohistochemical data which shows that 
IGF-I accumulates, primarily in Schwann cells, after nerve injury 
(Hansson et al., 1986,1987a, 1988a). As regeneration is in many respects 
analogous to development it is conceivable that IGF may also play a role 
in development of the peripheral nerve.

Growth associated proteins
In addition to the extracellular regulation of growth and 

development by distinct growth factors and hormones, the growth process

46



is also modulated by various intracellular and membrane associated 
molecules. These molecules include proteins as diverse as cytoskeletal 
elements, receptor molecules, ion channel proteins and components of 
intracellular second messenger systems. A molecule presumed to have a 
role primarily associated with growth should be expressed at high levels in 
situations in which growth occurs ie during development and regeneration.

In the nervous system, for example, a small set of genes have been 
identified that are selectively expressed at high levels during periods of 
axon growth and repressed upon differentiation to a stable mature state. 
One of these is an acidic protein designated GAP-43 (B50, pp46, FI, 
GAP-48,or p57) first described in 1981 by Skene and Willard.

The GROWTH ASSOCIATED PROTEIN GAP-43
A) Association with axon growth

The protein GAP-43 is synthesized at high levels during periods 
of axonal outgrowth during development and regeneration. Synthesis 
declines somewhat during synaptogenesis, but remains well above normal 
levels throughout the period in which synaptic organization is being 
refined (Benowitz and Routtenberg, 1987). In the regenerating fish and 
amphibian optic nerves GAP-43 synthesis begins to increase 
approximately 4-5 days after axotomy coinciding with, or slightly 
preceeding initiation of axon outgrowth (Skene and Willard, 1981a, b; 
Benowitz et al., 1981; Benowitz and Schmidt, 1987). A similar correlation 
of GAP-43 expression with axon outgrowth is seen in the rat sciatic nerve 
after nerve injury (Skene, 1989). Stricking increases in GAP-43 have 
also been reported in the regenerating hypoglossal nerve of the rabbit 
(Skene and Willard, 1981c). In the central nervous system of mammals, 
where regeneration is abortive, axotomy does not lead to enhanced 
expression of GAP-43 (Reh et al., 1987; Kalil and Skene, 1986; Skene 
and Willard, 1981 a,b).

Consistent with a role in axon elongation GAP-43 has been 
demonstrated to be a major component of neuronal growth cone 
membranes in vivo (Skene et al., 1986; Meiri et al., 1986). In tissue 
culture studies Meiri et al., (1988) have confirmed this observation using 
immunohistochemical techniques. GAP-43 immunoreactivity was 
detected throughout the growth cone and in the filopodial extensions.
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B) Association with synaptic plasticity
Although levels of GAP-43 in the brain diminish greatly after 

birth, the protein persists in certain presynaptic membranes throughout 
life. Several studies have demonstrated that high levels of GAP-43 
protein and mRNA remain in certain areas of the brain such as the 
hippocampus and many areas of the limbic system (Neve et al., 1987; 
Benowitz et al., 1988; Nelson et al., 1987; McGuire et al., 1988). These 
areas are believed to exhibit high levels of synaptic plasticity in adulthood. 
Further evidence for a role of GAP-43 in synaptic plasticity have been 
provided by Lovinger et al., (1986). These workers found that 
phosphorylation of a protein designated FI (GAP-43), was associated 
with synaptic long-term potentiation (LTP) in the rat hippocampus. LTP 
is a form of synaptic plasticity whereby an increased post synaptic 
response to afferent stimulation is seen. The extent of protein kinase C 
mediated phosphorylation of GAP-43 was found to correlate highly with 
the persistence of LTP over several days (Lovinger et al., 1986). Thus 
GAP-43 in a phosphorylated state may play a role in synaptic plasticity in 
the adult brain.

It must be noted however that certain brain areas which are 
remarkably plastic in adult life (Kaas et al., 1983) have a relatively low 
concentration of GAP-43 (Benowitz et al., 1988). Furthermore, the 
increased phosphorylation of GAP-43 observed during LTP may be only 
be coincidental (Skene, 1989).

Biochemical properties of GAP-43
GAP-43 is an extremely hydrophilic molecule of MW 24kDa (Basi 

et al., 1987). It is synthesized as a soluble protein that becomes attached 
to the membrane posttranslationally via acetylated residues near the N 
terminus (Skene and Virag, 1989). These features of GAP-43 are 
consistent with models that visualize the protein extending away from the 
cytoplasmic side of the plasma membrane into the cytosol where 
interactions with the membrane skeleton may take place. Indeed GAP-43 
has been found in association with membrane skeletal components in the 
growth cone (Meiri and Gordon-Weeks, 1990; Moss et al., 1990).
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Furthermore the carboxyterminus of GAP-43 has a limited sequence 
homology with neurofilament protein (La Bate and Skene, 1989).

Biochemical actions of GAP-43
A) Phosphoinositide metabolism

Activation of phospholipase coupled receptors results in the 
hydrolysis of phophotidylinositol 4,5-bisphosphate (PIP2 ) to inositol 
triphosphate (IP3 ) and diacylglycerol (DAG). IP3  stimulates the release of 
calcium from intracellular stores and DAG activates protein kinase C 
(PKC). Replenishment of PIP2  is achieved by phosphorylation of 
phosphotidyl inositol 4-phosphate (PIP) by PIP kinase (eg Berridge, 
1987). The activity of PIP kinase can be inhibited in vitro by GAP-43, 
the phosphorylated form of GAP-43 being more effective in this respect 
(van Dongen et al., 1985). The extent of GAP-43 phosphorylation has 
been shown to be correlated with the activity of PIP kinase (Jolles et al., 
1980). Furthermore antibodies to GAP-43 which prevent its
phosphorylation, also increase the production of PIP2  (Oestreicher et al., 
1983). In vitro the phosphorylation of GAP-43 is catalysed by PKC 
(Aloyo et al., 1983), an enzyme that is activated by DAG a product of 
PIP2 - Thus in vivo GAP-43 may play a role in feedback inhibition of 
receptor mediated PIP2  hydrolysis.

B) Calmodulin binding
GAP-43 is unusual amongst calmodulin binding proteins in that it 

binds calmodulin selectively in the absence of calcium (Andreason et al., 
1983), a feature that is so rare that it has been exploited in the purification 
of GAP-43 (Andreason et al., 1983). In addition the association of GAP- 
43 with calmodulin can be regulated by high ionic strength and 
phosphorylation by PKC (Alexander et al., 1987). Cellular events 
resulting in the activation of PKC, and the subsequent phosphorylation of 
GAP-43, would result in the liberation of calmodulin which would then 
be able to interact with its target enzymes.

C) G protein interactions.
G proteins (GTP binding proteins) are a family of proteins involved 

in signal transduction mechanisms. They are activated by binding GTP
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and then self inactivate due to intrinsic GTPase activity (Alberts et al., 
1983). Strittmatter et al., (1990) have shown that GAP-43 stimulates 
GTP analogue binding to the G protein G q. Furthermore these authors 
have demonstrated that G q is a major component of the growth cone 
membrane. Thus in vivo GAP-43 may function as an intracellular 
regulator of G q function.

It remains to be shown whether the actions of GAP-43 documented 
in vitro are also apparent in vivo. It seems likely however that GAP-43 
plays a role in some aspect of signal transduction inside the cell.

Factors influencing GAP-43 expression
Several lines of evidence suggest that GAP-43 expression may be 

regulated by NGF. Firstly studies using PC12 cells have demonstrated 
that GAP-43 mRNA is induced by NGF (Basi et al., 1987; Federoff et al., 
1988; Costello et al., 1990). Secondly, studies of Verge et al., (1990) 
provide evidence that GAP-43 mRNA expression in the mature PNS is 
related to expression of high affinity NGF receptors. Tissue culture 
studies using dissociated adult DRG neurones however, detected no effect 
of NGF on the expression of GAP-43 protein (Woolf et al., 1990). FGF, 
DBcAMP, phorbol ester, and EGF, listed in order of efficacy, are also 
potent in stimulating GAP-43 gene expression in PC12 cells (Costello et 
al., 1990 ). Expression of GAP-43 transcript by all these factors 
(including NGF) is subject to repression by dexamethasone, the degree of 
repression being roughly proportional to the potency of the inducer. The 
idea of a GAP-43 repressor molecule in vivo has been suggested by 
Woolf et al., (1990). Blockade of axonal transport whether by chemical or 
physical means was sufficient to induce GAP-43 expression in adult DRG 
neurones. This suggested that GAP-43 expression is controlled by a 
target derived fast axonally transported repressor molecule.

A single in vivo study has suggested that GAP-43 protein 
expression may be induced by IGFs. This correlative evidence is based on 
the observation that GAP-43 levels are higher in motomerves induced to 
sprout with IGF than in those induced to sprout with botulinum toxin 
(Caroni and Grandes, 1990).
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Concluding remarks
Increasingly developmental processes are seen to be orchestrated 

by a complex interplay of growth factors and growth associated 
molecules. In this study defined culture conditions have been employed to 
identify factors involved in Schwann cell proliferation, a process critical 
to successful nerve development. In addition the distribution of the 
growth associated molecule GAP-43 in the PNS has been examined with 
a view to unravelling the role of this enigmatic protein.
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CHAPTER 2

MATERIALS AND GENERAL METHODS.



MATERIALS

Chemicals and growth factors:
The following compounds were obtained from Sigma Chemical 

Company (Poole, UK); transferrin, selenium, putrescine, triiodothyronine, 
thyroxine, carbachol, noradrenalin, histamine, 5-hydroxtryptamine (5HT), 
a, P methylene ATP, 2 methylthio ATP, adenosine, dopamine, 
neuromedin, bombesin, somatostatin, glyoxylic acid, dibutyryl cAMP 
(DBcAMP)), bovine insulin, gamma-aminobutyric acid (GABA), 
isoprenaline, phenylephrine, phenylmethylsulphonylfluoride (PMSF), 
glycine, cytosine arabinoside, 5-fluoro-2-deoxyuridine (Fudr), lamimin 
and poly-L-lysine (PLL MW 300,000). Bovine serum albumin 
(Path-O-Cyte) was obtained from ICN Immunobiologicals (Bucks, UK). 
Forskolin was from Calbiochem-Behring Corporation (San Diego C.A.). 
The cAMP assay kit was obtained from Amersham International pic, 
(Berks, UK). The protein assay kit was from Bio-Rad (Munich, West 
Germany). Bromodeoxyuridine (BrdU) was from Boehringer Mannheim 
(Lewes, UK). Citifluor was obtained from City University (London). 
Porcine (BB) platelet-derived growth factor (PDGF) and TGF-jS^ were 
obtained from British Biotechnology (Oxford,UK). Basic fibroblast 
growth factor (bFGF) and epidermal growth factor (EGF) were obtained 
from Collaborative Research (Bedford, M.A). Atrial naturetic peptide 
(ANP) and calcitonin gene related peptide (CGRP) were obtained from 
Cambridge Research Biochemicals (Cheshire, UK). Tumour Necrosis 
Factor a  (TNF) was a gift from Dr J Taverne (Department of 
Immunology, University College and Middlesex School of Medicine 
(London). Interleukin -  lfi (IL1) was from Genzyme (San Diego, C.A.), 
Interleukin-2 (IL2) was a gift from Dr A Kingston prepared according to 
the method of Schreier and Tess (1981), and Interleukin-4 (IL4) was 
obtained from DNAX Inc (Palo Alto C.A.). Nerve growth factor (NGF) 
was a gift from Dr J Winter (Winter et al., 1988). Glial growth Factor 
(GGF) was a gift from Dr A.D.J Goodearl prepared according to the 
method of Brockes, (1987). Insulin like growth factor-I (IGF-I) was 
prepared according to the method of Morrell et al., (1986). Iodinated IGF- 
I was a kind gift from Dr D. Morrell. Iodinated IGF-I was prepared 
using chloramine T to a specific activity of approximately 100//Ci/Mg and
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purified by immunoaffinity chromatography on a column of antiserum 
R557A IgG covalently attached to cyanogen bromide activated Sepharose 
4B (Pharmacia-LKB Bucks,UK). Purified GAP-43 was a gift from R 
Curtis prepared from 7-14 day rat pups using a modification of the 
method of Chan et al., (1986).

Tissue culture reagents:
Calf serum was from Imperial laboratories (Andover, Hants), 

Dulbecco’s Modified Eagles Medium (DME) and trypsin were from Gibco 
Laboratories (Paisley, Scotland). Minimal essential medium containing 
0.2M hepes (MEMH) and calcium-, magnesium-free MEMH were from 
the Imperial Cancer Research fund. Collagenase was obtained from 
Worthington Biochemical Corporation (Freehold N.J.). Tissue culture 
plastic was from Falcon (Plymouth, UK).

Antibodies:
Anti-BrdU was a gift from Dr D Mason (Gratzner, 1982). 

Polyclonal anti-rabbit S100 was from Dakopatts a/s (Denmark). 
Monoclonal anti-SlOO was a gift from Dr G Gillespie. Monoclonal anti- 
IGF-I (sml.2) was from the developmental hybridoma bank (North 
Carolina, USA), mouse anti-nerve growth factor receptor 192-IgG 
(1.3mg/ml) (NGF receptor) was a gift from Dr E Johnson Jr (Taniuchi and 
Johnson, 1985). Monoclonal anti glial fibrillary acidic protein (GFAP) 
and monoclonal anti-vimentin were from Boehringer Mannheim (Lewes, 
UK). Monoclonal and polyclonal anti-GAP-43 were a gift from 
R.Curtis. Polyclonal PGP 9.5 was from Ultraclone (Cambridge, UK), 
Anti IGF-II receptor (C2) was a gift from Dr C Scott (Scott and Baxter, 
1987). Monoclonal anti-neurofilament (RT97) was a gift from Dr J 
Wood (Anderton et al., 1982) Anti substance P was from Cambridge 
Research Biochemicals (Cheshire, UK), Anti vasointestinal peptide (VIP) 
was from Biogenesis (Bournemouth, UK), Anti-rabbit biotin, anti-mouse 
biotin, fluorescein-streptavidin and texas red-streptavidin were obtained 
from Amersham International (Amersham, Bucks). Anti-rabbit and anti­
mouse peroxidase were from Sigma Chemical Company (Poole, UK).
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Electrophoresis:
All electrophoresis apparatus and reagents were from Bio Rad 

(Munich, West Germany) unless otherwise stated. Nitrocellulose paper 
was from Schleider and Schvell (Dassel, West Germany).

METHODS

Animals
Sprague Dawley rats were used throughout this work. Neonates 

were killed by decapitation and adults (200-250g) were killed by a 
asphyxiation in CO2

Preparation of Schwann cell cultures
Schwann cells were prepared using the method of Brockes et al., 

(1979). Sciatic nerves were dissected from Sprague Dawley rats of 
varying ages, from embryonic day 19 to adult. The epineurial sheath was 
removed where possible then the tissue was chopped and dissociated in 
0.25% Trypsin, 0.4% collagenase in DME at 37°C and 5% C0 2 /9 5 % air. 
Tissue from adult rats was digested for 3 x 0.5hr, from embryonic rats 
(E18-21) for 20min and from early postnatal rats 35min. After incubation 
an equal volume of MEMH containing 10% fetal calf serum was added 
and the tissue gently dissociated through a plastic pipette tip. The cells 
were centrifuged at 500xg for lOmin, resuspend in DME containing 10% 
calf serum, then cultured in 25cm^ flasks.

Preparation of early embryonic Schwann Cells
The sciatic nerves from E14 or E15 rats were digested as stated 

above for 45min. Cells were plated on poly-l-lysine (PLL) or laminin 
coated coverslips in BALB-C 3T3 conditioned medium to ensure cell 
survival (lessen et al., 1990). These cells were prepared by J. Gavrilovic 
and K.R. Jessen.

Preparation of BALB-C 3T3 conditioned Medium
Confluent 25cm^ flasks of Balb-C 3T3 fibroblasts were used to 

condition 3cm^ of DME containing 10% calf serum for 24hr at 37^C.
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Long-term Schwann cell cultures
When cultures prepared as described above were not used within two 

weeks they were maintained by changing half of the culture medium once 
a week. This procedure was continued for approximately 3 months until a 
flattened population of cells appeared. Cultures were then passaged 
approximately once a month with 0.05% trypsin in 0.02% EDTA. Long­
term Schwann cells were plated at a density of 5000 cells/coverslip.

Cell culture
Schwann cells prepared from PI sciatic nerves as described above 

were cultured in a 25cm^ flask for 3 days with DME containing 10% calf 
serum supplemented with penicillin (100 IU/ml) streptomycin (100//g/ml) 
and glutamine (2mM) with 10”^M cytosine arabinoside to remove 
fibroblasts before passaging onto PLL or laminin (l/*g/ml) coated 13mm 
glass coverslips, and culturing in serum-free medium. In some 
experiments cells were immediately plated onto PLL coverslips or laminin 
coated coverslips and cultured in either serum-free medium or DME 
containing 1 0 % calf serum at 37°C 5 %CC>2 , 95% air.

Passaging cell cultures
Cells were removed from the culture dish using 50/d of 0.25% 

trypsin in 2ml of calcium- and magnesium-free MEMH for 10 min at 
37^C in 5% C0 2 /9 5 % air. Detached cells were pelleted by centrifugation 
at 500xg for 10 min. The pellets were resuspended in DME containing 
10% CS then plated at between 10000 and 20000 cells/well on PLL or 
laminin coverslips.

Dried cell preparations
Schwann cells prepared as described above were resuspended in a 

minimal volume of medium (50-100/d). 5-20/d were spread on gelatin- 
coated glass microscope slides with a plastic pipette tip and left to dry for 
a minimum of 2 hr a room temperature. Slides were then rehydrated in 
4% paraformaldehyde and immunolabelled immediately or stored 
dessicated overnight at 4^C.
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Substratum coating of coverslips
Sterile 13mm diameter glass coverslips were incubated with PLL 

(lmg/ml) for 24hr at room temperature, washed with 12 changes of sterile 
distilled water over a 4 day period then allowed to dry. Laminin coated 
coverslips were prepared by incubating PLL coated coverslips in 50/d of 
laminin solution (20ng/ml in DME) for 1 hr at room temperature. 
Laminin was removed immediately prior to plating of Schwann cells.

Serum-free medium
Serum-free medium used in this study was a modification of the 

medium of Bottenstein and Sato, (1979). DME was supplemented with 
transferrin (50 //g/ml), progesterone (60//g/ml), putrescine (1.6//g/ml), 
insulin (5/zg/ml), thyroxine (0.4//g/ml), selenium (100//g/ml), 
triiodothyronine (0.1 //g/ml), BSA (0.3mg/ml), penicillin 100 IU/ml, 
glutamine 2mM and streptomycin 100 //g/ml. In chapter 4 serum-free 
medium lacking insulin was used.

Teased nerve preparations
Sympathetic trunk, sciatic or vagus nerves from varying age rats 

were excised and desheathed. Sections of nerve were then teased gently 
onto gelatin-coated microscope slides in a drop of PBS using 23 gauge 
needles as previously described (lessen and Mirsky, 1984). The teased 
nerves were allowed to air dry for several hours, or stored dessicated at 
4^C overnight before immunofluorescent labelling.

Wax sections
Tissues for wax sectioning were removed from the animal and 

immediately fixed in 4% paraformaldehyde for 4hr at 4^C. After fixation 
tissue were processed through 80,90 and 100% ethanol for 30 min at each 
strength then embedded in polyester wax at 40^C. Sections of 1-7// were 
cut at 4^C and mounted onto PLL coated slides by Rory Curtis.

Dilution of antibodies
Antibodies used on live cell cultures were diluted in MEMH 

containing 10% calf serum. Antibodies used on sections and fixed cells 
were diluted in PBS containing 0.1M lysine, 0.2% sodium azide and 10%
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calf serum.

BrdU Incorporation
Schwann cells seeded in DME containing 10% calf serum were 

washed 3 times in serum-free medium then cultured in serum-free 
medium with candidate mitogens. BrdU (10“^M) was introduced into the 
culture medium for the final 24hr of 48hr experiments. Cultures were 
fixed for 10 min in 2% paraformaldehyde, permeabilized for lOmin at 
- 2 0 °C with methanol then treated with 2N HC1 for 10 min to followed by 
a 10 min incubation with 0.1M sodium borate pH 8.5 to neutralize the 
acid, then coverslips were incubated with anti-BrdU (1:30) and anti-SlOO 
(1:800), to identify Schwann cells, together in PBS containing 0.1% 
Triton X 100 for 40 min. After washing the coverslips were incubated 
with rhodamine conjugated goat anti-mouse immunoglobulins (pre 
absorbed with rabbit immunoglobulins) (1 :1 0 0 ) and fluorescein 
conjugated goat anti-rabbit immunoglobulins (pre absorbed with mouse 
immunoglobulins) (1:100) together for a further 30 min, washed and 
mounted in Citifluor anti-fade mounting medium.

Protein estimation
Cell and tissue samples used for electrophoresis and cAMP 

measurements were assayed for protein using the method of Bradford, 
(1976) and a Bio Rad protein assay kit with immunoglobulin as standard.

Microscopy
Cells, teased nerves, whole mount preparations and wax sections 

were viewed for immunofluorescence with a Zeiss microscope using x 10, 
x 20, x 25, x 40 dry or x 63 oil immersion phase-contrast lenses, epi- 
illumination and rhodamine or fluorescein optics.

Quantification
All results were based on a minimum of 3 separate experiments 

using duplicate, triplicate or quadruplicate coverslips. At least 200 cells 
were counted per coverslip to determine the proportion of BrdU labelled 
S100 positive cells.
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CHAPTER 3

THE INTERACTION BETWEEN cAMP ELEVATION, IDENTIFIED 
GROWTH FACTORS AND SERUM COMPONENTS IN 
REGULATING SCHWANN CELL GROWTH.
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INTRODUCTION

The Schwann cell is the major glial cell of peripheral nerve trunks, 
surrounding all nerve fibres and in many cases wrapping concentrically 
around the axon to form the myelin sheath. Understanding the factors 
controlling proliferation of this cell is of utmost importance when 
considering the maintenance of integrity and development of the 
peripheral nervous system. During early development Schwann cells 
migrate and proliferate along newly formed axons. High rates of division 
occur until a few days after birth when rates fall gradually coinciding with 
the onset of myelination (Brown and Asbury, 1981; Friede and 
Samorajski, 1968). Adult Schwann cells however are normally quiescent, 
proliferating only when nerve injury occurs or a Schwann cell tumour 
arises. In vitro Schwann cells normally divide very slowly in serum- 
containing medium (Raff et al., 1978; Brockes et al., 1980; Porter et al.,
1986). However, if maintained in culture for a period of 2 -  3 months 
without passaging they will immortalize, being able to proliferate in the 
absence of exogenous growth factors (Eccleston et al., in press). 
Continual stimulation of Schwann cells with forskolin and glial growth 
factor for several months also results in an immortalized cell (Porter et al.,
1987) which will, when injected into a syngeneic rat, form a tumour 
resembling a Schwannoma (Langford et al., 1988).

The factors required to stimulate mitosis in the Schwann cell have 
been analysed in many studies most of which have been complicated by 
the presence of serum and plasma in the culture medium eg. Eccleston et 
al., 1987; Davis and Stroobant, 1990, Raff et al., 1978; Ridley et al., 1989. 
The complex nature of serum and its multiplicity of actions renders 
difficult a complete analysis of factors required for Schwann cell DNA 
synthesis to occur. Therefore in this study serum-free medium has been 
used to analyse the mitogen requirements of short-term Schwann cells. 
Those mitogens found to be effective were then tested on long-term 
cultured Schwann cells to help us understand the mechanisms underlying 
Schwann cell growth control.

Results show that a combination of elevated cAMP and a growth 
factor are required to stimulate mitosis in short-term cultured Schwann 
cells whereas a single growth factor, but not exogenously added cAMP,
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will stimulate division in long-term cultured Schwann cells. This can be 
directly related to the fact that intracellular levels of cAMP are elevated in 
long-term cultured Schwann cell which can therefore undergo mitosis in 
response to various growth factors known to stimulate mitosis in short­
term cultured Schwann cells.
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METHODS

Measurement of cAMP
Purified Schwann cells were placed onto PLL coated 4 well plates at 

100,000 cells per well in DME containing 10% calf serum. After 7hr in 
culture medium, the medium was aspirated from each well and the cells 
frozen onto the dish with liquid nitrogen. 2 0 0 /d of ice cold 5% 
trichloroacetic acid (TCA) were added and the cells frozen and thawed 
four times. The cells were scraped from the wells and centrifuged for 2 
min at 14,000 x g. Supematents were lyophilized then assayed for cAMP 
using a detection kit from Amersham International pic employing the 
acetylation procedure to increase sensitivity. TCA precipitated pellets 
were used for protein estimation.

Mitogen screening
All the factors listed in table 1 were tested alone in serum free medium 

with GGF (0.9//g/ml) or with forskolin (0.1-20//M). In all cases where a 
dose range is given at least three concentrations of factor were tested and 
at least two different concentrations of forskolin were used.
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RESULTS

Mitogens for Short-term cultured Schwann cell in serum-free medium.
Of the extensive list of potential mitogens screened in serum-free 

medium (Table 3.0) none of the factors alone were found to act as 
Schwann cell mitogens. Factors were screened with either |GGF or 
forskolin. Only combinations of the adenylate cyclase activator forskolin 
with PDGF, GGF or bFGF resulted in DNA synthesis ( Fig.3.0). Similar 
results were obtained when DBcAMP (10 M ) was used to elevate 
intracellular cAMP levels instead of forskolin. GGF and forskolin were 
also able to cause dose dependant DNA synthesis when the Schwann cells 
were prepared and seeded in serum-free medium (data not shown). This 
indicates that any traces of serum remaining attached to coverslips after 
washing are not crucial for Schwann cell DNA synthesis. PDGF and 
bFGF were not tested in this manner. No single agent was able to initiate 
DNA synthesis in 48hrs. Agents that elevate cAMP were able to stimulate 
low levels of DNA synthesis (labelling index of 3-4%) in serum-free 
medium when used for longer time periods (> 48hr). TGF-/?i (1-10 
ng/ml) has previously shown to be a Schwann cell mitogen in serum 
containing medium (Eccleston et al., 1989; Ridley et al., 1989). In this 
study however TGF-jS^ did not stimulate DNA synthesis in serum-free 
medium when used alone or in combination with forskolin (0.1-10//M).

Mitogens for Long-term cultured Schwann cells in serum free medium.
Only those combinations of mitogens that caused DNA synthesis in short-term 
Schwann cells were tested on long-term Schwann cells. These factors 
were applied singly to the the long-term cultures. The results show that 
long-term Schwann cells, unlike short-term Schwann cells, are able to 
proliferate in serum-free medium. This division rate can be enhanced by 
the polypeptide growth factors PDGF (5 ng/ml), GGF (0.9/^g/ml) and FGF 
(100 ng/ml) but was not effected by DBcAMP (10- ^ M ) or forskolin 
2/zM (Fig.3.0). As reported for short-term Schwann cells TGF-/^ 
(2.5ng/ml) was unable to stimulate DNA synthesis of long-term Schwann 
cells.
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cAMP levels in short- and long-term cultured Schwann cells
cAMP levels were measured in short- and long-term Schwann cell 

cultures. Long-term cultured Schwann cells had a 2-3 fold increase in 
intracellular cAMP compared to short-term cultures (Table 3.1).
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FIGURE 3.0. FGF,GGF and PDGF each synergize with 
forskolin to cause DNA synthesis in Schwann cells. Short­
term Schwann cell cultures were incubated in serum-free 
medium for 48 hr with various concentrations of forskolin 
together with (A) FGF either 100 ng/ml (□) or 50 ng/ml (♦); 
(B) GGF either 1.8/zg/ml (□) or 0.9/^g/ml (^; (C) PDGF either 
5ng/ml (♦) or 2.5ng/ml (□). DNA synthesis was measured by 
incorporation of BrdU over the last 24 h r . Each experimental 
value represents the mean of at least three separate 
experiments ± SEM.
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FIGURE 3.1. FGF (lOOng/ml), GGF (O.^g/ml) and PDGF (5 
ng/ml) but neither cAMP (1 x 10“^M), forskolin (2/iM) nor 
TGF-fii (2.5ng/ml) stimulate DNA synthesis in long-term 
Schwann cell cultures. BrdU was added for the last 24hr of 
culture. Each point represents the mean of at least three 
separate experiments. In all cases p < 0.01.
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TABLE 3.1
Intracellular cAMP is elevated in long-term cultured Schwann cells.

Schwann cells fmol/1 0 0 , 0 0 0  cells fmol/^g protein

Short-term 196 ± 15.9 (n=5) 6.9 ± 0.8

Long-term 429 ±45 (n=4) 19.0 ± 1.3

Short- or long-term cultured Schwann cells were trypsinised and seeded 
on PLL coverslips at a density 100,000 cells/well for 7 hr. Samples were 
then prepared as described in the text. Results show mean ± SEM; n, 
number of samples from a representative experiment, p < 0 .0 2 .
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DISCUSSION

It is clear that short-term cultured Schwann cell in serum-free 
medium are quiesent and that they do not divide in response to a single 
growth factor. Rather the combination of a growth factor (bFGF, PDGF 
or GGF) with an agent that elevates intracellular cAMP is required. 
Interestingly, TGF-fii was unable to initiate DNA synthesis in serum-free 
medium, even when coupled with varying amounts of forskolin. Studies 
of Eccleston et al., 1989 and Ridley et al., 1989 have demonstrated that in 
serum-containing medium TGF-/^ is a mitogen for Schwann cells. This 
effect could be enhanced when low levels of forskolin were used as a co­
mitogen (Ridley et al., 1989). This suggests that in order for TGF-/?i to 
act as a Schwann cell mitogen the presence of an as yet unidentified serum 
factor is required, although serum factors are not necessary for the 
mitogenic effect of bFGF or PDGF. Previous studies carried out in 
serum-containing medium have not clearly established the requirement of 
a cAMP elevating agent for Schwann cell mitosis to occur. Studies of 
Ratner et al., (1988), Eccleston et al., (1987,1990, in press) and Yong et 
al., (1988) have demonstrated that FGF and PDGF are mitogens for 
Schwann cells when used in isolation in serum-containing medium, 
whereas in other studies these growth factors did not cause DNA 
synthesis, (Salzer and Bunge, 1980 ; Davis and Stroobant, 1990; 
Weinmaster and Lemke, 1990). The use of the adenylate cyclase activator 
forskolin (Seamon and Daly, 1986) as a co-mitogen has however 
potentiated the response to these growth factors in cultures where the 
exogenously added growth factors alone had no effect (Weinmaster and 
Lemke, 1990; Davis and Stroobant, 1990). The apparent discrepancies 
between these studies are probably due to the use of different experimental 
regimes and sera. Some sera, for instance may contain agents that raise 
cAMP above basal levels. The presence of forskolin is not required to 
unveil the mitogenic effect of GGF in serum-containing medium but has 
been shown to potentiate effects observed (Ridley et al., 1989; Raff et al., 
1978; Davis and Stroobant, 1990).

These observations in serum-free medium suggest that the short-term 
Schwann cell, like the Swiss 3T3 cell, requires the activation of at least 2 
intracellular messenger pathways in order for DNA synthesis to occur
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(Rozengurt, 1986). One of these pathways appears to act via intracellular 
cAMP. Evidence of Meador-Woodruff et al., (1984), Saunders and 
DeVries (1988a, 1988b), and Saunders et al., (1989), using axolemma and 
myelin fractions show that Schwann cell mitosis in response to these 
factors involves phosphoinositide metabolism, diacylglycerol production, 
protein kinase C activation and an increase in intracellular pH. These data 
indicate that in addition to cAMP elevation phosphoinositide metabolism 
and protein kinase C activation are required for Schwann cell mitosis to 
occur. Earlier studies carried out in serum-free medium have shown that 
both neurites (Salzer and Bunge, 1980) and axolemmal fractions (Sobue et 
al., 1983) can cause Schwann cell mitosis, in both these cases however, it 
is likely that more than one growth factor is involved. Another study has 
reported that cholera toxin, urokinase and fibronectin are all Schwann cell 
mitogens when applied singly in serum-free medium for 72hrs (Baron van 
Evercooren et al., 1987). Inconsistencies noted between studies may also 
variance due to the longer observation period used or be due to differences 
in the extent of washing of cell cultures to remove traces of serum before 
application of the mitogen in question. In this respect we have shown that 
it is possible to stimulate Schwann cell mitosis in serum-free medium by 
GGF and forskolin even when cells are prepared and seeded without 
serum.

The long-term cultured cell Schwann clearly differs from its short­
term counterpart in that it is able to proliferate in serum-free medium 
without the addition of exogenous growth factors. It is also able to 
undergo enhanced proliferation rates in response to the polypeptide 
growth factors PDGF, FGF or GGF when used alone and is not stimulated 
to divide by agents known to elevate intracellular cAMP. Comparisons of 
the intracellular cAMP levels of the two cell types revealed that the long­
term cultured Schwann cell has a constitutively higher basal cAMP level 
than the short-term cell. This observation may offer an explanation for 
the reduced growth factor requirements of long-term cultures. If, as has 
been demonstrated here activation of two intracellular messenger 
pathways are required for DNA synthesis, and the long-term Schwann 
cell has elevated intracellular cAMP levels, then application of a single 
mitogen that acts via a different second messenger pathway would be 
sufficient for DNA synthesis to occur. Conversely, as shown, further
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stimulation of the adenylate cyclase pathway alone may not enhance 
division rates. An explanation is still required, however, for the 
proliferation of the long-term cultured Schwann cell observed in serum- 
free medium. This could be attributed to production of an autocrine 
growth factor(s) by this cell. This factor could stimulate a second 
messenger pathway that would couple with the already elevated cAMP 
resulting in DNA synthesis. Indeed Porter et al., (1987) reported that both 
mitogen treated Schwann cells and immortalized Schwann cells release 
autocrine growth factors and I have shown that both short- and long-term 
Schwann cells secrete a PDGF like molecule in similar amounts. 
Antibody blocking studies have demonstrated that this endogenous PDGF 
can act in an autocrine manner on long-term cells (Eccleston et al., 1990). 
The lack of response of the short-term cultured Schwann cell to PDGF 
alone in serum-free medium could be solely attributed to its lower 
intracellular cAMP levels. If this were the case one might expect 
application of a cAMP elevating agent alone to short-term Schwann cells 
in serum-free medium to result in DNA synthesis. These results show 
that in a 48 hr time period no Schwann cell division is seen in response to 
these agents. However, when studies were carried out over longer time 
period a small amount of cell division was observed. Since elevation of 
intracellular cAMP upregulates Schwann cell PDGF receptor mRNA and 
protein (Weinmaster and Lemke, 1990) it has been suggested that the 
observed mitogenic cooperativity between polypeptide growth factors and 
cAMP might result from increased expression of the corresponding 
growth factor receptor. In the short-term Schwann cell the observed lag 
in PDGF receptor gene expression induced by cAMP elevating agents 
may account for the delayed initiation of DNA synthesis seen in response 
to these agents. PDGF secreted by the cells themselves would only be 
able to initiate DNA synthesis when receptor levels were high enough. In 
other cells such as the Swiss 3T3 cell however, the synergistic effects of 
cAMP and polypeptide growth factors are not dependant on upregulation 
of growth factor receptors (Rozengurt, 1986).

At present the mechanisms responsible for producing elevated cAMP 
levels in long-term Schwann cells are unknown. Long-term Schwann 
cells may secrete an agent that acts in an autocrine manner to elevate 
intracellular cAMP. A factor that can elevate intracellular cAMP and
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couple with growth factors to invoke DNA synthesis in the Schwann cell 
has, however, not yet been found. Recent studies (Yasuda et al., 1988) 
have shown that vasointestinal peptide (VIP), secretin and /3 adrenegic 
agonists markedly elevate Schwann cell cAMP levels but my studies and 
those of others (Davis and Stroobant, 1990: Raff et al., 1978) in which 
these substances, and many others known to raise intracellular cAMP 
levels in other cell types were screened, have not revealed any mitogenic 
effect. Elevation of cAMP levels per se may not be sufficient to stimulate 
DNA synthesis. The kinetics of the accumulation and differences in the 
intracellular localization of cAMP may need to be considered. Indeed 
Barsony and Marx, (1990) have shown using immunohistochemical 
techniques that the site of accumulation of cAMP varies depending upon 
the agonist used to stimulate cAMP production. Forskolin, for example, 
can cause nuclear accumulation of cAMP whereas calcitonin causes 
mainly cytoplasmic and perinuclear accumulation. Alternatively, the 
increased levels of cAMP detected in long-term cells could be due to an 
oncogenic mutation. Such a mutation has been described (Vallar et al., 
1988; Lundis et al., 1989) in a subset of pituitary tumours, the mutation 
residing in the adenylate cyclase control protein Gs. A third possibility is 
that elevated cAMP levels found in the long-term cultured Schwann cell 
compared to the short-term cultured cell is not due to active stimulation of 
adenylate cyclase in the long-term cell but due to inhibition of adenylate 
cyclase in the short-term cell. The possibility that the Schwann cell may 
produce growth inhibitors has recently been addressed by Eccleston et al., 
(in press) and Muir et al., (1990). In these studies a factor has been 
described that inhibits short-term but not long-term Schwann cell mitosis. 
The mechanism of action of this inhibitor is at present unknown but it is 
tempting to speculate that it acts by inhibiting adenylate cyclase.

Changes in the molecular phenotype of the long-term Schwann cell, 
when compared to the short-term cell (Eccleston et al., in press), may also 
be related to cAMP levels. Differences such as low level Pq expression, 
fibronectin expression and reduced NGF receptor levels (Eccleston et al., 
in press) have all been reported to be induced by elevating cAMP levels in 
short-term Schwann cells (Baron van Evercooren et al., 1986; Morgan et 
al., 1991: Monuko et al., 1988). The differential effects of TGF-/3, on 
short- and long-term cells may also be related to differences in
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intracellular cAMP levels. The mitotic response of short-term Schwann 
cells to TGF-/? is regulated by forskolin levels. Maximal synergistic 
effects are seen at 0.5//M forskolin being completely abolished by 5//M 
forskolin where basal rates of DNA synthesis are inhibited (Ridley et al., 
1989). In long-term Schwann cells where cAMP is constitutively 
elevated, TGF-/? has an inhibitory effect (Eccleston et al., 1989).

The sustained elevation of cAMP levels in the long-term Schwann 
cell may enable it to proliferate in serum-free medium in response to 
growth factors in an autocrine manner. This cell however is not fully 
transformed as judged by other criteria such as growth in soft agar and 
contact inhibition (Eccleston et al., 1990) and may thus represent an 
intermediate in the multi-step process of tumourigenesis. Two other 
Schwann cells types, the immortalized cell of Porter et al., (1987) and the 
SV40 Large T transfected cell of Ridley et al., (1988) are also defective in 
growth control and may also represent a intermediate tumour stage. In the 
latter case full transformation has been achieved by co-transfection with 
v-Ha ras. Whether these cells also have elevated cAMP levels is not 
known.

In summary this study shows that in serum-free medium it is 
necessary to elevate intracellular cAMP levels in order for DNA synthesis 
to occur in response to PDGF, FGF or GGF. The long-term Schwann cell 
has elevated basal levels of cAMP and therefore is able to undergo DNA 
synthesis in response to these growth factors without further cAMP 
elevation.
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CHAPTER 4

ROLE OF IGF-I AS A SCHWANN CELL MITOGEN IN 
VITRO AND DISTRIBUTION OF IGF IN VIVO
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INTRODUCTION

The control of Schwann cell proliferation is a process crucial to the 
development and maintenance of the peripheral nerve. When these 
proliferative control mechanisms break down a Schwann cell tumour, such 
as a neurofibroma or Schwannoma, may arise.

It is now well established that the growth factors FGF, PDGF, GGF 
and TGF-/3 are Schwann cell mitogens in vitro (Ratner et al., 1988; Raff 
et al., 1978; Krikorian et al., 1982; Ridley et al., 1989; Eccleston et al., 
1989, 1990; Davis and Stroobant, 1990; Weinmaster and Lemke, 1990; 
and chapter 3). The mitogenic effects of these factors are potentiated by 
elevation of intracellular cAMP (Davis and Stroobant, 1990; Chapter 3) 
which may act by upregulating growth factor receptors (Weinmaster and 
Lemke, 1990). In addition Schwann cell mitosis is stimulated by 
sympathetic and sensory neurones (Wood and Bunge, 1975) and axonal 
membranes isolated from these nerves, PC12 cells (Ratner et al., 1984) 
and brain (Ratner et al., 1988; DeCosta and DeVries, 1989). In all these 
studies however, medium was used containing serum, plasma or high 
concentrations of insulin. One of the factors responsible for the mitogenic 
properties of serum on other cell types, and the factor which is mimicked 
by high insulin concentrations is IGF-I (Froesch et al., 1985; Rechler and 
Nissley, 1985). Thus it is plausible that any mitogenic effects of IGF-I on 
Schwann cells were masked in previous studies by the presence of serum.

Correlative evidence suggests that IGF-I may play a role in 
Schwann cell proliferation during nerve regeneration. Studies of Hansson 
et al., (1986, 1987) have shown that IGF-I immunoreactivity in Schwann 
cells rapidly increases after nerve injury, slightly preceding the period of 
maximal Schwann cell mitosis (Clemence et al., 1989; Pelligrino et al., 
1986). Intense IGF-I immunoreactivity has also been detected in rapidly 
expanding, but not latent, neurofibromas (Hansson et al., 1988c). 
Moreover IGF-I and IGF-II have been described as mitogens for 
astrocytes (Han et al., 1987; Balloti et al., 1987), CNS glial cells that in 
certain respects resemble non-myelin-forming Schwann cells.

Using serum-free, insulin-free culture conditions this study 
demonstrates that IGF-I is a Schwann cell mitogen when used in
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combination with forskolin and either FGF or PDGF. Furthermore this 
study shows that Schwann cell possess IGF receptors and that IGF 
immunoreactivity is present in vivo at a time of rapid Schwann cell 
proliferation ie during embryogenesis.
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METHODS

IGF-type 2 receptor immunohistochemistry
Purified PI schwann cells were plated at 10000 cells per well on 

PLL coverslips in DME containing 10% CS. After 24 hr in culture the 
medium was removed, the wells washed three times in MEMH and 
replaced with insulin-free serum-free medium. 24hr later cells were 
fixed for 20min in 4% paraformaldehyde, permeabilized with acetone at 
-20°C for 4 min then labelled with rabbit polyclonal anti-IGF type 2 
receptor C2 (1:2000) (Scott and Baxter, 1987) for 30 min. After washing 
in PBS coverslips were incubated in anti-rabbit biotin for 30min followed 
by fluorescein-streptavidin for 20 min. Control experiments were 
performed by substituting rabbit serum (1:2000) for anti-IGF type 2 
receptor antibodies.

Binding studies
Binding studies were carried out on short-term cultured Schwann 

cells using a modification of the method of Han et al., (1987). Cells were 
plated at a density of 100,000 cells per well in DME and 10% CS onto 
tissue culture plastic. Forty-eight hr before the start of an experiment the 
culture medium was removed, the wells washed 3 times with DME and 
the medium replaced with serum-free medium. Cells were incubated at 
4^C in MEMH containing 1% BSA with radiolabelled IGF-I (100000 
cpm) with or without varying amounts of cold IGF-I, or 10“ ^M insulin or 
10”^M insulin for 6 hr. At the end of the incubation time each well was 
washed five times with ice cold PBS then the cells were solubilized in 1M 
NaOH for 10-15 min. The solubilized material was collected. Each well 
was washed with 200/d of ice cold PBS which was combined with the 
solubilized material and counted in a gamma counter.

Dried dissociated cells
Suspensions of Schwann cells from E l4-16, PI and adult rats 

prepared as described (General Methods) were spread on gelatin coated 
slides with a plastic pipette tip. Slides were left to dry then dessicated at 
4^C overnight before immunolabelling. Before addition of antibody dried 
cell preparations and teased nerves were blocked with 5% fat free milk for 
30 min.
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Preparation of dorsal root ganglion neurones
Dorsal root ganglia were removed from embryonic (El4), early 

postnatal (PI) and adult rats. Ganglia were dissociated in 0.25% trypsin, 
0.4% collagenase for 90min at 37°C in 5% C0 2 /9 5 % Air. The tissue was 
gently dissociated by triturating then centrifuged at 500xg for lOmin with 
an equal volume of MEMH containing 10% CS. Cells were plated on 
laminin coated 13mm coverslips and cultured in DME containing 10% 
horse serum supplemented with nerve growth factor (0.2//g/ml) , 10“^M 
cytosine arabinoside and 10~^M Fudr.

IGF immunohistochemistry
All cells were fixed for 20min in 4% paraformaldehyde then 

permeabilized for 2min with 0.2% Triton X100 in PBS. Mouse 
monoclonal anti-IGF-I (Sml.2) was used at a dilution of 1:200 for lhr 
followed by biotin labelled goat anti-mouse immunoglobulin (1 :2 0 0 ) (in 
PBS plus 10% calf serum, 0.01% sodium azide and 0.1M lysine) for 
30min then fluorescein/streptavidin for 20min. Double labelling was 
performed with anti-SlOO (1:1000) and rhodamine labelled goat anti- 
rabbit immunoglobulin (1:100). For early embryonic Schwann cells, 
sister cultures were labelled with anti-nerve growth factor receptor and 
anti-mouse rhodamine to identify Schwann cells.

Controls for immunohistochemistry
Controls for immunohistochemistry consisted of omission of the 

primary antibody or substitution of mouse immunoglobulins (IgGl) for 
the primary antibody. In other experiments the diluted anti-IGF-I 
antiserum was incubated with a semi-pure preparation of IGF-I peptide 
(human) for 30 min at 37^c followed by overnight incubation at 4^C 
before immunolabelling was carried out.

Electrophoresis and Western blotting
Schwann cells from postnatal day 1  rats were purified for 3 days as 

described above. The pure cultures were washed three times in MEMH 
then cultured for 2  days in serum-free medium. Cells were passaged in 
vercine containing 0.25% trypsin at 37^C for 10 min, then centrifuged for
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10 min at 500 x g. The cell pellets formed were homogenized and 
solubilized in 0.1M Tris pH 8 .8 , 2% sodium dodecyl sulphate (SDS), 
2mM EDTA, 2mM EGTA, containing ImM PMSF. DRG samples were 
homogenized in the same way. Protein content was measured using a Bio 
Rad Kit (see General Methods) All samples were boiled for 2 min, 
centrifuged at 14000xg for 5 min then diluted 1:1 in 2x sample buffer 
(Laemmli, 1970) and re-boiled for 5 min. Approximately 35fig of 
samples were applied to 7.5-22.5% polyacrylamide gradient gels and 
subjected to electrophoresis as described by Laemmli (1970). Proteins 
were then electrophoretically transferred onto nitrocellulose overnight at 
19 mA constant current. Lanes containing standards were excised and 
stained by amido black and the remainder of the nitrocellulose sheet was 
immunolabelled as follows. The nitrocellulose was blocked with 2.5% 
gelatin in Tris buffered saline (lOmM Tris pH 7.3, 500mM NaCl) for 2 hr 
at room temperature and then incubated for 2 0 hr at 4^C with mouse 
monoclonal anti-IGF-I (sml.2) diluted 1:10000 or rabbit polyclonal anti- 
IGF-I (R557A) diluted 1:200,000 in PBS containing 1% BSA. The 
nitrocellulose was then washed in five changes of PBS for a total of 2hr 
before incubating with horse radish peroxidase linked anti-mouse, or 
anti-rabbit immunoglobulins diluted 1:1000 in PBS containing 1% BSA 
for 1 hr at room temperature. The blot was washed 5 times in PBS over a 
lhr period then developed using diaminobenzidine as a chromagen in the 
presence of hydrogen peroxide.
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RESULTS

IGF-I is Schwann cell mitogen.
Studies carried out in serum-free medium containing insulin 

revealed that bFGF, PDGF and GGF are Schwann cell mitogens provided 
intracellular cAMP levels are elevated (Chapter 3). As insulin at high 
concentrations can mimic the effects of IGF-I the mitogenic effects of 
IGF-I on Schwann cells were studied. As expected from observations in 
Chapter 3, IGF-I had no effect on Schwann cell DNA synthesis when 
used alone or when used in combination with forskolin (10//M). IGF-I 
was however able to induce DNA synthesis when combined with PDGF 
and forskolin. This effect was dose dependent and could be mimicked by 
high concentrations of insulin (1/*M) (Fig 4.0). PDGF and forskolin were 
unable to cause Schwann cell mitosis in the absence of IGF-I or insulin. 
FGF and forskolin, on the other hand could stimulate DNA synthesis 
slightly (4%) in the absence of IGF-I (or insulin). This effect was 
nevertheless, potentiated by IGF-I in a dose dependent manner (Fig 4.0) 
or by 1//M insulin. Half maximal stimulation of DNA synthesis with both 
these growth factors was achieved by 6 - 8 nM IGF-I. In contrast, DNA 
synthesis induced by GGF and forskolin was unaffected by IGF-I at all 
concentrations tested.

Schwann cells express IGF receptors
Preliminary competitive binding studies (Table 4.0) showed that the 

Schwann cell IGF-I binding site has a higher affinity for IGF-I than for 
insulin. This indicated that the Schwann cell receptor was a type 1 IGF 
receptor. The Scatchard plot of the binding data for IGF-I (Scatchard, 
1949) was curvilinear however suggesting two (or more) classes of 
receptor. More than two classes of receptor can rarely be resolved when 
only one unlabelled and labelled ligand are used (Glieman et al., 1985) 
Assuming that only two classes of receptor are present, the association 
constant of IGF-I for these receptors was about 1.9 x 1 0 ^ M” * and 0.06 x 
10^ M” l. There were approximately 1 x 10^ high affinity IGF-I 
receptors per cell and approximately 5 x 10 ^ low affinity receptors per 
cell (Fig 4.1). Half maximal displacement of tracer binding could be 
achieved by 5nM IGF-I.
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As the type 2 IGF receptor is primarily localized to the Golgi 
apparatus and secondarily to the cell surface (Valentino et al., 1988) 
Schwann cell cultures were permeabilized before immunolabelling. These 
studies showed that Schwann cells expressed low levels of type 2 IGF 
receptor (Fig 4.2). These receptors could only be detected on Schwann 
cells when biotinylated second antibodies were used. In contrast 
contaminating fibroblast were highly IGF type 2 receptor immunoreactive, 
majority of the label apparently being associated with the Golgi apparatus 
(Fig 4.2).

Schwann cell IGF expression is developmentally regulated
To establish whether IGF is expressed by Schwann cells in vivo 

when Schwann cells are proliferating, and is absent when Schwann cells 
are quiescent, 2-3hr cultures and dried dissociated cell preparations from 
varying age rats were used. In 2-3hr cultures IGF immunoreactivity was 
detected in Schwann cells from embryonic rats but not in Schwann cells 
from postnatal or adult rats (Fig 4.3). Identical results were obtained from 
dried dissociated cell preparations. Schwann cells from postnatal and 
adult rats were identified by morphology (short-term cultures only) or by 
S100 coexpression. Embryonic Schwann cells could not be unequivocally 
identified as a marker restricted to these cells in vivo does not exist. As 
all the cells in these preparations were immunoreactive however, it 
follows that all the embryonic Schwann cells must express IGF.

IGF expression is upregulated in tissue culture
Schwann cells, from PI rats, were plated on PLL or laminin coated 

coverslips in serum-free or serum-containing medium, and labelled at 
various culture times up to 1 week. Schwann cells were identified by 
expression of S100 protein and/or by morphology. After 2-3 days in 
culture IGF immunoreactivity appeared in previously negative Schwann 
cells. All of the Schwann cells were IGF immunoreactive in some 
experiments whereas in others only a subpopulation were labelled (Fig 
4.4). Immunoreactivity was detected on most or all cells at all later 
culture times (Fig 4.5). The immunoreactive IGF in these cultures was 
diffusely present throughout the cytoplasm. Neither the substratum nor 
the presence or absence of serum were shown to have any effect on IGF
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expression.
IGF immunoreactivity was detected in all embryonic Schwann cells 

at all time points tested (up to 72hr). In both 2hr cultures and longer term 
cultures of embryonic Schwann cells two forms of IGF staining were seen. 
Many cells contained very bright granules of IGF immunoreactive 
material (Fig 4.3) whereas in a few cells faint IGF immunoreactivity was 
present in the cytoplasm. Neither the intensity of nor the appearance of 
the immunoreactivity varied with time in culture. Identification of 
embryonic Schwann cells, by comparing the morphology of the cells with 
NGF receptor labelled sister cultures, showed that cultures were over 90% 
pure.

IGF immunoreactivity is present in neurones
To determine whether neurones expressed immunoreactive IGF in 

vivo teased preparations were made from adult sciatic nerve. Axonal IGF 
immunoreactivity was found in unmyelinated axons (Fig 4.6) and on 
myelinated axons only at the node of Ranvier and at places were the 
myelin sheath was damaged (Fig 4.7). This latter observation suggests 
that the lack of immunoreactivity in myelinated axons was due to antibody 
penetration problems. No significantly immunoreactive Schwann cells 
were seen in these preparations. The presence of immunoreactivity in the 
unmyelinated axons and not the Schwann cells was determined by 
comparing the diameter of the IGF immunoreactive material with the 
diameter of the unmyelinated fibre and by examining the cytoplasm 
surrounding the Schwann cell nucleus.

To further establish the capability of neurones to express IGF 
cultures of sensory neurones were made from PI DRG. After 2-4 weeks 
partially purified cultures were labelled with monoclonal anti-IGF-I. In 
these experiments all neuronal cell bodies were moderately IGF 
immunoreactive whereas axons and Schwann/ satellite cells were faintly 
labelled (Fig 4.8). Similar results were obtained from DRG cultures 
prepared from El 6  and adult rats.

Controls
Several control experiments were carried out in 

immunohistochemical studies. In blocking studies 20//g /ml of semi-pure
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human IGF completely blocked IGF staining. No IGF-I labelling was 
seen when primary antibody was omitted or when the primary antibody 
was replaced with control IgGs. The monoclonal anti-IGF-I (sml.2) has a 
1% cross reactivity with rat IGF-II (Clemmons and Van Wyk, 1983). 
Therefore although IGF immunoreactivity seen is probably due to IGF-I 
the possibility that the antibody is cross reacting with IGF-II cannot be 
eliminated.

High molecular weight forms of IGF immunoreactivity in the peripheral 
nervous system.?

Samples of PI rat DRG and purified Schwann cells (4 days in 
culture) were electrophoresed on 7.5-22% gradient gels, blotted onto 
nitrocellulose and immunolabelled with either monoclonal anti-IGF-I 
(sml.2) or polyclonal anti-IGF-I (R557A). No bands with the same 
relative mobility as IGF-I were seen. In all samples, 3 immunoreactive 
bands were seen with molecular weights of 11, 15 and 19kDa (Fig 4.9). 
Occasionally IGF immunoreactive bands with a molecular weight between 
24-29kDa were detected. Identical bands were detected with both 
antibodies and were not seen in control experiments where the primary 
antibody was substituted with mouse or rabbit serum. 2 0 /rg of semi-pure 
human IGF-I showed a single band of molecular weight 7.5kDa.
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FIGURE 4.0. IGF-I is a Schwann cell mitogen. FGF and 
PDGF synergize with forskolin and IGF-I to cause synthesis 
in Schwann cells. Schwann cell cultures from new bom rats 
were incubated in serum-free medium for 48 hr with various 
concentrations of IGF-I together with PDGF 2.5 ng/ml and 
10/zM forskolin (*) (upper panel), or bFGF lOOng/ml and 10 

forskolin (e) (lower panel). DNA synthesis was measured 
by incorporation of BrdU over the last 24hr. Each 
experimental value represents the mean of at least three 
experiments.
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PDGF

FORSKOLIN

0 1 0 20

[IGF-1] nM

FGF
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LIGAND % BINDING

1 2 5 I-IGF-I only 

+ IGF-I 1(T7M 

+ INS 1(T6M 

+ INS 1(T9M

100.00 

8.1 ± 1.9 

55.8 ± 5 

92.0 ± 2

Table 4.0. Binding of l^ I - IG F -I  to Schwann cells in 1 week-old 
cultures of new bom rat sciatic nerve. Cells were incubated with 125j_ 
IGF-I (100,000 cpm) with or without a 100 fold excess of unlabelled 
IGF-I, or with insulin for 6 hr at 4^C. Binding was determined as 
described in Methods. Each result is the mean ± S.E.M of 3 separate 
experiments.
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FIGURE 4.1. Scatchard analysis of the binding of ^ ^ I-IG F - 
I to new bom Schwann cells cultures, as determined by 
gamma counting. (A) The concentration dependence of 125j_
IGF-I binding. Non specific binding (3%) was determined by 
adding 1  jjM  unlabelled IGF-I. (B). Scatchard analysis of 
data shown in (A). Each point is the mean of 3 replicates.
The S.E.M of each data point was less than 5%. These data suggest that

o
there is a high affinity binding site with a Ka of approximately 2 x 10° 

and approximately 1 x 10^ receptors per cell. The low affinity 
binding site has a Ka of approximately 0.6 x 10^ M” 1 and approximately 
6  x 105 receptors/cell.
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FIGURE 4.2 Schwann cells express IGF type 2 receptors. 
These photographs show cultured Schwann cells from PI rat 
sciatic nerve. (A) phase contrast; (B) Fluorescein optics to 
visualize IGF type 2 receptor. Note the intense IGF-2 
receptor immunoreactivity associated with the Golgi 
apparatus in fibroblasts (arrow) (C) Rhodamine optics to 
visualize NGF receptor. Bar = 10//
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FIGURE 4.3. IGF immunoreactivity is downregulated in 
Schwann cells in vivo. These photographs show cells from 
E15 and PI sciatic nerves after 2-3 hr in culture. Fluorescein 
optics were used to visualize IGF immunoreactivity in (A) 
E15 Schwann cells and (B) PI Schwann cells . Bar = 10fi.
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FIGURE 4.4. A subpopulation of Schwann cells express IGF 
immunoreactivity in after 2-3 days in culture. These 
photographs show PI Schwann cells after 2 days in culture. 
(A) Fluorescein optics to visualize IGF; (B) phase contrast. 
Bar=10//.
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FIGURE 4.5. IGF immunoreactivity is expressed by all 
Schwann cells after 1 week in culture. These photographs 
show Schwann cells from PI rats after 1  week in tissue 
culture. (A) Fluorescein optics to visualize IGF; (B) phase 
contrast. Bar=lQw.
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FIGURE 4.6. Unmyelinated axons in adult sciatic nerve 
express IGF in vivo. These photographs show IGF 
immunoreactivity in unmyelinated axons of teased sciatic 
nerve preparations from adult rat. (A) Fluorescein optics to 
visualize IGF in unmyelinated fibres; (B) Phase contrast. Bar 
= 10//.
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FIGURE 4.7. Myelinated axons are IGF immunoreactive in 
areas where the myelin sheath is torn. These photographs 
shows IGF immunoreactivity in a part of a myelinated axon 
where the myelin sheath is absent. (A) Fluorescein optics to 
visualize IGF; (B) phase contrast. Bar = 10 //.
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FIGURE 4.8. Sensory neurones are IGF immunoreactive in 
vitro. These photographs show DRG neurones prepared from 
PI rats after 1 week in culture. (A) Fluorescein optics to 
visualize IGF; (B) phase contrast. Bar = 10jjl.
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FIGURE 4.9. IGF immunoblotting. Preparations of PI rat 
DRG and purified Schwann cells were electrophoresed on 
7.5-22% gradient SDS gels, transferred to nitrocellulose and 
immunolabelled with mouse monoclonal anti-IGF-I. Blots 
were developed using diaminobenzidine as a chromaphore in 
the peroxidase colormetric reaction. Lane A = purified 
Schwann cells; Lane B = DRG.
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Discussion
This study demonstrates that IGF-I is a Schwann cell mitogen in 

tissue culture and may play a role in Schwann cell proliferation in vivo.

Role of IGF-I in Schwann cell proliferation
Using serum-free medium lacking insulin we have shown that 

IGF-I stimulated Schwann cell DNA synthesis in a dose dependent 
manner in the presence of forskolin and either FGF or PDGF. IGF-I was 
essential for the mitogenic response of PDGF and forskolin and 
potentiated the mitogenic response of FGF and forskolin. In both cases 
half maximal response was achieved by 6-7nM IGF-I and could be 
mimicked by high concentrations of insulin. Both PDGF and FGF have 
previously been reported to be Schwann cell mitogens in medium 
containing serum (Krikorian et al., 1982; Ratner et al., 1988; Eccleston et 
al., 1990; Weinmaster and Lemke, 1990 ), plasma (Davis and Stroobant, 
1990) or high concentrations of insulin (Chapter 3). Thus in all these 
studies the mitogenic effects of IGF-I would have been masked. The 
mitogenic effects of GGF and forskolin were not however effected by 
IGF-I. As the GGF in this study was impure no definite conclusions 
about the role of IGF-I in DNA synthesis caused by this agent can be 
made. In this study IGF-I alone did not cause DNA synthesis. 
Interestingly the astrocyte, a CNS glial cell that in many ways resembles 
the non-myelin-forming Schwann cell (Mirsky and lessen, 1990), has 
been shown to respond mitogenically to IGF-I (Balloti et al., 1987; Han et 
al., 1987)

Binding studies using radiolabelled IGF-I and unlabelled IGF-I 
and insulin as competitors show that the Schwann cell receptor has a 
higher affinity for IGF-I than insulin. This observation coupled with the 
fact that IGF type 2 receptor does not bind insulin (Rechler and Nissley, 
1985) suggest that Schwann cells possess type 1 IGF receptors. Scatchard 
analysis revealed however that IGF-I binds to a high affinity and low 
affinity receptor on Schwann cells. IGF-I can bind to the type 1 and type 
2 IGF receptor and the insulin receptor (eg Rosenfeld, 1989). Based on 
the relative affinities of IGF-I for these receptors (and see above) it seems 
likely that the high affinity receptor is the type 1  IGF receptor. The low 
affinity receptor, on the other hand may be the IGF type 2 receptor (see
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below) or the insulin receptor. Whether Schwann cells express all three 
receptor type cannot be determined from these studies. Further 
experiments using radiolabelled and unlabelled IGF—II and insulin should 
answer this question. The association constant of the high affinity 
receptor (1.9 x 10^ M~^) and the amount of IGF-I required to cause half 
maximal displacement of tracer (5nM) are in close agreement with values 
reported for IGF-I receptors on other glial cells (Sheman et al., 1986, 
Balloti et al., 1987 ). Similarities between the dose response curves for 
IGF-I induced DNA synthesis and competition of tracer IGF-I suggest 
that these receptors probably mediate the mitogenic effect of IGF-I and 
high concentrations of insulin on Schwann cells.

Low levels of IGF type 2 receptor were detected on cultured 
Schwann cells. This receptor is identical to the mannose-6-phosphate 
receptor (MacDonald et al., 1988) and may thus be involved in lysosomal 
processing. In addition a potential role in modulation of IGF levels has 
been suggested (Senior et al., 1990). However this receptor is not 
believed to mediate the mitogenic effects of either IGF-I or IGF—II.

Is IGF-I a Schwann cell mitogen in vivo?
In order to determine whether IGF might have a role as a Schwann 

cell in vivo, this study examined the expression of immunoreactive IGF in 
cell suspensions dried on microscope slides immediately after dissociation 
of the nerve and in 2-3hr cultures. High levels of IGF immunoreactivity 
were seen in Schwann cells in early nerve development (E14-16). By 
birth and throughout adult life however, Schwann cells were not IGF-I 
immunoreactive. Thus the expression of high level IGF immunoreactivity 
correlates with the rapid Schwann cell proliferation occurring during 
embryogenesis (lessen and Mirsky, personal communication, Webster and 
Favilla, 1984). While in the adult rat where Schwann cells are quiescent 
IGF immunoreactivity is undetectable. Other studies have detected very 
low levels of IGF-I immunoreactivity in some or all Schwann cells of the 
adult rat sciatic nerve (Hansson et al., 1986, 1987, 1988a, 1988b). These 
results taken together with the results of this study suggest that IGF-I is 
expressed in adult rat Schwann cells at very low levels that are barely 
detectable by immunohistochemical techniques.

In the chick peripheral axons Ralphs et al., (1990) detected dense
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IGF labelling but failed to detect any Schwann cell associated IGF. The 
discrepancy between this study and ours may reflect species differences 
and/ or the stage of embryonic development. In addition, using in situ 
hybridization, no mRNA for IGF-I or IGF-II has been detected in the 
developing rat PNS (Beck et al., 1987,1988; Stylianopoulou et al., 1988). 
However, in contrast to other studies (Sandberg et al., 1988; Rotwein et 
al., 1988; Brown et al., 1986; Lund et al., 1986), Beck et al., (1987, 1988) 
also failed to detect any IGF-I in the developing or mature brain. This 
discrepancy may reflect differences in sensitivity between the techniques 
used in these studies. Thus it is possible that low levels of IGF-I mRNA 
expressed in the peripheral nerve may not have been detected by these 
authors. Indeed the results of this study suggest that both Schwann cells 
and neurones are capable of synthesizing IGF at least in tissue culture.

Aside from embryogenesis, Schwann cells also proliferate during 
nerve regeneration and tumourgenesis. Evidence for a role of IGF-I in 
regeneration has been provided by several studies (Hansson et al., 1986, 
1987a; Kanje et al., 1990; Sjoberg and Kanje, 1989). Cut or crush of the 
sciatic nerve resulted in increased Schwann cell IGF-I immunoreactivity 
within 1  day of injury, the levels remaining high for several weeks 
(Hansson et al., 1986, 1987a). The upregulation of IGF-I expression 
coincides with the increased Schwann cell proliferation rates seen after 
nerve injury (Clemence et al., 1989; Pelligrino et al., 1986). The levels of 
Schwann cell IGF-I remained elevated however, after the peak period of 
mitosis suggesting that IGF-I may also play other roles in regeneration. In 
this regard IGF-I has been shown to play a role in neurite outgrowth, and 
neuronal survival in vitro (Caroni and Grandes, 1990; Torres-Aleman et 
al., 1990; Svrzic and Schubert, 1990). Further evidence for an in vivo role 
of IGF-I in stimulating Schwann cell proliferation is provided by Sjoberg 
and Kanje, (1989) and Kanje et al., (1990). In these studies IGF-I 
perfusion was shown to enhance the regeneration rates of freeze injured 
sciatic nerves. Rates of non-neuronal cell proliferation were also elevated 
under these conditions. If neurite outgrowth was prevented however, 
perfused IGF-I had no effect on Schwann cell proliferation. Thus it 
appears that in vivo the axon is essential for Schwann cell mitosis in 
response to IGF-I. The role of the axon may be to elevate Schwann cell 
intracellular cAMP levels (Ratner et al., 1984) an effect which is
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mimicked by forskolin in tissue culture. The results of this study predict 
that the presence of either FGF or PDGF may also be required for the 
observed mitogenic effects of IGF-I in vivo. Both of these factors are 
likely to be present in peripheral nerves (Yeh et al., 1991; Sasahara et al., 
1991; Eccleston et al., 1990; Logan and Logan, 1986; Gonzales et al., 
1990)

The presence of IGF-I has also been correlated with Schwann cell 
proliferation in von Recklinghausen's disease (Hansson et al., 1988c). 
Intense IGF-I immunoreactivity is seen in rapidly expanding lesions 
while quiescent neurofibromas are non IGF-I immunoreactive. In addition 
basic FGF has been detected in these tumours (Ratner et al., 1990). Thus 
the combined effects of FGF and IGF-I may be responsible for cell 
proliferation in neurofibromas. In the CNS enhanced levels of IGF-I and 
IGF-II mRNA have been detected in human gliomas (Sandberg et al.,
1988) again suggesting a role for IGFs in proliferation of glial cells.

IGF immunoreactivity is expressed by neurones both in vivo and in vitro
Previous studies have demonstrated that peripheral nerves of the 

adult rat express low levels of IGF-I immunoreactivity in vivo (Hansson 
et al., 1986, 1987, 1988a, 1988b; Andersson et al., 1986). This study 
confirms the in vivo localization of IGF and shows that sensory neurones 
from varying developmental stages, express IGF in tissue culture. IGF 
immunoreactivity was detected in all neuronal cell bodies and at low leves 
in axons suggesting that neurones synthesize IGF in vitro. IGF expression 
was also seen in unmyelinated axons of teased adult sciatic nerves and in 
myelinated axons at the nodes of Ranvier. The presence of 
immunoreactive IGF in areas of myelinated axon where the myelin sheath 
was torn suggest that antibody penetration problems prevented the 
visualization of IGF expressing myelinated axons. In vivo the rapid 
axonal transport of IGF mainly in the anterograde direction has been 
reported (Hansson et al., 1988) confirming that neurones synthesize IGF. 
The rapid axonal transport of IGF suggests that it may play a role along 
the axon or at synapses. Indeed IGF-I has been suggested to play a role in 
stimulating neurotransmitter release in the sympathetic nervous system 
(Dahmer et al., 1990).
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Do Schwann cells synthesize IGF precursors?
Three bands of IGF immunoreactivity (MW 19,15 and llkDa) 

were detected in Western blots of cultured Schwann cells, and postnatal 
rat DRG and sciatic nerve. The IGF detected in the nerve and DRG 
sample probably represents neuronal IGF as Schwann cells are not IGF-I 
immunoreactive at this developmental time. High molecular weight forms 
of IGF have been detected in several studies (Gelato and Vassolotti, 1990; 
Conover et al., 1989; Clemmons and Shaw, 1986; Tanaka et al., 1989; 
Powell et al., 1987; Hasselbacher and Humbel 1982; Hasselbacher et al., 
1985, Gowen et al.,1987; Yang et al.,1985; Atkinson and Bala, 1981). 
The 19kDa IGF detected in this study may correspond to the IGF-I 
precursor (IGF-IA) described by Conover et al., (1989) and Powell et 
al.,(1987) or the IGF-II described by Yang et al.,(1985). A 15kDa form 
of IGF-II has previously been reported by Gowan et al., (1987). A 11 kDa 
form of IGF has not been reported before, however this band may be 
equivalent to the lOkDa form of IGF-II discovered in other studies (Yang 
et al., 1985; Tanaka et al., 1989). The identities of the higher molecular 
weight forms (24-29kDa) of IGF occasionally seen are not known. In this 
study no 7.5kDa IGF was detected suggesting that either this form is not 
synthesized in the nervous system or is present at levels too low to detect. 
Immunoprecipitation and pulse chase experiments using labelled 
cysteine may help to address this point

In conclusion, this study shows that IGF-I can act as a Schwann 
cell mitogen in vitro when used in combination with forskolin and either 
PDGF or FGF. These effects are probably mediated by the type 1 IGF 
receptor. In addition this study shows that IGF immunoreactivity is 
prominent in early embryonic nerves, which is a period of particularly 
rapid Schwann cell proliferation.
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CHAPTER 5

GAP-43 EXPRESSION IN THE PERIPHERAL NERVOUS
SYSTEM
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INTRODUCTION

Early studies on growth associated protein showed that GAP-43 is 
one of a small set of neurone specific membrane bound proteins involved 
in neural development and repair. In the developing nervous system 
GAP-43 expression is seen all along the axon but is particularly enriched 
at the growth cone (Meiri et al., 1986) where it is presumed to play a role 
on neurite extension and synapse formation (Benowitz and Routtenburg, 
1987; Skene, 1989; Snipes et al., 1987;). The synthesis and transport of 
GAP-43 is dramatically enhanced during regeneration of the mammalian 
PNS (Skene and Willard, 1981c; Tetzlaff et al., 1989) but levels do not 
increase or do so only transiently in the adult CNS where regeneration is 
abortive (Skene and Willard, 1981c; Kalil and Skene, 1986; Reh et al., 
1987). In the CNS of lower vertebrates however, where regeneration does 
occur levels off GAP-43 increase significantly in response to injury 
(Skene and Willard, 1981 a,b).

More recently however, it has been shown that GAP-43 expression is 
not confined to areas of axonal outgrowth or indeed restricted to neurones. 
Several studies have demonstrated that GAP-43 expression persists in 
several areas of the adult nervous system, such as the hippocampus, where 
a role in synaptic plasticity and remodelling is suggested (Benowitz et al., 
1988; Benowitz et al., 1989; De La Monte et al., 1989; McGuire et al., 
1988; Neve et al., 1987; Neve et al., 1988). Biochemically GAP-43 has 
been shown to be a substrate for protein kinase C (Aloyo et al., 1983), 
regulate phosphotidylinositol turnover (van Dongen et al., 1985: 
Oestreicher et al., 1983) and bind calmodulin (Andreason et al., 1983), 
suggesting a role in signal transduction. GAP-43 immunoreactivity has 
also been detected in glial cells of the CNS (Vitkovic et al., 1988; da 
Cunha and Vitkovic, 1989; Deloulme et al., 1990).

The presence of GAP-43 in the glial cells of the peripheral nerve, 
the myelin-forming and non-myelin-forming Schwann cells, is at present 
controversial. The experiments of Tetzlaff et al., (1989) have 
demonstrated the presence of GAP-43 immunoreactivity in reactive 
Schwann cells of the regenerating facial and sciatic nerves (Tetzlaff et al.,
1989). The conclusion drawn from this study however was that the GAP- 
43 must be taken up from the regenerating axons by an unknown
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mechanism. Likewise Woolf et al., (1990), using cultures of dorsal root 
ganglia, showed that some Schwann/satellite cells expressed GAP-43 
albeit at low levels. Again the possibility of GAP-43 uptake from the 
neurones in the culture could not be eliminated. In contrast, no GAP-43 
immunoreactivity was detected in pure Schwann cells or in sympathetic 
neurone / Schwann cell mixed cultures (Meiri et al., 1988). The studies of 
Verhaggen et al., (1986) also failed to detect any immunoreactive GAP- 
43 in intact rat sciatic nerve or in the distal stump following nerve 
transection and Fitzgerald et al., (1991) detected no neuroglial associated 
GAP-43 in sections of developing peripheral nerves. The presence of 
GAP-43 in glial cells suggests that this protein may play a more general 
role in the nervous system than previously supposed.

This study shows that the expression of GAP-43 in the rat peripheral 
nervous system is far from being restricted to developmental and 
regenerative situations. Using western blotting and immunohistochemical 
techniques significant levels of GAP-43 immunoreactivity have been 
detected in all areas of the adult autonomic nervous system examined and 
in mature non-myelin-forming Schwann cells and precursor Schwann 
cells.
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METHODS

Denervation
Adult Sprague Dawley rats weighing lOOg were anaesthesised with 

lml of chloral hydrate (45mg/ml in PBS). The left sciatic nerve was 
transected at mid-thigh level and the proximal portion deflected into a 
nearby muscle to prevent regenerating axons reaching the distal stump. 
The rats were then left for 4-13 days, after which they were killed by 
asphyxiation withlcarbon dioxide .These operations were carried out by Dr 
KR.Jessen.

Sympathectomy
Adult male Sprague Dawley rats (150g) were bilaterally 

sympathectomized by removal of the SCG under halothane anaesthesia. 
Before sacrifice the success of the operation was confirmed by the 
presence of Homers syndrome in the eye. These operations were carried 
out by Dr T.Cowen.

Stretch preparations of myenteric plexus
Segments of ileum, and colon were dissected out from adult and P7 

Sprague Dawley rats, cut open lengthwise and stretched, mucosal side 
down, onto pieces of Sylgard silicon rubber. All tissues were fixed in 4% 
paraformaldehyde in PBS for 4 hr at 4^c, dehydrated and rehydrated in 
ethanol then treated with 0.1% Triton X100 in PBS for two periods of 15 
min. The longitudinal and circular muscle layers, together with the 
myenteric plexus were peeled away from the rest of the intestine (Costa et 
al., 1979). This preparation was pinned down onto Sylgard longditudinal 
muscle surface upwards for immunohistochemistry.

Whole mount preparations
Rats sympathectomized for 6  days and control rats were killed with 

a lethal dose of sodium | pentobarbitone. Exsanguination was carried out 
by injecting 10ml of Tyrodes solution into the heart. The cerebral vessels 
(circle of Willis and the basilar artery) were removed and pinned out 
directly onto Sylgard. The tail vein and mysenteric veins were removed 
and opened out by cutting along the long axis of the vessel then pinned,
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outer surface upwards, onto Sylgard. Connective tissue was gently cut 
away from the vessel walls. Iris preparations were made by pinning the 
eye out onto Sylgard, cutting and peeling back the cornea, then removing 
the iris by cutting it away from the muscle layer at the base of the eye. All 
preparations were fixed for 4 hr at 4^C in 4% paraformaldehyde then 
processed as described for gut whole mounts. After paraformaldehyde 
fixation any dura matter present on the cerebral vessels was removed.

Wax sections
Colon, ileum and stomach were prepared and fixed as described in 

General Methods. Fixed tissues were embedded in polyester wax then 
sectioned at 4^C and mounted onto PLL coated slides. Samples were 
dewaxed and rehydrated through 100, 90 and 70% ethanol then 
immunolabelled as described in General Methods.

Immunohistochemistry 
Whole mounts and sections

Stretch preparations, whole mounts and wax sections were 
incubated in a humid chamber for 18hr with rabbit antiserum to GAP-43 
diluted 1:5000. On some wax sections either monoclonal anti-SlOO 
antibodies (1:500) or monoclonal anti-GFAP antibodies (1:10) were 
applied together with anti GAP-43 antibodies overnight. The 
preparations were washed in PBS then incubated for lhr with fluorescien 
or rhodamine conjugated goat anti-rabbit immunoglobulin (1:100). When 
double labelling experiments were performed preparations were incubated 
in anti-mouse biotin antibodies (1:100) for 1 hr washed in PBS, incubated 
with fluorescein-streptavidin (1 :1 0 0 ) for 2 0 min then washed and 
incubated with anti-rabbit rhodamine for 1  hr.

Blood vessel and iris preparations were sequentially double labelled 
with monoclonal anti-GAP-43 antibodies (1:300) for 18hr at room 
temperature followed by anti-mouse fluorescein for lhr. Preparations 
were washed in PBS then labelled overnight with anti-PGP 9.5 antibodies 
(Thompson et al., 1983) (1:400) followed by anti-rabbit biotin antibodies 
for lhr and streptavidin-texas red for 20 min. Parasymathetic fibres and 
sensory fibres were labelled with rabbit polyclonal anti-vasointestinal
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peptide antibodies (VIP 1:5000) and rat monoclonal anti-substance P 
antibodies (1:200) respectively, overnight at room temperature. Second 
antibodies were anti-rabbit and anti-rat fluorescein. Before mounting, 
blood vessel preparations were placed in 1 % pontamine sky blue for 1 0  

min to quench autofluorescence (Cowen et al., 1985).
All preparations were mounted in Citiflour anti-fade mounting 

medium and viewed for immunofluorescence with a Zeiss microscope 
using x63 oil immersion or x40, x25 or xlO dry phase contrast lenses, epi 
illumination and fluorescein and rhodamine optics.

Cultured Schwann cells
Long- and Short-term cell cultures (see General Methods) were 

stained with monoclonal anti-NGF receptor antibody used at a dilution of 
1:5000 or by monoclonal anti-04 (1:2) followed by goat anti-mouse 
rhodamine. The cells were fixed in 4% paraformaldehyde in PBS for 
20min then incubated in methanol for 10 min at -20^C before applying 
rabbit anti-GAP-43 at a dilution of 1:1000 followed by fluorescien 
conjugated to goat anti- rabbit immunoglobulins. All incubations were 
carried out for 30min at room temperature.

Dried dissociated cell preparations
Dried dissociated cell preparations were rehydrated in 4% 

paraformaldehyde in PBS and permeabilised as described above then 
stained with monoclonal anti-GFAP antibodies (1:10) together with 
polyclonal anti-GAP-43 (1:5000) in a humid chamber for 18 hr at room 
temperature. In some experiments monoclonal anti-GAP-43 antibodies 
(1:300) and polyclonal anti-GFAP antibodies (1:100) were used. Cells 
were incubated in secondary antibodies and mounted as described for cell 
cultures. In some instances dried cells were incubated in goat anti-rabbit 
biotin second antibody for 30 min followed by fluorescein-streptavidin 
for 2 0  min.

Teased nerve preparations
Teased sciatic and vagus nerves and sympathetic trunk were fixed 

and permeabilized as described above. Preparations were labelled 
overnight at room temperature with polyclonal anti-GAP-43 (1:5000)

118



together with either monoclonal anti-GFAP (1:10) or monoclonal anti- 
vimentin (1:100). Second antibodies were used as described for wax 
sections and whole mounts (see above).

Teased preparations of the distal stump of cut sciatic nerve were 
prepared 4, 7 and 13 post lesion. Preparations were labelled with 
monoclonal anti-NGF receptor (1:5000) for 1 hr, rinsed in PBS then 
incubated with anti-mouse rhodamine (1:200) for lhr. Preparations were 
fixed, permeabilized and labelled for GAP-43 as described above. To 
ensure that no axonal regeneration had taken place some preparations 
were labelled with RT97 (1:1000), which recognizes the phosphorylated 
form of the 210kDa neurofilament protein (Anderton et al., 1982). 
Preparations were fixed and permeabilized as described for GAP-43 
immunohistochemistry. Anti-mouse rhodamine second antibodies 
(1 :2 0 0 ) were used.

PGP 9.5 immunohistochemistry
Schwann cells and teased intact sciatic nerve and distal stump 

preparations (as described above) were fixed for 20min in 4% 
paraformaldehyde, washed in PBS, then permeablized with 0.1% triton for 
10 min. Cells were incubated with polyclonal anti-PGP 9.5 (1:400) for 30 
min followed by anti-rabbit fluorescien for 30 min. Coverslips were 
mounted and visualized as described in General Methods. Schwann cells 
were identified by morphology under phase contrast.

Controls
Controls were omission of the primary antibody or substitution of 

the primary antibody with pre-immune serum or application of the 
inapproprite second layer. As embryonic Schwann cells have to be 
cultured in BALB-C 3T3 conditioned medium to ensure cell survival 
(Mirsky and lessen, 1990; lessen personal communication) control 
experiments were carried out to ascertain the effect of this medium on 
GAP-43 expression by postnatal Schwann cells. PI sciatic nerve 
Schwann cells were cultured in this medium or DME containing 10% calf 
serum for periods up to 1 week and immunolabelled for GAP-43.
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Catecholamine histochemistry
Catecholamine histochemistry was carried out according to the 

method of De le Torre and Surgeon, (1976). 2.55g sucrose, 1.2g KH2 PO4  

and 0.375g of glyoxylic acid were dissolved in 25ml of distilled water. 
The pH of the solution was then adjusted to 7.4 with 1M NaOH. Tissue 
whole mounts dried onto glass microcope slides were dipped into the 
glyoxylic acid solution for three, 2 second periods. The tissues were dried 
with a hair drier then baked at lOO^C for 4 min. Slides were mounted in 
liquid paraffin and viewed for fluorescence with an Olympus microscope 
using x 10 and x 20 dry lenses and 420 nm light.

Forskolin treatment
Purified cultured Schwann cells were plated at a density of 10000 

cells/well in DME containing 10% CS on PLL coated coverslips. Cells 
were treated with 5//M or 1//M forskolin or ImM DBcAMP for 48hr at 
37^C 5% air/95 % CO2 . Control cultures had no additions. All coverslips 
were labelled for GAP-43 and NGF receptor.

Electrophoresis and immunoblotting
Preparations of longditudinal and circular muscle layers containing 

the myenteric plexus, adult rat sciatic nerve and sympathetic trunk were 
homogenized in 2% SDS, 2mM EDTA, 2mM EGTA, 5mM Tris pH 6 .8 , 
containing ImM PMSF, and boiled for 2 min. Homogenized tissues were 
centrifuged for 2 min at 14000xg, supematents removed and assayed for 
protein content using a Bio Rad kit (see General Methods). The remaining 
samples were diluted 1 : 1  with 2  x sample buffer containing 2 % 
mercaptoethanol and boiled for 5 min. Preparations were applied to 10% 
polyacrylamide gels and subjected to electrophoresis as described by 
Laemmli, (1970). Mini gels were run at 15mA at constant current while 
stacking and then at 20mA. Proteins were then electrophoretically 
transferred onto nitrocellulose (pore size 2fi) for 2.5hr at 150mA (constant 
current). Lanes containing standards were excised and stained with amido 
black for 3 min then destained with water. The remainder of the 
nitrocellulose was blocked with 2% gelatin in Tris buffered saline (pH 
7.3) for 2 hr at room temperature, then incubated with pre-immune serum 
or rabbit anti-GAP-43 dil 1:10000 in 0.1% BSA for 18hr at room
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temperature. The blots were then incubated with peroxidase linked goat 
anti-rabbit immunoglobulin (1:2000) for 1 hr at room temperature. After 
washing the blots were developed using lmg/ml diaminobenzidine as a 
chromaphore and hydrogen peroxide in the peroxidase colormetric 
reaction. A sample of pure GAP-43 was used as a control.

Schwann cells from postnatal day 1  rats were purified with 
cytosine arabinoside for 3 days, cultured for a further 2 days and then 
passaged with vercine containing 0.25% trypsin. Cells were pelleted by 
centrifugation at lOOOxg for 10 min, then homogenized in 2% SDS, 2mM 
EGTA, 2mM EDTA, and ImM PMSF and subjected to electrophoresis 
and immunoblotted as described above. Schwann cell membranes 
prepared from PI rats in conjunction with R Curtis were also blotted.
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RESULTS

GAP-43 is expressed in the enteric nervous system
GAP-43 immunoreactivity was seen in sections from all areas of 

the enteric nervous system of the adult rat. Intense immunoreactivity 
could be seen in the myenteric, submucosal and mucosal plexuses (Fig 
5.0, Fig 5.1). Immunoreactivity could also be seen in the nerves 
innervating the circular and longditudinal muscle layers. Neuronal cell 
bodies were generally unlabelled (Fig 5.2) as were glial cell bodies. No 
definative proof of GAP-43 immunoreactivity in the enteric glia could be 
seen. Stretch preparations of the myenteric plexus from the colon and 
ileum revealed that in addition to the myenteric ganglia and 
interconnecting strands, the secondary and tertiary plexuses were also 
GAP-43 immunoreactive (Fig 5.3). Both varicose and non-varicose 
autonomic fibres were GAP-43 labelled (Fig 5.3). GAP-43
immunoreactivity was compared with the immunolabelling pattern of PGP 
9.5 antibodies since this antigen is reported to be in all PNS neurones 
(Thompson et al., 1983; Gulbenkian et al., 1987). Comparison of the 
distribution of GAP-43 immunoreactivity with that of PGP 9.5 in similar 
preparations showed an essentially indistinguishable pattern of 
immunolabelling, suggesting that the entire myenteric plexus is GAP-43 
immunoreactive (Fig 5.3). Stretch preparations prepared from the 
myenteric plexus of 7 day old rat pups showed a similar labelling pattern 
to that seen in the adult rat (Fig 5.4). The intensity of immunoreactivity 
was also comparable. Experiments carried out using monoclonal anti- 
GAP-43 gave essentially the same labelling pattern as described above. 
Control experiments using pre-immune serum and omission of the 
primary antibody showed no immunoreactive material.

To confirm the presence of GAP-43 in the enteric nervous system 
preparations of rat ileum containing the circular and longditudinal muscles 
and the myenteric plexus were immunoblotted. The bands detected in 
these samples had an identical electrophoretic mobility to pure GAP-43 
protein on 10% SDS-polyacryamide gels. Immunoreactive bands were 
seen in preparations of plexus from adult, 7 day, and 1 day rats (Fig 5.5). 
No immunoreactive bands were detected when gels were incubated with 
pre-immune serum.
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GAP-43 immunoreactivity is widespread in the sympathetic and
parasympathetic nervous system

To establish whether GAP-43 was present in other areas of the 
mature autonomic nervous system preparations of various tissues (cerebral 
blood vessels, mesenteric vein, tail vein, iris) were immunolabelled with 
anti-GAP-43. The results showed that GAP-43 immunoreactivity was 
extensively and uniformly distributed in both varicose and non varicose 
fibres of all the tissues examined (Fig 5.6). Immunoreactivity was located 
exclusively to neuronal tissues. Double labelling of iris preparations with 
the neuronal marker PGP 9.5 and monoclonal anti-GAP-43 (91E12 
Goslin et al., 1988) showed an apparently complete overlap in labelling 
patterns (Fig 5.7). Immunolabelling of the tail vein, mesenteric vein, and 
cerebral vessels (circle of Willis and basilar artery) with monoclonal anti- 
GAP-43 gave similar results to labelling experiments with polyclonal 
anti-GAP-43.

The cellular localization of GAP-43 immunoreactivity in autonomic 
neurones.

In order to confirm the presence of GAP-43 immunoreactivity in 
sympathetic fibres, sympathectomy experiments were performed. 
Removal of the superior sympathetic ganglion resulted in a total loss of 
sympathetic fibres from both the iris and the circle of Willis. Partial loss 
of the sympathetic innervation of the basilar artery was seen. This was 
expected as the basilar artery also receives some sympathetic innervation 
from another source, probably the stellate ganglion (Tim Cowen personal 
communication). The loss of catecholamine fluorescence was not 
however accompanied by any obvious depletion of GAP-43 
immunoreactive fibres suggesting that GAP-43 might be expressed by 
Schwann cells in the bands of Biingner. Surprisingly labelling of 
preparations with anti-PGP 9.5 antibodies also failed to reveal any 
sympathectomy induced changes in density of innervation (Fig 5.8). As 
expected VIP (marker of parasympathetic fibres in these preparations) and 
substance P (indicative of sensory fibres) immunoreactivity were 
unaffected by sympathectomy (Fig 5.7).
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PGP 9.5 is expressed by Schwann cells in tissue culture and by reactive
Schwann cells

As PGP 9.5 immunoreactivity was apparently unaffected by 
surgical sympathectomy the neuronal specificity of this marker 
(Thompson et al., 1983) was questioned. PI Schwann cells cultured for 3 
and 24 hr were immunolabelled for PGP 9.5. Fig 5.9 shows that all 
Schwann cells in these culture were PGP 9.5 immunoreactive. Teased 
preparations of 4 and 7 day denervated distal stumps also showed PGP 9.5 
immunoreactivity associated with Schwann cells (Fig 5.8).

GAP-43 is expressed by some Schwann cells in the bands of Bungner
The experiments above suggested that reactive Schwann cells of the 

bands of Bungner express GAP-43. In order to confirm these
observations teased preparations of the distal stump of transected sciatic 
nerve were made and labelled with GAP-43 antibodies. The absence of 
regenerating axons was determined by neurofilament 
immunohistochemistry. At 4,7 and 13 days post cut GAP-43 
immunoreactivity was associated with a sub-population of Schwann cells 
the numbers of which did not increase over the experimental period. In 
contrast, NGF receptor (a marker of non-myelin-forming Schwann cells) 
expression was upregulated being expressed by all Schwann cells at all 
time points examined. Morphological examination of the GAP-43 
immunoreactive Schwann cells suggested that prior to denervation they 
were non-myelin-forming cells (Fig 5.9).

GAP-43 is expressed by non-myelin-forming Schwann cells in vivo
To establish whether Schwann cells in the intact nerve express 

GAP-43 in vivo teased nerve preparations and dried dissociated cell 
preparations were used. Teased nerve preparations from the mixed fibre 
nerves, the vagus and sciatic, showed that GAP-43 immunoreactivity was 
associated with unmyelinated fibres probably in non-myelin-forming 
Schwann cells. In some instances the axons of myelinating fibres were 
GAP-43 immunoreactive, whereas myelin-forming Schwann cells were 
never labelled. Non-myelin-forming Schwann cells were identified by 
morphology (5.10) and/or by GFAP co-expression.
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To confirm the presence of GAP-43 immunoreactivity in 
non-myelin-forming Schwann cells teased preparations of the 
sympathetic trunk, which is 99% unmyelinated (Aguayo et al., 1976a) 
were examined. As shown in Fig 5.11 GAP-43 immunoreactivity was 
present in all nerves fibres that co-expressed GFAP. It was however 
impossible to determine unequivocally whether the GAP-43 
immunoreactivity was associated with all the Schwann cells. Carefull 
examination of the teased nerves showed that GAP-43 was not exclusive 
to the non-myelin-forming Schwann cells. In certain areas it was 
possible to see GAP-43 immunoreactivity in the bead-like varicosities of 
autonomic axons (Fig 5.11).

In an attempt to unambiguosly identify GAP-43 in mature non- 
myelin-forming Schwann cells dried dissociated preparations from 
various adult rat nerves and ganglia were made. The results are 
summarized in Table 5.0. In preparations made from myelinated nerves, 
non-myelin-forming Schwann cells, identified by phase contrast or 
GFAP co-expression, were only occasionally labelled with antibodies to 
GAP-43 (<5%) even when biotinylated second antibodies were used. 
Very rarely GAP-43 immunoreactivity could be detected in segments of 
myelinated axon but never in myelin-forming Schwann cells, confirming 
the results obtained from teased nerves. In sympathetic trunk preparations 
about 33% of cells expressed GAP-43. These results do not corroborate 
the data obtained from teased nerves, where the impression was obtained 
that a vast majority of Schwann cell were GAP-43 immunoreactive. This 
suggest that a technical problem may exist, possibly related to GAP-43 
solubility, an issue that will be discussed below.

In preparations of autonomic ganglia a population of cells were 
labelled that had a more "compact" appearance than typical non-myelin- 
forming Schwann cells. These cells co-expressed GFAP, were devoid of 
myelin, and were thought to be satellite cells (Fig 5.12). In some 
instances cells known to be satellite cells from their association with 
neurones were GAP-43 immunoreactive (Fig 5.13) These cells were 
often intensely GAP-43 immunoreactive. In contrast only 25% of GAP- 
43 labelled cells from the sympathetic trunk were highly immunoreactive. 
In mixed nerves , the few GAP-43 immunoreactive cells seen were never 
intensely labelled. In addition approximately 70% of neurones present in
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these cultures were GAP-43 immunoreactive to varying intensities.
In order to establish the localization of GAP-43 in satellite cells, 

and to determine whether all mature non-myelin-forming Schwann cells 
are GAP-43 immunoreactive, sections of adult ganglia were used. 
Sections of the DRG and associated nerve from adult rats showed that 
GAP-43 immunoreactivity was present in non-myelin-forming Schwann 
cells (Fig 5.14). The vast majority, if not all, of these Schwann cells were 
labelled. In the case of satellite cells it could be clearly seen that only a 
very small percentage of these cells were GAP-43 immunoreactive (Fig 
5.14). In contrast many of the satellite cells in sections of the SCG were 
labelled (Fig 5.15). Again GAP-43 immunoreactivity could occasionally 
be seen in axonal varicosities in the associated nerve fibres of DRG 
sections (Fig 5.16). GAP-43 immunoreactivity could also be detected in 
some (10-20%) of the neuronal cell bodies in the DRG. Labelling was 
observed in many of the small and medium diameter cell bodies and never 
in the large diameter cell bodies. GAP-43 immunoreactivity in neurones 
was often concentrated in the perinuclear area. In sections of the SCG 
however neuronal cell bodies were only occasionally labelled.

Developmental regulation of GAP-43 in Schwann cells
The developmental regulation of GAP-43 was examined in short­

term Schwann cell cultures and in dried dissociated cell preparations from 
embryonic and postnatal sciatic nerves. Dried dissociated cell 
preparations from E15-16 nerve (Fig 5.17) yielded approximately 87% 
GAP-43 immunoreactive cells (Table 5.0). A similar number (8 6 % ± 1.2) 
of labelled cells were seen after 2 hr culture. These cells could not be 
unequivocally identified as Schwann cells as a marker exclusive to 
Schwann cells in vivo does not exist at this developmental stage. As a 
vast majority of cells were labelled however, a large proportion of 
Schwann cells must be labelled. The main contaminating cells in these 
preparations are fibroblasts. Identical experiments carried out on PI 
Schwann cells detected 28.2% ± 6.2 GAP-43 immunoreactive Schwann 
cells in dried cell preparations and 39% ± 5 in short-term cultures. 
Schwann cells were identified by co-labelling with S100. Notably the 
intensity of GAP-43 immunoreactivity in embryonic Schwann cells was 
also higher than in PI cells.
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In tissue culture GAP-43 expression is downregulated in embryonic 
Schwann cells, but not postnatal Schwann cells.

Schwann cells from E15-16 rats were cultured for periods up to 6  

days. To ensure cell survival these cells were cultured in BALB C 3T3 
conditioned medium. Schwann cells could be identified in these 
experiments by co labelling with NGF receptor antibodies. NGF receptor 
is present on fibroblasts in vivo but is down regulated in culture enabling 
unambigous identification of Schwann cells. After 24hr in culture 86.2 ± 
1.3% (n=4) of NGF receptor positive Schwann cells were GAP-43 
immunoreactive. The distribution and intensity of GAP-43 labelling 
varied somewhat from cell to cell. The majority of embryonic Schwann 
cells were moderately or intensely GAP-43 immunoreactive. In nearly all 
Schwann cells rings of immunoreactive material surrounding unlabelled 
areas could be seen (Fig 5.18) as well as areas of more diffuse labelling. 
Often a small number of NGF receptor negative cells with the morphology 
of fibroblasts, were found to be GAP-43 immunoreactive (<5% of the 
total number of cells identified by phase contrast). Schwann cells from 
E l5 rats cultured for 6  days showed very low level GAP-43 
immunoreactivity in approximately 30% of cells. The GAP-43 
immunoreactivity present in these cultures was often present in groups of 
cells accumulated to one side of the nucleus, probably in the Golgi 
aapparatus (Fig 5.19).

In contrast to embryonic Schwann cells expression of GAP-43 by 
PI Schwann cells was not downregulated. Fig 5.20 shows that GAP-43 
levels were relatively constant over a period of 3 weeks. The "ring like" 
structures apparent in embryonic Schwann cell cultures were also seen in 
these cells (Fig 5.21). In PI Schwann cell cultures however majority of 
cells were weakly or moderately GAP-43 immunoreactive, (Fig 5.22) less 
than 5% of cells being intensely labelled. In these cultures, as in 
embryonic cultures, a few GAP-43 immunoreactive fibroblast-like cells 
were occasionally seen. Cultures prepared from adult rat sciatic nerve and 
sympathetic trunk gave essentially the same results as obtained from PI 
Schwann cells. Between 25-30% of cells were consistently, although 
weakly, GAP-43 immunoreactive for a period of up to 4 weeks. 
Interestingly no GAP-43 immunoreactivity was detected in long-term
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cultured "autocrine" Schwann cells.
Control experiments using pre-immune serum always gave 

negative results. Experiments carried out using BALB/c 3T3 fibroblast 
conditioned medium on PI Schwann cells showed this medium had no 
effect on GAP-43 expression in these cells. This suggests that either 3T3 
conditioned medium has no effect on embryonic Schwann cell GAP-43 
expression or that postnatal Schwann cells are unable to respond to 3T3 
conditioned medium possibly by lacking receptors to any active factors. 
Nevertheless, this experiment supports the hypothesis that GAP-43 
expression is differentially controlled in embryonic and postnatal 
Schwann cells.

Postnatal Schwann cell GAP-43 expression is down-regulated by cAMP 
In Chapter 3 it was shown that long-term cultured Schwann cells 

have constituitively high basal cAMP levels. The observation that these 
cells do not contain immunohistochemically detectable amounts of GAP- 
43 (see above) lead to the suggestion that cAMP may control Schwann 
cell GAP-43 levels. To test this hypothesis Schwann cells were incubated 
in 5/zM or 1//M forskolin or ImM DBcAMP for 48hr. In both cases 
down-regulation of GAP-43 expression was seen (Fig 5.23)

Schwann cell GAP-43 co-migrates with pure GAP-43
Samples of cultured Schwann cells (PI rats), sympathetic trunk and 

sciatic nerve (adult rats) were run on 10% SDS polyacrylamide gels (Fig 
5.5). In all cases a single immunoreactive band was detected of apparent 
molecular weight 45 kDa which co-migrated with a pure sample of rat 
brain GAP-43. Membrane preparations of cultured PI rats Schwann 
cells, prepared in collaboration with, and immunoblotted by R.Curtis, 
were also seen to contain GAP-43. No immunoreactive bands were seen 
in control blots incubated in pre-immune serum.
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TABLE 5.0.

Expression of GAP-43 in dried dissociated Schwann cell preparations.

NERVE
% of GAP-43 immunoreactive 
non-myelin-forming Schwann 
cells/satellite cells

Vagus variable 0-5%
Sciatic variable 0-5%
Sural variable 0-5%
Brachial plexus variable 0-5%
SCG 67.0 ± 1.7
MSG 72.1 ± 6.3
Sympathetic chain 48.5 ± 5.3
DRG 27.1 ± 5.9
Sympathetic trunk 33.0 ± 4.75
PI Sciatic 28.2 ± 6 . 2

E15-16 Sciatic 87.3 ± 4.6

All nerves were from adult rats except where otherwise stated.
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FIGURE 5.0. GAP-43 immunoreactivity is present in the 
mucosal plexus of the enteric nervous system. This 
photograph shows a wax section of the adult rat colon. (A) 
Fluorescein optics to visualize GAP-43; (B) phase contrast. 
Bar = 10//.
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FIGURE 5.1. GAP-43 immunoreactivity in the submucosal 
(*) and myenteric plexus of the enteric nervous system.
(A) phase contrast; (B) Fluorescein optics to visualize GAP- 
43; (C) Rhodamine optics to visualize SI00. Note the 
presence of GAP-43 immunoreactivity in nerve fibres of the 
circular (CM) and longditudinal muscle (LM) layers. Bar = 
10//.
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FIGURE 5.2. GAP-43 is expressed in the myenteric plexus. 
This photograph shows a wax section of the ileum. Neuronal 
cell bodies are not GAP-43 immunoreactive. Arrowhead in A 
indicates one of several GAP-43 negative neuronal cell 
bodies (A) Fluorescein optics to visualize GAP-43; (B) Glial 
cells labelled with anti-GFAP antibodies. Bar = 10//.
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FIGURE 5.3. GAP-43 is present in all neurones of the 
myenteric plexus. This photograph shows a stretch 
preparation of the myenteric plexus of the adult rat. (A), (B) 
and (E) Fluorescein optics to visualize GAP-43. Note the 
presence of GAP-43 in axonal varicosities (Panel E arrow); 
(C) and (D) Fluorescein optics to visualize PGP 9.5 in sister 
preparations. (C) and (D) are the same magnification as are 
(B) and (E). Bar = 2Qw.
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FIGURE 5.4. GAP-43 immunoreactivity is detected in the 
myenteric plexus of the developing rat. This photograph 
shows stretch preparation of the ileum of a P7 rat. (A) and
(B) Fluorescein optics to visualize GAP-43. Bar = 20p.
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FIGURE 5.5. Western blot of various tissues from adult and 
developing rats. Preparations (lQtfg) were subjected to 
electrophoresis on a 10% SDS polyacrylamide gel under 
reducing conditions. Proteins were transferred to 
nitrocellulose and incubated with anti GAP-43 antiserum. 
Blots were developed using diaminobenzidine as a 
chromaphore in the peroxidase colormetric reaction.
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FIGURE 5.6. GAP-43 immunoreactivity is widespread in the 
adult autonomic nervous system. These photographs show 
GAP-43 visualized by fluorescein optics in whole mount 
preparations of (A) Circle of Willis (cerebral vessel); (B) 
Mesenteric Vein; (C) Iris; (D) Basilar artery (cerebral vessel); 
(E) Tail vein vessel). A, C, D and E the same magnification. 
Bar = 20ju.





FIGURE 5.7. GAP-43 expression in the iris before and after 
sympathectomy. This photograph compares the distribution 
of (A) and (B) Catecholamines; (C) and (D) VIP; (E) and (F) 
substance P; (G) and (H) GAP-43; (I) and (J) PGP 9.5; 
before and after removal of the SCG. Fluorescein optics were 
used to visualize B-F and I and J. Rhodamine optics to 
visualize G and H, and 420nm excitatory light to visualize A. 
Photographs from the left hand side of the diagram are from 
unoperated rats and on the right hand side from operated rats. 
All photographs are the same magnification except C. Bar
= 20ji.
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FIGURE 5.8. PGP 9.5 is expressed by both cultured and 
reactive Schwann cells. This photograph shows PGP 9.5 
immunoreactivity in Schwann cells from PI rats after 24 hr in 
culture and PGP 9.5 immunoreactivity in the distal stump of 
the sciatic nerve 7 days post cut. (A) and (D) Fluorescein 
optics to visualize PGP 9.5; (B) and (C) phase contrast. Bar =
10fi.
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FIGURE 5.9. GAP-43 expression in Schwann cells is not 
rapidly upregulated after sciatic nerve transection. This 
photograph shows GAP-43 expression in Schwann cells 7 
days after sciatic nerve transection. (A) phase contrast; (B) 
Fluorescein optics to visualize GAP-43; (C) Rhodamine 
optics to visualize NGF receptor. Bar = 10fi.
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FIGURE 5.10. GAP-43 expression is restricted to non- 
myelin-forming Schwann cells in vivo. This photograph 
shows a unmyelinated and a myelinated nerve fibre from an 
adult sciatic nerve. (A) Fluorescein optics to visualize GAP- 
43; (B) Rhodamine optics to visualize vimentin; (C) phase 
contrast. Bar = 10ji.
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FIGURE 5.11. Non-myelin-forming Schwann cells express 
GAP-43. This photograph shows a bundle of unmyelinated 
fibres teased from the sympathetic trunk. (A) Fluorescein 
optics to visualize GAP-43; (B) Rhodamine optics to 
visualize GFAP; (C) phase contrast. Bar = 10//.
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FIGURE 5.12. GAP-43 expression in dissociated cells from 
the adult SCG. This photograph shows that GAP-43 
immunoreactivity is associated with a population of cells 
thought to be satellite cells. (A) fluorescein optics to visualize 
GAP-43 ; (B) Phase contrast. Bar = 10/*.
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FIGURE 5.13. GAP-43 is expressed in by satellite cells in 
the SCG. This photograph shows a dried dissociated 
preparation of the adult SCG. GAP-43 immunoreactive 
satellite cells are identified by their association with SCG 
neurones. (A) Fluorescein optics to visualize GAP-43 ; (B) 
phase contrast. Bar = 10//.
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FIGURE 5.14. GAP-43 expression in the dorsal root 
ganglion. These photographs shows wax sections of an adult 
rat DRG. GAP-43 is expressed by some DRG neurones (A) 
and (D); a few satellite cells (D arrow). (B) and (C) phase 
contrast; (A) and (D) fluorescein optics to visualize GAP-43. 
Bar = 10fi.
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FIGURE 5.15. GAP-43 expression in the SCG. These 
photographs shows that GAP-43 is expressed by many 
satellite cells of the adult SCG. (A) Fluorescein optics to 
visualize GAP-43; (B) phase contrast. Bar = 10//.
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FIGURE 5.16. GAP-43 immunoreactivity in axonal 
varicosities. These photographs show a longditudinal section 
of the dorsal root of the DRG. (A) Fluorescein optics to 
visualize GAP-43; (B) Phase contrast. Bar = lQw.
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FIGURE 5.17. GAP-43 expression in dried dissociated 
embryonic Schwann cells. These photographs show 
dissociated cells prepared from an E l5 sciatic nerve. (A) 
Fluorescein optics to visualize GAP-43; (B) phase contrast. 
Bar = 10/*.
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FIGURE 5.18. GAP-43 is expressed by embryonic Schwann 
cells. These photographs show that GAP-43 is expressed by 
the majority of E15 Schwann cells after 24hr in culture. (A) 
Fluorescein optics to visualize GAP-43; (B) Rhodamine 
optics to visualize NGF receptor; (C) Phase contrast. Bar = 
10//.
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FIGURE 5.19. GAP-43 expression is downregulated by 
embryonic Schwann cells in culture. These photographs 
show GAP-43 expression by E15 Schwann cells after 6 days 
in culture. Note the distribution of GAP-43 in the 
perinuclear area. (A) Fluorescein optics to visualize GAP-43; 
(B) Rhodamine optics to visualize NGF receptor; (C) phase 
contrast. Bar = 10//.
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FIGURE 5.20. GAP-43 expression in postnatal Schwann 
cells is not downregulated in culture. Schwann cells from PI 
rats were cultured for varying times up to 23 days. Schwann 
cells were identified by morphology and NGF receptor 
coexpression.
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FIGURE 5.21. GAP-43 in Schwann cells is present in "ring 
like" structures. These photographs show several Schwann 
cells after 3 days in culture. Note the presence of GAP-43 in 
a structure at the end of the Schwann cell process 
(Arrowhead). (A) phase contrast; (B) Fluorescein optics to 
visualize GAP-43; (C) Rhodamine optics to visualize NGF 
receptor. Bar = 10ft.
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FIGURE 5.22. GAP-43 is expressed by a subpopulation of 
postnatal Schwann cells. These photographs show Schwann 
cells from a PI rat after 3 days in culture. (A) Fluorescein 
optics to visualize GAP-43; (B) phase contrast. Bar = lQw.
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FIGURE 5.23. Postnatal Schwann cell GAP-43 expression is 
downregulated by cAMP. These photographs show PI 
Schwann cells after treatment with forskolin for 48hr. (A)
and (B) no treatment; (C) and (D) 1//M Forskolin; (E) and (F) 
5//M forskolin. A,C and E, phase contrast; B,D, and F, 
Fluorescein optics to visualize GAP-43. Bar = 10fi.
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DISCUSSION

This study shows that, suprisingly, GAP-43 is expressed 
extensively in the adult rat autonomic nervous system. Previous work has 
in general indicated that levels of the growth associated protein GAP-43 
are high during development and regeneration of the nervous system and 
that GAP-43 levels decline precipitously on the establishment of mature 
synaptic terminals. Certain areas of the adult brain associated with 
synaptic plasticity and limbic function, such as the hippocampus, have 
been considered to be the major exception to this pattern since these areas 
continue to express high levels of GAP-43 throught adulthood.

In addition this study demonstrates that GAP-43 is expressed by 
developing Schwann cells and mature non-myelin-forming Schwann 
cells both in vivo and in vitro.

Localization of GAP-43 in the autonomic nervous system
The presence of immunoreactive GAP-43 in nerve fibre 

varicosities of all the tissue studied strongly suggests that GAP-43 is 
expressed by the autonomic neurones. Indeed the studies of Sharkey et 
al., 1990 have demonstrated that the GAP-43 mRNA is present in the 
neurones of the myenteric plexus. The sympathetic neurones of the 
superior cervical ganglion have also been demonstrated to express GAP- 
43 mRNA during adulthood (Verge et al., 1990; Yamamoto and Kondo,
1990).

Sympathectomy experiments, designed to demonstrate the presence 
of GAP-43 in sympathetic neurones, had no discernible effect on GAP- 
43 expression. This suggested that GAP-43 was also expressed by the 
reactive Schwann cells of the bands of Biingner. Attempts to demonstrate 
the presence of GAP-43 in Schwann cells devoid of neurones, using the 
neurone specific marker PGP 9.5 (Thompson et al., 1983), also failed to 
reveal any sympathectomy induced changes in neuronal innervation. This 
lead to the suggestion that reactive Schwann cells may also express PGP 
9.5. The presence of both GAP-43 and PGP 9.5 immunoreactivity in 
reactive Schwann cells was demonstrated using teased preparations of 
transected sciatic nerve distal stump,

PGP 9.5 was expressed by the entire Schwann
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cell population whereas GAP-43 immunoreactivity was detected only in 
non-myelin-forming cells. The presence of PGP 9.5 in Schwann cells 
was confirmed by tissue culture studies.

Whether the enteric glial cells also express immunoreactive GAP- 
43 is at present unknown. At the level of the light microscope it is 
impossible to ascertain whether the GAP-43 immunoreactivity present in 
the neuropil of the enteric ganglia is associated soley with the neurones or 
with both neurones and the glial cell processes.

GAP-43 is expressed by non-myelin-forming Schwann cells in vivo
The expression of GAP-43 by Schwann cells in normal uninjured 

nerve was demonstrated using teased nerves and sections. This data shows 
that GAP-43 is expressed by many, if not all non-myelin-forming 
Schwann cells in the adult rat in vivo. Dried dissociated cell data however 
did not corroborate these results. The diminished GAP-43 
immunoreactivity seen in these preparations from adult animals may be 
due to a technical problem. GAP-43 is initially synthesized as a soluble 
protein (Skene and Virag, 1989) and has been reported to exist in soluble 
form in the axons of mature hippocampus (Van Lookeren Campagne et 
al., 1990). Soluble GAP-43 was not however detected by these authors, 
in the hippocampal axons of the developing rat. By analogy it is possible 
that a similar situation exists in the Schwann cell. Mature Schwann cells 
may contain cytosolic GAP-43 whereas in the developing Schwann cell 
GAP-43 may exist in the membrane bound form. As GAP-43 is a highly 
hydrophilic protein (Basi et al., 1987) leaching of GAP-43 may have 
occurred during the preparative procedure. In dried cell preparations from 
embryonic nerves a vast majority of Schwann cells are highly GAP-43 
immunoreactive, and there is no reason to believe that significant leaching 
has occurred from these cells.

Assuming that GAP-43 is universally present on non-myelin- 
forming Schwann cells it is not a typical marker of these cells. The 
expression of other non-myelin-forming Schwann cell markers such as 
GFAP, LI, N-CAM, A5E3, and NGF receptor, is rapidly upregulated 
when Schwann cells are removed from axonal contact and placed in tissue 
culture and after nerve transection (Nieke and Schachner, 1985; Taniuchi 
et al., 1986; lessen et al., 1987; lessen et al., 1990). Expression of GAP-
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43, in contrast, continues to be resticted to a subpopulation of cells in 
tissue culture and is not upregulated in the transected sciatic nerve by 13 
days post cut. GAP-43 is expressed however, by the entire Schwann cell 
population by 4 weeks post denervation (R. Curtis personal 
communication).

Developmental down regulation of Schwann cell GAP-43 expression
GAP-43 expression in Schwann cells is dramatically 

downregulated by birth. During the early periods of Schwann cell 
development (E15-16) majority of Schwann cells are highly GAP-43 
immunoreactive. These levels drop until by birth only a third of the 
Schwann cells express GAP-43. The expression of GAP-43 can be 
correlated with Schwann cell motility. At E15 the Schwann cells are 
migrating and proliferating along the newly formed axons and express 
GAP-43. By birth many of these Schwann cells will have been 
committed to myelin formation and thus may downregulate GAP-43 
expression. However, the present study does not address the issue of 
whether those cells that downregulate GAP-43 also upregulate markers of 
the myelin phenotype. This point will be addressed in future studies. If 
GAP-43 downregulation is related to acquisition of the myelin phenotype 
it occurs at an early developmental time relative to other markers of the 
non-myelin phenotype (Mirsky and lessen, 1990).

In cultures of PI Schwann cells expression of GAP-43 does not 
change during several days in vitro. Likewise the proportion of GAP-43 
positive Schwann cells in adult Schwann cell cultures remains stable. 
Embryonic Schwann cells on the other hand, down regulate GAP-43 
expression over a period of 5 days. The GAP-43 remaining in these 
cultures appears to reside in the Golgi apparatus. The differential 
regulation of GAP-43 expression by these cells may reflect differences in 
form of GAP-43 present in embryonic and adult Schwann cells, as 
postulated above. Variations between embryonic and adult GAP-43 may 
reflect differences in function of GAP-43 in embryonic and adult 
Schwann cells. GAP-43 in embryonic Schwann cells may be involved in 
cell migration, whereas in adult Schwann cells GAP-43 may play a role in 
process movement and shape remodelling (see below).
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Schwann cell GAP-43 expression is down regulated in vitro by cAMP
Both DBcAMP and the adenylate cyclase activator forskolin, 

downregulate postnatal Schwann cell GAP-43 expression within 48hr. 
This is a feature that is typical of all the markers of non-myelin forming 
Schwann cells (Morgan et al., 1991). In the latter case however, 
significant protein downregulation was not seen until after 72hr of 
forskolin or cAMP analogue treatment. The effect of cAMP on GAP-43 
expression is further substantiated by the absence of GAP-43 
immunoreactivity in long-term cultured Schwann cells, shown in Chapter 
3 to have elevated basal levels of cAMP. In contrast GAP-43 mRNA 
expression in PC12 cells is induced by DBcAMP (Costello et al., 1990). 
Thus it seems as if neuronal and Schwann cell GAP-43 expression are 
controlled to some extent by different mechanisms. Whether the cAMP 
induced decrease in GAP-43 expression in Schwann cells is due to 
decreased synthesis or increased turnover of GAP-43 is at present 
unknown. The involvement of cAMP in GAP-43 expression may reflect 
the general importance of this second messenger molecule in Schwann 
cell biology, an issue that will be addressed in the General Discussion.

Is GAP-43 expressed by mature sensory neurones?
The essentially identical labelling patterns seen with antibodies to 

PGP 9.5 and GAP-43 indicate that GAP-43 is present in all nerve fibres 
of the tissues examined. Thus in addition to being expressed by 
autonomic fibres GAP-43 may also be expressed by fibres of the sensory 
nervous system (shown to innervate the tissues examined by labelling with 
substance P). These observations however do not distinguish between an 
axonal and/or Schwann cell location of GAP-43. Nevertheless, in this 
study GAP-43 immunoreactivity was detected in some mature sensory 
neurones in sections of adult DRG. In addition studies of Verge et al., 
(1990) have detected GAP-43 mRNA in a subpopulation of mainly small 
sensory neurones. Expression of the GAP-43 gene was strongly 
correlated with expression of the high affinity NGF receptor. GAP-43 
immunoreactivity was not detected however, in adult DRG in the studies 
of Woolf et al., (1990). The discrepancy between this study and the result 
reported here probably reflect differences in the sensitivity of GAP-43 
antibodies used. The results of this study show that GAP-43 is expressed

181



by a subpopulation of mature sensory neurones.

Role of GAP-43 in adult autonomic neurones and non-myelin-forming 
Schwann cells

The widespread distribution of GAP-43 in developing, 
regenerating and adult autonomic neurones as well as in both central and 
peripheral glial cells suggests that GAP-43 may play a general role in the 
maintenance and integrity of the autonomic nervous system. Indeed the 
flanking sequence of the GAP-43 gene has several features common to 
"housekeeping genes" (Grabczyk et al., 1990). The persistent expression 
of GAP-43 by certain brain areas has been proposed to be related to 
synaptic plasticity, a phenomenon that encompasses a variety of cellular 
events ranging from changes in the coupling of depolarisation to synaptic 
and axonal sprouting to actual fibre outgrowth. Evidence for synaptic 
plasticity in the autonomic nervous system has been demonstrated by 
direct observation on single neurones of the living adult mouse (Purves et 
al., 1987; Purves and Voyvoydic, 1987). These studies showed firstly, 
that the pattern of presynaptic nerve endings on parasymapthetic ganglia 
gradually changed throughout life and secondly, that that the dendritic 
arbors of the SCG are continually remodelling. In contrast the mature 
neuromuscular junction does not show significant remodelling (Litchman 
et al., 1987). The enteric nervous system is also known to undergo 
remodelling, the neurones of the myenteric plexus experiencing 
considerable shape changes during physiological levels of contraction and 
relaxation (Gabella and Trigg, 1984). In view of the contractile and 
dilation properties of the blood vessels and the iris, autonomic innervation 
of these tissue may also be expected to undergo stress related remodelling. 
Additionally, recent studies have shown that unmyelinated axons are not 
of uniform calibre but are fundamentally varicose structures. These 
varicosities are believed to be dynamic structures created by the 
movement of membranous organelles (Greenburg et al., 1990). Hence the 
calibre of the unmyelinated axon may be constantly changing in both 
space and time. The expression of GAP-43 in the adult ANS may 
therefore reflect ongoing synaptic plasticity and remodelling.
Biochemical support for the involvement of GAP-43 in cell shape 
changes has been provided by (Moss et al.,1990; Meiri and Gordon-
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Weeks, 1990). In these studies GAP-43 in the growth cone has been 
localized in areas of membrane adhesion and in association with the 
membrane skeleton, a structure that stabilizes the membrane and maintains 
cell shape while allowing deformations to occur (Bennett, 1985; Fox et al., 
1988).

Shape changes and remodelling of the autonomic neurones may 
also be expected to effect the ensheathing Schwann cells. GAP-43 
expression in non-myelin-forming Schwann cells may thus be related to 
dynamic changes in cell shape generated to maintain the normal 
axon/Schwann cell relationship. As mentioned above there are indeed 
reasons to expect that non-myelin-forming Schwann cells undergo shape 
changes that are not experienced by myelin-forming Schwann cells. In 
addition, junctions between adjacent non-myelin-forming Schwann cells 
processes or between these cells and the axons have not been seen 
(Aguayo et al., 1976b, Bray et al., 1981). Furthermore it has been noted 
that the position of the non-myelin-forming Schwann cell process and the 
axon is not fixed. As a result of anoxia Schwann cell tongues may retract 
exposing more of the axonal surface than is normal (Thomas and Ochoa, 
1984). The axolemma-adaxonal Schwann cell plasmalemma association 
in myelinating fibres however is remarkably resilient to disruption in 
pathological conditions (Thomas and Ochoa, 1984). In contrast to the 
non-myelin-forming Schwann cell, the myelin-forming Schwann cell is 
secured to itself by tight junctions (Mugnaini and Schnapp, 1974; 
Shinowara et al., 1980) and is firmly adherent to the axolemma at the node 
of Ranvier (Bunge et al., 1967; Livingstone et al., 1973; Shinowara et al., 
1980).

Interestingly GAP-43 immunoreactivity was also seen in satellite 
cells of the SCG, another population of cells that may well be undergoing 
shape changes in adulthood. As mentioned above the dendritic 
arborizations of the adult SCG have been shown to undergo dynamic 
rearrangements throughout adult life (Purves and Hadley, 1985; Purves 
and Voyvoydic, 1987). Additionally it is likely that the synapses that 
impinge on these dendrites are constantly changing . Studies on the 
arrangement of preganglionic synapses on adult mice parasympathetic 
ganglia have revealed such changes do occur in vivo (Purves et al., 1987). 
Thus the satellite cells that surround these dendrites may be undergoing
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GAP-43 mediated cell shape changes to accomodate these processes. 
Furthermore this study has shown that satellite cells in the DRG do not 
generally express GAP-43. The sensory neurones in the DRG are 
adendritic and do not have synapses impinging upon them. Hence the 
surrounding satellite cells may be relatively stationary abrogating the need 
for GAP-43.

The high level GAP-43 expression detected in embryonic Schwann 
cells may be related to motility. In the CNS GAP-43 may have a similar 
role. GAP-43 immunoreactivity has been detected in cultures of 
embryonic glia (0-2A progenitor cells) (Deloulme et al., 1990), which are 
thought to be motile in vitro (Small et al., 1987).

In summary this study shows that GAP-43 is not a neurone- 
specific marker in vivo or in vitro. GAP-43 has been detected in CNS 
glia in tissue culture (Vitkovic et al., 1988; daCuhna and Vitkovic, 1990, 
Deloulme et al., 1990) but its presence in vivo has not previously been 
documented. In addition GAP-43 has been detected in a mature 
population of sensory neurones. Taken together these results show that 
GAP-43 expression is not confined to situations of axonal outgrowth, but 
suggests that GAP-43 may play a more general role in the modelling of 
the nervous system. Indeed a recent study (Baetge and Hammang, 1991) 
has demonstrated that PC12 cells deficient in GAP-43 will initiate neurite 
outgrowth in a manner identical to that exhibited by GAP-43 expressing 
PC12 cells adding further support to this hypothesis.
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CHAPTER 6

GENERAL DISCUSSION



The aims of this study were firstly, to identify factors capable of 
stimulating Schwann cell DNA synthesis in vitro and analyse their mode 
of action, secondly, to demonstrate the presence of active factors in vivo 
and thirdly, to examine the distribution of GAP-43 in the developing and 
adult PNS.

This study has extended previous studies by using serum-free 
medium to analyse the role of serum factors in Schwann cell mitosis by 
identified growth factors (PDGF, FGF and TGF-/I). The results obtained 
reveal that IGF-I, a factor present in high concentrations in serum, is 
necessary for the mitogenic response of Schwann cells to PDGF and 
forskolin and potentiates the mitogenic effects of FGF and forskolin. In 
contrast Schwann cells in serum-free medium were unable to respond to 
TGF-fi and forskolin even in the presence of IGF-I. Whether these 
factors play a role in Schwann cell mitosis in vivo is currently unknown. 
This study shows however, that IGF immunoreactivity is present in the 
nerve when Schwann cells are rapidly proliferating during development.

The in vitro model for Schwann cell proliferation predicts that 
another growth factor other than IGF-I, such as PDGF or FGF, and a 
cAMP elevating agent are needed for in vivo Schwann cell proliferation. 
What the nature of the physiological cAMP elevating agent is, and 
whether Schwann cell cAMP is elevated in vivo is unclear. Several lines 
of evidence however, suggest that the axon is involved. Studies of Ratner 
et al., (1985) have shown that membranes from both PC12 cells and 
sensory neurones stimulate cAMP elevation in Schwann cells 2-4 fold. 
Furthermore Davis and Goodearl, (1990) have shown that brain axolemma 
synergizes with bFGF and PDGF to promote Schwann cell DNA synthesis 
in a manner similar to forskolin. Thus suggesting that the axon may act by 
elevating Schwann cell intracellular cAMP.

Although Schwann cell cAMP elevation induced by neurones is 
only 2-4 fold and long-term cultured Schwann cells have only 2-3 fold 
higher basal levels of cAMP than short-term cultured Schwann cells 
(Chapter 3), these values are similar to increases shown to be efficacious 
in other cell types. An example is that natural oscillations of cAMP in 
chick pineal cells result in a 2-4 fold increase in intracellular cAMP 
levels. These rises are sufficient to increase melatonin levels 10 fold 
(Nikaido and Takahashi, 1989).
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The demonstration that bFGF immunoreactivity is present in the 
embryonic rat nerve (Gonzales et al., 1990) suggests that IGF in 
combination with FGF may play a role in Schwann cell proliferation 
during development. Using tissue culture techniques to model in vivo 
phenomena several studies have demonstrated the importance of interplay 
of growth factors in developmental processes. For example studies of 
Torres-Aleman et al, (1990) have demonstrated that bFGF and IGF-I act 
in an additive manner to support the survival of brain neurones. In 
addition studies carried out on chick parasympathetic neurones in serum- 
free medium showed both aFGF and phorbol esters when combined with 
IGF-I had a pronounced effect on neuronal survival (Crouch and Hendry,
1991). These agents were ineffective when used alone.

The results of the second part of this study show that GAP-43 is 
present in the mature autonomic nervous system. This observation is 
consistent with the hypothesis that the ANS is constantly remodelling 
throughout life as suggested by studies of Purves and Hadley, (1985), 
Purves et al., (1986). In addition GAP-43 is present in immature Schwann 
cells and mature non-myelin-forming cells.

An intriguing finding in this study was that Schwann cell GAP-43 
levels are downregulated by agents that elevate intracellular cAMP. The 
downregulation of phenotypic markers associated with non-myelin- 
forming Schwann cells has previously been reported (Monuko et al., 1988; 
Morgan et al., 1991). In contrast, induction of the myelin phenotype in 
cultured Schwann cells is associated with cAMP elevation (Shuman et al., 
1888; Lemke and Chao, 1988; Morgan et al., 1991). A simple 
interpretation of this data suggests that mature non-myelin-forming 
Schwann cells have lower basal cAMP levels than myelin-forming 
Schwann cells. cAMP has however been shown to trigger the expression 
of the lipids 04 (Morgan et al., 1991) and Gal-C (Sobue et al., 1986; 
Mirsky et al., 1990), which are both expressed by all mature Schwann 
cells (see Mirsky and lessen, 1990). Upregulation of basement membrane 
components (Baron van Evercooren et al., 1986) and Schwann cell 
proliferation are other cAMP inducible effects.

In vivo the developmental events mimicked by cAMP elevation 
occur over a wide time scale (Chapter 1, Fig 1.0). To reconcile the effects 
of cAMP in tissue culture with Schwann cell development in vivo, a
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mechanism whereby different levels of cAMP induce different phenotypic 
changes in Schwann cells may exist. Thus intracellular levels of cAMP in 
Schwann cells rise gradually until they reach a threshold value that 
stimulates the synthesis of basement membrane components and 04. The 
cAMP level in Schwann cells associated with larger axons may then rise 
rapidly inducing the expression of Gal-C. As levels rise higher still the 
myelin proteins will be induced and the non-myelin markers down- 
regulated. In the non-myelin-forming Schwann cell cAMP levels may 
continue to rise gradually reaching peak levels upon maturation. This 
level is hypothesized to be sufficient to induce Gal-C expression but 
inadequate to stimulate the down-regulation of the non-myelin 
phenotype. In tissue culture the levels of Schwann cell cAMP are 
proposed to be equivalent to very early developmental levels prior to axon 
induced elevation. As suggested above, the axon is thought to be 
responsible for stimulating Schwann cell cAMP elevation.

In order to test this hypothesis it will be necessary to examine 
cAMP levels in the single cell. Indeed immunohistochemical (Barsony 
and Marx, 1990) and fluorescent imaging techniques (Adams et al., 1991) 
have recently been developed that may be useful in this regard.

Future studies
The use of serum-free medium in this study has allowed a precise 

analysis of the factors controlling Schwann cell proliferation in vitro to be 
made. In addition this work has localized IGF in the nerve during 
development when Schwann cell proliferation is rapidly occurring. Future 
studies mapping the distribution of Schwann cell mitogens and their 
receptors in situ will enable the in vivo role of these factors to be assessed. 
In situ hybridization, autoradiography and immunohistochemical 
techniques may be employed in this regard.

These studies have suggested a role for GAP-43 in Schwann cell 
motility. Further studies on Schwann cell motility using time-lapse 
videomicroscopy and Boyden chambers would enable the effects of 
growth factors on Schwann cell motility to be observed. The effect of 
active factors on Schwann cell GAP-43 expression may clarify the role of 
GAP-43 in Schwann cell motility. In addition further studies on the 
effect of cAMP on GAP-43 mRNA and protein expression may provide
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insights into the mechanism of cAMP induced Schwann cell 
differentiation.

In summary this study demonstrates the importance of the interplay 
of growth factors in Schwann cell proliferation. In addition the presence of 
GAP-43 immunoreactivity in the mature nervous system and in Schwann 
cells suggests that dynamic changes and remodelling of the nervous 
system continue throughout life.®

189



CHAPTER 7

REFERENCES



Adams SR, Harootunian AT, Beuchler YJ, Taylor SS, Tsien RY. (1991): 
Fluorescent ratio imaging of cyclic AMP in single cells. Nature 349:694- 
697.

Adamson ED, Meek J. (1984): The ontogeny of epidermal growth factor 
receptors during mouse development. Dev Biol 103:62-70.

Aguayo AJ, Bray GM, Terry LC, Sweezey. (1976a): Three dimensional 
analysis of unmyelinated fibres in normal and pathological autonomic 
nerves. J Neuropathol Exp Neurol 35:136-151

Aguayo AJ, Epps J, Charron L, Bray GM. (1976): Multipotentiality of 
Schwann cells in cross-anastomosed and grafted myelinated and 
unmyelinated nerves: Quantitative microscopy and radioautography. Brain 
Res 104:1-20.

Alberts B, Bray D, Lewis J, Raff M, Roberts K, Watson JD. (1983): In 
Molecular biology of the cell. Garland Publishing, Inc, New York and 
London.

Alexander KA, Cimler BM, Meier KE, Storm DR. (1987): Regulation of 
calmodulin binding to P-57. J Biol Chem 262:6108-6113.

Almazan G, Honnegar P, Matthieu J, Guentert-Lauber B. (1985): 
Epidermal growth factor and bovine growth hormone stimulate 
differentiation and myelination of brain cell aggregates in culture. Dev 
Brain Res 21:257-264.

Aloyo V, Zwiers H, Gispen WH. (1983): Phosphorylation of B-50 protein 
by calcium-activated phospholipid-dependant protein kinase and B-50 
protein kinase. J Neurochem 41(3):649-653.

Altman J, Bayer SA. (1984): The development of the rat spinal cord. In 
Advances in Anatomy, embryology and Cell Biology, 85. Springer 
Verlag, New York.

191



Anderton BH, Breinburg D, Downer MJ, Green PJ, Tomlinson BE, Ulrich 
J, Wood JN, Kahn J. (1982): Monoclonal antibodies show that 
neurofibrillary tanglles and neurofilaments share antigenic determinants. 
Nature 298:84-86.

Andersson IK. Edwall D, Norstedt G, Rozell B, Skottner A, Hansson HA. 
(1988): Differing expression of the insulin-like growth factor I in the 
developing and adult rat cerebellum. Acta Physiol Scand 132:167-173.

Andreason TJ, Luetje CW, Heideman W, Storm DR. (1983): Purification 
of a novel calmodulin binding protein from bovine cerebral cortex 
membranes. Biochem 22(20):4615-4624.

Arakawa Y, Sendtner M, Thoenen H. (1990): Survival effect of ciliary 
neurotrophic factor (CNTF) on chick embryonic motomeurones in culture: 
Comparison with other neurotrophic factors and cytokines. J Neurosci 
10(11):3507-3515.

Armstrong RC, Harvath L, Dubois-Dalcq ME. (1990): Type 1 astrocytes 
and oligodendrocyte-type 2 astrocyte glial progenitors migrate toward 
distinct molecules. J Neurosci Res 27:400-407.

Atkinson PR, Bala RM. (1981): Partial characterizatin of a mitogenic 
factor with somatomedin-like activity produced by culture W l-38 human 
fibroblasts. J Cell Physiol 107:317-327.

Ayer-le-Lievre C, Olson L, Edendal T, Seiger A, Persson H. (1988): 
Expression of the /?-nerve growth factor gene in hippocampul neurones. 
Science 240:1339-1341.

Ayer-le-Lievre C, Stahlbom PA, Sara VR. (1991): expression of IGF-I 
and II in the brain and craniofacial region of the rat fetus. Development 
111: 105-115.

Baichwal RR, Bigbee JW, DeVries GH. (1988): Macrophage-mediated 
myelin-related mitogenic factor for cultured Schwann cells. Proc Natl

192



Acad Sci USA 85:1701-1705.

Baetge EE, Hammang JP. (1991): Neurite outgrowth in PC12 cells 
deficient in GAP-43. Neuron 6:21-30.

Ballotti R. Nielson FC, Pringle N, Kowalski H, Heldin CH, Richardson 
WD, Van Obberghan E, Gammeltoft S. (1987): Insulin-like growth 
factor-I in cultured rat astrocytes: expression of the gene and receptor 
tyrosine kinase. EMBO J 6:3363-3639.

Barbin G, Manthorpe M, Varon S. (1984): Purification of the chick eye 
ciliary neurotrophic factor. J Neurochem 43:1468-1478.

Barde YA, Edgar D, Thoenen H. (1982): Purification of a new 
neurotrophic factor from mammalian brain. EMBO J 1:549-553.

Barde YA. (1988): What if anything, is a neurotrophic factor? TINS 
11:343-346.

Barde Y. (1989): Trophic factors and neuronal survival. Neuron 2:1524- 
1534.

Baron Van Evecooren A, Gansmiiller A, Gumpel M, Baumann, 
V.Kleinmann HK (1986): Schwann cell differentiation in vitro:
Extracellular matrix deposition and interaction. Dev Neurosci 8:182-196.

Baron Van Evercooren A, Leprince P. Rogister B, Lefebvre PP, Delree P, 
Selak I, Moonen G (1987): Plasminogen activators in the developing 
peripheral nervous system, cellular origin and mitogenic effect. Dev Brain 
Res 36:101-108.

Barsony J, Marx SJ. (1990): Immunocytology on microwave-fixed cells 
reveals rapid and agonist specific changes in subcellular accumulation 
patterns for cAMP or cGMP. Proc Natl Acad Sci USA 87:1188-1192.

Basi GS. Jacobson RD, Virag I, Schilling J, Pate Skene JH. (1987):

193



Primary structure and transcriptional regulation of GAP-43, a protein 
associated with nerve growth. Cell 49:785-791

Beck F, Samani NJ, Penschow JD, Thorley B, Tregear GW, Cocghlan JP.
(1987): Histochemical localization of IGF I and IGF II mRNA in the rat 
embryo. Development 101:175-184.

Beck F, Samani NJ, Byrne S, Morgan K, Gebhard R, Brammer WJ.
(1988): Histochemical localization of IGF I and II mRNA in the rat 
between birth and adulthood. Development 104:29-39.

Bennett, V. (1985): The membrane skeleton of human erytrocytes and its 
implications for more complex cells. Ann Rev Biochem 54:273-304

Benowitz LI, Shashoua VE, Yoon MG. (1981): Specific changes in 
rapidly transported proteins during regeneration of the goldfish optic 
nerve. J Neurosci 1:300-307.

Benowitz LI, Perrone-Bizzozero NI, Finklestein SP, (1987): Molecular 
properties of the growth-associated protein GAP-43 (B50). J Neurochem 
48(5): 1640-1647.

Benowitz LI, Routtenberg A. (1987): A membrane phosphoprotein 
associated with neural development, axonal regeneration, phospholipid 
metabolism, and synaptic plasticity. TINS 10(12):527-532.

Benowitz LI, Schmidt JT (1987): Activity-dependent sharpening of the 
regenerating retinotectal projection in goldfish: Relationship to the 
expression of growth-associated proteins. Brain Res 417:118-126.

Benowitz LI, Apostolides PJ, Perrone-Bizzozero NI, Finklestein SP, 
Zwiers H. (1988): Anatomical distribution of the growth-associated 
protein GAP-43/B-50 in the adult rat brain. J Neurosci 8:339-352.

Benowitz LI, Perrone-Bizzozero NI, Finklestein SP, Baird DE. (1989): 
Localization of the growth-associated protein GAP-43 (B50, FI) in the

194



human cerebral cortex. J Neurosci 9:990-995.

Benviste EN, Merril JE. (1984): Stimulation of oligodendroglial 
proliferation and maturation by interleukin-2. Nature 321:610-613.

Berridge MJ. (1987): Inositol triphosphate and diacylglycerol: two 
interacting second messengers. Ann Rev Biochem 56:159-193.

Betsholtz C, Nister M, Rorsman F, Heldin CH, Wetermark B. (1989): 
Structural and functional asspects of platelet-derived growth factor and its 
role in the pathogenesis of glioblastoma. Mol Chem Neuropathol 10:27- 
36.

Blum WF, Ranke MB, Bierich JR. (1986): Isolation and partial 
characterization of six somatomedin-like peptides from human plasma 
cohn fraction IV. Acta Endocrinol 111:271-284.

Bogler O, Wren D, Barnett SC, Land H, Noble M. (1990): Cooperation 
between two growth factors promotes extended self-renewal and inhibits 
differentiation of 0-2A  progenitor cells. Proc Natl Acad Sci USA 
87:6368-6372.

Bothwell M. (1982): Insulin and somatomedin MSA promote nerve 
growth factor-independant neurite formation by cultured chick dorsal root 
ganglionic sensory neurones. J Neurosci Res 8:225-231.

Bottenstein JE, Sato GH. (1979): Growth of a rat neuroblastoma cell line 
in serum-free supplemented medium. Proc Natl Acad Sci USA 76:514- 
517.

Bradford MM. (1976): A rapid and sensitive technique for the quantitation 
of microgram quantities of protein utilizing the principal of dye binding. 
Anal Biochem. 72:248-254.

Bray GM, Raminsky M, Aguayo AJ. (1981): Interactions between axons 
and their sheath cells. Ann Rev Neurosci 4:127-162.

195



Bressler JP, Grotendost GR, Levitov C, Hjelmland LM. (1985): 
Chemotaxis of rat brain astrocytes to platelet-derived growth factor. Brain 
Res 344:249-254.

Brockes JP, Fields KL, Raff MC. (1979): Studies on cultured rat Schwann 
cells. I. Establishment of purified populations from cultures of peripheral 
nerve. Brain Res 165:105-118.

Brockes JP, Lemke GE, Balzer DR. (1980): Purification and preliminary 
characterization of a glial growth factor from the bovine pituitary. J Biol 
Chem 255:8374-8377.

Brockes JP, Kintner CR. (1986): Glial growth factor and nerve dependent 
proliferation in the regeneration blastema of Urodele amphibia. Cell 
45:301-306.

Brockes JP, Breakefield XO, Martuza RL. (1986): Glial growth factor- 
like activity in Schwann cell tumours. Ann Neurol 20:317-322.

Brockes J. (1987): Assay and isolation of glial growth factor from bovine 
pituitary. Method in Enzymol. 147:217-227.

Brown MJ, Asbury AK. (1981): Schwann cell proliferation in the
Postnatal Mouse: Timing and Topography. Exp Neurol 74:170-186.

Brown AL, Graham DE, Nissley SP, Hill DJ, Strain AJ, Rechler MM. 
(1986): Developmental regulation of insulin-like growth factor II mRNA 
in different rat tissues. J Biol Chem 261:13144-13150.

Bunge MB, Bunge RP, Peterson ER, Murray MR. (1967): A light and 
electron microscope study of long-term organized cultures of rat dorsal 
root ganglia. J Cell Biol 32:439-466.

Bunge MB, Williams AK, Wood PM. (1982): Neuron-Schwann cell 
interaction in basal lamina formation. Dev Biol 99:449-457.

196



Bunge RP, Bunge MB, Eldridge CF. (1986): Linkage between axonal 
ensheathment and basal lamina production by Schwann cells. Ann Rev 
Neurosci 9:305-328.

Burgess SK, Jacobs S, Cuatrecasas P, Sahyoun N. (1987): 
Characterization of a neuronal subtype of insulin-like growth factor I 
receptor. J Biol Chem 262:1618-1622.

Caday CG, Klagsbrun M, Fanning PJ, Mirzabegian A, Finklestein SP. 
(1990): Fibroblast growth factor (FGF) levels in the developing rat brain. 
Dev Brain Res 52:214-246.

Carman-Krzan M, Vige X, Wise BC. (1991): Regulation by interleukin-1 
of nerve growth factor mRNA expression in rat primary astroglial 
cultures. J Neurochem56(2):636-643.

Caroni P, Grandes P. (1990): Nerve sprouting in innervated adult skeletal 
muscle induced by exposure to elevated levels of insulin-like growth 
factors. J Cell Biol 110:1307-1317.

Cassel D, Wood PM, Bunge RP, Glaser L. (1982): Mitogenicity of brain 
axolemma membranes and soluble factors for dorsal root ganglion cells. J 
Cell Biochem 18:433-445.

Chan SY, Murakami K, Routtenberg A. (1986): Phosphoprotein FI: 
Purification and characterization of a brain kinase C substrate related to 
plasticity. J Neurosci 6:3618-3627.

Claude P, Parade IM, Gordon KA, D,Amore PA, Wagner JA. (1988): 
Acidic fibroblast growth factor stimulates adrenal chromaffin cells to 
proliferate and to extend neurites, but is not a long term survival factor. 
Neuron 1:783-790.

Clemence A, Mirsky R, Jessen KR. (1989): Non-myelin-forming 
Schwann cells proliferate rapidly Wallerian degeneration in the rat sciatic

197



nerve. J Neurocytol 18:185-192.

Clemmons DR, Shaw DS. (1986): Purification and biological properties of 
fibroblast somatomedin. J Biol Chem 261:10293-10298.

Clemmons DR, Gardener LI. (1990): A factor in plasma is required for 
IGF binding protein-1 to potentiate the effect of IGF-I on smooth muscle 
cell DNA synthesis. J Cell Physiol 145:129-135.

Clemmons DR, Van Wyk JJ. (1983): Evidence for a functional role of 
endogenously produced somatomedinlike peptides in the regulation of 
DNA synthesis in cultured human fibroblasts and porcine smooth muscle 
cells. J Clin Invest 75:1914-1918.

Conover CA, Baker BK, Hintz RL. (1989): Cultured human fibroblasts 
secrete insulin-like growth factor IA prohormone. J Clin Endocrinol 
Metab 69:25-30.

Costa M, Buffa R, Furness JB, Solcia E. (1979): Immunohistochemical 
localization of polypeptides in peripheral autonomic nerves using whole 
mount preparations. Histochem 65:157-165.

Costello B, Meymandi A, Freeman JA. (1990): Factors influencing GAP- 
43 gene expression in PC12 pheochromocytoma cells. J Neurosci 10(4): 
1398-1406.

Cowan T, Haven AJ, Bumstock G. (1985): Pontamine sky blue: a 
counterstain for background autofluorescence in fluorescene and 
immunofluorescence histochemistry. Histochem 82:205-208.

Crouch MF, Hendry IA. (1991): Co-activation of insulin-like growth 
factor-I receptors and protein kinase C results in parasympathetic 
neuronal survival. J Neurosci Res 28:115-120.

Czech MP. (1989): Signal transduction by the insulin-like growth factors. 
Cell 59:235-238.

198



DaCunha A, Vitkovic L. (1990): Regulation of immunoreactive GAP-43 
expression in rat cortical macroglia is cell type specific. J Cell Biol 
111:209-215.

Dahmer MK, Hart PM, Perlman RL. (1990): Studies on the effect of 
insulin-like growth factor-I on catecholamine secretion from chromaffin 
cells. J Neurochem 54(3):931-936.

Danielson N, Pettman B, Vahsling HL, Manthorpe M, Varon S. (1988): 
Fibroblast growth factor effects on peripheral nerve regeneration in a 
silicone chamber model. J Neurosci Res 20:320-330.

Daughaday WH, Rotwein P. (1989): Insulin-like growth factors I and II 
Peptide messenger ribonucleic acid and gene structures, serum, and tissue 
concentrations. Endocrine Rev 10(l):68-86.

Davis AM Thoenen H, Barde YA. (1986): The response of chick sensory 
neurones to brain-derived neurotrophic factor. J Neurosci 6:1897-1904.

Davis AM, Lumsden A. (1990): Ontogeny of the somatosensory system: 
origins and development of the primary sensory neurones. Ann rev 
neurosci 13:61-73.

Davis JB. Stroobant P (1990): Platelet derived growth factors and
fibroblast growth factors are mitogens for Rat Schwann cells. J Cell Biol 
110:1353-1360.

Davis JB, Goodearl ADJ. (1990): The axon may control Schwann cell 
responses to growth factors. Annals NY Acad Sci in press.

D'Ercole AJ, Stiles AD, Underwood LE. (1984): Tissue concentrations of 
somatomedin-C: further evidence for multiple sites of synthesis and 
paracrine/autocrine mechanisms of action. Proc Natl Acad Sci USA 
81:935-939.

199



De La Monte SM, Federoff HJ, Ng S, Grabczyk E, Fishman MC. (1989): 
GAP-43 gene expression during development: persistence in a distinctive 
set of neurones in the mature central nervous system. Dev Brain Res 
46:161-168.

De Le Torre JA, Surgeon JW. (1976): A methodological approach to rapid 
and sensitive monoamine histofluorescence using a modified glyoxylic 
acid technique, the SPG method. Histochem 49:81-93.

Deloume JC, Janet T, Au.D, Storm DR, Sensenbrenner M, Baudier J, 
(1990): Neuromodulin (GAP-43): A neuronal protein kinase C substrate 
is also present in 0-2A glial cell linage. Characterization of neuromodulin 
in secondary cultures of oligodendrocytes and comparison with the 
neuronal antigen. J Cell Biol 111:1559-1569.

DeMellow JSM, Baxter RC. (1988): Growth hormone dependant insulin­
like growth factor binding protein inhibits and potentiates IGF-I 
stimulated DNA synthesis in skin fibroblasts. Biochem Biophys Res 
Comm 156:199-206.

Derynck R. (1988): Transforming growth factor-a. Cell 54:593-595.

! Deuel TF. (1987): Polypeptide growth factors: roles in normal and abnormal cell 
growth. Ann Rev Cell Biol 3:443-492.

DiCicco-Bloom E, Black IB, (1988): Insulin-like growth factors regulate 
the mitogenic cycle in cultured rat sympathetic neuroblasts. Proc Natl 
Acad Sci USA 85:4066-4070.

Eccleston PA, Silberberg DH. (1985): Fibroblast growth factor is a 
mitogen for oligodendrocytes in vitro. Dev Brain Res 21:315-318.

Eccleston PA, Jessen KR, Mirsky R (1989): Transforming growth factor 
Beta and Gamma Interferon have dual effects on growth of Peripheral 
Glia. J Neurosci Res 24:524-530.

Eccleston PA, Collerini EJ, Jessen KR, Mirsky R, Richardson WD (1990):

200



Schwann cells respond to and secrete a PDGF-like factor: A possible 
autocrine growth control mechanism. Eur J Neurosci. 2:985-992.

Eccleston PA, Mirsky R, Jessen KR (1991): Spontaneous immortalization 
of Schwann cells in culture: short-term Schwann cells secrete growth 
inhibitory activity. Development in press.

El-Badry OM, Romanus JA, Helman LJ, Cooper MJ, Rechler MM, Israel 
MA. (1989): Autonomous growth of a human neuroblastoma cell line is 
mediated by insulin-like growth factor II. J Clin Invest 84:829-839.

Eldridge CF, Bunge MB, Bunge RP,Wood PM. (1987): Differentiation of 
axon-related Schwann cells in vitro. Ascorbic acid regulates basal lamina 
assembly and myelin formation. J Cell Biol 105:1023-1034.

Elgin RG, Busby WH, Clemmons DR. (1987): An insulin-like growth 
factor binding protein enhances the biological response to IGF-I. Proc 
Natl Acad Sci USA 84:3313-3318.

Emfors P, Wetmore C, Olson L, Persson H. (1990): Identification of cells 
in rat brain and peripheral tissues expressing mRNA for members of the 
nerve growth factor family. Neuron 5:511-526.

Emsberger U, Sendtner M, Rohrer H. (1989): Proliferation and 
differentiation of embryonic chick sympathetic neurones: effects of ciliary 
neurotrophic factor. Neuron 2:1275-1284.

Fallon JH, Loughlin SE, Morrison RS, Bradshaw RA, Knauer DJ, 
Cunningham DD. (1984): Epidermal growth factor immunoreactive 
material in the central nervous system: Location and development. Science 
224:1107-1109.

Fawcett JW, Keynes RJ. (1990): Peripheral nerve regeneration. Ann Rev 
Neurosci 13:43-60.

Federoff HJ, Grabezyk E, Fishman MC. (1988): Dual regulation of GAP-

201



43 gene expression by nerve growth factor and glucocorticoids. J Biol
Chem 236(36): 19290-19295.

Ferguson IA, Schweitzer JB, Johnson EM. (1990): Basic fibroblast growth 
factor: Receptor-mediated internalization, metabolism, and anterograde 
axonal transport in retinal ganglion cells. J Neurosci 10:2176-2189.

Ferrari G, Minnozi MC, Toffano G, Leon A, Skaper SD. (1989): Basic 
fibroblast growth factor promotes the survival and development of 
mesencephalic neurones in culture. Dev Biol 134:140-147.

Finklestein SP, Apostolides PJ, Caday CG, Prosser J, Philips MF, 
Klagsbrun M. (1988): Increased basic fibroblast growth factor (bFGF) 
immunoreactivity at the site of local brain wounds. Brain Res 460:253- 
259.

Fitzgerald M, Reynolds ML, Benowitz LI. (1991): GAP-43 expression in 
the developing rat lumbar spinal cord. Neurosci in press.

Folkman J, Klagsbrun M. (1987): Angiogenic factors. Science 235: 442- 
447.

Fox JEB, Boyles JK, Bemdt MC, Steffen PK, Anderson LK. (1988): 
Identification of a membrane skeleton in platelets. J Cell Biol 106:1525- 
1538.

Friede RJ, Samorajski T. (1968): Myelin formation in the sciatic nerve of 
the rat. J Neuropathol Exp Neurol. 27:546-570

Friede RJ. (1972): Control of myelin formation in the sciatic nerve of the 
rat. J Neuropathol Exp Neurol 144:233-252.

Friede RJ, Bischhausen R. (1980): The fine structure of stumps of 
transected nerve fibres in subserial sections. J Neurol Sci 44:181-203.

Froesch ER, Schmid C, Schwander J, Zapf J. (1985): Actions of insulin

202



like growth factors. Ann Rev Physiol 47:443-467.

Furness JB, Costa M. (1980): Types of nerve in the enteric nervous 
system. Neurosci 5:1-20.

Gabella G, Trigg P. (1984): Size of neurones and glial cells in the enteric 
ganglia of mice, guinea-pigs, rabbits and sheep. J Neurocytol 13:49-71.

Gamble HJ, Breathnach AS. (1965): An electron microscope study of 
human foetal nerve tissues. J Anatomy 99:573-584.

Gammeltoft S, Balloti R, Nielson FC, Kowalski A, Van Oberghan E.
(1988): Receptors for insulin-like growth factors in the central nervous 
system. Structure and function. Horm Metab Res. 20:436-442.

Gelato MC, Vassolotti J. (1990): Insulin-like growth factor II: Possible 
local growth factor in pheochromocytoma. J Clin Endocrinol Metab 
71:1168-1174.

Gershon MD. (1981): The enteric nervous system: an apparatus for 
intrinsic control of gastrointestinal motility. Viewpoint on Digestive 
Diseases 13(4): 13-15.

Girbau M, Bassas L, Alemany J, de Pablo F. (1989): In situ
autoradiography and ligand-dependent tyrosine kinase activity reveal 
insulin receptors and insulin-like growth factor I receptors in
prepancreatic chicken embryos. Proc Natl Acad Sci USA 86:5868-5872.

Gliemann J, Foley JE, Sonne 0,Laursen AL. (1985): Insulin-receptor 
interactions. In Polypeptide hormone receptors pp 1-39. Ed, Posner BI. 
Marcel Dekker Inc, New York.

Goldstein RH, Poliks CF, Pilch PF, Smith BD, Fine A. (1989):
Stimulation of collagen formation by insulin-like growth factor I in
cultures of human lung fibroblasts. Endocrinol 124:964-970.

203



Gomez-Pinilla F, Knauer DJ, Nieto-Sampedro M. (1988): Epidermal 
growth factor receptor immunoreactivity in rat brain. Development and 
cellular localization. Brain Res 438:385-390.

Gonzales A, Busaglia M, Ong M, Baird A. (1990): Distribution of basic 
fibroblast growth factor in the 18-day rat fetus: localization in the 
bassement membrane of diverse tissues. J Cell Biol 110:753-765.

Goslin K, Schreyer DJ, Skene JHP, Banker G. (1988): Development of 
neuronal polarity: GAP-43 distinguishes axonal from dendritic growth 
cones. Nature 336:672-674.

Gospadarowicz D, Ferrara N, Schweigerer L, Neufeld G. (1987): Stuctural 
characterization and biological functions of fibroblast growth factors. 
Endocrinol Rev 8:95-114.

Gospadorowicz D. (1987): Isolation and characterization of acidic and 
basic fibroblast growth factor. Methods in Enzymol 147:107-119.

Gowen LK, Hampton B, Hill DJ, Schlueter RJ, Perdue JF. (1987): 
Purification and characterization of a unique high molecular weight form 
of insulin-like growth factor II. Endocrinol 121(2):449-458.

Grabczyk E, Zuber MX, Federoff HJ, Ng SC, Pack A, Fishman MC. 
(1990): Cloning and characterization of the rat gene encoding GAP-43. 
Eur J Neurosci 2:822-827.

Gratzner HG (1982): Monoclonal antibody to 5-bromo and 5 iododeoxy- 
uridine: A new agent for detection of DNA replication. Science 218:474- 
475.

Greenberg MM, Leitao C, Trogadis J, Stevens JK. (1990): Irregular 
geometries in normal unmyelinated axons: a 3D serial EM analysis. J 
Neurocytol 20:978-988.

Guentert-Lauber B, Honneger P. (1983): Epidermal growth factor

204



stimulation of cultured brain cells. 11. Increased production of 
extracellular soluble proteins. Dev Brain Res 11:253-260.

Guilian D, Latchman LB. (1985): Interleukin-1 stimulation of astroglial 
proliferation after brain injury. Science 228:497-499.

Gulbenkian S, Wharton J, Polak JM. (1987): The visualization of 
cardiovascular innervation in the guinea pig using an antiserum to protein 
gene product 9.5 (PGP 9.5). J Auton Nerv Syst 18:235-247.

Han VKM, Lauder JM, D'Ercole AJ. (1987): Characterization of 
somatomedin/insulin-like growth factor receptors and correlation with 
biological action in cultured neonatal rat astroglial cells. J Neurosci 
7:501-511.

Hansson HA, Dahlin LB, Danielson N, Fryklund L, Nachemson AK, 
Polleryd P, Rozell B, Skottner A, Stemme S, Lundborg G. (1986): 
Evidence indicating trophic importance of IGF-I in regenerating 
peripheral nerves. Acta Physiol Scand 126:609-614.

Hansson HA, Rozell B, Skottner A. (1987a): Rapid axoplasmic transport 
of the trophic factor somatomedin C in the sciatic nerve of adult rats. Cell 
Tissue Res 247:241-247.

Hansson HA, Jennische E, Skottner A. (1987b): IGF-I expression in 
blood vessels varies with vascular load. Acta Physiol Scand 129:165-169.

Hansson HA, Dahlin LB, Lowenadler B, Lundborg G, Paleus S, Skottner 
A. (1988a): Transient increase in insulin-like growth factor-I 
immunoreactivity in rat peripheral nerves exposed to vibrations. Acta 
Physiol Scand. 132:35-41.

Hansson HA, Nilsson A, Isgaard J, Billig H, Isaksson O, Skottner A, 
Anderson IK, Jennishe E, Rozell B. (1988b): Immunohistochemical 
localization of IGF-I in the adult rat. Histochemistry 189:403-410

205



Hansson HA, Lauritzen C, Lossing C, Pertuson K. (1988c): Somatomedin 
C as a tentative pathogenic factor in neurofibromatosis. Scand J Plast 
Reconst Surg 22:7-13.

Hansson HA, Brandsten C, Lossing C, Petruson K. (1989): Transient 
expression of insulin-like growth factor immuno-reactivity by vascular 
cells during angiogenesis. Exp Mol Pathol 50:125-138.

Hansson HA. (1990): Insulin-like growth factor-I: aspects of its cellular 
localization and dynamic changes. Growth and Growth factors 5(1):3-10.

Hart IK, Richardson WD, Heldin CH, Westermark B, Raff MC. (1989): 
PDGF receptors on the cells of the oligodendrocyte-type-2 astrocyte (O- 
2A) cell lineage. Development 105:593-603.

Hasselbacher GK, Humbel R. (1982): Evidence for two species of 
insulin-like growth factor II (IGF-II and "big" IGF-II ) in human spinal 
fluid. Endocrinol 110:1822-1824.

Hasselbacher GK, Scwabb ME, Pasi A, Humbel R. (1985): Insulin like 
growth factor II in human brain: regional distribution of IGF-II and of 
higher molecular mass forms. Proc Natl Acad Sci USA 82:2153-2157.

Hatten ME, Lynch M, Rydel RE, Sanchez J, Joseph-Silverstein, 
Moscatelli D, Rifkin DB. (1988): In vitro neurite extension by granule cell 
neurones is dependant upon astroglial-derived fibroblast growth factor. 
Dev Biol 125:280-289.

Hefti F. (1986): Nerve growth factor (NGF) promotes survival of septal 
cholinergic neurones. J Neurosci 6:2155-2162.

Heine UI, Munoz EF, Flanders KC, Ellingsworth LR, LAM HYP, 
Thompson NL, Roberts A, Spom MB. (1987): Role of transforming 
growth factor-/? in the development of the mouse embryo. J Cell Biol 
105:2861-2876.

206



Herschman HR. (1986): Polypeptide growth factors and the CNS. TINS 
9:53-57.

Heumann R, Korshing S, Scott J, Thoenen H. (1984): Relationship 
between levels of nerve growth factor (NGF) and its messenger RNA in 
sympathetic ganglia and peripheral target tissues. EMBO J 3:3183-3189.

Hofer MM, Barbe YA. (1988): Brain-derived neurotrophic factor 
prevents neuronal death in vivo. Nature 331:261-262.

Hoffman PN, Cleveland DW, Griffin JW, Landes PW, Cowen NJ, Price 
DL. (1987): Neurofilament gene expression: A major determinant of 
axonal caliber. Proc Natl Acad Sci USA 84:3472-3476.

Hoffman PN, Cleveland DW. (1988): Neurofilament and tubulin 
expression recapitulates the developmental program during axonal 
regeneration: Induction of a specific beta-tubulin isotype. Proc Natl Acad 
Sci USA 85:4530-4533.

Hohn A, Leibrock J, Bailey K, Barde Y. (1990): Identification and 
characterization of a novel member of the nerve growth factor/brain- 
derived neurotrophic factor family. Nature 344:339-341.

Holly J. (1990): Insulin-like growth factor binding protein-1 (IGFBP-1), 
its significance and biological role. Growth and Growth Factors 5(3):63- 
69

Honneger P, Guenert-Lauber B. (1983): Epidermal growth factor (EGF) 
stimulation of cultured brain cells. I. Enhancement of the developmental 
increase in glial enzyme activity. Brain Res 11:245-251.

Hughes SM, Lillian LE, Raff MC, Rohrer H, Sendtner M. (1988): Ciliary 
neurotrophic factor iduces type- 2  astrocyte differentiation in culture. 
Nature 325:70-73.

Hynes RO. (1987): Integrins: A family of cell surface receptors. Cell

207



48:549-554.

Imamura T, Tokita Y, Mitsui Y. (1988): Purification of basic FGF 
receptors from rat brain. 155(2):583-590.

Ishii DN. (1990): Insulin-like growth factor II gene expression: 
relationship to the development and regeneration of neuromuscular 
synapses. Rest Neurol Neurosci 1:205-210.

Jacobson RD, Virag I, Pate Skene JH. (1986): A protein associated with 
axon growth, GAP-43 , is widley distributed and developmentally 
regulated in rat CNS. J Neurosci 6 (6 ): 1843-1855.

Jansen M, van Schaik FMA, van Tol H, Van den Brande JL, Sussenbach 
JS. (1985): Nucleotide sequences of cDNA encoding precursors of human 
insulin-like growth factor II (IGF-II) and an IGF II variant. FEBS Lett 
179:243-246.

Jennische E, Olivecrona H. (1987): Transient expression of IGF-I 
immunoreactivity in skeletal muscle cells during postnatal development in 
the rat. Acta Physiol Scand 131:619-622.

Jessen KR, Burnstock G. (1982): The enteric nervous system in tissue 
culture: a new mammalian model for the study of complex nervous 
networks. In: Trends in Autonomic Pharmacology pp 95-117. Ed: S 
Kalsner. Urban and Schwarenberg, Baltimore.

Jessen KR, Mirsky R. (1984): Non-myelin forming Schwann cells 
coexpress surface proteins and intermediate filaments not found in myelin 
forming cells: a study of Ran-2, A5E3 antigen and glial fibrillary acidic 
protein. J Neurocytol 13:923-934.

Jessen KR, Morgan L, Mirsky R. (1987): Myelinated but not 
unmyelinated axons, reversibly down-regulate N-CAM in Schwann cells. 
J Neurocytol 16:681-688.

208



Jessen KR, Morgan L, Stewart HJS, Mirsky R. (1990): Three markers of 
adult non-myelin forming Schwann cells, 217c (Ran-1), A5E3 and 
GFAP: development and regulation by neuron-Schwann cell interactions. 
Development 109:91-103.

Jolles J, Zwiers H, van Dongen CJ, Schotman P, Wirtz KWA, Gispen 
WH. (1980): Modulation of brain polyphosphoinositide metabolism by 
ACTH-sensitive protein phosphorylation. Nature 286:623-625.

Kaas JH, Merzenich MM, Killackey HP. (1983): The reorganization of 
somatosensory cortex following peripheral nerve damage in adult and 
developing mammals. Ann Rev Neurosci 6:325-356.

Kalil K, Skene JHP. (1986): Elevated synthesis of an axonally transported 
protein correlates with axon outgrowth in normal and injured pyrimidal 
tracts. J Neurosci 6:2563-2570.

Kanje M, Skottner A, Sjoberg J. (1990): Insulin-like growth factor (IGF- 
I) and regeneration of the sciatic nerve of the rat. Rest Neurol Neurosci. 
1:211-215.

Keely Haughen P, Letorneau PC. (1990): Interleukin-2 enhances chick 
and rat sympathetic, but not sensory, neurite outgrowth. J Neurosci Res 
25:443-452.

Knusel B, Michel PP, Schwaber JS, Hefti F. (1990): Selective and 
nonselective stimulation of central cholinergic and dopaminergic 
development in vitro by nerve growth factor, basic fibroblast growth 
factor, epidermal growth factor, insulin and insulin-like growth factors I 
and II. J Neurosci Res 10(2):558-570.

Korshing S. (1986): The role of nerve growth factor in the CNS. TINS 
10:570-573.

Krikorian D, Manthorpe M, Varon S.(1982): Purified mouse Schwann 
cells: Mitogenic effects of fetal calf serum and fibroblast growth factor.

209



Dev Neurosci 5:77-91.

Kromer LF. (1987): Nerve growth factor treatment after brain injury 
prevents neuronal death. Science 235:214-216.

Kudlow JE, Leung AWC, Korbin MS, Paterson AJ, Osa SL. (1989): 
Transforming growth factor-a in the mammalian brain. J Biol Chem 
264:3880-3883.

La Bate ME, Skene JHP. (1989): Selective conservation of GAP-43 
structure in vertebrate evolution. Neuron 3:299-310.

Laemmli UK, (1970): Cleavge of structural proteins during the assembly 
of the head of bacteriophage T4 . Nature 227:680-685.

Landis CA, Masters SB, Spada A, Pace AM, Baume HR, Vallar L. (1989): 
GTPase inhibiting mutations activate the chain of Gs and stimulate 
adenylate cyclase in pituitary tumours. Nature 340:692-696.

Langford LA, Porter S. Bunge RP (1988): Immortalized rat 
Schwann cells produce tumours in vivo. J Neurocytol 17:521-529.

Langley JN. (1921): The Autonomic Nervous System. Part 1. W Heffer 
and Sons, Cambridge, MA.

Le Dourain N, Smith J. (1988): Development of the peripheral nervous 
system from the neural creast. Ann Rev Cell Biol 4:374-404.

Lemke GE, Brockes JP. (1984): Identification and purification of glial 
growth factor. J Neurosci 4:75-83.

Lemke GE, Chao M. (1988): Axons regulate Schwann cell expression of 
the major myelin and NGF receptor genes. Development 102:203-215.

Lenoir D, Honnegar P. (1983): Insulin-like growth factor-I (IGF-I) 
stimulates DNA synthesis in fetal rat brain cell cultures. Dev Brain Res

210



7:205-213.

Leutz A, Schachner M. (1981): Epidermal growth factor stimulates DNA- 
synthesis of astrocytes in primary cerebellar cultures. Cell Tiss Res 
220:393-404.

Levi-Montalcin R, Angelleti PU. (1968): Nerve growth factor. Physiol 
Rev 48:534-569.

Levi-Montalcini R. (1987): The nerve growth factor: thirty-five years 
later. EMBO J 6:1145-1154.

Leutz A, Schachner M. (1981): Epidermal growth factor stimulates DNA- 
synthesis of astrocytes in primary cerebellar cultures. 220:393-404.

Liberman TA, Razon N, Bartal AD, Yarden Y, Slessinger J, Soreq H. 
(1984): Expression of epidermal growth factor receptors in human brain 
tumours. Cancer Res 44:753-760.

Lillian LE, Sendtner M, Raff MC. (1990): Extracellular matrix molecules 
collaborate with ciliary neurotrophic factor to induce type- 2  astrocyte 
development. J Cell Biol 111:635-644.

Lillian LE, Sendtner M, Rohrer H, Hughes SM, Raff MC. (1988): Type-2 
astrocyte development in rat brain cultures is initiated by a CNTF-like 
protein produced by type-1 astrocytes. Neuron 1:485-494.

Lindholm D, Heumann R, Meyer M, Thoenen H. (1987): Interleukin-1 
regulates synthesis of nerve growth factor in non-neuronal cells of the rat 
sciatic nerve. Nature 330:658-659.

Lindsay RM, Thoenen H, Barde YA. (1985): Placode and neural crest 
derived sensory neurones are responsive at early developmental stages to 
brain-derived neurotrophic factor. Dev Biol 112:319-328.

Lindsay RM. (1988): Nerve growth factors (NGF, BDNF) enhance axonal

211



regeneration but are not required for survival of adult sensory neurones. J 
Neurosci 8(7):2394-2405.

Lipton SA, Wagner JA, Madison RD, D,Amore PA. (1988): Acidic 
fibroblast growth factor enhances regeneration of processes by postnatal 
retinal ganglion cells in culture. Proc Natl Acad Sci USA 85:2388-2392.

Litchman JW, Magrassi L, Purves D. (1987): Visualization of 
neuromuscular junctions over periods of several months in living mice. J 
Neurosci 7(4): 1215-1222.

Livingston RB, Pfenniger K, Moor H, Akert K. (1973): Specialized 
paranodal and interparanodal glial-axonal junctions in the peripheral and 
central nervous system: A freeze etching study. Brain Res 58:1-23.

Lie well yn-Smith LJ, Furness JB, Wilson AL, Costa M. (1983): 
Organization and fine structure of enteric ganglia. In Autonomic Ganglia. 
Edited by Lars-Gosta Elfvin. John Wiley and Sons Ltd.

Logan A, Logan SD. (1986): Distribution of fibroblast growth factor in 
the central and peripheral nervous system of various mammals. Neurosci 
Lett 69:162-165.

Lovinger DM, Akers RF, Nelson RB, Barnes CA, Mcnaughton BL, 
Routtenberg A. (1985): A selective increase in phosphorylation of protein 
FI, a protein kinase C substrate, directly related to three day growth of 
long-term synaptic enhancement. Brain Res 343:137-143.

Lund PK, Moats-Statts BM, Hynes MA, Simmons JG, Jansen M, 
D'Ercole AJ, Van Wyk JJ. (1986): Somatomedin C/ insulin-like growth 
factor-I and insulin like growth factor-II mRNA in rat fetal and adult 
tissues. J Biol Chem 261:4539-4543.

MacDonald RG, Pfeffer SR, Coussens L, Tepper MA, Brocklebank CM, 
Mole JE, Anderson JK, Chen E, Czech MO, Ullrich A. (1988): A single 
receptor binds both insulin-like growth factor II and mannose-6 -

212



phosphate. Science 239:1134-1137.

Manthorpe M, Skaper SD, Williams LR, Varon S. (1986): Purification of 
adult rat ciliary neurotrophic factor. Brain Res 367:282-286.

Maisonpierre PC, Belluscio L, Friedman B, Alderson RF, Wiegand SJ, 
Furth ME, Lindsay RM, Yancopoulos GD. (1990): NT-3, BDNF, and 
NGF in the developing rat nervous system: parallel as well as reciprocal 
patterns of expression. Neuron 5:501-509.

Marquardt H, Todaro GJ, Henderson LE, Oroszlan S. (1981): Purification 
and primary structure of a polypeptide with multiplication stimulating 
activity from rat liver cell cultures. Homology with human insulin-like 
growth factor II. J Biol Chem 256:6859-6865.

Massague J, Czech MP. (1982): The subunit structure of two distinct 
receptors for insulin-like growth factors I and II and their relationship to 
the insulin receptor. J Biol Chem 257:5038-5045.

Massague J. (1983): Epidermal growth factor-like transforming growth 
factor. J Biol Chem. 258:13614-13620.

Massague J. (1990): The transforming growth factor-/? family. Ann Rev 
Cell Biol 6:597-641.

Mattsson MEK, Endberg G, Ruusala AI, Hall K, Pahlman S. (1986): 
Mitogenic response of human SH-SY5Y neuroblastoma cells to insulin­
like growth factor I and II is dependent on the stage of differentiation. J 
Cell Biol 102:1949-1954.

Meller K. (1987): Early stuctural changes in the axoplasmic cytoskeleton 
after axotomy studied by cryofixation. Cell Tissue Res 250:663-672.

McGuire CB, Snipes GJ, Norden JJ. (1988): Light microscopic 
immunolocalization of the growth associated protein GAP-43 in the 
developing rat brain. Dev Brain Res 41:277-291.

213



McMorris FA, Smith TM, DeSalvo S, Furlanetto RW. (1986): Insulin­
like growth factor-I/ somatomedin C: a potent inducer of oligodendrocyte 
development. Proc Natl Acad Sci USA 83:822-826.

McMorris FA, Dubois Dalcq M. (1988): Insulin-like growth factor-I 
promotes cell proliferation and oligodendrocyte commitment in rat glial 
progenitor cells developing in vitro. J Neurosci Res 21:199-209.

Meador-Woodruff J, Lewis BL, DeVries GH. (1984): Cyclic AMP and 
calcium as potential mediators of axolemma- and myelin-enriched 
fraction stimulation of cultured Schwann cells. Biochem Biophys Res 
Commun 122:373-380.

Meiri KF, Pfenniger KH, Willard MB. (1986): Growth-associated protein 
GAP-43, a polypeptide that is induced when neurones extend axons, is a 
component of growth cones and corresponds to pp46, a major polypeptide 
of a subcellular fraction enriched in growth cones. Proc Natl Acad Sci 
USA 83:3537-3541.

Meiri KF, Willard M, Johnson MI. (1988): Distribution and
phosphorylation of the growth associated protein GAP-43 in regenerating 
sympathetic neurones in culture. J Neurosci 8(7): 2571-2581.

Meiri KF, Gordon-Weeks PR. (1990): GAP-43 in growth cones is 
associated with areas of membrane that are tightly bound to substrate and 
is a component of a membrane skeleton subcellular fraction. J Neurosci 
10(l):256-265.

Mill JF, Chao MV, Ishii DN. (1988): Insulin, insulin-like growth factor II, 
and nerve growth factor effects on tubulin mRNA levels and neurite 
formation. Proc Natl Acad Sci USA 82:7126-7130.

Mirsky R, Dubois C, Morgan L, Jessen KR. (1990): 04 and A007- 
sulfatide antibodies bind to embryonic Schwann cells prior to the 
appearance of galactocerebroside; regulation of the antigen by axon-

214



Schwann cell signals and cyclic AMP. Development 109:105-116.

Mirsky RM, Jessen KR. (1990): Schwann cell development and the 
regulation of myelin phenotype. From seminars in The Neurosciences 2: 
in press.

Montero CN, Hefti F. (1988): Rescue of lesioned septal cholinergic 
neurones by nerve growth factor: specificity and requirements for chronic 
treatment. J Neurosci 8:2986-2999.

Monuko K, Sobue G, Reddy VR, Wurzer B, Kreider H, Hotta P, Baron 
AH, Pleasure D. (1989): Regulation of Schwann cell nerve growth factor 
receptor by cyclic adenosine 3',5-mono-phosphate. J Neurosci Res 
21:465-472.

Morgan DO, Edman JC, Standring DN, Fried VA, Smith MC, Roth RA, 
Rutter WJ. (1987): Insulin-like growth factor II receptor a multifunctional 
binding protein. Nature 329:301-307.

Morgan L, Jessen KR, Mirsky R. (1991): The effects of cyclic AMP on 
differentiation of cultured Schwann cells: progression from an early 
phenotype (04+) to a myelin phenotype (Pq- , GFAP” , N-CAM” , NGF- 
receptor- ) depends on growth inhibition. J Cell Biol:457-467.

Morrell DJ, Ray K, Holder AT, Taylor AM, Blows JA, Hill DJ, Wallis M, 
Preece MA. (1988): Somatomedin Cl insulin-like growth factor I: 
simplified purification procedure and biological activities of the purified 
growth factor. J Endocrinol 110:151-158.

Morrison RS, Sharma A, deVellis J, Bradshaw RA. (1986): Basic 
fibroblast growth factor supports the survival of cerebral cortical neurones 
in primary cultures. Proc Natl Acad Sci USA 83:7537-7541.

Morrison RS, Komblum HI, Leslie FM, Bradshaw RA. (1987): Trophic 
stimulation of cultured neurones by epidermal growth factor. Science 
238:72-75.

215



Morrison RS, Keating RF, Moskal JR. (1988): Basic fibroblast growth 
factor and epidermal growth factor exert differential trophic effects on 
CNS neurones, J Neurosci Res 21:71-79.

Moses AC, Nissley SP, Short PA, Rechler MM, White RM, Knight AB, 
Higam OZ. (1980): Elevated levels of multiplication-stimulating activity, 
an insulin-like growth factor, in fetal rat serum. Proc Natl Acad Sci USA 
77:3649-3653.

Moss DJ, Femyhough P, Chapman K, Baizer L> Bray D, Allsop T. (1990): 
Chicken growth-associated protein GAP-43 is tightly bound to the actin- 
rich neuronal membrane skeleton. J Neurochem 54(3):729-736.

Moya FR, Bunge RP, Bunge MB. (1980): Schwann cells proliferate but 
fail to differentiate in defined medium. Proc. Natl.Acad. Sci. USA, 
77:6902 -  6906.

Mugnaini E, Schnapp B. (1974): Possible role of zonula occludens of the 
myelin sheath in demyelinating conditions. Nature 251:725-727.

Muir D, Gennrich C, Varon S, Manthorpe M. (1989): Schwann cell 
proliferation is under negative autocrine control. Soc Neurosci Abst 
15:689.

Muir D, Varon S, Manthorpe M. (1990): Schwann cell proliferation in 
vitro is under negative autocrine control. J Cell Biol 111:2663-2671.

Murphy M, Drago J, Bartlett PF. (1990): Fibroblast growth factor 
stimulates the proliferation and differentiation of neural precursor cells in 
vitro. J Neurosci Res 25:463-475.

Murphy LJ, Bell GI, Friesen HG. (1987): Tissue distribution of insulin­
like growth factor I and II messenger ribonucleic acid in the adult rat. 
120(4): 1279-1281.

216



Neve RL, Perrone-Bizzazero NI, Finklestein S, Zwiers H, Bird E, Kumit 
DM, Benowitz LI. (1987): The neuronal growth-associated protein
GAP-43 (B50, FI): neuronal specificity, developmental regulation and 
regional distribution of the human and rat mRNAs. Mol Brain Res 2:177- 
183.

Neve RL, Finch EA, Bird ED, Benowitz LI. (1988): Growth associated 
protein GAP-43 is expressed in selectively in associative regions of the 
adult brain. Proc Natl Acad Sci USA 85:3638-3642.

Nieke J, Schachner M. (1985): Expression of the neural cell adhesion 
molecules LI and N-CAM and their common carbohydrate epitope 
L2/HNK-1 during development and after transection of the mouse sciatic 
nerve. Differentiation. 30:141-151.

Nikado SS, Takahashi JS. (1989): Twenty-four oscillation of cAMP in 
chick pineal cells: Role of cAMP in the acute and circadian regulation of 
melatonin production. Neuron 3:609-619.

Noble M, Murray K, Stroobant P, Waterfield MD, Riddle P. (1988): 
Platelet-derived growth factor promotes division and motility and inhibits 
premature differentiation of the oligodendrocyte/ type- 2  astrocyte 
progenitor cell. Nature 333:560-562.

Oblinger MM, Lasek RJ. (1988): Axotomy-induced alterations in the 
synthesis and transport of neurofilaments and microtubules in dorsal root 
ganglion cells. J Neurosci 8:1747-1758.

Oestreicher AB, Van Dongen CJ, Zwiers H, Gispen WH. (1983): 
Affinity-purified anti-B50 protein antibody: interference with the 
function of the phosphoprotein B-50 in synaptic plasma membranes. J 
Neurochem 41(2):331-340.

Pelligrino RG, Politis MJ, Ritchie JM, Spencer PS. (1986): Events in 
degenerating cat peripheral nerve: induction of Schwann cell S phase and 
its relation to nerve fibre degeneration. J Neurocytol 15:17-28.

217



Pelton RW, Dickinson ME, Moses HI, Hogan BLM. (1990): In situ 
hybridization analysis of TGF-/J3 RNA expression during mouse 
development: comparative studies with TGF-/11 and /?2. Development 
110:609-620.

Perrone-Bizzozero NI, Finklestein SP, Benowitz LI. (1986): Synthesis of 
a growth-associated protein by embryonic rat cerebrocortical neurones in 
vitro. J Neurosci 6(12):3721-3730.

Perry VH, Brown MC, Gordon S. (1987): The macrophage response to 
central and peripheral nerve injury. A possible role for macrophages in 
regeneration. J Exp Med 165:1218-1223.

Pettman B, Labourdette G, Sensenbrenner M. (1986): The fibroblast 
growth factor (FGF) is localized in neurones. Neurosci Letts 68:175-180.

Porter S, Clark MB, Glaser L, Bunge RP. (1986): Schwann cells
stimulated to proliferate in the absence of neurons retain full functional 
capability. J Neurosci 6(10):3070-3075.

Porter S, Glaser L, Bunge RP (1987): Release of autocrine growth factor 
by primary and immortalized Schwann cells. Proc Natl Acad Sci USA, 
84:7768-7772.

Poulsen SS, Nexo E, Skov Olsen P, Hess J, Kirkgaard P. (1986): 
Immunohistochemical localization of epidermal growth factor in rat and 
man. Histochem 85:389-394.

Powell DR, Lee PDK, Chang D, Liu F, Hintz RL. (1987): Antiserum 
developed for the E peptide region of insulin-like growth factor LA 
prohormone recognizes a serum protein by both immunoblot and 
radioimmunoassay. J Clin Endocrinol Metab 65:868-875.

Prats H, Kaghad M, Prats AC, Klagsbrun M, Lilias JM, Liauzun P, Chalon 
P, Tauber JP, Amalric F, Smith JA, Caput D. (1989): High molecular

218



mass forms of basic fibroblast growth factor are initiated by alternative 
CUG codons. Proc Natl Acad Sci USA 86:1836-1840.

Pringle N, Collarini EJ, Mosley MJ, Heldin CH, Westermark B, 
Richardson WD. (1988): PDGF A chains drive proliferation of bipotential 
(0-2A) glial progenitor cells in the developing rat optic nerve. EMBO J 
8:1049-1056.

Probstmeier R, Schatner M. (1986): Epidermal growth factor is not 
detectable in developing and adult rodent brain by a sensitive double-site 
immunoassay. Neurosci Lett 63:290-294.

Purves D, Hadley RD. (1985): Changes in the dendritic branching of adult 
mammalian neurones revealed by repeated imaging in situ. Nature 
315:404-406.

Purves D, Hadley RD, Voyvoydic JT. (1986): Dynamic changes in the 
dendritic geometry of the individual neurones visualized over periods of 
up to three months in the superior cervical ganglion of living mice. J 
Neurosci 6(4): 1051-1060.

Purves D, Voyvodic JT. (1987): Imaging mammalian nerve cells and their 
connections over time in living animals. TINS 10:398-404.

Purves D, Voyvodic JT, Magrassi L, Yawo H. (1987): Nerve terminal 
remodelling visualized in living mice by repeated examination of the same 
neuron. Science 238:1122-1126.

Quirion R, Araujo D, Nair NPV, Chabot J. (1988): Visualization of 
growth factor receptor sites in rat forebrain. Synapse 2:212-218.

Raff MC, Abney E, Brockes JP, Hornby Smith A. (1978): Schwann Cell 
Growth Factors. Cell 15:813-822.

Raff MC, Abney ER, Cohen J, Lindsay R, Noble M. (1983): Two types of 
astrocytes in cultures of developing rat white matter: differences in

219



morphology, surface gangliosides, and growth characteristics. J 
Neuroscience 3:1289-1300.

Rail LB, Scott J, Bell GI, Crawford RJ, Penschow JD, Niall HD, Coglan 
JP. (1985): Mouse prepro-epidermal growth factor synthesis by the 
kidney and other tissues. Nature 313:228-231.

Ralphs JR, Wylie L, Hill DJ. (1990): Distribution of insulin-like growth 
factor peptides in the developing chick embryo. Development 109:51-59.

Ratner N, Glaser L, Bunge R. (1984): PC12 cells as a source of neurite- 
derived cell surface mitogen, which stimulates Schwann cell division. J 
Cell Biol 98:1150-1155.

Ratner N, Bunge RP, Glaser L (1985): A neuronal cell surface heparan 
sulphate proteoglycan is required for dorsal root ganglion neuron 
stimulation of Schwann cell proliferation. J Cell Biol 84:734-752.

Ratner N, Hong D, Lieberman MA, Bunge RP, Glaser L. (1988): the 
neuronal cell-surface molecule mitogenic for Schwann cells is a heparin 
binding molecule. Proc Natl Acad Sci USA. 85:6992-6996.

Ratner N, Lieberman MA, Riccardi VM, Hong D. (1990): Mitogen 
accumulation in von Recklinghausens neurofibromatosis. Ann Neurol 
27(3):298-303.

Rechler MM, Nissley SP. (1985): The nature and regulation of the 
receptor for the insulin-like growth factors. Ann Rev Physiol 47:425-42.

Recio Pinto E, Ishii DH. (1984a): Effects of insulin, insulin-like growth 
factor-II and nerve growth factor on neurite outgrowth in cultured human 
neuroblatoma cells. Brain Res 302:323-334.

Recio Pinto E, Lang FF, Ishii DH. (1984b): Insulin and insulin-like 
growth factor-II permit nerve growth factor binding and neurite formation 
response in cultured human neuroblastoma cells. Proc Natl Acad Sci USA

220



81:2562-2566.

Recio Pinto E, Rechler MM, Ishii DH. (1986): Effects of insulin, insulin­
like growth factor-II, and nerve growth factor on neurite formation in 
cultured sympathetic and sensory neurones. J Neurosci 6(5): 1211-1219.

Reh TA, Redshaw JD, Bisby MA. (1987): Axons of the pyrimidal tract do 
not increase their transport of GAP-43 after axotomy. Mol Brain Res 2:1- 
6.

Reid HH, Wilks AF, Bernard 0. (1990): Two forms of the basic fibroblast 
growth factor receptor-like mRNA are expressed in the developing mouse 
brain. Proc Natl Acad Sci USA 87:1596-1600.

Reynolds ML, Fitzgerald M, Benowitz LI. (1991): GAP-43 expression in 
the developing cutaneous and muscle nerves in the rat hindlimb. Neurosci 
in press.

Richardson WD, Pringle N, Mosley MJ, Westermark B, Dubois-Dalcq M.
(1988): A role for platelet-derived growth factor in normal gliogenesis in 
the central nervous system. Cell 53:309-319.

Richardson WD, Raff M, Noble M. (1990): The oligodendrocyte-type-2- 
astrocyte lineage. From Seminars in Neurosciences 2 in press.

Ridley AJ, Davis JB, Stroobant P, Land H. (1989): Transforming growth 
factors -  Pi and fa  are mitogens for rat Schwann cells. J Cell Biol 
109:3419-3424.

Ridley AJ, Paterson HF, Noble M, Land H (1988): ras-mediated cell 
cycle arrest in altered by nuclear oncogenes to induce Schwann cell 
transformation. EMBO J 7(6): 1635-1645.

Rinderknecht E, Humbel RE. (1978a): The amino acid sequence of human 
insulin-like growth factor I and its structural homology with proinsulin. J 
Biol Chem 253:2769-76.

221



Rinderknecht E, Humbel RE. (1978b): Primary structure of human 
insulin-like growth factor II. FEBS Lett 89:283-86.

Risau W, Gautschi-Sova P, Bohlen P. (1988): Endothelial cell growth 
factors in embryonic and adult chick brain are related to human acidic 
fibroblast growth factor. EMBO J 7:959-962.

Rosenfeld RG. (1989): Receptors for insulin-like growth factors I and II. 
In Advances in growth hormone and growth factor research pp 133-143. 
Eds Muller EE, Cocchi D, Locatelli V. Springer Verlag, Berlin.

Rotwein P. (1986): Two insulin-like growth factor messenger RNAs are 
expressed in human liver. Proc Natl Acad Sci USA 83:77-81.

Rotwein P, Burgess SK, Milbrant JD, Krause JE. (1988): Differential 
expression of IGF genes in rat central nervous tissue. Proc Natl Acad Sci 
USA 85:265-269.

Rozengurt E. (1986): Early Signals in the Mitogenic Response. Science 
231:161-166.

Rydel RE, Greene LA. (1987): Acidic and fibroblast growth factors 
promote stable neurite out growth and neuronal differentiation in cultures 
of PC12 cells. J Neurosci 7:3639-3653.

Saadat S, Sendtner M, Rohrer H. (1989): Ciliary neurotrophic factor 
induces cholinergic differentiation of rat sympathetic neurons in culture. J 
Cell Biol 108:1807-1816.

Salzer JL, Bunge RP. (1980): Studies on Schwann cell proliferation. I. An 
analysis of proliferation during development, Wallerian degeneration and 
direct injury. J Cell Biol 84:739-766.

Salzer JL, Williams AK, Glaser L, Bunge RP. (1980a): Studies of 
Schwann cell proliferation. II. Characterization of the stimulation and

222



specificity of the response to neurite membrane fraction. J Cell Biol 
84:753-766.

Salzer JL, Bunge RP, Glaser L. (1980b): Studies of Schwann cell 
proliferation. III. Evidence for the surface localization of the neurite 
mitogen. J Cell Biol 84:767-778.

Sandberg AC, Engberg C, Lake M, von Holst H, Sara VR. (1988): The 
expression of insulin-like growth factor I and insulin-like growth factor II 
genes in human fetal and adult brain and glioma. Neurosci Lett 93:114- 
118.

Saneto RP, deVellis J. (1985): Effects of mitogens in various organs and 
cell-culture conditioned media on rat oligodendrocytes. Dev Neurosci 
7:340-350.

Saneto RP, Low KG, Melner MH, deVellis J. (1988): Insulin/ insulin-like 
growth factor-I and other epigenetic modulators of myelin basic protein 
expression in isolated oligodendrocyte progenitor cells. J Neurosci Res 
21:210-219.

Sara VR, Hall K, Wetterberg L, Frylund L, Sjoberg B, Skottner A. (1979): 
Fetal growth: the role of the somatomedins and other growth promoting 
peptides. In Somatomedins and Growth pp225-230. Giodano G, Van 
Wyk JJ, Minuto F. (Eds). Academic press, London.

Sara VR, Carlsson-Skwirut C. (1988): The role of insulin-like growth 
factors in the regulation of brain development. Prog Brain Res 73:87-99.

Sasahara M, Fries JWU, Raines EW, Gown AM, Westrum LE, Frosch 
MP, Bonthron DT, Ross R, Collins T. (1991): PDGF B-chain in neurones 
of the central nervous system, posterior pituitary, and in a transgenic 
model. Cell 64:212-217.

Saunders RD, DeVries GH. (1988a): Schwann cell proliferation is 
accompanied by enhanced inositol phospholipid metabolism. J

223



Neurochem 50:876-882.

Saunders RD, DeVries GH. (1988b): l-Oleoyl-2-acetylglycerol and 
A21387 potentiate axolemma- and myelin-induced Schwann cell 
proliferation. J Neurochem 51:1760-1764.

Saunders RD, Brandon YW, DeVries GH. (1989): Role of pH in the 
axolemma- and myelin induced proliferation of Schwann cells. J 
Neurochem 52:1576-1581.

Sendtner M, Kreutzberg GW, Thoenen H. (1990): Ciliary neurotrophic 
factor prevents the degeneration of motor neurones after axotomy. Nature 
345:440-441.

Scatchard G, (1949): The attraction of proteins for small molecules and 
ions. Ann NY Acad Sci 51:660-672.

Schmid P, Cox D, Bilbe G, Maier R, McMaster GK. (1991): Differential 
expression of TGF-/^, fa , Senes during mouse embryogenesis. 
Development 111:117-130.

Schreier MH, Tess R (1981): Immunology methods 2:263-273. Academic 
Press.

Schubert D, Ling N, Baird A. (1987): Multiple influences of heparin- 
binding growth factor on neuronal development. J Cell Biol 104:635-643.

Scott CD, Baxter RC. (1987): Purification and immunological 
characterization of the rat liver insulin-like growth factor-II receptor. 
Endocrinol 120:1-9.

Seamon KB, Daly JW (1986): Forskolin:its biological and chemical 
properties. Adv Cyclic Nucleotide Protein Phosphorylation Res 20:1-204.

Sendtner M, Kreutberg GW, Thoenen H. (1990): Ciliary neurotrophic 
factor prevents the degeneration of motor neurones after axotomy. Nature

224



345:440-441.

Senior PV, Byrne S, Brammer WJ, Beck F. (1990): Expression of the 
IGF-II / mannose-6 -phosphate receptor mRNA and protein in the 
developing rat. Development 109:67-73.

Sharkey KA, Coggins PJ, Tetzlaff W, Zweirs H, Bisby MA, Davison JS. 
(1990): Distribution of growth-associated protein B-50 (GAP-43) in the 
mammalian enteric nervous system. Neurosci 38:13-20.

Shelton DL, Reichardt LF. (1984): Expression of the nerve growth 
factor gene correlates with the density of sympathetic innervation in 
effector organs. Proc Natl Acad Sci USA 81:7951-7955.

Sheman J, Raizada MK, Masters BA, Ota A, LeRoith D. (1987): Insulin­
like growth factor-I receptors in neuronal and glial cells. J Biol Chem. 
262:7693-7699.

Shimatsu A, Rotwein P. (1987): Mosaic evolution of the insulin-like 
growth factors. Organization, sequence and expression of the rat insulin­
like growth factor I gene. J Biol Chem 262:7894-7900.

Shuman S, Hardy M, Pleasure D. (1988): A cyclic AMP analogue induces 
synthesis of a myelin-specific glycoprotein by cultured Schwann cells. J 
Neurochem 50:190-194.

Shinowara NL, Beutel WB, Revel JP. (1980): Comparative analysis of 
junctions in the myelin sheath of central and peripheral axons of fish, 
amphibians and mammals: a freeze-fracture study using complementary 
replicas. J Neurocytol 9:15-38.

Simpson DL, Morrison R, deVellis J, Herschman HR. (1982). Epidermal 
growth factor binding and mitogenic activity on purified populations of 
cells from the central nervous system. J Neurosci Res 8:453-462.

Sjoberg J, Kanje M. (1989): Insulin-like growth factor (IGF-1) as a

225



stimulator of regeneration in the freeze-injured sciatic nerve. Brain Res 
485:102-108.

Skene JHP, Willard M. (1981a): Characteristics of growth-associated 
polypeptides in the regenerating toad retinal ganglion cell axons. J 
Neurosci l(4):419-426.

Skene JHP, Willard M. (1981b): Changes in axonally transported proteins 
during axon regeneration in toad retinal ganglion cells. J Cell Biol 89:86- 
95.

Skene JHP, Willard M. (1981c): Axonally transported proteins associated 
with axon growth in rabbit central and peripheral nervous systems. J Cell 
Biol 89:96-103.

Skene JHP, Jacobson RD, Snipes GJ, McGuire CB, Norden JJ, Freeman 
JA. (1986): A protein induced during nerve growth (GAP-43) is a major 
component of growth-cone membranes. Science 233:783-786.

Skene JHP, Virag I. (1989): Posttranslational membrane attachment and 
dynamic fatty acylation of a neuronal growth cone protein, GAP-43. J 
Cell Biol 108:613-624.

Skene JHP. (1989): Axonal growth-associated proteins. Ann Rev 
Neurosci 12:127-156.

Small RK, Riddle P, Noble M. (1987): Evidence for migration of 
oligodendrocyte-type 2 astrocyte progenitor cells into the developing rat 
optic nerve. Nature 328:155-157.

Snider WD, Johnson EM. (1989): Neurotrophic molecules. Ann Neurol 
26:489-506.

Snipes GJ, Costello B, McGuire CB, Mayes BN, Bock SS, Norden JJ, 
Freeman JA. (1987): regulation of specific neuronal and nonneuronal 
proteins during development and following injury in the rat central

226



nervous system.Prog Brain Res 155-175.

Sobue G, Kreider B, Asbury A, Pleasure D. (1983): Specific and potent 
mitogenic effect of Axolemma fraction on Schwaan cells from Rat sciatic 
nerves in serum-containing and defined media. Brain Res 280:263-275.

Sobue G, Pleasure D. (1984): Schwann cell galactocerebroside induced by 
derivatives of adenosine 3',5-monophosphate. Science 224:72-74.

Sobue G, Shuman S, Pleasure D. (1986): Schwann cell responses to 
cAMP: proliferation, change in shape, and appearance of surface 
galactocerebroside. Brain Res 362:23-32.

Spom MB, Roberts A. (1990): TGF-/J: problems and prospects. Cell Reg 
1:875-882.

Stemple DL, Mahanthappa NK, Anderson DJ. (1988): Basic FGF induces 
neuronal differentiation, cell division, and NGF dependence in chromaffin 
cells: a sequence of events in sympathetic development. Neuron 1:517- 
525.

Stockli KA, Lottspeich F, Sendtner M, Masiakowski P, Carroll P, Gotz R, 
Lindholm D, Thoenen H. (1989): Molecular cloning, expression and 
regional distribution of rat ciliary neurotrophic factor. Nature 342:920- 
923.

Stracke ML, Engel JD, Wilson LW, Rechler MM, Liotta LA, Schiffman 
E. (1989): The type I IGF receptor is a motility receptor in human 
melanoma cells. J Biol Chem 264(36):21544-21549.

Strittmatter SM, Valenzuela D, Kennedy TE, Neer EJ, Fishman MC. 
(1990): G q is a major growth cone protein subject to regulation by GAP- 
43. Nature 344:836-841.

Stylianopoulou F, Herbert J, Soares MB, Efstratiadis A. (1988a): 
Expression of the insulin-like growth factor II gene in the choroid plexus

227



and the leptomeninges of the adult rat central nervous system. Proc Natl 
Acad Sci USA 85:141-145.

Stylianopoulou F, Efstratiadis A, Herbert J, Pintar J. (1988b): Pattern of 
insulin-like growth factor II gene expression during rat embryogenesis. 
Development 103:497-506.

Svrzic D, Schubert D. (1990): Insulin-like growth factor I supports 
embryonic nerve cell survival. Biochem Biophys Res Comm 172(1):54- 
60.

Takayanagi I. (1980): Effects of urogastrone on mechanical activities of 
the stomach and intestine of the guinea pig. J Pharm Pharmacol 32:228- 
230.

Tanaka H, Asami O, Hayano T, Sasaki I, Yoshitake Y, Nishikawa K.
(1989): Identification of a family of Insulin-like growth factor II secreted 
by cultured rat epithelial-like cell line 18,54-SF: application of a 
monoclonal antibody. Endocrinol 124:870-877.

Taniuchi M, Johnson EM. (1985): Characterization of the binding 
properties and retrograde axonal transport of a monoclonal antibody 
directed against the rat nerve growth factor receptor. J Cell Biol 
101:1100-1106.

Taniuchi M, Clark HB, Johnson EM,Jr. (1986): Induction of nerve growth 
factor receptors in Schwann cells after axotomy. Proc Natl Acad Sci USA 
83:4094-4098.

Tetzlaff W, Zwiers H, Lederis K, Cassar L, Bisby MA. (1989): Axonal 
transport and localization of B50/GAP-43-like immunoreactivity in the 
regenerating sciatic and facial nerves of the rat. J Neurosci 9:1303-1313.

Thoenen H, Barde YA. (1980): Physiology of nerve growth factor. 
Physiol Rev 60:1284-1335.

228



Thomas PK. (1966): The cellular response to injury 1. The cellular 
outgrowth from the distal nerve stump of transected nerve. J Anat 
100:287-303.

Thomas PK, Ochoa J. (1984): Microscopic anatomy of peripheral nerve 
fibres. In Peripheral neuropathy pp39-96. Eds Dyck PJ, Thomas PK, 
Lambert EH, Bunge R, WB Saunders, Philadelphia.

Thompson RJ, Doran JF, Shillon AP, Rode J. (1983): PGP 9.5 -  a new 
marker for vertebrate neurones and neuroendocrine cells. Brain Res 
278:224-228.

Torres-Aleman I, Naftolin F, Robbins RJ. (1990): Trophic effects of basic 
fibroblast growth factor on rat fetal hypothalamic cells: interactions with 
insulin-like growth factor I. Dev Brain Res 52:253-257.

Togari A, Baker D, Dickens G, Guroff G. (1983): The neurite-promoting 
effect of fibroblast growth factor on PC12 cells. Biochem Biophys Res 
Comm 114:1189-1193.

Togari A, Dickens G, Ku-zyua H, Guroff G. (1985): The effect of 
fibroblast growth factor on PC12 cells. J Neurosci 5:307-316.

Unsiker K, Reichert-Preibsch H, Schmidt R, Pettman B, Labourdette G, 
Sensenbrenner M. (1987): Astroglial and fibroblast growth factors have 
neurotrophic functions for cultured peripheral and central nervous system 
neurones. Proc Natl Acad Sci USA 84:5459-5463.

Valentino KL, Pharm H, Ocrant I, Rosenfeld RG. (1988): Distribution of 
insulin-like growth factor-II (IGF-II) receptor immunonreactivity in rat 
tissues. Endocrinol 122:2753-27563.

Vallar L, Spada A, Giannattasio G. (1987): Altered Gs and adenylate 
cyclase activity in human GH secreting pituitary adenomas. Nature 
330:566-568.

229



van der Pal RHM, Koper JW, van Golde LMG, Lopes-Cardozo M. 
(1988): Effects of insulin and insulin-like growth factor (IGF-I) on 
oligodendrocyte-enriched glial cultures. J Neurosci Res 19:483-490.

van Dongen CJ, Zwiers H, deGraan PNE, Gispen WH. (1985): 
Modulation of the activity of purified phosphotidylinositol 4-phosphate 
kinase by phosphorylated and dephosphorylated B-50 protein. Biochem 
Biophys Res Comm 128: 1219-1227.

Van Hooff COM, De Graan PNE, Oestreicher AB, Gispen WH. (1988): 
B50 phosphorylation and polyphoshoinositide metabolism in nerve 
growth cone membranes. J Neurosci 8:1789-1795.

Van Lookeren Campagne M, Oestreicher AB, Van Bergan En 
Henegouwen PMP, Gispen WH. (1990): Ultrastructural double
localizatioof B50/GAP-43 and synaptophysin (p38) in the neonatal and 
adult rat hippocampus. J Neurocytol 19:948-961.

Verge VMK, Tetzlaff W, Richardson PM, Bisby MA. (1990): Correlation 
between GAP-43 and nerve growth factor receptors in rat sensory 
neurones. J Neurosci 10:926-934.

Vitkovic L, Steisslinger HW, Aloyo VJ, Mersel M. (1988): The 43-kDa 
neuronal growth associated protein (GAP-43) is present in plasma 
membranes of rat astrocytes. Proc Natl Acad Sci USA 85:8296-8300.

Walike P, Cowan WM, Ueno N, Baird A, Guillemin R. (1986): Fibroblast 
growth factor promotes survival of dissociated hippocampul neurones and 
enhances neurite extension. Proc Natl Acad Sci USA 83:3012-3016.

Walike P. (1988): Basic and acidic fibroblast growth factors have trophic 
effects on neurones from multiple CNS regions. J Neurosci 8:2618-2627.

Wanaka A, Johnson,Jr EJ, Milbrandt J. (1990): Localization of FGF 
receptor mRNA in the adult rat central nervous system by in situ 
hybridization. Neuron 5:267-281.

230



Wanaka A, Milbrandt J, Johnson,Jr EJ. (1991): Expression of FGF 
receptor gene in rat development. Development 111:455-468.

Webster H de F, Favilla JT. (1984): Development of peripheral nerve 
fibres. In Peripheral Neuropathy pp329-359. Eds Dyck PJ, Thomas PK, 
Lambert EH, Bunge R, WB Saunders, Philadelphia.

Weinmaster G, Lemke G. (1990): Cell-Specific cyclic AMP-mediated 
induction of the PDGF receptor. EMBO J 9:915-920.

Whittemore SR, Friedman PL, Larhammar D, Persson H, Gonzales- 
Carvajal M, Holets VR. (1988): Rat /?-nerve growth factor sequence and 
synthesis in the adult hippocampus. J Neurosci Res 20:403-410.

Wilcox JN, Derynck R. (1988): Localization of cells synthesizing 
transforming growth factor-alpha mRNA in the mouse brain. J Neurosci 
8:1901-1904.

Williams PL, Hall SM. (1971): Chronic Wallerian degeneration -  an in 
vivo and ultrastructural study. J Anat 109:487-503.

Williams LR, Varon S, Peterson GM, Wictorin K, Fischer W, Bjorkland 
A, Gage FH. (1986): Continuous infusion of nerve growth factor prevents 
basal forebrain neuronal death after fimbria fornix transection. Proc Natl 
Acad Sci USA 83:9231-9235.

Wilson JN, Derynck R. (1988): Localization of cells synthesizing 
transforming growth factor-a mRNA in the mouse brain. J Neurosci 
8:1901-1904.

Winter J, Alistair Forbes C, Sternberg J, Lindsay R (1988): Nerve growth 
factor (NGF) regulates adult dorsal root ganglion neuron responses to the 
excitoxin capsaicin. Neuron 1:973-981.

Wood PM, Bunge RP.(1975): Evidence that sensory axons are mitogenic

231



for Schwann cells. Nature 256:662-664.

Woolf CJ, Reynolds ML, Molander C, O'Brien C, Lindsay RM, Benowitz 
LI. (1990): The growth-associated protein GAP-43 in dorsal root 
ganglion cells and in the dorsal horn of the rat spinal cord following 
peripheral nerve injury. Neurosci 34:465-478.

Xue ZG, Le Dourain N, Smith J. (1988): Insulin and insulin-like growth 
factor-I can trigger the differentiation of catecholaminergic precursors in 
cultures of dorsal root ganglion. Cell Diff Devel 25:1-10.

Yamamoto M, Kondo H. (1990): Gene expression of a neuronal growth- 
associated protein, GAP-43, in the paraganglionic carotid body as well as 
in the autonomic ganglia of normal adult rats. Neurosci Res 117:275-279.

Yang YW-H, Romanus JA, Liu T-Y, Nissley SP, Rechler MM. (1985): 
Biosynthesis of rat insulin-like growth factor II. 1. immunological 
demonstration of a -  20-kilodalton biosynthetic precursor of rat IGF-II in 
metabolically labelled BRL-3A rat liver cells. J Biol Chem 260:2570- 
2577.

Yasuda T, Sobue G, Mitsuma T, Takahashi A (1989): Peptidergic and
! I

adrenergic regulation of the intracellular 3 - 5  cyclic adenosine 
monophosphate content in cultured rat Schwann cells. J Neurol Sci 
88:315-325.

Yeh HJ, Riut KG, Wang YX, Parks WC, Snider WD, Deuel TF. (1991): 
PDGF A-chain is expressed by mammalian neurones during development 
and in maturity. Cell 64:209-216.

Yong VW, Kin SU, Nyong KW, Suin DH (1988): Growth factors for 
Human Glial Cells in culture. Glia 1:113-123.

Zhang M, Woo DDL, Howard BD. (1990): Transforming growth factor-a 
and a PC12-derived growth factor induce neurites in PC12 cells and 
enhance the survival of embryonic brain neurones. Cell Reg 1:511-521.

232



Ziskind-Conhaim L. (1988): Physiological and morphological changes in 
developing peripheral nerves of rat embryo. Dev Brain Res 42:15-28.

Zuber MX, Goodman DW, Kams LR, Fishman MC. (1989): The neuronal 
growth-associated protein GAP-43 induces filopodia in non-neuronal 
cells. Science 244:1193-1195.

233


