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ABSTRACT

The failure of the mammalian central nervous system to regenerate following injury
was recognized by early neuroscientists particularly Ramon Y Cajal.

Cajal

demonstrated that providing a peripheral nervous system environment to the central
nervous system encouraged the growth of central axons. Since then^a lot of work ^
has been done on this subject, resulting in a better understanding of the factors
responsible for the failure of central, and the success of peripheral nervous system
regeneration. The focus of my thesis has been to examine the role of a particular
growth associated protein, GAP-43 in the regeneration of the mammalian peripheral
and central nervous system, using the rat spinal cord and peripheral nerve as a model.
GAP-43 is a phosphoprotein that is developmentally regulated and re-expressed
following peripheral axotomy. It is concentrated in neuronal growth cones and
possibly playing an important role in neural growth and synaptic plasticity. In the
first part of the thesis, I have studied the expression of GAP-43 mRNA using an
enzyme-linked in-situ hybridization technique.

I have shown that GAP-43 is

developmentally regulated at the transcriptional level and that the temporal pattern
of expression in spinal cord and dorsal root ganglion cells differs in different cell
types. After peripheral nerve injury in the adult, high levels of GAP-43 mRNA are
re-expressed in spinal cord motomeurones and dorsal root ganglion cells and levels
fall off with successful regeneration. Where regeneration is abortive, there is a finite
period of GAP-43 mRNA re-expression. Axotomy of the central portions of primary
afferents fail to cause GAP-43 re-expression, except in the first week where the site
of injury is close to the dorsal root ganglion. This is likely to be due to post-surgical
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inflammation surrounding the ganglia. In a separate set of experiments, I have
studied the expression of GAP-43 mRNA in Schwann cells of muscle motor endplate after denervation and show that this phosphoprotein is not exclusively produced
by nerve cells.
The second part of my thesis has been a study into factor(s) involved in encouraging
central nervous system regeneration. Using peripheral nerve grafts transplanted onto
sectioned dorsal roots, I have shown that the provision of a peripheral environment
results in the upregulation of GAP-43 mRNA expression in dorsal root ganglion cells.
In addition, axons in the central portion of primary afferents grow into these grafts
and express GAP-43 protein. I have also investigated the expression of GAP-43
mRNA in dorsal root ganglion cells and spinal cord after transplantation of freezekilled peripheral nerve grafts onto tibial nerves. Limited regeneration of neurites
lasting 6 weeks was seen but re-expression of GAP-43 mRNA continued even when
regeneration into the acellular grafts has stopped.
In conclusion GAP-43 is an important marker for neuronal growth and
regeneration. However, GAP-43 re-expression alone appears to be insufficient to
ensure regeneration, although the failure to re-express GAP-43 may be sufficient to
abort regeneration. Successful regeneration in the central nervous system requires
both an intrinsic response from axotomized neurons together with extrinsic trophic
factors, and an appropriate cellular and substrate environment.
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C hapter 1

INTRODUCTION AND STATEMENT OF PROBLEM
The capacity for regeneration in the mammalian nervous system differs

substantially in the central and peripheral systems. Generally, neurons with their cell
bodies and projections within the central nervous system do not regenerate after
axotomy while those in the periphery do.

This has been recognized by many

neuroscientists including Tello and Cajal, since the early part of this century (Cajal
1928).
There are many factors behind the inability of central nervous system
neurons to regenerate. Firstly, neuronal cell death resulting directly ftom the injury
together with cell death secondary to axotomy reduces the number of viable neurons.
Those that survive do not regrow their axons either from lack of trophic factor(s)
(Thoenen, 1991) inhibitory barriers (Schwab, 1990; Snow et. al., 1990; McKeon et.
al. 1991) or reduced metabolic capacity to sustain regrowth (Stokes and Reier 1991).
In addition, there seem to be a pre-programmed ability to regenerate that may vary
with certain cell types e.g. monoaminergic neurons are able to regrow their axons
more than cholinergic ones (Fawcett, 1992).
The response of neuronal cell bodies in the mammalian central nervous
system to axotomy is also different from that in the peripheral nervous system. The
primary afferent neuron is a good example of this as it has a peripheral process,
running via the spinal nerve into the peripheral nerve and a central process which
enters the spinal cord via the dorsal root. Although the central process in the dorsal
root is strictly in the peripheral nervous system (being outside the glia-Schwarm or
Obersteiner-Redlich border), axotomy of the primary afferent proximal to the dorsal
root ganglion does not result in chromatolysis in the cell body (Leibermann, 1971)
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or successful regeneration (Reier et. al., 1983; Carlstedt, 1985; Siegal et. al., 1990).
The expression of cytoskeletal proteins aie,however,

similar for both dorsal root

axotomy and peripheral axotomy, with a reduction in neurofilament and an increase
in tubulin (Greenberg and Lasek, 1988; Wong and Oblinger, 1990).
The difference in the regenerative capacity of the central and
peripheral portions of the primary afferent neuron may be due to differences in the
expression of growth associated proteins such as GAP-43. GAP-43 is a 24 kilodalton
acidic protein (Benowitz and Routenberg, 1987; Skene, 1989) bound to the irmer
surface of the axonal membrane (Skene and Virag, 1989) and expressed at high
levels during development (Jacobson e t al., 1986; Kalil and Skene, 1986; Kams et.
al., 1987; Moya et. al., 1988; Fitzgerald et. al., 1991). After injuries to the nervous
system it is re-expressed where there is successful regeneration (Skene and Willard,
1981 (a),(b); Bisby, 1988; Van der Zee, 1989; Woolf et. al.,1990) (central and
peripheral nervous system of non-mammalian species and peripheral nervous system
of mammalian species).

Where regeneration is abortive, there may be a brief

transient re-expression of this protein (Doster et. al., 1991; Tetzlaff et. al., 1991) but
generally, it is absent in neuronal cell bodies that do not retain the capacity to
regenerate (Skene and Willard, 1981(b); Reh et. al., 1987). The exact function of
this protein is unknown. It is a substrate for protem kinase C (Aloyo et. al., 1983;
Akers and Routenberg, 1985) and interacts with G proteins (Strittmater et. al., 1990),
binds to calmodulin (Alexander et. al., 1987) and may act as a modulator for
intracellular calcium (Skene, 1990). The level of this protein is low in the adult
central nervous system except for certain areas of the brain (Neve et. al., 1987; De
la Monte e t al., 1989) but is present in high concentration in the growing tips of
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axons (Skene et. al., 1986; Meiri et. al., 1986; Reynolds e t al., 1991). The GAP-43
protein may be important in synaptic formation (Lin et. al., 1992) and neurite
outgrowth.

Blocking the expression or action of this protein using anti-sense

oligonucleotides or antibodies interfere with neurite outgrowth (Fidel et. al., 1990;
Schotman et. al., 1990; Shea et. al., 1991) and transfection of the GAP-43 cDNA into
non-neuronal cells results in the formation of cell processes (Zuber et. al., 1989;
Yanker et. al., 1990). So far, there is only one report in cultured PC12 cells, of the
presence of neurite outgrowth where GAP-43 is expressed at low levels (Baetge and
Hammang, 1991). Therefore, GAP-43 appears to have an important role inland may
actually be necessary for,neuronal growth and regeneration.
Previous studies of GAP-43 protein using immunohistochemical and
Western blotting techniques have been useful in correlating expression of this protein
and neural events (Kams et. al., 1987; Bisby, 1988; Hoffman, 1989; Van der Zee et.
al., 1989; Woolf et. al., 1990; Sommervaille et. al., 1991; Fitzgerald et. al., 1991).
However, the protein is rapidly transported (Skene and Willard, 1981 (a), (b)) and
may undergo post-translational modification (Schreyer and Skene, 1991), so that
studies into GAP-43 like immunoreactivity alone may inaccurate. For example, no
GAP-43 like immunoreactivity was seen in spinal motomeurons after peripheral
nerve axotomy even as the neurons are regenerating (Woolf et. al., 1990). Similarly,
in the early post-natal period, there is very little GAP-43 protein in dorsal root
ganglion cells (Fitzgerald et. al., 1991) as C fibres are developing into the spinal cord
(Pignatelli et. al., 1989). The expression of GAP-43 mRNA may be more helpful in
co-relating regenerative or developmental events, and I have set out to do this using
an enzyme-linked in-situ hybridization technique. I have studied the developmental
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time-couise of GAP-43 mRNA expression in dorsal root ganglion and spinal cord of
the rat and changes following sciatic nerve transection or crush injuries and after
dorsal rhizotomy. To test whether the expression of GAP-43 is exclusively produced
by neurons, I have also looked for GAP-43 mRNA in Schwaim cells of motor-end
plate in muscles after denervation.
In the second part of my thesis, I will report on the effects of nerve
grafts on GAP-43 expression and regeneration. The first set of experiments consists
of changes in GAP-43 mRNA expression in DRG cells after the grafting of
peripheral nerves on L4 dorsal roots of in-bred Fisher rats. Using a polyclonal
antibody against GAP-43,1 also studied the pattern of protein expression in these
grafts. In a separate study, I investigated the re-expression of GAP-43 mRNA in
DRG cells and motomeurons after the transplantation of freeze-ldlled grafts onto
tibial nerve of rats. These grafts were acellular and the effect of these grafts in
changing GAP-43 mRNA re-expression were correlated with the ability of these
grafts to support regeneration.
The results of these experiments taken together allow some
conclusions to be drawn regarding the role and mechanism of control of GAP-43 in
development, plasticity and regeneration of neurons in spinal cord and DRG cells of
the rat.
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C hapter 2

METHODOLOGY

In situ hybridization
The study of GAP-43 mRNA can be performed in tissue sections (in-situ
hybridization) or tissue extracts (Northern blotting). In situ hybridization involves
the production of an anti-sense probe, complementary to the sequence of mRNA
concerned. The number of base pairs of the probe should be enough to allow
specific identification of the target RNA but not so long that hybridization time is
unnecessarily prolonged. The probe can be tagged in a variety of ways (see below)
to allow later identification. After incubation with tissue sections under study to
allow hybridization, non-specific adhesion of the probe to other RNA was prevented
by washing with sodium citrate buffer (SSC) of different stringencies and at different
temperatures. Bound probe can be visualized by many methods, broadly divided into
radioactive and non-radioactive techniques. Radioactive methods involve the linkage
of a radioactive isotope to the probe which is visualized by the conversion of
photographic emulsions into visible silver granules. Non-radioactive methods involve
tagging the probe with either a fluorescent marker, an antigen or an enzyme. Direct
visualization under appropriate filtered light is possible with the use of a fluorescent
marker but this method has low sensitivity and false negatives are common. Tagging
the probe with either an antigen or an enzyme involves a second histochemical
reaction for visualization, making it possible to increase gain and lower the threshold
of detection. For immunohistochemical identification methods, digoxigenin, biotin,
or other antigens not found in the body are usually used to tag the probe.

At least

2 further reactions, the first with the antibody to the chosen antigen, then a
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subsequent histochemical teaction, (usually the diaminobenzidine visualization
technique) is then performed. Directly tagging the probe with enzymes eliminates
the necessity for an immunological reaction but the chosen enzyme must be able to
withstand high temperatures and an acidic pH necessary for the hybridization.
Alkaline phosphatase is such an enzyme and I have performed in-situ hybridization
using an alkaline phosphatase linked antisense oligodeoxynucleotide (39 mer) probe
(Jablonsky et. al., 1986; Kiyama et. al., 1990) corresponding to positions 119-157 of
the rat GAP-43 mRNA. The bound probe was visualized by the colour reaction of
alkaline phosphatase on the substrates NBT (nitroblue tétrazolium) and BCIP (5bromo-4-chloro-3-indolyl-phosphate) (Fig. la).
The advantage of this method over radioactive linked probes are three
fold. Firstly, this method gives better resolution as the visualized colour reaction is
clearer than a scattering of silver granules. Secondly, the use of radioactive probes
involve leng thy reaction time in the dark to allow radioactivity to convert
photographic film into visible granules and thirdly, no special precautions or
equipment is needed.
The protocol for this alkaline phosphatase linked in situ hybridization
method has been previously described (see Wiese and Emson, 1991).

Briefly,

mounted sections were first fixed with 4% paraformaldehyde in phosphate buffered
saline (PBS) for 30 minutes. After a quick wash in PBS, samples were acetylated
for 10 minutes in a solution containing acetic anhydride, sodium chloride and
triethanolamine.

The sections were then dehydrated through a graded series of

alcohol and delipidated in chloroform. After partial rehydration, hybridization was
performed for 24 hours in Denhardt’s solution, containing single stranded salmon
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sperm DNA, formamide, dextran sulphate and standard saline citrate (SSC) buffer
together with an alkaline phosphatase linked antisense oligodeoxynucleotide antisense
probe. Excess probe was rinsed off with SSC then washed 3 times with SSC at
55°C.

Bound probe was visualised as described above and the process was

terminated after 48 hours. Sections were then cover-slipped (Fig. 2).
To test the specificity of staining, the following controls were
performed. In the first set of controls, tissue sections were pre-treated with RNAase
A (10% for 10 minutes) (Fig. lb). Secondly, a 100-fold excess unlabelled probe was
added to the hybridization solution to competitively block hybridization of the
labelled probe (Fig. Ic). Lastly, the reaction was done with the omission of the
alkaline phosphatase labelled probe. All the above controls yield negative staining,
suggesting that this method is specific for the visualization of GAP-43 related mRNA
(Fig. 3).
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Figure lA.

In-situ hybridization using an enzyme linked probe. I have used an
alkaline phosphatase linked cDNA probe to GAP-43 mRNA which is
visualized by the chromogen produced by enzymatic reaction on NBT
(Nitroblue tétrazolium) and BCIP (5-bromo-4-chloro-3-indolylphosphate).

IB

The use of 100-fold excess unlabelled probe is veiy specific due to
the competitive binding of the unlabelled probe in displacing labelled
probes from mRNA binding sites.

1C

Pre-treatment with RNAase is less specific but indicate that the colour
reaction is a result of binding of the labelled probe to RNA.
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Figure 2

Photomicrograph of in-situ hybridization for GAP-43 mRNA in adult
L4 dorsal root ganglion 1 week after sciatic nerve transection.
Virtually all cells are darkly stained, indicating that there are high
levels of GAP-43 related mRNA. Scale bar 200 pm.
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Figure 3

In-situ hybridization of an adjacent section to above but with the
addition of lOOX excess unlabelled probe. Notice the lack of any
specific staining to GAP-43 related mRNA in DRG cells but some
non-specific staining of capsule of the ganglion is present.
Scale bar 200 jum.
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GAP-43 Lnmohistochemical staining
Immunohistochemistry was performed on peripheral nerve grafts attached to dorsal
roots of some animals to study GAP-43-like immunoreactivity in the regenerating
fibres.

For this reaction, tissue was immersion fixed in periodate-lysine-

paraformaldehyde fixative for 24 hours then cryoprotected by immersion in a graded
series up to 20% sucrose solution. Sections were cut on a cryostat and mounted on
slides. After air drying, the sections were incubated in 0.5% hydrogen peroxide in
PBS for 20-30 minutes at room temperature. The sections were then washed with
O.IM PBS and incubated in 10% normal rabbit serum in PBS and 0.4% Triton X100. Polyclonal GAP-43 antisera in a dilution of 1:4,000 was added to the sections
for 4 hours at room temperature. The sections were washed with 3 changes of PBS
over 1 hour and then incubated with sheep biotinylated IgG diluted to 1:250 for 1
hour at room temperature. After washing in several changes of PBS, the sections
were incubated in Vectastatin ABC reagent for 1 hour at room temperature. The
final wash was in O.IM Tris buffer pH 7.6 for 1 hour before they were incubated in
a solution of 50 mg, 3,3’-diaminobenzidine tetrahydrochloride in 100 mis of Tris
buffer and 0.01% hydrogen peroxide for the colour reaction. To terminate this
reaction, the sections were washed with tap water, then dehydrated, cleared and
cover-slipped with DPX.
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Data Analysis and Counting
Cell counting was done with the aid of a computerised image analysis
system.

Images captured by a video camera mounted on a microscope were

digit ized using the TPL version 4 soft-ware system (See-Scan, Cambridge UK).
Initial visual inspection showed that DRG cells labelled with GAP-43 mRNA can be
divided into light and darkly stained cells that represent two distinct populations; this
was confirmed by measuring the relative intensities of the stained profiles (Fig. 4).
For DRG cell counting after sciatic nerve injury, only darkly stained profiles were
included as positive. In addition, the system was used to measure the area of each
section, allowing semi-automation of the dissector technique (see below).

The

stability of illumination is critical to this technique and this was achieved by an
independent DC power source checked using the STAB soft-ware programme (SeeScan, Cambridge, UK) and repeated measurements of intensity of a standard sample
of stained tissue over a number of hours yielded less than a 5% error (Fig. 5).
Similar reproducibility was found on repeated testing of the same standard sample
for several days.
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□ Positives

♦ Negatives

Relative intensity of positively and negatively stained profiles for
GAP-43 by an image analysis system. Two hundred profiles judged
by
'
inspection to be positive and negative were analyzed.
These two population of cells can be reliably differentiated and only
darkly stained profiles need be counted as being positive for GAP-43
mRNA. For comparison, all identifiable profiles seen in sections of
a normal DRG were also analyzed. Note the small proportion of
profiles in a normal DRG that are counted as positive using this
criterion.
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Stability of measurement for relative intensity of staining using the
See-Scan analysis package.
A chosen area of staining was
repeatedly measured every half hour for 5 hours. There was about a
5% variation of measured intensity. Range of measurements 151-159.
Mean 154.
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Recently, the counting of stained dorsal root ganglion cells has aroused
a lot of controversy (Kruger, 1991; Devor and Govrin-Lippmann, 1991; La Forte et
al., 1991). It has been argued that counting profiles alone is unrepresentative due to
possible sampling errors. To obtain an accurate count, it has been suggested that
reconstruction of the ganglion should be done using the dissector technique (Sterio,
1984). This is a stereological counting method where systematic sampling of tissue
with a constant separation is done (for a review, see Gundersen et al., 1988;
Coggeshall, 1992). In order to perform a dissector analysis, the whole tissue was
meticulously sectioned and total number of sections counted. The area of each
sampled section was then measured automatically (as described above) and the total
volume of the tissue calculated. There are 2 methods of obtaining counts per unit
volume of tissue. The optical dissector relies on the ability to focus and count
profiles accurately when the microscope is focused at defined depths in a thick tissue
section. With a physical dissector, adjacent pairs of sections were re-sampled in a
systematic

For example, where there are 47 sections, a random number

between 1 and 5 is chosen; sections n, n+5, n+10... were used as reference and
stained neuronal profiles seen on the reference section but not in the look-up section
was counted as a "top". The number of "tops" divided by volume of tissue sampled
yields the number of neurons per unit volume and this multiplied with total volume
of tissue gives total number of cells counted (Fig. 7). To reduce the margin of error,
at least 100 tops per ganglion should be counted for calculating total cell numbers.
The dissector counting method reduces bias in counting and takes into
account different shapes of the cell to be counted. The important criteria is that all
sections are to be accounted for, section thickness and staining intensity should be

27
constant and distortion of the tissue section to be kept to a minimum as this can
introduce errors when comparing reference and look-up sections. Although section
thickness is not thought to be very important in this method, I have aimed for section
thickness to be less than two third of diameter of cell to be counted, so that no cell
can be "lost" in the tissue section and not fully accounted for.
I have mainly used the dissector method in data analysis and
presentation of my results. In some situations, sections were counterstained with
cresyl violet and GAP positive profiles expressed as a percentage of the total.
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47

T=Thickness of section
A= Area of section
Av.A= Average area of section
V= Volume of tissue

For ex a m p le, 47 s e c tio n s were c o lle c te d h ere and every
fifth s e c tio n was sa m p led .
A n u m b er b etw een 1 and 5, n is c h o se n a t ran d om
S y ste m a tic sa m p lin g o f s e c tio n s no. n, n + 5 , n + 1 0 ... was done
All th e areas of sa m p led s e c tio n s w ere m ea su r e d ,
an average area Av.A is c a lc u la te d
T herefore,

V = Av.A

Figure 6a.

X

T

X

47

Dissector m ethod: d e te r m in a tio n of v o lu m e
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S ection s were resam pled system atically to cou n t num ber of
tops. A particle seen in one section and not th e other is a top
and countin g of tops were done on section s ch osen as above.
The section n and adjacent n+1 were re -e x a m in e d .
In th e exam ple here, 3 tops with a separation of T were seen

n

n+1
No. of tops per v o lu m e N = no. tops

t

A x T

After all the c h o s e n s e c t i o n s were e x a m in e d , an average
of p a rtic le s per v o lu m e for the t is s u e was c a lc u la te d
Av.N
Finally,

Total no. of p a r t ic le s = V x Av. N

Figure 6b. Dissector technique: c a lc u la tin g to ta l c o u n t s
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C hapter 3
Study 1; DEVELOPMENTAL CHANGES OF G A P^3
Aim
The developmental changes of GAP-43 immunoreactivity in the rat
lumbar spinal cord and dorsal roots is well described (Fitzgerald et. al., 1991;
Reynolds et. al., 1991). GAP-43 immunoreactivity was first detectable at embryonic
day 11 (E ll) and a rapid increase in staining intensity was seen between E12-15.
At this stage, high levels of GAP-43 immunoreactivity was present in the nemites
growing out from dorsal root ganglion cells and spinal neurons, both projecting
centrally and peripherally. Due to the later development of C fibres from DRG cells,
the substantia gelatinosa does not express high levels of GAP-43 protein until E19.
The peripheral neurites from spinal motomeurons and DRG cells forming the early
spinal nerves contain high levels of GAP-43 immunostaining until E l5-21 when
target innervation was achieved. Once these peripheral neurites reach their targets,
GAP-43 immunostaining was reduced proximaUy, but high levels persists in the
distal nerve plexuses until the first postnatal week. By the second postnatal week,
levels were reduced further and GAP-43 immunoreactivity in the lumbar spinal cord
and dorsal root ganglion cells decline to the adult pattern of staining.
The expression of GAP-43 mRNA during development is not so well
described. GAP-43 mRNA was first seen at E3 in the nervous system of the chick
using Northern blotting and in situ hybridization studies at ElO reported high levels
present in the spinal cord and DRG cells (Baizer et. al., 1990). In the rat, high levels
of GAP-43 mRNA has been reported in DRG cells at E12 and levels were found to
be much reduced by the second postnatal week (De la Monte et. al., 1989).
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To fully investigate the time course of GAP-43 mRNA expression
during development of the spinal cord neurons and dorsal root ganglion cells of the
rat, I have studied GAP-43 mRNA levels from birth until the third postnatal week.
Using the non-radioactive in-situ hybridization technique, I have also attempted to
correlate GAP-43 mRNA levels in spinal cord neurones and DRG cells by counting
stained cellular profiles and relative staining intensity measurements.

Method
To study the changes in GAP-43 mRNA levels in lumbar spinal cord
and dorsal root ganglion of neonatal rats, Sprague-Dawley rat pups PO (day of birth)
(n=3), postnatal days 7 (n«3), 12 (n=3), 14 (n*3), 16 (n=3) and 21 (n*3) were used.
Under terminal pentobarbitone anaesthesia, the lumbar spinal cord and L3-5 dorsal
root ganglia were removed and frozen in liquid nitrogen.

Identification of the

relevant ganglia and spinal cord levels were done by dissecting out the sciatic nerve
plexus.

20 pm thick sections were cut on a cryostat and processed for in-situ

hybridization for GAP-43 related mRNA as described in Chapter 2. Analysis was
performed with the aid of the See-Scan image analysis system together with manual
cell counting.

Results
At birth, GAP-43 related mRNA was found to be present both in the
lumbar spinal cord (Figs. 7 and 8) and dorsal root ganglion (Fig. 9). In the spinal
cord, the GAP-43 mRNA was confined to neurons in the dorsal and ventral horns,
especially the motomeurone pools and no labelled glia cells were detected (Fig. 9).
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All the spinal cord neurons appear to express high levels of GAP-43 mRNA at birth
but at the end of the first postnatal week, the intensity of staining for GAP-43 mRNA
was reduced and seem to be confined to larger neurones. By P16, only spinal
motomeurons in the ventral horn and large neurons in deeper layers of the dorsal
horn express high levels of GAP-43 mRNA. A further reduction in GAP-43 mRNA
staining was seen by P21 so that only spinal motomeurons were visible. This pattem
of GAP-43 mRNA expression in the spinal cord is similar to that in the adult.
In an attempt to quantify these changes, I have measured the relative
intensity of staining in dorsal hom neurons and spinal motomeurons. The relative
intensity per unit area was measured to control for changes in size during growth of
the spinal cord. In the dorsal hom, it was not possible to measure single neurons due
to size limitation and I have measured relative staining intensity of laminae 1 and 2
of the spinal cord. The relative staining intensity of the dorsal hom appear to decline
sharply from birth until postnatal day 7. After this, the rate of decline was reduced
between postnatal days 7 to 16 followed by a rapid decline of staining intensity
between posmatal days 16 to 21 to reach adult levels (Fig. 10).
The change in relative staining intensity in motomeurones was slightly
different.

High level of staining present at birth was maintained for the first

postnatal week. A slow decline in staining intensity occurred during the second
postnatal week but between postnatal days 14 and 16, a rapid decline in staining
intensity for GAP-43 mRNA was seen. This was then further reduced so that by the
end of the third postnatal week, staining intensity in motomeurons approximate that
in the adult (Fig. 11).
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Figure 7

In-situ hybridization for GAP-43 mRNA in transverse sections through
neonatal rat lumbar spinal cord of different ages: post-natal day 0 (PO)
to 21 (P21). Dotted line delineate border between grey and white
matter. Note absence of staining in white matter. Scale bar 500 pm.
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Figure 8

Colour photomicrograph of transverse section of P12 neonatal lumbar
spinal cord stained for GAP-43 mRNA. Notice high levels of staining
in motomeurons. The apparent high levels of GAP-43 mRNA present
in superficial laminae of the dorsal hom is likely to be due to the
tightly packed cells in substantia gelatinosa. Scale bar 200 pm.
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In-situ hybridization GAP-43 mRNA in sections cut through
neonatal rat L4 dorsal root ganglia of different ages: postnatal day 0
(PO) to 21 (P21). Scale bar 100 pm.
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Figure 10

Relative intensity measurements of dorsal hom for both sides for
GAP-43 mRNA in 10 contiguous sections of neonatal rat spinal cord
to show changes in staining intensity with postnatal age. The intensity
of staining per unit area of lamina 1 and 2 of dorsal hom was
measured to control for changes in size of dorsal hom with age.
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In the DRG, virtually all neuronal profiles express high levels of GAP43 mRNA on postnatal days 1 and 7 (Hg. 9). This was confirmed by neuronal
profile counting (Hg. 12). The number of positive DRG cells declined rapidly during
the second post-natal week, followed by a slower rate of reduction during the third
postnatal week. By postnatal day 21, the number of DRG cellular profiles staining
positive for GAP-43 mRNA has declined to near adult levels (20% on profile
counting) (Fig. 12).
A comparison of the pattem of GAP-43 mRNA expression during
development appears to be similar in spinal motomeurons and DRG cells (Hgures
11 and 12). The possible explanation for this is discussed below.
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Figure 11

Relative GAP-43 mRNA staining intensity of motomeurons in the
same sections as Fig. 9. The ventral hom, from one side in each
section was analyzed and between 150-200 motomeurons were
measured. Values expressed as intensity per unit area to control
for changes of motomeurone size with neonatal age.
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Figure 12

Changes in the percentage of L4 dorsal root ganglion profiles that
express high levels of GAP-43 mRNA in 10 sections in neonatal rats.
The sections were initially processed for in-situ hybridization for
GAP-43. After analysis, they were counterstained with cresyl-violet
and number of profiles that were positive for GAP-43 mRNA
expressed as a percentage of the total.
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Discussion
The high levels of GAP-43 mRNA in spinal cord and DRG cells
present at birth appear to be down regulated in the first 3 postnatal weeks to adult
levels.

The levels are reduced much earlier in dorsal hom neurons than

motomeurons or DRG cells. Although the intensity measurements of single spinal
motomeurons or DRG cells was more accurate than a defined area of the spinal grey
matter (as dendrites and neuropil between cells in the dorsal hom do not express
GAP-43 mRNA), it is likely that there is a real difference in the rate of GAP-43
mRNA downregulation. This may reflect the earlier maturation of intrinsic and
centrally projecting pathways in target innervation compared to those innervating the
periphery. The studies of GAP-43 immunoreactivity in lumbar spinal cord and
hindlimb of the embryonic and neonatal rat would support this (Fitzgerald et. al.,
1991; Reynolds et. al., 1991).
The presence of high levels of GAP-43 mRNA in spinal motomeurons
and DRG cells at birth, but not the protein (Fitzgerald et al., 1991) may be due to
rapid transport of the protein from cell bodies to the periphery. This is supported by
the findings of Reynolds et. al. (1991) where GAP-43 protein was shown to be
present in high levels in musculocutaneous nerves of the hindlimb at the second post
natal day but declined progressively so that it was confined to the distal plexus after
post-natal day 10. At birth, the protein is confined to the substantia gelatinosa and
to a lesser degree, deeper laminae of the dorsal hom where levels decline
progressively until the tenth postnatal day (Fitzgerald et. al., 1991). This correlates
well with the postnatal growth of C-fibre terminals (Pignatelli et al., 1989) and the
relatively late development of the substantia gelatinosa compared to other laminae
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of the dorsal hom (Bicknell and Beal, 1984).
A similar distribution of GAP-43 immunoreactivity in the normal adult
spinal cord grey matter is seen using a polyclonal antibody with staining present at
low levels in superficial laminae of the dorsal hom (Woolf et. al., 1990). The
presence of GAP-43-like immunoreactivity in dorsal hom is likely to be
predominantly localized in primary afferent terminals, translated fix>m messenger
RNA in dorsal root ganglion cell bodies. Higher basal levels have been reported by
Schreyer and Skene (1991), using a monoclonal antibody that recognizes GAP-43 and
its post-translational modified forms. Spinal cord white matter does not appear to
have any GAP-43 mRNA-like activity from birth, but GAP-43 protein have been
reported in the neonatal rat pyramidal tract (Gorgels et. al., 1987) and this is reduced
but still present in the adult (Kalil and Skene, 1986; Schreyer and Skene, 1991).
Similar changes in GAP-43 expression during development have been
described in both central (Gorgels et al., 1987; McGuire et al., 1988; Moya et al.,
1988; Dani et al., 1991) and peripheral (Kams et al., 1989; Hesselmans et al., 1990)
nervous system. In these studies, high levels of GAP-43 expression were present
during growth and elongation of nerves and fibre tracts and a rapid decline occurred
once target innervation was achieved. The falling off of GAP-43 mRNA levels in
DRG cells in the second post-natal week that I have found is interesting in view of
the central collateral sprouting of primary afferents that can be produced in the
neonatal spinal cord. Peripheral nerve section up to PIG produces substantial growth
of intact afferents into deafferented areas of the cord (Fitzgerald, 1985; Fitzgerald et
al., 1990) but this does not occur in older pups and adult rats. It is tempting to
suggest that this loss of plasticity in response to peripheral nerve injury is related to
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the substantial drop of GAP-43 message that I have demonstrated here.
The function of high levels of GAP-43 present during development is
unknown. During regeneration, high concentration of GAP-43 present in growth
cones have been postulated to interact with cytoskeletal proteins for growth cone
motility and to act as a modulator for external stimuli (see Chapter 5). Although
GAP-43 probably serves the same function during development, other additional roles
cannot be excluded.

The expression of many skeletal proteins like tubulin,

neurofilament are similar during growth and regeneration (Wong and Oblinger, 1987;
Hoffman and Cleveland, 1988; Oblinger et. al., 1989, Miller et. al., 1989). However,
there is at least 1 class of structural proteins that are not. The family of MAPs
(Microtubule Associated Proteins) play an important role in microtubule assembly
and stabilisation. High levels of MAPIB (also call MAP5) and 62 kiloDalton tau are
present during development, with maximal expression during the active growth phase
of neurons (Tucker, 1990). In addition, MAPIB is concentrated in growth cones
(Tucker, 1990), which suggest that both serve important functions in promoting
neurite outgrowth. However, MAPIB and 62 kDalton tau were not re-expressed
following axotomy of the hypoglossal (Svensson and Aldskogius, 1992) and sciatic
(Oblinger et. al., 1991) nerves respectively, indicating that regeneration is not merely
a reiteration of molecular and cellular events that occur during development. So,
GAP-43 may have different functions during development and regeneration and
further studies are needed to clarify this.
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Study 2: GAP-43 AFTER SCIATIC NERVE INJURY

Aim
The re-expression of GAP-43 following peripheral nerve injury is well
recognized. Upregulation of the protein measured by increased transport (Skene and
Willard, 1981b; Benowitz and Lewis 1981; Bisby, 1988) or immunoreactivity
(Hoffman, 1989; Van der Zee, 1989; Tetzlaff and Bisby, 1989; Woolf et. al., 1990;
Tetzlaff et. al., 1991) have been reported after axotomy of peripheral and cranial
nerves.

The re-expression of GAP-43 in dorsal root ganglion cells after crush

injuries to the sciatic nerve have been reported to be sustained until regeneration is
complete (Bisby, 1988). Immunohistochemical staining for GAP-43 was reported in
dorsal root ganglion cells, dorsal hom and dorsal columns of the spinal cord after
sciatic nerve axotomy (Woolf et. al., 1990; Schreyer and Skene, 1991; Kniyar-Csillik
et. al., 1992). The presence of GAP-43 protein in the spinal cord after nerve injury
is likely to be transported from DRG cells where GAP-43 mRNA was reported to be
upregulated after axotomy (Hoffman, 1989; Van der Zee, 1989; Verge et. al., 1990).
However, it is not known whether peripheral axotomy can induce re-expression of
GAP-43 in dorsal hom neurons or spinal motomeurons.
I have investigated the time course of GAP-43 mRNA re-expression
in spinal cord and DRG cells after sciatic nerve injury using the in-situ hybridization
technique. The dissector method was used to count total number of DRG cells
expressing high levels of GAP-43 mRNA so that a comparison can be made between
changes after sciatic nerve crush, section and ligation, and controls. Relative staining
intensity of spinal motomeurons was also measured to estimate the level of GAP-43
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mRNA re-expression following nerve injury.

Methods
For peripheral nerve injuries, adult Sprague-Dawley rats (200-250g)
were operated aseptically under fentanyl and diazepam anaesthesia. The left sciatic
nerve was exposed at mid-thigh level and was either crushed with jeweller’s forceps
for 30 seconds with survival for 1 (n-3), 2 (n=l), 5 (n=2), 6 (n=l), 7 (n=l) weeks
after the procedure, or sectioned after tightly ligating both proximal and distal stumps
at mid-thigh. The wounds were sutured and animals were allowed to survive for 1
(n=2), 3 (n=2), 7 (n=3), 14 (n=2) days, 5 (n=2), 6 (n=l), 7 (n=l) and 10 (n=2) weeks
post-operatively. Under pentobarbitone anaesthesia, L4 and 5 dorsal root ganglia and
the lumbar spinal cord was removed, frozen in liquid nitrogen and 20 pm sections
were cut and reacted for in-situ hybridization for GAP-43 mRNA as above.

Results
Spinal cord
In normal adult rat lumbar spinal cord, there is no GAP-43 related
mRNA in white matter or dorsal homs.

Very faint staining can be seen in

motomeurons of the ventral hom (Fig. 13) and intensity measurements using the
computerized image analysis system confirm this (Fig. 19). Sciatic nerve section and
ligation in the adult produced a sustained re-expression of GAP-43 mRNA that was
confined to motomeurones with no expression in the dorsal hom or in ventral hom
inter- or projecting neurons (Figs. 14 and 15).
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Figure 13

Photomicrograph of a normal adult lumbar spinal cord, in-situ
hybridization for GAP-43 mRNA.
Notice faint staining of
motomeurons only and no staining visible in dorsal hom or white
matter. Dotted line delineates grey and white matter.
Scale bar 500 pm.
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Increased staining for GAP-43 mRNA was first visible twenty four hours after sciatic
nerve section in some motomeurone ceil bodies within the ventral hom. In 20pm
sections of the lumbar spinal cord, there were an average of 12-15 stained profiles
per section (Rg. 18). The number, position, size and distribution of these profiles
corresponded well with motomeurones labelled retrogradely by HR? injection into
the sciatic nerve (Rg. 14 and 15). The number of stained profiles reached a peak at
3 days after sciatic nerve section and then remained constant for at least 2 weeks.
Five weeks after sciatic nerve cut however, the number of motomeurones expressing
high levels of GAP-43 mRNA declined although the intensity was still increased on
the ipsilateral relative to the contralateral side (Figs. 15 and 19). The reduction in
motomeurone staining continued 6 and 7 weeks after sciatic nerve section and in two
animal that were allowed to survive for 10 weeks, an average of 3-5 motomeurones
profiles per section expressing high levels of GAP-43 mRNA were seen (Fig. 15).
GAP-43 mRNA re-expression in motomeurones was also studied 1 and
7 days after sciatic nerve crush and found to be similar to that seen after sciatic nerve
section (Fig. 19). However, 5 weeks after sciatic nerve crush, the GAP-43 mRNA
had fallen to control levels (Figs. 16 and 17). This subsequent downregulation of
GAP-43 mRNA expression was confirmed in 1 animal each 6 and 7 weeks after
sciatic nerve crush.
An attempt was made to quantify the level of GAP-43 mRNA re
expression by measuring the intensity of staining in motomeurone profiles. One
hundred profiles within the sciatic nerve motomeurone pools were measured on the
ipsilateral and contralateral side (Fig. 19).
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Figure 14

Photomicrograph of adult lumbar spinal cord 1 day (A) and 1 week
(B) after sciatic nerve transection : in-situ hybridization for GAP-43
mRNA. Upregulation of GAP-43 mRNA in spinal motomeurons were
visible within 24 hours of sciatic nerve section and the intensity of
staining was further increased after 1 week. No upregulation of GAP43 mRNA was seen in the dorsal hom. Dotted line delineates grey and
white matter. Scale bar 500 pm.
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Figure 15

Photomicrograph of lumbar spinal cord 5 weeks (C) and 10 weeks (D)
after sciatic nerve section: GAP-43 in-situ hybridization. Upregulation
of GAP-43 mRNA in spinal motomeurons was still visible 5 and 10
weeks after sciatic nerve section. Staining intensity was reduced at 5
weeks compared to that seen 2 weeks after nerve section. By 10
weeks, staining intensity was further reduced but still above control
levels. Scale bar 500 pm.
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Figure 16

Photomicrograph of lumbar spinal cord 2 weeks after sciatic nerve
crush: in-situ hybridization for GAP-43. Changes in the spinal cord
was found to be similar in the first 2 weeks after sciatic nerve section
or crush. Upregulation of GAP-43 mRNA was confined to spinal
motomeurons. Scale bar 500 pm.
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Figure 17

Photomicrograph of lumbar spinal cord 5 weeks after sciatic nerve
crush: in-situ hybridization for GAP-43. Five weeks after sciatic
nerve crush, GAP-43 mRNA in spinal motomeurons was back to
control levels. Scale bar 500 pm.
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Figure 18

High power photomicrograph of spinal motomeurons 2 weeks after
sciatic nerve transection: in-situ hybridization for GAP-43. Staining
for GAP-43 mRNA was confined to the neuronal cell body and was
absent from the nucleus. Scale bar 100 pm.
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Figure 19a.

Graphs of relative intensity of staining for GAP-43 mRNA 1, 3 and
7 days after sciatic nerve section.
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Figure 19b.

Graphs of relative intensity of staining for GAP-43 mRNA 14, 35 and
70 days after sciatic nerve transection.
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Figure 19c

Graphs of relative intensity of staining for GAP-43 mRNA 1 and 5
weeks after sciatic nerve crush.

Figures 19a.b.c
Distribution of relative intensity of GAP-43 mRNA staining in lumbar motomeurone
profiles after sciatic nerve crush or section at different time intervals. One hundred
profiles within the sciatic nerve motomeurone pool were analyzed. Graphs of the
frequency distribution of relative intensity were constmcted. It can be seen that
pattern of intensity of staining for GAP-43 mRNA is increased after nerve injury,
reaching a peak 2 weeks after nerve section. By 5 weeks, intensity of staining has
decreased and is virtually back to control levels after 10 weeks. One week after
sciatic nerve crush, the distribution of staining in motomeurons is similar to that after
nerve section but by 5 weeks after sciatic nerve crush, the intensity distribution is
back to control levels. Using the contralateral side as control, it can be seen that the

relative intensity of GAP-43 mRNA expression in axotomized motomeurones peaked
by day 14. Five weeks after sciatic nerve section, this had declined significantly and
was further reduced after 10 weeks. The level of GAP-43 mRNA re-expression after
sciatic nerve section and crush appear to be similar after 1 week. Five weeks after
sciatic nerve crush, re-expression on the ipsilateral side had declined to control levels
(Fig. 19). Sciatic nerve cut or crush failed to produce any detectable GAP-43 mRNA
in dorsal horn neurones at any time after the lesion (Figs. 14-17).

Dorsal root ganglion

The re-expression of GAP-43 mRNA in DRG cells after sciatic nerve
injury which has been previously described (Hoffman, 1989; Van der 2ke et al.,
1989; Verge et al., 1990) broadly mirrored that found for sciatic motomeurones. In
normal DRG and DRG from the control unoperated side, about 2-3,000 DRG cells
expressed high levels of GAP-43 mRNA. One day after sciatic nerve section, this
increased significantly in the ipsilateral ganglia and after day 3, virtually all
ipsilateral L4 and L5 DRG cells expressed high levels (Fig. 20). These changes
peaked at 2 weeks and by 5 weeks, the number of cells with high levels of GAP-43
mRNA expressed was reduced when evaluated by dissector counts (Figs. 20 and 22,
Table 1). Ten weeks after sciatic nerve section, the number of DRG cells in the LA
ganglion expressing high levels of GAP-43 mRNA is still double that in control and
contralateral ganglia. The changes in the level of expression after sciatic nerve cut
or crush was very similar in DRG cells at 1 week after nerve injury. However, 5
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weeks after sciatic crush, the expression of GAP-43 mRNA in DRG cells was greatly
reduced compared to that after nerve section although it did not reverted back to
control levels until 7 weeks post-injury (Fig. 21).
The onset of GAP-43 mRNA expression in axotomized motor and
sensory neurones was similar following both crush and cut lesions (Figs. 14, 16, 19
and 20-22,). However, the expression of GAP43 mRNA seem to persist longer in
DRG cells than in motomeurones for a similar lesion (Figs. 15, 19 and 20-22).
Crush lesions results in a more rapid return to control levels in both sensory and
motomeurones than cut and ligation. However, even in those animals where
reinnervation was prevented by ligation, the number (Fig. 15) and intensity (Fig. 19)
of stained profiles dropped considerably by 10 weeks.
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Figure 20

Re-expression of GAP-43 mRNA in sections cut through adult L4
dorsal root ganglion at different times day 3 (D3) to 35 (D35) after
sciatic axotomy. Scale bar 100 pm.

58

%

-

•
^ «#

' f

^

&#»

*

'

5

r

.
P<(%

5
r

B

~

^

$ .
\

4

. 4

$
%

t?

«

,

4

»
*

*

D35
Figure 21

Re-expression of GAP-43 mRNA in sections through adult L4 dorsal
root ganglion 2 and 5 weeks after sciatic nerve crush. Scale bar 100
pm.
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GAP-43 mRNA Positive Cells in L4 DRG
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Figure 22

□ Sciatic Nerve Crush

♦ Contralateral

Dissector counts of the number of GAP-43 mRNA positive cells at
various intervals after sciatic nerve transection or crush in L4 dorsal
root ganglion. Contralateral L4 dorsal root ganglia were used as
controls. Two animals were used at time intervals 1 and 5 weeks
after both sciatic nerve cut and crush and 10 weeks after sciatic nerve
section, all other results were obtained from a single animal.
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Table 1

Dissector count of GAP-43 mRNA labelled DRG cells after sciatic
nerve injury.

Post-operative time

No. of animals

Ipsilateral L4 DRG cell count

Sciatic nerve section and ligation.
1 week
2 weeks
5 weeks
6 weeks
7 weeks
10 weeks

11,525/ 10,470
14,778
10,560/ 9172
8,379
8,142
5,107/ 6,433

Sciatic nerve crush.
1 week
2 weeks
5 weeks
6 weeks
7 weeks

10,476/ 10,768
12,879
5,258/ 4,146
4,828
3,081
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Discussion
In adult lumbar dorsal root ganglion cells, my data confiims the
temporal relationship between axotomy and re-expression of GAP-43 protein and
GAP-43 mRNA. Using Northern Blots, the level of GAP-43 mRNA has been shown
to be increased as early as 8-16 hours after sciatic crush (Van der Zee et al., 1989)
and remains elevated for at least 2 weeks (Basi et al., 1987; Hoffman, 1989). The
peak of GAP-43 mRNA reexpression in L4 DRG cells after sciatic axotomy at mid
thigh level appears to be around 2 weeks post-injury.

Previous studies using

Northern Blot techniques (Hoffinan, 1989; Van der Zee et. al., 1989) reported a much
earlier peak. This discrepancy could be due to the site of axotomy. In both these
studies, the sciatic nerve lesion was more proximal than where I crushed or sectioned
the nerve. The distance of the axotomy site from cell body have been shown to be
important in determining GAP-43 re-expression (Doster e t al., 1991; Tetzlaff et. al.,
1991) and is also likely to be important in determining the speed of GAP-43
upregulation. Northern blot studies by Benowitz et. al. (1991) in DRG cells after
sciatic nerve crush in the same site as our experimental design have shown that GAP43 mRNA levels peak around 10 days after injury and persists for at least 30 days
after injury.

A previous estimate of neurons in control DRG reported between 4050% of cells express GAP-43 mRNA (Verge et. al., 1990). Using dissector counts,
the number of cells expressing high levels of GAP-43 mRNA in my study was
between 2-3,000. The dissector count of cells in an adult rat L4 dorsal root ganglion
is between 12-16,000 (La Forte et. al., 1991), so that from my data, around 20% of
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DRG cells in a control L4 ganglion express high levels of GAP-43 mRNA. This
lower number of cells may reflect the different criteria for defining a positively
labelled cell. In this study, only cells expressing high levels of GAP-43 mRNA (
levels near to that expressed by neurons after axotomy) were counted. In addition,
previous counts using profile percentages were subject to systematic bias
(Coggeshall, 1992).

The number of cells containing GAP-43 protein-like

immunoreactivity in control DRG is very low (Sommervaille et. al., 1991). Although
this may be due to rapid transport of protein out of DRG cells, there is evidence that
GAP-43 mRNA expression is under post-transcriptional control (Perrone-Bizzozero
et. al., 1991). Messenger mRNA for GAP-43 appears to be transcribed then broken
down without protein synthesis and there is inherent background levels of GAP-43
mRNA within some cells that might serve little or no function. I have tried to
rationalize this by selecting a high threshold of GAP-43 mRNA expression to define
positive GAP-43 expression. However, the study of GAP-43 expression should take
into account the evidence for post-translational modification (Schreyer and Skene,
1991) so that different antibodies, depending on the epitope that is recognized, may
give false negative results.
Spinal cord motomeurone re-expression of GAP-43 RNA was
evident in my study 24 hours after nerve injury. However, cell bodies do not stain
for GAP-43 protein after nerve injury (Woolf et al., 1990) and it is likely that after
axotomy, large amounts of GAP-43 protein are translated and transported out of soma
to the injured stump. Five weeks after sciatic nerve section, GAP-43 mRNA re
expression appears to decline and by 10 weeks, it reaches control levels even though
no regeneration of the cut nerve has occurred. This raises the possibility that there
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is a finite temporal period after nerve injury beyond when GAP-43 re-expression is
switched off and the potential for regeneration is lost (Benowitz, 1984; Doster et al.,
1991; Tetzlaff et al., 1991). Nevertheless, the fact that crush lesions result in a more
rapid decline in GAP-43 mRNA levels implies that a target derived factor may
suppress the expression of GAP-43 (Bisby, 1988).
The absence of GAP-43 mRNA re-expression in the dorsal horn
following peripheral nerve injury suggests that there is no trans-synaptic signal from
afferents for GAP-43 expression in these cells. Peripheral nerve injury however,
results in the appearances of GAP-43 immunostaining in the superficial laminae of
the spinal cord (Woolf et al., 1990). Given the presence of GAP-43 mRNA in DRG
cells and its absence in dorsal horn neurones, this must be the result of the
accumulation of the protein in the central terminals of peripherally axotomized
primary afferent neurones.
The timing and distribution of GAP-43 mRNA re-expression in
primary afferent and spinal motor neurones, as well as the concentration of GAP-43
protein in neuronal growth cones (see Skene, 1989) suggests an important role for
GAP-43 in neural regeneration. The biochemical characteristics of GAP-43 makes
it suitable to modulate secondary messenger systems within the growth cone (see
Coggins and Zwiers, 1991), but the association with cytoskeletal proteins also suggest
a role for GAP-43 in growth cone motility (see Chapter 5).
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Study 3: GAP-43 AFTER DORSAL RHIZOTOMY

Aim
Injuries to the peripheral axon of the adult primary afferents results in
an attempt to regenerate and the re-expression of GAP-43 mRNA (Chapter 3, Study
2). In contrast, the central axon of the primary afferents have very limited capacity
to regenerate. Crush injuries of the adult dorsal root results in limited regeneration
without penetration through the (dorsal root entry zone) Schwann-gha interphase
(Perkins et. al., 1980; Carlstedt, 1985; Liuzzi and Lasek, 1987; Stensaas et. al., 1987;
Siegal et. al., 1990). The explanation for this difference in regenerative capacity is
unknown. It may be related to differences in the metabolic response of dorsal root
ganglion cells to axotomy. Peripheral axotomy is associated with dispersion of the
Nissl substance and changes in the nucleoli and rough endoplasmic reticulum in the
neuronal cell body together with increased capacity for protein synthesis, a reaction
termed chromatolysis (Leibermann, 1971). Injuries to the central axon does not elicit
such a reaction in dorsal root ganglion cell bodies.
Northern blot measurements of GAP-43 mRNA have been reported to
be unchanged in primary afferent neurons after central axon injuries and this may be
related to the poor regenerative capacity (Benowitz e t al., 1991). I have investigated
this using the in-situ hybridization technique and studied changes in GAP-43 mRNA
expression in dorsal root ganglion cells following transection of the dorsal roots.
Two other factors have been taken into account in the design of this
study. Firstly, previous reports have indicated GAP-43 re-expression to be dependent
on the site of axotomy (Doster et. al., 1991; Tetzlaff et. al., 1991). To investigate
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this» I have performed dorsal root section both proximal and distal to the cell bodies
and stained for GAP-43 mRNA upregulation. Secondly, transection of the dorsal
root has been estimated to halve the number of synapses from primary afferent
terminals on neurones of lamina H of the dorsal horn (Chung et. al., 1989) yet no

loss of synapses were seen after dorsal rhizotomy in the cat (Murray and Goldberger,
1986), presumably due to sprouting from adjacent roots. To study whether such
sprouting by unconditioned intact roots have occurred (which may be associated with
GAP-43 upregulation), I have performed in situ hybridization for GAP-43 mRNA in
adjacent as well as the lesioned ipsilateral and contralateral dorsal root ganglia.

Methods
Adult Sprague-Dawley rats were used.

Under fentanyl/diazepam

anaesthesia, left lumbar hemi-laminectomy was performed and LA dorsal root was
sectioned mid-way between the LA DRG and its entry into spinal cord. After
survival for 5 (1), 7 (2) and 14 (2) days, the spinal cord and ipsilateral L3-5 DRG
as well as the contralateral L4 DRG were removed under terminal phenobarbitone
anaesthesia. In 3 animals, dorsal rhizotomy was performed just proximal to the L4
DRG and allowed to survive 1 (1), 2 (1) and 4 (1) weeks post-operatively. All tissue
were fresh frozen, 20pm thick sections were cut on a cryostat and in-situ
hybridization performed for GAP-43 related mRNA as described in Chapter 2.
Result analysis was done with the aid of the See-Scan image analysis
system and dissector counts of positively labelled performed.
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Results
No upregulation of GAP-43 mRNA expression was detected in the L4
dorsal root ganglion after dorsal rhizotomy (Rg. 23). At the earliest time point
investigated (5 days after dorsal root injury), around 2,700 cells positively labelled
for GAP-43 mRNA was counted.

This did not differ significantly from the

contralateral intact L4 DRG (2,988) that was used as a control. Further dissector
counts of positively stained L4 DRG cells at 1 and 2 weeks after dorsal rhizotomy
did not reveal any difference between the ipsilateral and contralateral side (Table 2).
Similarly, no significant upregulation of GAP-43 mRNA was seen when dorsal root
section was performed just proximal to the ganglion. One week after proximal L4
rhizotomy, there were 2,692 DRG cells expressing high levels of GAP-43 mRNA on
the lesioned side compared to 2,030 in the control. This modest rise in number of
positively labelled cells was not sustained, at 4 weeks, there were 2,706 positively
labelled cells on the test and 2,542 on the control side (Table 2). Where the adjacent
dorsal root ganglia to the lesioned roots were counted, there was similarly no
significant upregulation of GAP-43 mRNA.

Both 1 and 2 weeks after dorsal

rhizotomy, the number of positively labelled cells in the L3 and L5 dorsal root
ganglia did not differ significantly from that in the contralateral side (Table 2).
No staining for GAP-43 mRNA was visible in the dorsal horn
neurones after dorsal rhizotomy. The only change seen in the spinal cord was a
reduction in size of the ipsilateral dorsal funiculus after dorsal root lesions,
presumably due to transganglionic degeneration of the ascending axons of primary
afferents (Fig. 24).
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Figure 23

GAP-43 expression in sections cut through adult lumbar L4, L5 and
contralateral L4 (C4) dorsal root ganglion 2 weeks after dorsal
rhizotomy. Scale bar 100 pm.
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Figure 24

Transverse section through lumbar spinal cord 1 week after dorsal
rhizotomy. Arrow shows reduction in size of the dorsal column on
the operated side. Note no re-expression of GAP-43 mRNA in dorsal
or ventral horn after dorsal rhizotomy.
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Table 2

Dissector counts of dorsal root ganglion cells expressing high levels
of GAP-43 mRNA at various time points after L4 dorsal rhizotomy.
Contralateral (contra.)

Time post-operation

Ganglion

Counts

5 days

L4
L4 (contra.)

2,749
2,988

1 week

L3
L4
L5
L3 (contra.)
L4 (contra.)
L5 (contra.)

1,808
2,057
2,390
2,123
1,846
2,250

1 week

L4
L4 (contra.)

2,822
3,073

2 weeks

L3
L4
L5
L3 (contra.)
L4 (contra.)
L5 (contra.)

1,984
2,670
2,951
2,114
2,473
2,826

1 week rhizotomy
close to DRG

L3
L4
L5
L4 (contra.)

1,878
2,692
2,186
2,030

4 weeks rhizotomy
close to DRG

L4
L4 (contra.)

2,706
2,542
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Discussion
Primary afferent neurons with cell bodies in the dorsal root ganglion
possesses 2 types of axons. The peripheral axon extends via the spinal nerves into
the peripheral nerves and to their targets while the central projecting axon(s) enter
the spinal cord via then dorsal roots, forming an ascending branch and a segmental
branch to synapse on dorsal horn neurons.

The central and peripheral axons

(although sharing the same cell body), are different in many respects. The central
axon is usually smaller in diameter, with a slower conduction velocity (Czeh et. al.,
1977).

Injuries to the central axon do not elicit the chromatolytic response in

neuronal cell body, as I have described above (Leibermaim, 1971). The rate of
axonal transport (Wujek and Lasek, 1983) and regeneration (Oblinger and Lasek ,
1983) is also slower in the central axon of primary afferents.
The expression of peptides in the neuronal cell body after injuries to
the central and peripheral axon is also different. Substance P, CGRP (Calcitonin
Gene-Related Peptide) and cholecystokinin is reduced after peripheral axotomy, but
increased after dorsal rhizotomy (McGregor et. al., 1984; Noguchi et. al., 1989; Pohl
et. al., 1990;). Galanin however, was reported to be increased after injuries to both
peripheral and central axon (ViUar et. al., 1990; 1991). The cytoskeletal proteins
tubulin is increased while neurofilament decreased after both peripheral axotomy or
dorsal rhizotomy (Greenberg and Lasek, 1988; Wong and Oblinger, 1990).
The lack of GAP-43 mRNA upregulation after dorsal rhizotomy is
consistent with the study reported by Benowitz et. al., (1992) using Northern blots.
In-situ hybridization and dissector counting of positively stained cells did not show
any change in GAP-43 mRNA expression. This could either be a genuine failure to
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upiegulate GAP-43 mRNA expression after dorsal rhizotomy, or there may be a
small change which my method is too insensitive to detect Around 2-3,000 cells in
a normal dorsal root ganglion express high levels of GAP-43 mRNA, so that a large
change in the number of positively labelled cells need to be present before the
detection threshold is reached. A difference of over 600 positively labelled cells on
the ipsilateral and contralateral side was seen 1 week after dorsal rhizotomy close to
the DRG (Table 2). This difference could be a normal variation in the number of
cells expressing high levels of GAP-43 mRNA, or it could be due to an upregulation
by a small number of DRG cells. A third explanation is that where dorsal rhizotomy
was performed close to DRG, inflammatory infiltrate in and around the ganglion is
usually seen and this has been reported to upregulate GAP-43. (Richardson et. al.,
1991). Further studies will be needed to confirm this, although it would be difficult
to prevent inflammation around the ganglion when proximal dorsal rhizotomies are
performed. Other studies that reported transient re-expression of GAP-43 where
axotomy was performed close to the cell bodies (Lozano et. al., 1987; Doster et. al.,
1991a) may also suffer this disadvantage. However, the study reported by Tetzlaff
et. al., (1991) where axotomy of the rubrospinal tract at cervical level resulted in
GAP-43 mRNA re-expression in the red nucleus would suggest a true upregulation
of GAP-43. The reason for this is not known, but GAP-43 expression following
injury may be linked to irreversible cell damage and cell death (see Chapter 5).
The failure of GAP-43 mRNA upregulation in contralateral and
adjacent ganglia after dorsal rhizotomy is consistent with the study reported by
McMahon and Kett-White, (1991). Morphological changes have been described in
early studies of "spared root" preparations following chronic dorsal root transection
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(Liu and Chambers, 1958). These changes have not been replicated by subsequent
studies (Goldberger and Murray, 1982; Rodin et. al., 1983; Pubols and Bowen, 1988)
and the methodology has been criticised (Rodin et. al., 1983; Brown, 1987).
Increased sprouting, however has been reported after pronase injection into peripheral
nerves (La Motte e t al., 1989) and it is now recognized that in adult animals,
collateral sprouting from intact roots does not occur without a peripheral conditioning
stimulus (McMahon and Kett-White, 1991). A peripheral injury will however cause
the upregulation of GAP-43 mRNA and increase the synthesis of the GAP-43 protein
which is transported both peripherally and centrally (Woolf et. al., 1990; Schreyer
and Skene, 1991). It is possible that this upregulation of GAP-43 is the basis for the
requirement of a peripheral conditioning stimulus to induce collateral sprouting of
central terminals (McMahon and Kett-White, 1991).
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Study 4: GAP-43 mRNA IN THE SCHWANN CELLS OF MOTOR-END
PLATE
Aims
A previous study

by Verhaagen et. al., (1988) has reported

the presence of GAP-43 Uke immunoreactivity in muscles after denervation. The
cellular origin of this has now been confirmed by Reynolds and Woolf (1992),
Within days of sciatic axotomy, Schwann cells at the denervated motor end plates of
the soleus and tibialis anterior muscles grow long processes and label positive for
GAP-43 inununostaining. These processes elongate into the presynaptic zone and
retract on successful reinnervation.
GAP-43 has been detected in many non-neuronal cells, both in vitro
and in vivo. Co-cultures of Schwann cells and DRG cells have been shown to
express GAP-43 immunoreactivity (Woolf et. al., 1990). Immature oligodendrocytes,
type 2 astrocytes, and precursor cells have been shown be positively GAP-43
immunolabelled (Vitkovic et. al., 1988; da Cunha and Vitkovic, 1990; Deloulme et.
al., 1990; Curtis et. al., 1991) and recently, non-myelin forming Schwann cells in
peripheral nerves have been shown to express GAP-43 immunoreactivity (Curtis et.
a l, 1992).
These studies suggests the possibility that non-neuronal cells may
produce GAP-43. Tetzlaff et. al., (1989) have reported GAP-43 immunostaining in
the distal nerve stumps after peripheral nerve crush, but ascribes this to the
breakdown of injured axons. Using the in-situ hybridization method described in
Chapter 2 ,1 have investigated whether GAP-43 may be produced by Schwann cells
after denervation. To localized any GAP-43 mRNA in muscle that may be present.
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I have stained alternate tissue sections for cholinesteiase which labels motor end
plates (Alderson et. al., 1989).

Methods
Adult Sprague-Dawley rats were anaesthetized with fentanyl and
diazepam and the left sciatic nerve were either sectioned and ligated or crushed with
modified Spencer-Wells forceps at mid-thigh level. After survival times 1 (4), 3 (1)
and 7 (3) days post-operatively, ipsilateral and contralateral soleus muscle as well as
distal and proximal sciatic nerve stumps and lumbar spinal cord were removed under
terminal pentobarbitone anaesthesia. The tissue was frozen in liquid nitrogen and
20pm thick sections cut on a cryostat were reacted for in-situ hybridization for GAP43 mRNA as described above. In 4 animals, alternate sections of ipsilateral and
contralateral soleus muscle were also stained for cholinesterase to localize the motor
end plates.

Results
No GAP-43 mRNA positive cells were found in either intact muscle
or peripheral nerve (n=8). Labelled cellular profiles were visible in the junctional
zone of the ipsilateral soleus muscle 1 day after sciatic nerve section (n=2) or crush
(n=2) (Fig. 26). Not all end plates were labelled and no label was found in the
sciatic nerve either proximal or distal to the injury site. No stained cells were seen
outside the junctional zone. A similar picture was seen after 3 (n=l) and 7 (n=2)
days after sciatic nerve section and 7 days (n=l) after sciatic nerve crush, although
more end plates were labelled (Figs. 26 and 27). Where adjacent muscle sections
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were stained for GAP-43 mRNA and cholinesterase, the distribution of GAP-43
mRNA positive cells were seen to closely match the endplates (Figs. 26C and 27).
The specificity of staining for GAP-43 mRNA were tested by pre-treating tissue
sections with RNAase and the use of excess unlabelled probe as described in Chapter
2.

Figure 25

Photomicrograph of Schwann cells in soleus muscle motor end plates
expressing GAP-43 immunoreactivity 3 days after sciatic axotomy.
The cellular profiles were identified by the similarity of staining to
Schwaim cell markers S-100 and low affinity NGF receptors.
Normally no GAP-43 immunoreactivity is seen at the iimervated
motor end plate. Scale bar 50 pm. This photomicrograph reproduced
courtesy of Dr. M. Reynolds.
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Figure 26A.B Photomicrograph of in-situ hybridization for GAP-43 mRNA in motor
end plate Schwann cells.
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Figure 26C

Camera lucida reconstruction of GAP-43 mRNA and
acetylcholinesterase staining in soleus muscle after sciatic nerve
section.

Figure 26A.B.C
Photomicrograph and camera lucida reconstruction of GAP-43 mRNA staining in
denervated muscle. In A, the arrows indicate GAP-43 mRNA positive cells 7 days
after sciatic nerve transection (scale bar 100 pm ). B., higher magnification (scale
bar 50 pm). Each arrow indicate a collection of cell on a single nerve muscle tibre
where motorend plates are presumed to be located. C is a camera lucida drawing
showing the location of end plates, defined by acetyl cholinesterase staining, relative
to the position where GAP-43 mRNA positive cells are situated.
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Figure 27

Photomicrograph of sections of soleus muscle 3 days after sciatic
nerve cut and ligation. In A, in-situ hybridization for GAP-43 mRNA
was done while adjacent section B was stained for acetyl
cholinesterase. Notice the similarity in the position of stained
profiles. Scale bar 100 pm.
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Discussion
Removal of axonal-Schwann cell contact have been shown to induce
the reexpression of N-CAM (lessen et. al., 1985), LI (Martini and Schachner, 1988;
Tacke and Martini, 1990), tenascin (Martini et. al., 1990) as well as low affinity NGF
receptor (Heuman et. al., 1987; Taniuchi e t al., 1986, 1988; lessen et. al., 1990)
while markers of "mature" Schwann cells like myelin basic protein (NCrsky et. al.,
1980) and surface galactocerebrosides (lessen et. al., 1985) disappear. Therefore, the
re-expression of GAP-43 is only one of a complex reaction that occurs following the
separation of Schwann cells fixjm axon; all of which appear to be a regression of
Schwann cells to an immature form. Furthermore, GAP-43 re-expression follow a
similar pattern as precursors of Schwann cells have been shown to express GAP-43
(Curtis e t al., 1992).
The staining for GAP-43 mRNA suggest that adult Schwann cells,
under suitable conditions can transcribe and translate the GAP-43 gene sequence.
The signalling mechanism for this is unknown. A retrogradely transported signal is
likely to be involved in the control of GAP-43 re-expression in peripheral neurons
after axotomy (Bisby, 1988; Benowitz et. al., 1992). A similar suppressive signal,
produced by Schwann cell-axon contact may be responsible for controlling GAP-43
expression, but this is unlikely, as pure Schwann cell cultures do not upregulate
GAP-43 (Meiri e t al., 1988). It is more likely that a positive signal is generated as
a result of Schwann cell contact with damaged axons. Curtis et. al. (1992) reported
GAP-43 immunoreactivity in adult non-myelin forming Schwann cells only weeks
after axotomy. Furthermore, only specific types of neurons may be able to trigger
such a signal as Schwann cell cultures with DRG cells will cause upregulation
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(Woolf et. al., 1990) while those cultured with sympathetic neurons do not (Meiri et.
al., 1988). Additional in vivo studies would be needed to confirm this.
The function of GAP-43 expressed in Schwann cells is unknown. The
transfection of GAP-43 cDNA vector into cultured PC12 cells have been reported to
reduced the threshold as well as increase the sensitivity of these cells to sprout
neurites under the influence of NGF (Yanker et. al., 1990). When transfected into
non-neuronal cells, GAP-43 have been reported to induce filopodia formation (Zuber
et. al., 1989). GAP-43 is closely linked to cytoskeletal proteins and co-localizes with
actin, talin, fodrin, (Meiri and Gordon-Weeks, 1990) proteins involved in maintaining
dynamic cell shape. Thus, it is possible that GAP-43 induced in Schwaim cells may
serve the same purpose, i.e. the formation of long processes.

This is further

supported by the study of Reynolds and Woolf (1992), where GAP-43
immunoreactivity and morphological changes in Schwann cells after denervation was
reversed with re-innervation. It would be interesting to study the time course of
GAP-43 mRNA re-expression as well to see if it follows a similar pattern. My results
indicate that GAP-43 upregulation persists for at least 1 week following denervation
of the soleus muscle.
I have been unable to show any re-expression of GAP-43 mRNA in
denervated nerve stumps, confirming a previous study by Basi et. al. (1987). It may
be that levels are below the technical threshold for detection, or the time course of
GAP-43 re-expression in Schwaim cells within the sciatic nerve are different from
those at the motor end plates. Further studies, looking for GAP-43 mRNA in distal
nerve stumps after Wallerian degeneration has occurred may resolve this.
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Chapter 4
Study 1: GAP-43 AFTER PERIPHERAL NERVE GRAFTING ONTO DORSAL
ROOTS
Aims
In a previous study, I have shown that GAP-43 mRNA is not
upregulated in the spinal cord or DRG cells up to 14 days after a dorsal rhizotomy,
cutting the central axon of the DRG cell (Chapter 3, Study 3). Moreover, atrophy
of the dorsal columns suggests that there is failure of regeneration of the central axon
after transection or crush of dorsal roots. However, the provision of a peripheral
nerve enviromnent to injured central neurons, that do not otherwise regrow their
axons may be associated with successful regeneration (David and Aguayo, 1981;
Vidal-Sanz et. al., 1987; Villegas-Perez et. al., 1988). Richardson and Issa (1984)
have shown that grafting of peripheral nerves to the dorsal columns can induce only
very limited regeneration of the cut axons of DRG cells unless there is in addition,
a conditioning stimulus (transection of sciatic nerve) to facilitate this process. In an
attempt to understand the changes in GAP-43 regulation induced by central lesions,
and the regeneration of central axons of primary afferents, I have performed
experiments where peripheral nerve segments were grafted onto transected dorsal
roots. Long term changes in GAP-43 expression in DRG cells were compared in 3
sets of animals: group 1 had an L4 dorsal rhizotomy and a peripheral nerve graft
attached to the severed root; group 2 had both a nerve graft on the severed root and
a peripheral nerve crush as a conditioning stimulus and group 3 (controls) had a
dorsal rhizotomy without attachment of graft or nerve crush.

The extent of

regeneration through the grafts was also assessed in group 1 and 2 animals. (This
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study was done in collaboration with Dr. P.N. Anderson).

Methods
Adult in-bred Fischer rats were used. Under terminal phenobarbitone
anaesthesia, a 4 cm length of the tibial and plantar nerves were harvested from donor
animals. The grafts were cleaned of any muscle, fat or connective tissue and kept
in Hank's balanced saline solution (Gibco). Recipient animals were anaesthetized
with a mixture of enflurane/nitrous oxide and a laminectomy performed on the left
side to expose the spinal cord, with the aid of an operating microscope.
Experimental animals were divided into 3 groups. In group 1, the L4 dorsal root was
transected 17-20 mm proximal to the dorsal root ganglia and the peripheral stump
laid on the adventitial surface of a patch of aorta from the donor animal. Using 10/0
sutures, the nerve graft was attached to the proximal stump and bovine fibrinogen
was used to ensure additional stability of the anastomosis. The wound was closed
in layers and the distal end of the graft marked with a 10/0 suture and left free in the
subcutaneous fascia overlying the back muscles (Fig. 28). Animals in group 2
underwent the same procedure with an additional left sciatic nerve crush performed
with watchmaker's forceps at mid-thigh level. In the control group, the roots were
cx

sectioned but not joined to graft.
A

After survival times, 3 (n=l), 7 (n=2) and 15 (n=2) weeks for group
1, 3 (n=l), 7 (n=2), 15 (n=2) and 19 (n=l) weeks for group 2 and 3 (n=l), 9 (n=l)
and 16 (n=l) weeks for the control group, the animals were killed with
phenobarbitone. The spinal roots and graft were carefully dissected out and the
ipsilateral and contralateral L4 dorsal root ganglia removed and frozen in liquid
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Figure 28

Diagram showing peripheral nerve grafting

onto dorsal roots.
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nitrogen. Serial sections 20pm thick were cut on a cryostat and stained for GAP-43
mRNA. From one animal each in groups 1 and 2, with survival times 7 and 15
weeks, the graft was immersed-fixed in 2% paraformaldehyde/lysine/periodate and
stained for GAP-43 immunoreactivity using a polyclonal antibody. This antibody
was raised in sheep against GAP-43 purified from rat brain. Antibody specificity
was confirmed by the presence of a single band seen on Western Blotting against
whole rat brain protein extract (Benowitz et. al., 1988).
Some animals in group 1, at survival times of 7 (n=3), 10 (n=2) and
20 (n=2) weeks, and from group 2, at survival times 7 (n=3) and 16 (n=l) weeks
were terminally anaesthetized and perfused through the left ventricle of the heart with
2% paraformaldehyde/4% glutaraldehyde in phosphate buffer, pH 7.4. The grafts
were removed, processed for electron microscopy and axonal counts in transverse
sections of the grafts carried out by Dr. Anderson.

Results
In group 3 (control) animals, GAP-43 mRNA was not re-expressed in
L4 DRG cells after a simple transection of dorsal roots (Fig. 31). Dissector counts
up to 16 weeks after dorsal rhizotomy did not show any significant change in the
number of cells expressing high levels of GAP-43 mRNA compared to the
contralateral L4 ganglion (Fig. 34, Table 3).
Three weeks after attaching a peripheral nerve graft onto the severed
dorsal root and crushing the sciatic nerve, large numbers of L4 DRG cells expressed
high levels of GAP-43 mRNA (Fig. 29). This probably reflects the re-expression of
GAP-43 mRNA by DRG cells axotomized by sciatic nerve crush (Chapter 3, study
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2). However, 7 weeks post-operatively, when the effect of sciatic nerve crush on
GAP-43 tnRNA expression was expected to return to control levels (see Chapter 3,
study 2), there were still over 7,000 L4 DRG cells expressing high levels of GAP-43
mRNA. This level of GAP-43 mRNA expression in L4 DRG cells persisted for at
least 19 weeks (Fig. 34, Table 3).
When peripheral nerve grafts were done without a conditioning
stimulus (group 1), the number of DRG cells expressing high levels of GAP-43
mRNA in ipsilateral L4 DRG cells was the same in the first 3 weeks (n=l), as those
in the contralateral ganglion (Figs. 30, 34, Table 3). However, by 7 weeks (n=2)
after operation, between 6,500-6,800 cells in ipsilateral L4 DRG expressing high
levels of GAP-43 was seen and this effect persists until 15 weeks (n=2) after
grafting.
No GAP-43 immunostaining was seen in normal control tibial nerves
or dorsal roots. GAP-43 immunoreactivity was present throughout the length of the
tibial nerve graft 7 weeks post-operatively in animals in group 2 but only after 15
weeks in those from group 1 (grafting without a conditioning stimulus). In group 2
animals, both at 7 (n=l) and 15 (n=l) weeks, longitudinal columns of GAP-43
immunostaining can be seen running from proximal to distal end of the graft. A
transverse section mid-way through the graft showed large numbers of stained
profiles (Rg. 32). A similar pattern of staining was seen 15 weeks post-operatively
in the animal from group 1 (n=l). Seven weeks after grafting without a sciatic crush
however, GAP-43 immunostaining was confined to the proximal end of the graft and
a transverse section through the graft showed only small numbers of stained profiles
(Fig.33). At the distal end, virtually no staining was visible.
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Figure 29

Photomicrographs of sections of L4 dorsal root ganglion 3 (A), 7 (B)
and 15 (C) weeks after dorsal root grafting with ipsilateral sciatic
nerve crush, in-situ hybridization for GAP-43 mRNA.
Scale bar 100 pm.
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Figure 30

Photomicrographs of sections of L4 dorsal root ganglion 3 (a), 7 (b)
and 15 (c) weeks after dorsal root section and tibial nerve grafting, insitu hybridization for GAP-43. Scale bar 100 pm.
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Figure 32

Photomicrographs of sections of peripheral nerve graft onto L4 dorsal
root with ipsilateral sciatic nerve crush, 7 weeks after surgery.
Immunohistochemical staining for GAP-43. (B) Longitudinal section
at proximal and (A) distal end of the graft. Scale bar 250 pm.
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Photomicrographs of sections of L4 dorsal root ganglion 3 (i) and 9
(ii) weeks after dorsal rhizotomy, in-situ hybridization for GAP-43
mRNA. Scale bar 100 pm.
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Figure 33

Photomicrograph of sections of peripheral nerve graft onto L4 dorsal
root, without a conditioning stimulus, 7 weeks post-operation.
Immunohistochemistry staining for GAP-43, (i) longitudinal section
through proximal and (ii) distal end of the graft. Scale bar 250 pm.
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GAP-43 mRNA in L4 DRG: Dorsal Root Grafts

15000
13500
12000

10500
9000
7500

o

6000
4500
3000
1500

Weeks
o Graft only

Figure 34

o Graft + Crush

♦Rhizotomy

■Contralateral to Graft + Crush

Dissector counts of L4 dorsal root ganglion cells expressing high
levels of GAP-43 after dorsal root grafting with and without sciatic
crush, and dorsal root rhizotomy at various time points.
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Table 3

Dissector counts of lA dorsal root ganglion cells expressing high
levels of GAP-43 mRNA after dorsal root grafting with and without
sciatic nerve crush. Counts of L4 ganglia ^ e r dorsal rhizotomy and
unlesioned contralateral L4 ganglia used for comparison.

Time (weeks)

Ipsi. L4 count

Contra. L4 count

Dorsal rhizotomy
3
9
16

3,684
4,110
4,330

3,540

lîb ial nerve grafting onto dorsal roots
3
3,822
7
6,840
7
6,557
15
6,160
15
6,891

3,366
3,555

Tîbial nerve graft onto dorsal root and sciatic cnu
3
14,066
3,858
7
7,410
7
7,419
3,379
14
7,026
3,033
19
6,594
4,235
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Table 4

Time (Weeks)

Counts of axons present in the proximal and distal end of tibial nerves
grafted onto L4 dorsal roots at various time interval. Note that a
comparable number of myelinated axons were present at the distal end
of the graft 20 weeks after tibial nerve graft without sciatic crush as
that 7 weeks after grafting with sciatic nerve crush. Reproduced
courtesy of Dr. P.N. Anderson.

Mvelinated axons
Proximal
Distal

Unmvelinated axons Total
Distal
Distal

Tîbial nerve graft with sciatic crush
7
2739
1932
7
2227
1293

3281

5213

Tibial nerve graft without sciatic crush
7
1877
68
7
2386
98

1490

1558

10
10
20
20

1624

3761

-

394
667
779
1469

2278
2342

3057
3811
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Three weeks after tibial nerve grafting onto dorsal roots, myelinated
axons at the distal end of the graft were not seen in animals in group 1 but present
in those from group 2 (sciatic nerve crush performed). At 7 weeks, between 28-98
myelinated axons were seen at the distal end in grafts from animals in group 1, but
over 10 times more myelinated axons were seen in group 2 animals at the same time
point. Twenty weeks after nerve graft without a conditioning stimulus, the number
of myelinated axons in the graft was comparable to that 7 weeks after graft and
sciatic crush (Table 4).

Discussion
Dorsal rhizotomy, up to 16 weeks post-lesion appears to have little
influence on GAP-43 expression in DRG cells. Grafting of a peripheral nerve onto
the L4 dorsal root causes an upregulation of GAP-43 mRNA in some L4 DRG cells
which was first detected 7 weeks post-operation. The nerve grafts support a slow
regeneration of central axons of primary afferents which was accelerated by crushing
the peripheral nerve.
The upregulation of GAP-43 in DRG cell bodies, as their axons
regenerate through the peripheral nerve would suggest the occurrence of a retrograde
signal triggered by the interaction between axon and graft but not after dorsal root
section. The nature of this signal is unknown, but could include events induced by
contact between peripheral nerve Schwann cells and axons or trophic factors secreted
by the graft. To look for this signal, unique to, or concentrated in peripheral nerve
grafts, it would be reasonable to examine the difference between dorsal roots and
peripheral nerves. Although Schwann cells in the dorsal roots are thought to be
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similar to those in peripheral sensory nerves, they differ from those in mixed
peripheral nerves with regard to the expression of L2/HNK-1 epitope, which in adult
animals, is confined to motor nerves (Martini et. al., 1988). The interaction between
regenerating axon and Schwann cells with L2/HNK-1 may be required to bring about
the re-expression of GAP-43 in DRG cells whose central processes have entered the
peripheral nerve grafts. The L2/HNK-1 epitope is found on several cell adhesion
molecules expressed by Schwann cells including N-CAM, LI and tenascin, all of
which have been shown to be capable of promoting neurite elongation in culture
(Seilheimer and Schachner, 1988; Bixby et. al., 1988. It is developmentally regulated
and extensive immunostaining for L2/HNK-1 was present in spinal cord and dorsal
root ganglia in the early post-natal period (Merkouri and Matsas, 1992). In view of
the numbers of axons which invade grafts on dorsal roots, it is likely that many
central processes will come into contact with Schwaim cells expressing the L2/HNK1 epitope and it would be interesting to find out if regenerating axons are found in
the bands of Hunger previously occupied by motor fibres. One way of testing this
hypothesis is by grafting a pure sensory nerve onto dorsal roots and investigating
the expression of GAP-43 in DRG cells.
The peripheral axons of the primary afferents are able to regenerate
through Schwaim cells that do not express L2/HNK-1 (Martini et. al., 1988), so that
the absence of GAP-43 upregulation and regeneration after dorsal root injuries may
lie in the differences between the central and peripheral axon itself. As I have cited
above (Chapter 3, study 3), there are many differences that are known. Not only
does the central axon have a slower conduction velocity (Czeh et. al., 1977), rate of
axonal transport (Wujek and Lasek, 1983) and regeneration (Oblinger and Lasek,
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1984), after injuiy, it also does not induce a chromatolytic response in the cell body.
These differences in physical properties and possibly also in substrate and trophic
requirement(s) may explain the poor regenerative capacity of the dorsal roots through
its normal Schwann cell environment.
The excess number of DRG cells (as distinct from those that
constitutively contain high levels of GAP-43 ) that upregulate GAP-43 mRNA as a
result of nerve grafting appear to be consistent with the number of fibres that
regenerate to the distal graft (around 5,000). However, this does not take into
account the regenerating fibres that grow out of the graft, along branches of the tibial
nerve or the possibility that regenerating axon may have branching neurites.
Nevertheless, double labelling study with injection of a dye into the distal end of the
graft would help to clarify whether all DRG cells that regenerate axons to the distal
graft site re-express GAP-43 mRNA.
This study confirms the previous finding of Richardson and Issa
(1984) where a peripheral conditioning stimulus was shown to accelerate the
regeneration of central axons of primary afferents. Oblinger and Lasek (1984), in
contrast, have found that a peripheral test crush did not increase the rate of dorsal
root regeneration, but doubled the speed at which the sciatic nerve regenerated.
Discrepancies in the rate of regeneration could once again, be due to the difference
in Schwann-axonal contact. In both cases where peripheral conditioning stimuli have
been shown to influence the rate of regeneration, a peripheral nerve environment has
been provided for the regenerating central axon. This would suggest that although
conditioning stimuli may accelerate axonal regeneration by priming the metabolism
of neuronal cell bodies (Ducker et. al., 1969), the mechanism may be dependent on
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the environment surrounding the regenerating axon. Alternatively, the method of
assessing regeneration used by Oblinger and Lasek (1984) may not have accurately
reflected the rate of axonal elongation in dorsal roots.
GAP-43 protein-like immunoreactivity was found in peripheral nerve
grafts 7 weeks after operation. Staining was more intense at the proximal compared
to distal portions of the nerve graft 7 weeks post-operation, but where a conditioning
stimulus was performed, immunoreactivity to GAP-43 was similar at both ends of the
graft. This could possibly reflect the faster regeneration of central axons into the
graft after peripheral nerve conditioning stimulus. The exact location of GAP-43
immunoreactivity is unknown.

Previous electron microscopic examination of

peripheral nerve grafts in the CNS have shown the presence of GAP-43 protein-like
immunoreactivity possibly in glial cell bodies within the graft (Campbell et. al.,
1991). Similar techniques would be needed to clarify whether GAP-43 is confined
to growth cones of regenerating neurites or also present in Schwann cells.
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Study 2: GAP-43 AFTER FREEZE-KILLED GRAFTS ONTO TIBIAL NERVE

Introduction
Freezed-killed peripheral nerve grafts have been extensively studied
both with regard to their potential for clinical nerve repair (Marmor, 1964;
Kuhlendahl et. al., 1972) and as a means of assessing the importance of non-neuronal
cells of peripheral nerve trunks for axonal regeneration (ZalewsM et. al., 1982: Ide
et. al., 1983; Gulati, 1989; Anderson and Turmaine, 1986; Hall, 1986: Anderson et.
al., 1991). Axons from severed nerves in rats wiU regenerate into freeze-killed tibial
nerve grafts for a maximum distance of about 20 mm if the distal end of graft is not
attached to the distal nerve stump (ZalewsM e t al., 1982: Nadim et. al., 1988; Gulati,
1989; Nadim et. al., 1990). The maximum penetration of axons into such a graft is
achieved by 6 weeks after operation: no further extension into the graft has been
detected after 8 or 12 weeks (Nadim et. al., 1990).

The cessation of axonal

regeneration after 6 weeks is unlikely to be due to changes in the graft itself. This
is because 6 weeks after grafting, the distal part of a freeze-Mlled graft will continue
to support the regeneration of axons from freshly severed nerves (Nadim et. al.,
1990). One possible mechanism for the cessation of axonal elongation through
freeze-Mlled grafts could be the down regulation of GAP-43 by injured neurons.
GAP-43 is re-expressed in spinal motomeurons and DRG cells after peripheral nerve
axotomy, but levels return to control levels 7 weeks after sciatic nerve crush and
around 10 weeks after section and ligation (Chapter 3, study 2).
The hypothesis that the failure of axonal regeneration into freeze-Mlled
nerve grafts is related to a reduction in GAP-43 expression 6 weeks after operation
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was therefore investigated is collaboration with Dr. P.A. Anderson, using in-situ
hybridization and immunocytochemistry.

Methods
Adult in-bred Hscher rats were used. Under terminal pentobarbitone
anaesthesia, a 4 cm length of the tibial/plantar nerve were dissected out from donor
animals. The nerves were cleaned of any muscle or fat and washed in Hanks
balanced saline solution (Gibco) before freezing in liquid nitrogen. Frozen nerve
segments were then placed in an Edwards fceeze-dryer at -90 C overnight. The
freeze-dried nerves were then reconstituted with Hank’s balanced saline for 15
minutes before grafting.
Recipient

animals

were

anaesthetized

with

a

mixture

of

enflurane/nitrous oxide and 5 mm segments of the left tibial nerve were removed
from the thigh. The freeze-killed grafts were then attached to the proximal end of
the cut tibial nerve and held in place with 10/0 nylon sutures. The distal end of the
graft was marked with a 10/0 suture, but otherwise left free subcutaneously and the
wound was closed in layers.
After survival times of 3 and 6 weeks, the graft as well as ipsilateral
and contralateral L4 dorsal root ganglia and lumbar spinal cord were removed under
terminal phenobarbitone anaesthesia. For electron microscopic examination, the
grafts were fixed by immersion in a mixture of 4% paraformaldehyde and 0.05%
glutaraldehyde overnight at 4 ®C, then rinsed in phosphate-buffered saline (PBS).
The grafts were divided into 5 mm segments which were teased apart with fine
tungsten needles. After further rinsing in PBS, the teased segments were treated with
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a blocking solution of 0.5% bovine serum albumin (BSA) and 2% horse serum in 0.1
M PBS for 1 hour. The tissue was then reacted with 1 in 10,000 solution of
monoclonal antibody 9-1E12, which is thought to stain for all forms of
immunoreactive GAP-43 (Schreyer and Skene, 1991), for 24 hours at 4 C. Control
specimens were processed as above, with the substitution of mouse serum for
antibody 9-1E12.

After thorough rinsing in PBS, the tissue was reacted with

biotinylated horse anti-mouse IgG in 1: 2000 dilution for 2 hours at room
temperature. After further washes in PBS, the specimens were incubated in avidinbiotin complex (Vectastain) for 2 hours at room temperature before colour reaction
with diaminobenzidine. The specimens were then washed, osmicated and embedded
in araldite. Ultrathin sections within 20pm of the surface of the block were cut with
a diamond knife and examined using a Phillips EM 300 electron microscope.
For in situ-hybridization, the dorsal root ganglia and spinal cord were
fresh frozen in liquid nitrogen and 20pm thick sections cut on a cryostat were stained
for GAP-43 mRNA as described before. To serve as controls, 1 animal each had
tibial nerve crush (with modified jeweller’s forceps) and nerve section and ligation.
After 3 weeks survival, the L4 DRG was removed, stained for GAP-43 mRNA and
positively labelled cells counted.

Results
Three weeks after freeze-killed nerve grafting onto a tibial nerve, there
is a re-expression of GAP-43 mRNA in L4 DRG cells as well as in spinal
motomeurons (Figs. 35, 36). Dissector counts of GAP-43 mRNA positive cells in
ipsilateral L4 DRG is nearly three times that found in the contralateral L4 ganglion
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(Table 5). Immunohistcxhemical staining of the fteeze-killed nerve showed the
presence of regenerating axons which are GAP-43 immunoreactive, penetrating into
the acellular graft.
Six weeks after grafting, there is still a substantial upregulation of
GAP-43 mRNA (Figs. 35, 36), with ipsilateral L4 DRG having double the number
of cells expressing high levels of GAP-43 mRNA (Table 5). In lumbar spinal cord,
there is still a subpopulation of motomeurons in the ventral horn expressing increased
(but not as high as 3 weeks after grafting) levels of GAP-43 mRNA. In the graft,
there remain axons that express increased levels of GAP-43 immunoreactivity but
they do not appear to regenerate or penetrate further into the acellular matrix.
The number of GAP-43 mRNA positively labelled L4 DRG cells 3
weeks after tibial nerve crush (7,865), or section and ligation (8,596) is comparable
to that after freeze-killed nerve grafting at the same time point (8,157-9,523) (Table
5). Staining for GAP-43 mRNA in the spinal cord was also similar 3 weeks after
freeze-killed grafting or tibial nerve section and ligation. Three weeks after tibial
nerve crush however, GAP-43 mRNA expression in motomeurone profiles of the
lumbar spinal cord was reduced to near control levels (Fig. 37).
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Figure 35

#

Photomicrographs of sections of L4 dorsal root ganglion after freezekilled tibial nerve grafts, in-situ hybridization for GAP-43 mRNA.
(A) control contralateral L4 DRG. (B) 3 weeks and (C) 6 weeks after
freeze-killed grafts. Scale bar 100 pm.
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Figure 36

Photomicrographs of transverse sections of lumbar spinal cord: (A) 3
and (B), 6 weeks after freeze-killed tibial nerve grafting: in-situ
hybridization for GAP-43 mRNA. Note motomeurone staining in
ventral horn. Scale bar 500 pm.
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Figure 37

Photomicrograph of transverse sections of lumbar spinal cord 3 weeks
after (i) sciatic nerve crush, or (ii) section and ligation: in-situ
hybridization for GAP-43 mRNA. Scale bar 500 pm.
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Table 5
Dissector counts of GAP-43 mRNA positive cells in L4 DRG after tibial nerve
freeze-killed grafts, nerve crush, or section and ligation.
Post-op. (weeks)

Ipsilateral DRG

Contralateral DRG

Freeze-killed nerve grafts
Animal 1

3

9523

Animal 2

3

8776

Animal 3

3

8157

Animal 4

6

6376

Animal 5

6

6381

Animal 6

6

6867

Animal 7

6

5758

lib ial nerve section and ligation
3

8596

Tîbial nerve crush
3

7865

3268

3135

3091
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Discussion
This study has shown that high levels of GAP-43 mRNA and protein
are still present in neuronal cell bodies and regenerated neurites respectively, when
regeneration has ceased. Previous studies (Nadim et. al., 1988: Nadim et al, 1990)
of acellular nerve grafting have shown that regenerating axons are limited to the most
proximal 10-20mm of the graft and regeneration has effectively stopped by 6 weeks
after grafting. One possible reason for this is that neurons have an intrinsic timelimited mechanism for regeneration. If this is so, this mechanism does not involve
changes in GAP-43 re-expression and GAP-43 is not the limiting factor in failure to
regenerate.
The most likely reason for failure of complete regeneration in freezekill grafts is the limited penetration of Schwann cells from the proximal stump into
acellular grafts (Anderson et. al., 1991). Where Schwann cells are allowed to
penetrate into acellular grafts from the distal stump (Ide et. al., 1983: Tohyama et.al.,
1990), or from muscles (Weis and Shroder, 1989), axons can regenerate a much
longer distance into the graft. The mechanism of Schwann-axonal interaction in
promoting regeneration is unknown, but cell surface molecules may be important.
NCAM, L I, and tenascin (members of the immunoglobulin-like surface molecule
family) as well as cadherins and integrins are all involved in Schwann cell-axon
extracellular contact.

LI, NCAM and tenascin are all upregulated after axotomy

(Daniloff et. al., 1989: Tacke and Martini, 1990: Martini et. al., 1990) , LI and
antibodies to LI and NCAM have been shown to inhibit neurite growth from cell cocultures of chick DRG and mice Schwann cells (Bixby et. al., 1988). Implants of
silastic tubes impregnated with antibodies against N-CAM retards the regeneration
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of periphetal nerves (Remsen et. al., 1990). While in the C57B 1/Ola mice, where
Wallerian degeneration is delayed after peripheral axotomy, regenerating neurons
appear to preferentially grow along LI positive Schwann cells (Perry e t al., 1990:
Brown et. al., 1991). The role of tenascin is unclear, but it is not upregulated after
injuries to the CNS and this may be an important factor in the inability of CNS
axons to regenerate (McKeon et. al., 1991). Other cell surface molecules within the
immunoglobulin-like family and some integrins and cadherins may also be important
in directing neuronal growth and regeneration in the peripheral nervous system. For
example, only a mixture of antibodies against Ll/NCAM, N-Cadherin and integrin
can effectively stop neurite sprouting (Bixby, 1988: Seilheimer and Schachner, 1988).
In addition, extracellular matrix in the Schwann cell basal lamina may also be
relevant, antibodies to laminin but not fibronectin have been shown to affect
regeneration of axons through freeze-killed grafts in the rat (Wang et. al., 1992).
Schwann-axonal interaction may also involve trophic factors. NGF
has^ been thought to be important for peripheral nerve regeneration, for not only is
it increased in the distal stump after peripheral nerve transection (Heuman et. al.,
1987: Raivich et. al., 1991), Schwann cells also re-express the low affinity NGF
receptors (p75 NGFR) (Taniuchi et. al., 1986: 1988: Heuman et. al., 1987) and there
is a reduction in retrograde receptor mediated NGF transport (Raivich et. al., 1991).
However, the role of p75 NGFR in regeneration is still unclear and it also binds
BDNF, NT3 and NT4/5. Alternatively, other trophic factors like CNTF may be
involved. CNTF is produced by Schwann cells (Dobrea et. al., 1992) but peripheral
nerve injury has been shown to downregulate CNTF expression (Rabinovsky et. al.,
1992).
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In this study, the number of DRG cells expressing high levels of GAP43, 3 weeks after freezed-killed nerve grafting, and tibial nerve crush or section was
similar. It would appear that the freeze-killed grafts have no influence over the
upregulation of GAP-43 by DRG cells. A similar result was seen in the tibial nerve
spinal motomeurone pool 3 weeks after tibial nerve section or free-killed grafting.
However, 3 weeks after tibial nerve crush, very few motomeurone profiles expressing
high levels of GAP-43 were seen in the lumbar spinal cord.

This rapid

downiegulation of GAP-43 levels in spinal motomeurons may be due to incomplete
axotomy with the crush lesion and the lower number of DRG cells expressing high
levels of GAP-43 after sciatic crush than section and ligation would also support this.
The persistence of GAP-43 without regeneration would suggest that
the upregulation of GAP-43 alone is insufficient for peripheral nerve regeneration.
Other factor(s) derived from interaction between Schwann cells and the growing
neurite are necessary for successful axonal regeneration.
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Chapter 5 REVIEW OF GAP^3

A phosphoprotein with an apparent molecular weight of 43,000 on 2-D
gel electrophoresis was first described from studies into protein synthesis and
transport in frog optic and rabbit optic and hypoglossal nerves (Skene and Willard
1981a, b, c). This phosphoprotein, named GAP-43 was found to be expressed during
neural growth and regeneration. Subsequently, GAP-43 was found to be similar (if
not identical) to the following phosphoproteins: pp46 present in growth cone
membranes during embryogenesis (Meiri et. al., 1986), presynaptic membrane B-50
(Gispen, 1985; Jacobson et. al., 1986; Perrone-Bizzozero et. al., 1986) and F-1
described in the hippocampus and altered by long-term potentiation (Snipes et. al.,
1987). AU these phosphoproteins share the same characteristics: concentration in
growth cones, rapid axonal transport, calcium dependent phosphorylation and distinct
electrophoretic characteristics (Benowitz and Routtenberg, 1987).

Development
Numerous studies of GAP-43 expression during neural development
have been reported. AU the studies have indicated that GAP-43 is developmentaUy
regulated, with high levels found during axonal growth and synaptic formation but
it becomes rapidly down-regulated when target innervation is achieved.

Spinal cordy dorsal root ganglia and peripheral nerves
In lumbar spinal cord and dorsal root gangUa of the rat, GAP-43
immunoreactivity is first detectable at embryonic day 11 (E ll) (Fitzgerald et. al..
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1991). There is a rapid increase of GAP-43 between E12-E15 where high levels are
found in neurites oij DRG cells growing into dorsal horn of the spinal cord (forming
the bundle of His), spinal motomeurone outgrowth to form the ventral root, and
intrinsic and projecting fibres of intemeurons of the spinal cord. The substantia
gelatinosa that is initially lightly stained begins to express high levels of GAP-43
protein from E19. This is consistent with the later development of C fibres from
DRG cells that terminate in this area (Fitzgerald et. al., 1991). At E12, DRG neurites
are also growing towards the periphery and together with neurites from spinal
motomeurones, form the early spinal nerves. As they grow towards the hindlimb
bud, these fibres also express high levels of GAP-43 (Reynolds et. al., 1991). Once
these fibres reach their target (E14-E21), GAP-43 immunoreactivity declines
proximally but high levels are still present in the distal nerve plexus until cutaneous
innervation was complete at P5-10. Motor nerves grow towards the hind-limb
muscles from E15-E16 and a further increase in GAP-43 immunoreactivity is seen
from E17-E21 when motor nerves branch within muscles and form terminals
(Reynolds et. al., 1991).

Staining is greatly reduced in spinal cord, DRG and

peripheral nerves, except for distal nerve terminals, in the first post-natal week, this
declines even further to adult levels by the second post-natal week (Reynolds et. al.,
1991)
GAP-43 mRNA was first reported to be present in DRG cells of rat
embryos at E12 using in-situ hybridization techniques (De la Monte et. al., 1989) the
levels decline by the second postnatal week. In the chick, GAP-43 mRNA has first
been detected, using Northern blots at E3 and when using in-situ hybridization
studies at ElO, message is present in the spinal cord, dorsal root ganglia and
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sympathetic chain, with the highest levels present in spinal motomeurones (Baizer
et. al., 1990). An immunohistochemical and in-situ hybridization study of GAP-43
during embryogenesis in mice was reported by Biffo et. al., (1990). GAP-43 mRNA
was first seen at E8.5 in the brainstem and immunostaining was positive shortly
afterwards. High levels of mRNA and protein were present throughout the peripheral
and central nervous system between E ll-15 and this correlates well with the period
of extensive neurite outgrowth by developing neurons.
A developmental pattern of GAP-43 protein-like immunoreactivity is
also seen in human motor-end plates (Hesselmans et. al., 1989). High levels were
present at 15-20 weeks gestation in foetal limb end-plates and at birth, 70% of
endplates are still GAP-43 immunoreactive. This declines to 20% by age 2 and
remained the same up to age 73.
These reports are consistent with my findings that GAP-43 related
mRNA is present at high levels in the spinal cord grey matter and DRG cells at birth.
In spinal motomeurons and DRG cells, levels remain stable for the first post-natal
week, then gradually decline to adult levels by P21. GAP-43 mRNA in the dorsal
hom however, decline much more rapidly and is greatly reduced even at the end of
the second post-natal week.

Optic nerve
GAP-43 transport during development of the visual system have been
extensively studied. Skene and Willard (1981b) first reported high levels of GAP-43
transport during development of the rabbit optic nerve. Similar studies in the rat
have shown that high levels of phosphoproteins (with molecular weights
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corresponding to GAP-43 on gel electrophoresis) was transported in the developing
optic nerve (Snipes et. al., 1987). Levels peak between P8-P10 and disappear by
P30. This time-course of GAP-43 expression in the developing rat visual system was
confirmed by McGuire et. al. (1988), using immunohistochemical techniques. In
hamsters, both metabolic labelling and immunohistochemistry have shown high levels
of GAP-43 along the path of the optic nerve during the first postnatal week as it
develops from retinal ganglion cells to the lateral geniculate nucleus and superior
coUiculus. In the second postnatal week, GAP-43 is expressed mainly at nerve
endings as they branch and form collaterals nearing their innervation targets. A high
level of GAP-43 expression continues until the end of the second postnatal week,
even after the neurites reached their targets. This has been correlated to a short
plastic phase of visual system development where target competition and modelling
occurs (Moya et. al., 1988; 1989).

Brain stem
In embryonic rats, GAP-43 immunoreactive fibres are seen at E l3, at
the pontine-mesencephalic level. Staining increases by E17 and by P4, all fibre tracts
and neuropil in the brainstem stain for GAP-43. Staining is reduced, but still present
by P8, mainly in the neuropil and the negatively stained neuronal cell bodies in the
brainstem stand out, giving a punctate appearance. By the second post-natal week,
GAP-43 immunolabelling is virtually absent in brainstem neuropil and is similar to
the adult pattern (Benowitz et. al., 1988; Dani et. al., 1991). At this stage of
development, GAP-43 protein is absent from most of the brainstem white matter
except for the pyramidal tract, which develops more slowly and retain high levels of
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GAP-43 immunoreactivity until the end of the second post-natal week (Gorgels et.
al., 1987).

Brain
The presence of high levels of GAP-43 protein in the developing brain
is suggested by studies of growth cones extracted from the brain of neonatal animals
(de Graan et. al., 1985; Skene et. al., 1986; Jacobson et. al., 1986; Snipes et. al.,
1987).

This is correlated with a high level of GAP-43 related mRNA in the

developing brain detected with Northern blots (Basi et. al, 1987). Immunoreactivity
to GAP-43 is faintly visible in the embryonic rat brain between E13-E15 (de la
Monte et. al., 1989; Dani et. al., 1991). Darker staining was seen in the inteimediate
layer of the telencephalon by E17 and this increased by E21, so that the antenor
commissure, fornix and other neocortical white matter tracts were stained. Cell
bodies and neurites within the grey matter were also faintly positive. At birth, the
cerebral cortices are still developing, with 3 rudimentary layers and the highest level
of immunolabelling for GAP-43 was present in the deepest layer (McGuire et. al.,
1988).

Between 4-5 days after birth, more layers could be distinguished and

maximal staining occurs around this time, co-inciding with the invasion of thalamic
afferents into the cortex (McGuire et. al, 1988; Dani et. al., 1991). The entire cerebral
cortex appears to stain for GAP-43 immunoreactivity, especially the marginal layer.
By P8-P10, grey matter staining was reduced, except for the marginal layer but most
of the cortical white matter were still immunoreactive to GAP-43 (Dani et. al., 1991).
Layers 1 and 4 could be distinguished and show dense GAP-43 immunolabelling.
Staining was further reduced by P18 and so that GAP-43 immunoreactivity is mainly
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confined to layer 1 of the neocortex and was absent from the white matter (McGuire
et. al., 1988).
This pattern of GAP-43 immunoreactivity with development can be
seen in a number of neocortical neural systems. In the rat barrel receptive fields of
the primary sensory cortex, ascending fibres from the thalamus express high levels
of GAP-43 and show a vibrissae-related organization as they form synapses with
cortical neurons between P3-P5. By P7, the barrel field staining was much reduced
and was virtually absent at P8 (Erzurumlu et. al., 1990). In the cat striate cortex,
immunolabelling for GAP-43 is maximal between the second to sixth post-natal week
when ocular dominance columns are developing (Benowitz et. al., 1989; McIntosh
et. al., 1990).
GAP-43 immunoreactivity in the hippocampus and cerebellar cortex
in the rat follow the same pattern as for the cerebral cortices. Low levels are present
from E12-15 but maximal staining occurs after birth with further growth and
development. In the cerebellum, at birth, light immunolabelling was seen in the
subpial proliferative layer while much higher staining was seen in the molecular
layer. This persists until the late postnatal period as the parallel fibres develop and
form intricate synapses with dendrites of the Purkinje and other cells present in the
molecular layer (McGuire et. al., 1988; Dani et. al., 1991). In the hippocampus at
birth, the neuropil is evenly labelled and still underdeveloped. By P5, with cell
proliferation

and

synaptogenesis,

the

layers

widen

and

dense

GAP-43

immunolabelling was seen in the dentate gyrus molecular layer, stratum oriens and
radiatum of CAl (McGuire et. al., 1988; Van Lookeren Campagne et. al., 1990).
Between P10-P18, afferent fibres grow into the hippocampal formation, GAP-43
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immunoreactivity in the same areas increase further, but is then downregulated and
develops into the adult pattern : high levels in CAl, and dentate gyrus (see below).
In-situ hybridization studies of GAP-43 mRNA during development
of the hippocampus have shown that levels peak around the second post-natal week,
mostly in pyramidal cells of the CA3 area but also cells in CAl. Thereafter, levels
are reduced but persist in the CA3 area in the adult (Bendotti et. al., 1991; Meberg
and Routtenberg, 1991; Kruger et. al., 1992).
The expression of GAP-43 in both the central and peripheral nervous
systems during development appear to follow the same pattern, high levels present
during axonal growth, and downregulation once target innervation is achieved. Some
areas of the adult CNS however, retain high levels of GAP-43 expression, for
example, the monoaminergic systems in the brain stem, the hippocampal formation
and the association cortical areas, especially in the temporal lobe. This persistence
of high levels of GAP-43 may be related to their capacity to maintain synaptic
plasticity into adulthood (see below).

GAP-43 in the Adult

In adult rats, GAP-43 immunoreactivity is present in a small
proportion of DRG cells (Van der Zee et. al., 1989; Sommervaille et. al., 1991).
Using a monoclonal antibody to GAP-43, Schreyer and Skene (1991) have estimated
about 10% of DRG cells express high levels of the protein. This does not appear to
correlate with cell size or staining pattern with RT-97 immunoreactivity
(Sommervaille et. al., 1991). In the spinal cord grey matter, very faint (Woolf et. al..
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1990; Kniyar-Csillik et. al., 1992) to modetate (Schreyer and Skene, 1991) staining
was present, especially in substantia gelatinosa. White matter immunolabelling was
absent on light microscopy when polyclonal antibodies to GAP-43 were used (Kalil
and Skene, 1986; Woolf et. al., 1990; Kniyar-Csillik et. al., 1992) but moderate,
especially in the pyramidal tract when staining was performed using monoclonal
antibody 9-1E12 (Schreyer and Skene, 1991).
GAP-43 mRNA is absent in most of the grey and all the white matter
of the normal adult spinal cord. Very low levels may be present in the lumbar spinal
motomeurons (see Chapter 3, study 2).

A proportion of DRG cells contain

significant levels of GAP-43 mRNA. Verge et. al., (1989) estimated 40-50% of
DRG cells to be positive. Using a different criteria, I have counted between 20-25%
DRG cells that express high levels of GAP-43 mRNA in L4 ganglion of the rat
(Chapter 3, study 2).
GAP-43 mRNA in the adult rat brainstem, is mainly confined to the
peria queductal grey matter, pars compacta of the substantia nigra, medial and dorsal
raphe nucleus and locus coeruleus, i.e. cell bodies of aminergic fibre systems
(Bendotti et. al. 1991; Meberg and Routtenberg, 1991; Arvidsson et. al., 1992).
Immunoreactivity for GAP-43 on the other hand was found in the nucleus solitarius,
periacqueductal grey matter, superior and inferior coUiculus, locus coeruleus, mainly
pars reticulata of the substantia nigra, ventral tegmentum and dorsal thalamus
(Benowitz et. al., 1988; Neve et. al., 1987).
Although GAP-43 levels are down-regulated in most areas of the adult
brain, there are certain areas where this persists.

In the adult rat, GAP-43

immunoreactivity is found in many limbic and associative areas (especiaUy inferior

117
temporal cortex) while primary sensory and motor areas are less well stained. The
caudate-putamen, claustrum and piriform cortex were also heavily stained (Benowitz
et. al., 1988). A similar pattern of GAP-43 protein distribution is also seen in the
human brain. The inferior temporal lobe, pre-frontal cortex, superior temporal gyrus,
olfactory lobe and hippocampus contained the highest levels of GAP-43 (Neve et. al.,
1987; Benowitz e t al., 1989). These are all areas serving specialised functions where
structural changes and synaptic plasticity continues, even in the adult.

In-situ

hybridization studies have reported corresponding high levels of GAP-43 mRNA in
neuronal cell bodies that project to these areas. For example, high levels of GAP-43
immunoreactivity in lamina 1 of the associative neocortex is derived from small
pyramidal cells in lamina 2 which stain for GAP-43 mRNA and sends fibres to this
area. GAP-43 mRNA was present also present in CA3 pyramidal cells (Bendotti et.
al., 1991; Meberg and Routtenberg, 1991; Kruger et. al., 1992) which project to CAl
region (which has high GAP-43 immunolabelling) via Schaffer collaterals.

Autonomic nervous system
High levels of GAP-43 are also found to be present in many neuronal
fibres of the autonomic nervous system and this may correlate with plasticity of
autonomic irmervation. Immunoreactivity to GAP-43 has shown to be present in the
ileum of several mammalian species and GAP-43 related mRNA is also present in
the myenteric and submucosal plexuses (Sharkey et. al., 1990). High levels of GAP43 mRNA have been shown to be present in both the sympathetic and
parasympathetic system of the adult rat (Verge et. al., 1990; Yamamoto and Kondo,
1990). A subsequent study has reported the presence of GAP-43 immunolabelling
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throughout the whole enteric nervous system as well as being present in autonomic
innervation of the eye and blood vessels (Stewart et. al., 1992).

It is likely that

unlike the somatic nerves, GAP-43 persists into adulthood in the autonomic nervous
system of most mammalian species.

Neuronal GAP-43 re-expiession following axotomv

GAP-43 was first shown to be re-expressed within 4 days in
regenerating retinal ganglia cells of the toad and peak around 2 weeks post-axotomy
(Skene and Willard, 1981a). A similar pattern of re-expression was also seen in the
goldfish optic nerves (Benowitz et. al., 1981; Benowitz and Schmidt, 1987). In
rabbits, GAP-43 was not re-expressed after injuries to the optic nerve, but
upregulation was seen in axons of the regenerating hypoglossal nerve (Skene and
Willard 1981b). This gave rise to the hypothesis that GAP-43 re-expression in the
adult animal is closely linked to neuronal regeneration and may be used as a marker.
There was experimental evidence to support this. GAP-43 was not re-expressed
following lesions to the corticospinal tract in the adult hamster (Kalil and Skene,
1986) or rat (Reh et. al., 1987). Rapid upregulation is however seen after injuries
to peripheral nerves (Basi e t al., 1986; Bisby, 1988; Hoffman, 1989; Van der Zee
et. al., 1989; Tetzlaff et. al., 1989; Woolf et. al., 1990; Sommervaille et. al., 1991;
Kniyar-Csillik et. al., 1992) and this precedes the onset of regeneration.

The

temporal relationship between GAP-43 re-expression and regeneration can best be
rVcA-mavAtWaUovA species .
seen in
In goldfish optic nerves, there is an average delay of 4.5 days
A

after axotomy before the onset of regeneration (McQuanie and Grafstein, 1981) and
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GAP-43 re-expression precedes this. Upregulation of GAP-43 mRNA in mammalian
DRG cells begin within 8-16 hours after sciatic axotomy (Van der Zee e t al., 1989)
and persists until regeneration is complete (Bisby, 1988)
This close relationship between GAP-43 re-expression and regeneration
was questioned by the report of GAP-43 re-expression in retinal ganglion cells after
optic nerve injury in adult rats in the absence of regeneration (Freeman et. al., 1986).
Further studies have confirmed that intracranial (within 6 mm) but not more distal
lesions to the optic nerve in adult rats causes the upregulation of GAP-43
immunoreactivity in retinal ganglion cells (Lozano et. al., 1987; Doster et. al., 1991).
Similarly, proximal (cervical level) but not distal (thoracic level) lesions of the
rubrospinal tract results in upregulation of GAP-43 mRNA in the red nucleus
(Tetzlaff et. al., 1991). These findings suggest that the signals for upregulating GAP43 may be related to the site of axonal injury.
Proximal transections of the axons however, may also cause cell
death. Where axotomy of the rubrospinal tract was performed at cervical level,
GAP-43 mRNA upregulation for 1 week post-lesion was followed by involutional
changes and atrophy of neurons in the red nucleus (Tetzlaff et. al., 1991).
Intracranial optic nerve lesions may upregulate GAP-43 in retinal ganglion cells but
would cause increased cell death (Lozano et. al., 1987; Doster et. al., 1991).
Recently, GAP-43 mRNA was reported to be upregulated in spinal motomeurons of
patients with amyotrophic lateral sclerosis (Parhad et. al., 1992). This was thought
to be related to collateral sprouting of surviving motomeurons to areas denervated
by continuing motomeurone death in these patients. However, collateral sprouting
of motomeurons have been shown not to upregulate GAP-43 (Tetzlaff et. al., 1992)
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and the re-expression of GAP-43 in this case may be related to terminal
motomeurone injury. GAP-43 immunolabelling was also found to be increased in
areas of the brain surrounding the site of ischaemic damage in humans (Ng et. al.,
1988).
These studies suggest that the signals for GAP-43 upregulation and
cell death may be related.

Administration of the excitotoxin capsaicin in rats

damages C fibres and upregulates GAP-43 in their cell bodies within the DRG
without successful target reinnervation (Winter et. al., 1992). It is possible that
similar changes in intracellular calcium after either chemical or physical injuries

results in both GAP-43 re-expression and sometimes, cell death.

Role of GAP-43
Biochemically, GAP-43 is a 226 amino acid, 24 kilodalton molecule
which is acidic (pi 4.3-4.6) and hydrophillic (Zwiers et. al., 1985, Masure et. al.,
1986). It is however, bound to the cytosolic side of the cell membrane (McGuire et.
al., 1986) possibly via the palmitoylated N-terminus of the molecule (Zuber et. al.,
1989a; Skene and Virag, 1989).

GAP-43 may modulate secondary signalling

mechanisms in addition to serving a role as a structural protein.
The first signalling function was suggested by the discovery that GAP43 binds to calmodulin, and unusually, this occurs at low calcium concentration
(Andreason et. al., 1983). This ability to bind calmodulin is lost if GAP-43 is
phosphorylated by protein kinase C (Alexander et. al., 1987) at the 41 serine site
(Chapman et. al., 1991). Thus, depending on the phosphorylation state of GAP-43,
it may act as a "calmodulin-sponge" at growth cones (Skene, 1990). Protein kinase
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C on the other hand, is activated by diacylglyceroi (DAG) at physiological levels.
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The main source of DAG is from the degradation of phosphoinositol-1,4-biphosphate
(PIP2) which also yields inositol-1,3,4-triphosphate (PIP3). PIP3 have been shown
to increase intracellular calcium concentration by stimulating release from stores.
Most of the PIP2 however, is derived from phosphorylation of phosphoinositol-4phosphate (PIP), a chemical reaction that is inhibited by GAP-43 (van Hoof et. al.,
1988). Therefore, there appears to be a feedback mechanism to control calmodulin
and intracellular calcium levels via GAP-43 (Fig. 38). In addition, there is another
independent mechanism of PIP phosphorylation that produces DAG but not PIP3
(Berridge et. al., 1987), so that, GAP-43 phosphorylation and freeing calmodulin can
occur without affecting intracellular calcium within the growth cones. Whether GAP43 enhances or reduces the action of calcium depends on firstly, whether calmodulin
binding to GAP-43 increases or reduces the subsequent action of calcium-calmodulin
interaction. Secondly, the presence of an independent pathway of PIP2 breakdown
(see above) could uncouple the protein kinase-PIP3 control mechanism so that once
the pool of PIP is exhausted, a separate control mechanism may come into action.
Thirdly, there is also GAP-43 dephosphorylation, possibly by calcineurin and other
phosphatases (Han et. al., 1992) that may themselves be calmodulin dependent.
Hiese 3 mechanisms serve to fine tune the control of intracellular calcium.
TTie second main biochemical action of GAP-43 is its action on the
G-protein subunit Go (Strittmater et. al., 1990). The G proteins are a family of
heterotrimeric proteins, mainly found in the nervous system and present in high
concentration in growth cones. They act as transducers, linking outside receptorligand binding to action on potassium and calcium channels intracellularly. This
activation depends on the displacement of GDP from the alpha subunit of G^ and
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substitution with GTP. GAP-43 is capable of enhancing this action (Strittmater,
1990), possibly because the similarity of the last 7 amino acids in GAP-43 to
external receptors. Tanking palmitic acid to the cysteine residues present in GAP-43
increases this similarity even further and may allow GAP-43 to mimic the action of
a ligand bound receptor on G^. Therefore, it has been postulated that GAP-43 is
involved in modulating messenger transduction at growth cones by controlling
intracellular calcium concentration independent of its effect on calmodulin binding
(Fishman and Valuenzula, 1991). Additional fine tuning of this dual control system
is possible depending on phosphorylation/dephosphorylation as well as the
palmitoylation state of GAP-43. At synaptic terminals, the ability of GAP-43 to
control intracellular calcium have already been shown to influence neurotransmitter
release (Dekker et. al., 1989; DeGraan et. al., 1991).
At growth cones however, GAP-43 may serve another function: as a
cytoskeletal protein. In growth cones derived from neonatal chick and rat brains,
GAP-43 has been shown to be closely associated with the membrane cytoskeleton
(AUsopp and Moss, 1989; Moss et. al., 1990; Meiri and Gordon-Weeks, 1990). This
binding was not calcium dependent and on immunoelectron microscopy, GAP-43 was
shown to co-localized with actin, talin and fodrin, proteins which are involved in
maintaining dynamic cell shape (Meiri and Gordon-Weeks, 1990). This lead to the
suggestion that GAP-43 is involved in the actin based motility of growth cones
(Meiri and Gordon-Weeks, 1990).
The importance of these combined functions of GAP-43 can be seen
in studies that either augment or block GAP-43 expression. When an expression
vector for GAP-43 was transfected into non-neuronal CHO cell cultures, they have

125
been shown to grow numerous long filopodia that was immunoreactive for GAP-43
(Zuber et. al., 1989). In PC12 phaeochromocytoma cells transfected with the human
GAP-43 cDNA vector, both the rate and sensitivity of the effects of NGF on neurite
extension was enhanced (Yanker et. al, 1990).

An immunological method of

blocking the action of GAP-43 by the introduction of antibodies via
lysophosphatidylcholine vesicles have been reported by Shea et. al., (1991). In the
neuroblastoma cells that successfully take up the antibody, no neurite outgrowth was
seen when induced by dibutryl cyclic AMP. Neurite outgrowth was however seen
in cells that have not taken up the antibody. Thus, it is possible that GAP-43 as a
cytoskeletal protein is important in the initial outgrowth of neurites and to define
neuronal polarity (Goslin and Banker, 1990; Goslin et. al., 1990 ) but subsequent
control of the growth cone and its response to external cues depend on the ability of
GAP-43 to modulate secondary messengers.

A recent study reported by Van

Lookeren Campagne et. al., (1992) however, found no specific enrichment of GAP43 in plasma membrane of growth cones in hippocampal cell cultures. Instead, GAP43 was present on the cytosolic side of neuronal vesicles which suggests that GAP-43
may be important in axonal transport, membrane insertion, or recycling. Whether
GAP-43 is important in determining neuronal polarity or vesicular transport, it would
appear that it has two important functions: interacting with cytoskeletal proteins and
as a secondary messenger.
There is however, one study of NGF induced neurite outgrowth in
PCI2 (B) cells where no increased upregulation of GAP-43 protein or mRNA was
found (Baetge and Hanunang, 1991).

This study implies that GAP-43 is not

necessary for the initial neurite outgrowth phase in some neural derived cell cultures
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but may still play a role in modulating the growth cones. Recently, Kumagai e t al.,
(1992) investigating the induction of neurite outgrowth and GAP-43 mRNA
expression by dibutyrl cAMP and phorbol esters in NG-108-15 cell cultures also
concluded that GAP-43 may not be important to initiate neurite outgrowth but was
essential to maintain growth once the process was started.

Control of GAP-43 expression
The control of GAP-43 expression is a crucial question to answer as
it may provide further clues to the control mechanism of neuronal regeneration.
Signals to upregulate GAP-43 expression could be either stimulatory or suppressive.
This hypothesis that GAP-43 expression in mature neurons is suppressed by a
retrogradely transported signal is favoured as it helps to explain the dowiuregulation
of GAP-43 levels in developing neurons once target innervation is achieved.
Furthermore, in co-cultures of DRG and target cells, GAP-43 expression is
downregulated once neurite outgrowth from DRG neurons grow near potential target
cells (Baizer and Fishman, 1987).
Retrograde transport of such a signal was pointed out by Bisby (1988)
who reported that GAP-43 re-expression following sciatic nerve crush continues with
regenerative outgrowth and was not downregulated until target innervation was
achieved. Similar results have been reported by Veerhagen et. al., (1988) and this
was further supported by the study of Woolf et. al., (1990), who found upregulation
of GAP-43 in DRG cells when the sciatic nerve was treated with non-neurotoxic
doses of vinblastine.

This vinca alkaloid inhibits microtubule aggregation and
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disrupts cellular transport. Therefore, the presence of a retrogradely transported
suppressive factor to the cell body was strongly suggested. This signal was not
activity dependent, although the application of capsaicin to the nerve is capable of
upregulating GAP-43 in central terminals (Woolf et. al., 1990).
What this signal is and where it is derived from is unknown. In the
goldfish optic system, removal of the synaptic target does not appear to influence
GAP-43 upregulation after injury (Benowitz et. al., 1983). This signal could be a
neuronal protein that is anterogradely transported and modified at the target site then
subsequently transported back retrogradely to the neuronal cell body (Skene, 1989).
Alternatively, it may be a signal induced by axon-glia, or axon-Schwann cell contact
that is transported retrogradely (Doster et. al., 1991b). The upregulation of GAP-43
when axotomy is performed proximally but not distally in some CNS neurons would
support this hypothesis (Lozano et. al., 1987; Doster et. al., 1991a; Tetzlaff et. al.,
1991). In addition, my study that showed GAP-43 mRNA upregulation in DRG cells
after peripheral nerve onto dorsal root grafting but not after dorsal rhizotomy would
be consistent with this (Chapter 4, study 2). Upregulation of GAP-43 after axotomy
of the peripheral but not central axon of the primary afferent would however, be
difficult to explain unless it is postulated that the contact between central axons and
their surrounding Schwatm cells have a neutral influence over GAP-43 expression.
It is only when the central axon is in contact with Schwann cells expressing different
surface adhesion proteins that a different signal was generated to counteract the
suppressive signal derived from the peripheral axon (Chapter 4, study 2).
The mechanism of GAP-43 control is likely to be complicated and
depend on many factors, including neuronal cell type, extracellular environment and

128
synaptic connections (Benowitz et. al., 1991).

Other non-neuronal control

mechanisms of GAP-43 expression may also be involved. Substances generated by
inflammation for example, have been shown to upregulate GAP-43 in DRG cells in
vivo (Richardson et. al., 1991). Another factor involved in the control mechanism
is the possible presence of an "internal clock". This has been suggested by Benowitz
(1983) and supported by my study on GAP-43 upregulation in spinal motomeurons
and DRG cells following sciatic axotomy. There appears to be a finite period of reexpression and levels were downregulated without successful re-innervation (Chapter
3, study 2).

Clinical relevance of GAP-43

The changes in GAP-43 expression in the human nervous system and
possible implications for clinical neurology have slowly been recognized. More
studies need to be done, but the knowledge of GAP-43 expression from experimental
animals, can be extrapolated to some clinical conditions.
One of the most distressing conditions encountered in neurology are
the neuropathic pain syndromes. There are a multitude of causes and just as many
syndromes. Often, these conditions involves peripheral nerve injuries, resulting in
ongoing pain in spite of wound healing.

The pathophysiology of some of these

conditions may be explained by reports of GAP-43 transport to central axons of
primary afferents after injuries to the peripheral axon (Woolf et. al., 1990; Schreyer
and Skene, 1991). Central transport of GAP-43 may be a marker for injury induced
plasticity of central terminals in the dorsal horn (Benowitz et. al., 1991). This
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alteration of connectivity gives rise to abnormal sensory processing and pain in the
absence of injury.
The inability to upregulate GAP-43 on the other hand, may also result
in a clinical pain syndrome. In brachial plexus avulsion injuries, the dorsal roots are
often damaged beyond repair. A complete avulsion injury of the brachial roots often
result in a paralysed, painful arm. The limb becomes hyperalgesic and often show
signs of autonomic changes. Reconstitution of the ventral roots are technically
possible and have been shown to be experimentally successful (Carlstedt, 1986).
However, regeneration of the dorsal roots are limited and in cases where they are
able to grow across the axotomy site, no regenerated axons were able to penetrate the
dorsal root entry zone (Perkins et. al., 1980; Carlstedt 1983; Liuzzi and Lasek, 1987;
Stensaas et. al., 1987; Siegal et. al., 1990). The limited regenerative capacity of
dorsal roots are not associated with any upregulation of GAP-43 in DRG cells.
Grafting of a segment of peripheral nerve however, causes upregulation of GAP-43
as well as regeneration of many fibres to the distal end of a 4 cm graft. This whole
process is accelerated by a conditioning root crush. Using this as an animal model
for brachial plexus avulsion injuries, it may be possible to attach peripheral nerve
grafts onto sectioned dorsal roots and subsequently re-implant them back into
denervated portions of the spinal cord.
The reported finding of high levels of GAP-43 in the hippocampal
complex may also provide a clue to the pathophysiology of temporal lobe epilepsy.
In both experimental animals after kindling and in human temporal lobe specimens
resected during epilepsy surgery, structural changes have been reported (Sutula et.
al., 1989). This usually takes the form of abnormal sprouting of the granule cell
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mossy fibres that project to stratum moleculare of the dentate gyms. Although the
granule cells in adults do not usually express high levels of GAP-43, it is possible,
during the process of kindling that GAP-43 was induced. It would be interesting to
investigate levels of GAP-43 in human temporal lobe specimens as well and
conceivably, the ability to control GAP-43 expression may have potential in epilepsy
treatment.
Early work on abnormal GAP-43 expression in patients suffering from
Alzheimer’s disease have also been reported (Coleman et. al., 1991). In post-mortem
specimens, the amount of GAP-43 in some associational areas in the frontal lobe in
patients with this disorder is much reduced compared with age-matched controls.
Very simplistically, the explanation is that the reduction in normal "plastic " ability
of the nervous system to adapt to and process normal information is the basis for this
disorder. The tme pathophysiology is likely to be much more complicated, but if
confirmed, this finding is helpful in explaining the multiple causes as well as the
poor correlation between structural abnormalities and disability in this conditiotL
Once again, further knowledge on GAP-43 function and regulation may have
therapeutic potential in this disorder.
Changes in GAP-43 expression is only beginning to be investigated
in clinical disorders. Although the goal of my thesis has been to study GAP-43 and
regeneration in a search for repair of the nervous system, it is now apparent that
alterations m GAP-43 expression may also be important in many other
neurodegenerative conditions.
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CONCLUSION
The expression of GAP-43 during development is target dependent and
the high levels present during neuronal outgrowth and synapse formation are rapidly
downregulated once iimervation is achieved. This applies both to the central and
peripheral nervous system. High levels of GAP-43 are however retained in certain
areas of the nervous system where the capacity for structural re-organization and
plasticity persists into adulthood and this appears to have a physiological role.
After nerve injury, GAP-43 is upregulated in neurons where the
potential regeneration exists.

However, the expression of GAP-43 alone is

insufficient to ensure successful reinnervation and in some situations, cell death
follows GAP-43 upregulation. In addition, certain support (glia) cells in the nervous
system are capable of producing GAP-43 after neuronal injury. On the other hand,
the failure to upregulate GAP-43 after nerve injury may be a factor in preventing
regeneration.
The function of GAP-43 in regeneration is yet unknown.

It has

diverse biochemical actions and interacts with many control mechanisms within the
cell. So far, the evidence suggests that it's role is in maintaining neurite extension
(once induced) and the transduction of external signals in neuronal growth cones.
Similarly, the signals that upregulate GAP-43 are unknown, but the interaction of the
axon and the external substrate may be important. Whatever the signal is, it is also
temporally limited and may be controlled by an "internal clock".
Further studies into the control and role of GAP-43 are important, not
only to increase the understanding of neural regeneration, but also because GAP-43
may be involved in clinical disease states.
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Abstract
T he e x p ressio n of g ro w th -asso c ia ted protein GAP-43 mRNA in spinal cord an d d o rsal root ganglion (DRG)
n e u ro n s h a s b e e n stu d ied using an enzym e linked in situ hybridization tec h n iq u e in n e o n atal an d adult rats.
High levels of G A P-43 mRNA a re p re se n t at birth in the majority of spinal cord n e u ro n s a n d in all dorsal root
ganglion cells. This p e rsists until p o stn atal day 7 and then d e clin es progressively to n e a r adult levels (with
low levels of mRNA in spinal cord m otor n e u ro n s and 2 0 0 0 - 3 0 0 0 DRG cells e x p re ssin g high levels) at
p o stn a ta l day 21. A re -e x p re ssio n of GAP-43 mRNA in adult rats is a p p a re n t, both in sciatic m otor n e u ro n s
and th e m ajority of L4 and L5 dorsal root ganglion cells, 1 day after sciatic n e rv e sectio n . High levels of the
GAP-43 mRNA in the a xotom ized spinal m otor neu ro n s p e rsist for at lea st 2 w e ek s but d e clin e 5 w e ek s after
sciatic n erv e sectio n , with th e mRNA virtually u n d e te cta b le after 10 w eeks. T he initial c h a n g e s a fter sciatic
nerve c ru sh a re sim ilar, but by 5 w eek s GAP-43 mRNA in th e sciatic m otor n e u ro n s h a s d eclin ed to control
levels. In DRG cells, after both sciatic nerve section or c ru sh , GAP-43 mRNA re -e x p re ssio n p e rsists m uch
longer th an in m otor n e u ro n s. T h ere w as no re-expression of GAP-43 mRNA In th e dorsal horn of the spinal
cord a fter p eripheral nerve lesio n s. O ur study d e m o n stra te s a sim ilar d e v elo p m en tal regulation in spinal cord
a nd DRG n e u ro n s of GA P-43 mRNA. W e show m oreover th at failure of reinnervation d o e s not result in a
m a in te n a n c e of GAP-43 mRNA in axotom ized m otor neurons.

Introduction
The growth-associated proteinGAP-43 (B-50. F-1. pp46) is anacidic
membrane-bound phosphoprotein that is produced in high levels in
neurons of thedeveloping nervous system(Jacobsonei a l. . 1986; Kalil
and Skene, 1986; Karhs ei a l., 1987; Moya et a i . 1988; Fitzgerald
et a i , 1991). It accumulates in neuronal growth cones (Skene et a l .,
-V 1986; Meiri et a i , 1986) and is thoughtto influence further growth
and ^ongation of these terminals (Benowitz and Routtenberg, j^87;
Skene, 1989) by acting as a^bstrate for protein kinase C(Akers and
^ Routenberg,^985; Aloyo et a l ., 1983), interacting with G-proteins
(Strittmater et a i , 1990) and controlling calciumsignalling (Skene,
1990). The level of this proteinis lowintheadi^central nervous^stem
except for certain areas of the brain (Neve et a l.. 1987; De la Monte
et a l . , 1989). Injury to the central and peripheral nervous systems in
non-mammalian species and in the mammalian peripheral nervous
system produces sustained re-expression of GAP-43 (Skene and
W
illard, 1981a,b; Bisby, 1988; VanderlZee era i . 1989; Woolfet a i ,
1990), but little re-expression occurs after injury to the mammalian
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central nervous system(Skene and Willard, 1981b; Rehei a l .. 19^).
except when injury is close tothecell body (Doster ei al.. 1991; Tezlaff
ei a l.. 1991).
Changes in GAP-43 protein and mRNA during the development
(Karns e fa L ,^ 9 % l\ Fitzgerald et a/., 1991) and regeneration (Bisby.
1988; Hoffman, 1989; Van der Zee et a i . 1989; Woolf e f a l .. 1990;
Sommervaille et a i , 1991) of rat dorsal root ganglion cells (DRG) is
well described. The protein expression during regeneration appears
to peakat atime whenaxons are elongating and falls off once terminals
have formed intarget regions (Bisby'^ 1988). As the protein is rapidly
transported(Skene andWillard, 198j^a^) andhas aslowturnover rate
(Jacobsonet a l . , 1986), it is difficult tocorrelate protein levels incell
bodies with regenerative ordevelopmental events. Forexample, inthe
early post-natal period when primary afferents, especially C fibres,
are still developing (Pignatelli
1989) the GAP^3 proteincontent
of DRGcells is low (Fitzgeralâ^er a i , 1991). Similarly, there is no
demonstrable re-expression of GAP-43 protein inspinal motor neuron
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cell bodies after sciatic nerve crush even as the axons are regenerating
(W oolf e t a l ., 1990). A more reliable approach to correlating
regenerative o f developmental events with GAP-43 expression in
neuronal cell bodies is to study the level of GAP-43 m RN ^ either by
Northern blots (Kams et a l^ 19S1; Hoffmain, 1^89; Van der Zee et a i ,
1989) or by in situ hybridization (De la Monte e^aL, 1989; Verge
et a i , 1990; Tetzlaff et a i , 1991; Wiese and Emson, 1991).
Using jin enzyme-linked cD N A oligodeoxynucleotide probe
(Jablonsky et a i , 1986; Kiyama et a i , 1990), we have studied the
expression o f GAP-43-related mRNA in spinal cord and dorsal root
ganglion cells during postnatal development and after sciatic nerve
injury in the adult rat, in order to identify the cells which express
growth-associated protein under these conditions.

Materials and methods
Developmental changes
Sprague-D aw ley rats aged 0, 7, 12, 14, 16 and 21 days (three rats
per age) were used. Under terminal pentobarbitone anaesthesia, the
lumbar spinal cord and the dorsal root ganglia L3—5 were removed.
Nerve injury
Adult Sprague—Dawley rats (200 —250 g) were operated aseptically
under fentanyl and diazepam anaesthesia. For peripheral nerve injury,
the left sciatic nerve was exposed at mid-thigh level. The sciatic nerve
was crushed with jeweller’s forceps for 30 s with survival for 1
(n = 3), 2 (n = 1), 5 (n = 2), 6 (n = 1), and 7(n = 1) weeks after
the procedure. Sciatic nerve section was performed after tightly ligating
both proximal and distal stumps at mid-thigh. The wounds were sutured
and animals were allowed to survive for I (n = 2). 3 (n = 2), 7
(n = 3), 14 (n = 2) days, 5 (n = 2), 6 (n = 1), 7 (« = 1) and 10
(n = 2) weeks postoperatively.
All tissue was embedded in Tissue-Tek and freshly frozen in liquid
nitrogen. 20-^m thick sections were cut in a cryostat, mounted on

chrome alum gelatinized slides, and after rapid drying in cool air were
processed for in situ hybridization as described below.
In situ hybridization
In situ hybridization for GAP-43 related mRNA using an alkaline
phosphatase-l^ed cDNA probe has been described previously (see
Wiese and Emson, 1991). Briefly, mounted sections were first fixed
with 4% paraformaldehyde in phosphate-buffered saline (PBS) for
30 min. After a quick wash in PBS, sangles were acetylated for 10 min
in a solution containing acetic anhydride, sodium chloride and
triethanolamine. The sections were then dehydrated through a graded
series o f alcohol and delipidated in chloroform. After partial
rehydration, hybridization was performed for 24 h in Denhardt’s
solution containing single-stranded salmon sperm DNA, formamide,
dextran sulphate and standard saline citrate (SSC) buffer together with
an alkaline phosphatase-linked antisense oligodexoynucleotide probe
(a 39-mer corresponding to position al 1 9 -1 5 7 o f the rat GAP-43
mRNA). Previous data (Wiese and Emson, 1991) have shown this probe
to be specific for GAP-43 mRNA, and in control experiments we found
that staining was eliminated if sections were pretreated with 10%
ribonuclease A (Sigma) for 10 min, or if a 100-fold excess of unlabelled
oligonucleotide probe was included in the hybridization mix. No
staining was seen if the probe was omitted from the hybridization
solution.
Excess probe was rinsed Off with SSC then washed three times with
SSC at 55°C. Bound probe was visualized by the colour reaction of
alkaline phosphatase on the substrates nitroblue tétrazolium and BCIP
(5-bromo-4-chloro-3-indolyl-phosphate). This process was terminated
after 48 h. Sections were then coverslipped.
Counting methods
Cell counting was done with the aid o f a computerized image analysis
system. Images captured by a video camera mounted on a microscope
were digitized using the TPL version 4 software system (See-Scan,
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Fig. I. Relativeintensitymeasurementsof positivelyandnegativelystainedprofiles forGAP-43mRNAbyanimageanalysissystem(seeM
aterialsandmethods).
200 profilesjudgedby visual inspectionto bepositive andnegative wereanalysed. These twopopulations of cells canbe reliablydifferentiatedandonlydarkly
stainedprofiles needbecountedas being positive forGAP-43 mRNA. Forcomparison, all identifiable profiles seen intensections of anorm
al DRGwere also
analysed. Note the small proportion of profiles ina norm
al DRGthat are counted as positive using this criterion.
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Cambridge, UK). Initial visual inspectionshowedthat the DRGneurons
could be divided into light and darkly stained cells that represented
two distinct populations; this was confirmed by measuring the relative
intensities of the stainedprofiles fFig. D. For DRGcell counting, only
darkly stainedprofiles were inclucWas positive. Inaddition, the system
was usedtomeasure the areaof eachsection, allowing semi-automation
of the dissector technique (see below). The stability of illumination
is critical to this technique, andwas achieved by an independent DC
power source checkedusing the STABsoftware program(See-Scan);
repeated measurements of intensity of a standard sample of stained
tissue over a number of hours yielded <5% error. Similar
reproducibility was found on repeated testing of the same standard
sample for several days.

Recently, the counting of stained dorsal root ganglion cells has
aroused a lot of controversy (Krugèr, 1991; Devor and GovrinLippmann, 1991; La Forte era/., 1991). It has been argued that
counting profiles alone is unrepresentative due to possible sampling
errors. To obtain an accurate count, it has been suggested that
reconstruction ^ the ganglion should be done using the dissector
technique (Sterio, 1984). This is astereological counting methodwhere
systematic sampling of tipue with a constant separation is done (for
areviewsee Gundersen et a l ., 1988). Inorder to performadissector
analysis, the whole tissue was meticulously sectioned and the total
number of sections counted. The area of each sampled section was
thenmeasuredautomatically (as describedabove) andthetotal volume
of the tissue calculated. Adjacent pairs of sections were thenresampled
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Fig. 2. In situ hybridization for GAP-43 mRNAintransverse sections through neonatal rat lum
bar spinal cord of different ages; postnatal day 0 (PO) to 21
(P21). Dotted lines delineate border between grey and white m
atter. Note absence of staining in white m
atter. Scale bar, 500 /xm
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in the following way: where there were, say 42 sections, a random
number between 1 and 5 was chosen; sections n, n + 10,
n + 20 . . . were used as reference, and stained neuronal profiles seen
on the reference section but not in the look-up section were counted
as a ‘top’. The number o f tops divided by volume o f tissue sampled

Neonatal

yielded the number o f neurons per unit volume, and this multiplied
with total volume o f tissue gave the total number o f cells counted. To
reduce the margin o f error, at least 100 tops per ganglion should be
counted for calculating total cell numbers. We have used both the
dissector method and profile counting o f randomly chosen sections.
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Fig. 3. Relative meanintensity measurements of dorsal horns for bothsides for GAP-43 mRNAinten non-contiguous sections of neonatal rat spinal cord to
showchanges instainingintensitywithpostnatal age. The intensityof stainingperunit areaof lamina 1and2ofdorsal homwas measuredtocontrol forchanges
in size of dorsal homwith age.
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elative GAP-43 mRNAstaining intensity measurements of motor neurons inthe same sections as for Fig. 3. The ventral homfromone side from
eachsectionwas analysed, and 150—
200 motor neurons were m
easured. Values areexpressedas intensity perunit areatocontrol forchanges of m
otor neuron
size with neonatal age.
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Insome cases, after counting GAP-43 andmRNAstainedprofiles the
sections were counterstained with cresyl violet and GAP-positive
profiles expressed as a percentage of the total.

GAP-43 in the spinal cord and DRG

The number of positive DRGcells declined progressively to near the
adult level (20%on profilecounting) by postnatal day 21 (Figs 5and6).
Sciatic nerve injury in the adult
Spinal cord

Results
Developmental changes
GAP-43-related mRNA was found to be present at birth in both the
lumbarspinal cord anddorsal root ganglia. Inspinal cord, the mRNA
was confined to neurons in the dorsal and ventral horns, especially
the motor neuron pools, no labelled glia were detected ( ^ . 2 ) . The
high level of GAP-43 mRNA expression present in the dorsal horn
on the first postnatal day declined progressively fromday 7 through
to day 21, where it approximated the level seen in adult dorsal hom
(Mg. 3)_ In the ventral hom, motor neuron GAP-43 mRNA levels
remainedhighuntil the7thpostnatal dayandthendeclinedprogressively
(Fi^s 2 and 4). By postnatal day 21, the pattemof expression in the
spinal cord was similar to the adult; GAP-43 mRNAwas absent from
both grey and white matter of the spinal cord except for low levels
in motor neurons (Fig. 2). Inthe DRGvirtually all neuronal profiles
expressed high levels of GAP-43 mRNA on postnatal days 1and 7.

Innormal adult lumbarspinal cord, there is noGAP-43-related mRNA
inwhite matteror dorsal homs. Very faint stainingcanbe seen inmotor
neurons of theventral homandrelative intensity measurements of these
visible motor neurons confirmthis (Fig. 8). Sciatic nerve section and
ligation produced a sustained re-expression of GAP-43 mRNA that
was confined to motor neurons with no expression in the dorsal horn
or inventral homintemeurons (Fig. 7). Twenty fourhours after sciatic
nerve section, re-expression waTvisible in some motor neuron cell
bodies withinthe ventral hom. In20-ftmsections of the lumbar spinal
cord, there were on average 12-15 stained profiles per section. The
number, position, size anddistributionof these profiles corresponded
well withmotor neurons labelledretrogradelybyhorseradishperoxidase
injection intothe sciatic nerve (Fig. 7). The numberof stained profiles
reached a peak 3 days after sciatic nerve section and persisted for at
least 2 weeks. Five weeks after sciatic nerve cut, however, the number
of motor neurons expressing high levels of GAP-43 mRNAdeclined.

"

_____

PI 6

Fig. 5. In situ hybridizationforGAP-43 mRNAinsections cut throughneonatal rat L4dorsal root gangliaof different ages: postnatal day0 (PO) to21 (P21).
Scale bar, 100fim
.
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F ig . 6 . C
hanges In thepercentageof L4dorsal root ganglioncell profiles thatexpress highlevels of GAP-43 mRNAintensections inneonatal rats. Thesections
were initially processedfor in situ hybridization for GAP-43. After analysis, they were counterstainedwithcresyl violet andthe numberof profiles that were
positive for GAP-43 mRNAwas expressed as a percentage of the total.

although the intensity was still increased on the ipsiiateral relative to
the contralateral side. Two animals were allowed to survive for 10
weeks after sciatic nerve cut with ligation, and only 3 - 5 motor neuron
profiles per section expressing high levels of GAP-43 mRNA were seen.
GAP-43 mRNA re-expression in motor neurons was also studied
1 week after sciatic nerve crush (n = 3) and found to be similar to
that seen after sciatic nerve section (F ig .^ ). However, 5 weeks after
sciatic nerve crush (n = 2), the intensity and number o f motor neuron
profiles expressing GAP-43 mRNA had fallen to control levels (Figs
7 and 8).
An attempt was made to quantify the level o f GAP-43 mRNA re
expression by measuring the intensity o f staining in motor neuron
profiles. One hundred profiles within the sciatic nerve motor neuron
pools were measured on the ipsiiateral and contralateral sides (Fig.
8). Using the contralateral side as a control, it can be seen that the
relative intensity o f G A P^3 mRNA expression in axotomized motor
neurons peaked at day 14. Five weeks after sciatic nerve section, this
had declined significantly and was further reduced after 10 weeks. The
level o f GAP-43 mRNA re-expression after sciatic nerve section and
crush appear to be similar after 1 week. Five weeks after sciatic nerve
crush, re-expression on the bilateral side had declined to control levels
(Fig. 8).
Sciatic nerve cut or crush failed to produce any detectable GAP^3
mRNA in dorsal hom neurons at any time after the lesion (Fig. 7).
Dorsal root ganglion
The re-expression o f GAP-43 mRNA in DRG cells after sciatic nerve
injury, which has been described previously (Hoffman, 1989; Van der
Zee et al. , 1989; Verge et al. , 1990), broadly mirrored that found for
sciatic motor neurons. In normal DRG and DRG from the control
unoperated side, about 2(X)0-3(XX) DRG cells expressed high levels
of GAP-43 mRNA (n = 8). One day after sciatic nerve section, this
increased substantially in the ipsiiateral ganglion (n = 2), and after

day 3 virtually all ipsiiateral L4 and L5 DRG cells expressed high levels
{n - 2) (Fig. 9 j. These changes apparently peaked at 2 weeks (n = 2)
and by 5 weeks (n = 2) the number of cells with high levels of GAP-43
mRNA expression was reduced when evaluated by dissector counts
(Figs 9 and 10). Ten weeks afer sciatic nerve section, the number of
DRG cells in the L4 ganglion expressing high levels o f GAP-43 mRNA
was still double that in control and contralateral ganglia (n = 2). The
changes in the level o f expression after sciatic crush was very similar
to that after cut and ligation in the first 2 weeks after nerve injury.
However, 5 weeks after sciatic crush, the expression o f GAP-43 mRNA
in DRG cells was greatly reduced compared to the cut, although it did
not revert back to control levels until 7 weeks post-injury (Fig. 10).
Comparison of primary sensory and motor neurons
The onset o f GAP-43 mRNA expression in axotomized motor and
sensory neurons was similar following both crush and cut lesions (Figs
8 and 10). However, the expression o f GAP-43 mRNA seemed to
persist longer in DRG cells than in motor neurons for a similar lesion
(Figs 8 and 10). Crush lesions resulted in a more rapid return to control
in both sensory and motor neurons than did cut and ligation. However,
even in those animals where reinnervation was prevented by ligation,
the number (Fig. 10) and intensity (Fig. 8) o f stained profiles dropped
considerably Fy 10 weeks.

Discussion
Developmental expression of GAP-43 mRNA
High levels o f GAP-43 mRNA are present in the spinal cord at birth
and levels decline over the early postnatal period. GAP-43 mRNA levels
are reduced earlier in spinal neurons than in motomeurons or DRG
cells, and this may reflect the earlier maturation o f intrinsic and centrally
projecting pathways in target irmervation compared to those innervating
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e-cxpressionof GAP-43 mRNAintransverse sections of adult rat lum
barspinal cordafter sciatic nerve sectionorcrush I day( Di) to35days (D35)
post-operation. Notethat increasedstainingisconfinedtothesciatic m
otorneuronpool. Dottedlinedelineatesborderof greyandwhitem
atter. Scalebar, 500 ;im
.
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Distributionofrelativeintensityo f GAP-43mRNAstaininginlumbarmotorneuronprofilesaftersciaticnervesectionorcrushatdifferenttimeintervals.
100 profiles withinthe sciatic nerve motor neuron pool were analysed. Graphs of the frequency distributionof relative intensity were constructed. It can be
seenthat thepatternof intensityof stainingforGAP-43 mRNAis increasedafternerveinjury, reachingapeak2weeks afternervesection. Byweek5, intensity
of staining has decreasedandis virtuallybackto control levels after 10weeks. One weekafter sciatic nerve crush, the distributionof intensityof staining in
motor neurons is similar to that after nerve section, but by 5 weeks after sciatic nerve crush the intensity distribution is backto the control level.
F ig . 8 .

the periphery. In motor neurons and DRG ceils, the presence o f high
levels o f GAP-43 m R h ^ after the first postnatal week but an absence
o f protein (Fitzgerald et a i , 1991) would suggest rapid transport o f
the protei^to the periphery. This is supported by the findings o f
Reynolds et al. (1991), where GAP-43 protein was shown to be present

in high levels in musculocutaneous nerves o f the hindlimb at the second
postnatal day, but declined progressively so that it was confined to
the distal plexus after postnatal day 10. In the spinal cord at birth,
GAP-43 protein is largely confined to the substantia gelatinosa and
to a lesser degree the deeper laminae o f the dorsal hom, where levels

00

t

GAP-43 in the spinal cord and DRG

C ontror

m

;r:45--ç^

5

rr

W

ie r -W

.
-f*'-'-'

i# -;:

\

F i g . 9. R
e-expressionof GAP-43 mRNAinsections cut throughadult L4dorsal root ganglion at different times after sciatic nerve transection(day 3 (D3) to
35 (D35)). Scale bar, 100^m
.

decline progressively, until the tenth postnatal day (Fitzgerald et al .,
1991). This correlates well with the postnatal growth of C-fibre
terminals (Pignatelli et'a l ., 1989) andthe relatively late development
of the substantia gel^inosa compared to other laminae of the dorsal
hom (Bicknell and Beal, 1984). A similar distribution of GAP-43
immunoreactivity inthe normal adult spinal cord grey matter is seen
using a polyclonal antibody, with staining present at low levels in

superficial laminae of the dorsal hom (Woolf et a i , 1990), derived
fromterminals of the primary afferents. Higher basal levels have been
reported using a monoclonal antibody (Schreyer'and Skene, 1991).
Light and electron microscope studies have shown high levels of
GAP-43 protein inthe neonatal pyramidal tract (Gorgeïs et al ., 1987),
andthis is retted but still present inthe adult (Kalil and^ene, 1986;
Schreyer ancM
skene, 1991).
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^ F^IO. Dissectorcounts of thenumberof GAP-43 mRNA-positivecells at various intervals aftersciatic nerve transectionorcrushinLA dorsal root ganglion.
' Contralateral LA dorsal root gangliawas usedascontrol. Twoanimals wereusedatthetimeintervalsof 1and5weeksafterbothsciaticnervecrushandtransection,
and 10 weeks after nerve section; all the other results were obtained froma single animal.

Similar changes in patterns o f GAP-43 expression ,during
development have been described in b ^ the central (G o rg ^ et al. ,
1987; McGuire'^t a l., 1988; Moya et a i , 1988; De la Monte er al.,
1989; Dani et al. /l9 9 1 ) and peripheral (Kams et a l., 1989; Hesselmans
et a i , 1990) "nervous system. In these studies, high levels o f GAP-43
expression were present during growth and elongation of nerves and
fibre tracts, and a rapid decline occurred once target innervation was
achieved. The fall-off of GAP-43 mRNA levels in DRG cells in the
second postnatal week is interesting in view o f the central collateral
sprouting o f primary afferents that can be produced in the neonatal
spinal cord. Peripheral nerve section up to postnatal day 10 produces
substanti^row th of intact afferents^to deafferented areas of the cord
(Fitzgerald, 1985; Fitzgerald et a l., 1990), but this does not occur in
older pups and adult rats. It is tempting to suggest that this loss of
plasticity in response to peripheral nerve injury is related to the
substantial drop of GAP-43 message that we have demonstrated here.
The capacity for collateral sprouting may therefore be confined to those
neurons that are in a ‘growth mode’.

Re-expression of GAP-43 mRNA after peripheral nerve
injury
Peripher^^otomy indt)ces increased levels of the neuropeptide galanin
(Villar cr a /., 1989,1991), p e p ^ e histidine-isoleucine and vasoactive
intestinal protein (McGregor et a l., 1984; Nogutffii et a i , 1989) in
dorsal root ganglion cells but decreases the expression of other
neuropeptides, like substance P, somatostatin and cholecystokinin
(Jessell e t a l . ‘^ \9 1 9 ; Barbut et'^L, 1981; Nogucm e ra /., 1989).
Calcitonin gene-related peptide is reduce^in the dorsal rpot ganglion
cells after p e r io r a l nerve injury (Ju et al., 1987; Noguchi et a l.,^ 99\;
Villar et a l., 1 ^ 1 ) but it is increased in motor neurons (Streit et al. ,
1989; Piehl et a i , 1991). O f the cytoskeletal proteins, neurofilament

is reduced in axotom iz^ neurons while levels o f tubulin and ^ i n are
increased (Greenberg and La^k, 1988; Hoffman, 19^9. Tetzlaff and
Bisby, 1989. Wong and Oolinger, 1990; Tetzlaff e t a i , 1991).
Therefore, the re-expression o f GAP-43 is only one o f a complex
sequence o f molecular events that occur after peripheral axotomy. Our
data confirm the temporal relationship between axotomy and re
expression o f GAP-43 protein and GAP-43 mRNA in dorsal root
ganglion neurons. Using Northern blots, the level o f GAP-43 mRNA
has been shown to be increased as early as 8 - 1 6 h after sciatic crush
(Van der ^ee e/ a l., 1989) and remains elevated for at least 2 weeks
(Basi et a l ., \ 9 Z l \ H offm an/1989). We have found the peak level of
GAP-43 mRNA re-expression in L4 DRG cells 2 weeks after sciatic
nerve injury, while previou^ studies using N o ^ e r n blots reported a
much earlier peak (Hoffman, 1989; Van der Zee et a l., 1989). In both
of these studies, the site o f sciatic nerve injury was placed more
proximal to where we section or crush the nerve. The distance o f the
axotomy site from the cell body has been shown to be im^yiant in
determining GAP-43 re-expression (Doster et al., 1991; Tetzlaff et al. ,
1991) and it is also likely to be important in determining the speed
o f GAP-43 up-regulation. Northern blot studies by Benowitz and
Perrone-Bizzozero (1991) in DRG cells after sciatic nerve crush in
the same site as our experimental design have shown that GAP-43
mRNA levels peak - 1 0 days after injury and persists for at least 30
days after axotomy.
Previous estimates o f neurons in control DRG that express GAP-43
vary between 40 and 50% (Verge et a l., 1990). Using dissector counts,
the number o f cells expressing high levels o f GAP-43 mRNA in our
study was between 2000 and 3(X)0. This lower number of cells reflects
the different criteria in defining a positive cell. In all our counts, only
cells expressing high levels o f GAP-43 mRNA (levels near to that
expressed by neurons after axotomy) are counted. In addition, previous
counts using profile percentages and different counting methods are
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Conclusion
subject to systematic bias (Coggeshail, 1992). The number of cells
containing GAP-43 protein-like immunpreactivity ipdontrol dorsal root
GAP-43 is developmentally regulated in motor and sensory neurons.
ganglia is very low (Sommervaille et a l., 1 9 ^ |t Although this may
A survey o f GAP-43 mRNA levels in individual neurons permits an
be due to rapid transport of protein out o f DRG cells, there is evidence
analysis o f which cells are likely to produce the protein: the immature
that GAP-43 mRNA expression is under post-transcriptional control
nervous system and following injury. The signals that regulate GAP-43
(Perrone-Bizzozero e r a /., 1991). Messenger mRNA for GAP-43
expression are likely to be target-derived and linked to successful
appears to be transcribed then broken down without protein synthesis,
innervation, except in some situations where there is a finite period
and there is an inherent background level o f GAP-43 mRNA within
o f re-expression and levels are reduced even when reinnervation
1<^
some cells that serves little or no function. We have tried to rationalize
not achieved.
this by selecting a high threshold o f GAP-43 mRNA expression to
define positive GAP-43 expression. However, the study o f GAP-43
Acknowledgements
expression should not be confmed to the search for protein a lo n ^ s
W
ethanktheM
RC, ISRT, Bristol-M
yersSquibbandTheW
ellcomeTrust for
there is evidence o f post-translational modification as well (Schreyer
financial support, and Phil Collins for technical help.
and Skene, 1991), so that different antibodies, depending on the epitope
that is recognized, may give false negative results.
Abbreviations
Spinal cord motor neuron re-expression o f GAP-43 RNA was evident
24 h after nerve injury. The cell bodies do not, however, stain for
DRG dorsal root ganglion
GAP growth-associatedprotein
GAP-43 protein after nerve injury (W oolf et a/.^1990), and it is likely
PBS phosphate-buffered saline
that after axotomy large amounts o f GAP-43 protein are translated and
SSC standard saline citrate
transported out of the soma to the injured stump. Five weeks after sciatic
nerve section and ligation, GAP-43 mRNA re-expression appears to
References
decline and by 10 weeks it reaches control levels, even though no
regeneration o f the nerve has occurred. This raises the possibility that vAkers, R. F. andRoutenberg, A. (1985) Protein kinase Cphosphoryiates a
47 M
rprotein(FI) directly relatedtosynaptic plasticity. Brain Res., 334,
there is a finite temporal period after nerve injury beyond which
147-151.
GAP-43 re-exprMsion is switched off and the potential for regeneration
v/Aloyo, V. J., Zwiers, H. andGispen, W
. H. (1983) Phosphorylationof B-50
is lost (Benowiïz, 1984; Doster ef a /., 1991; Tetzlaff e t u l , 1991).
proteinbycalcium-activated, phospholipid-dependent proteinkinaseandB-50
Nevertheless, the fact that crush lesions result in a more rapid decline
protein kinase. J. Neurochem., 41, 649- 653.
vBarbut, D., Polak, J. M
. andW
all,. P. D. (1981) Substance Pinspinal cord
in the GAP-43 mRNA levels implies that a t^ et-derived factor may
dorsal horndecreases following peripheral nerve injury. Brain Res., 205.
suppress the expression o f GAP-43 (Bisby, 1988).
289-298.
In dorsal root ganglion cells, peripheral axotomy appears to induce
vBflsi, G. S., Jacobson, R. D., Virag. I., Schilling, J. andSkene, J. H. P. (1987)
the re-expression o f GAP-43 m RN^ in almost all cell bodies. A
Prim
ary structure and transcriptional regulation of GAP-43, a protein
associated with nerve growth. Cell, 49, 649-653.
previous study by Himes and Tessler (1989) estimated that -70% of
L5 DRG cells were axotomized by sciatic nerve lesions at the middle vfienowitz, L. I. (1984) Target-dependent andtarget-independentchanges inrapid
axonal transport during regeneration of the goldfish retinotectal pathway.
third o f the thigh. If similar proportions o f L4 DRG cells are also
InElam,J. S. andCancalon, P. (eds). Axonal Transport in Neuronal Growth
axotomized by lesions at this level, our dissector counts would indicate
and Regeneration. Plenum, New York, pp. 145-169.
that both the small dark (with unmyelinated axon) and large light (with ^/éenowitz, L. I. andPerrone-Bizzozero, N. I. (1991) TheexpressionofGAP-43
inrelationtoneuronal growthandplasticitiy: when, where, howandwhy?
myelinated axons) cells in the DRG re-express GAP-43 after peripheral
InGispen, W
. H. and Routtenberg, A. (eds). Progress in Brain Research.
axotomy.
^ Vol. 89, pp. 69-87.
The absence of GAP-43 mRNA re-expression in neurons of the dorsal ^ Beniowitz, L I. and Routtenberg, A. (1987) A m
em
brane phosphoprotein
horn following peripheral nerve injury suggests that there is no transassociated with neural development, axonal regeneration, phospholipid
metabolismandsynaptic plasticity. Trends Neurosci., 12, 527-531.
synaptic signal from afferents for GAP-89743 re-expression in these
v^icknell, H. R. and Beal, J.A. (1984) Axonal anddendritic development of
cells. Peripheral nerve injury, however, results in the appearance of
substantia gelatinosa neurons in the lumbosacral spinal cordof the rat. J.
GAP-43 immiipostaining in the superficial laminae of the spinal cord
Comp. Neurol., 226, 508-522.
(W oolf et al. , 1990). Given the presence o f GAP-43 mRNA in DRG
vBisby, M
. A. (1988) Dependence of GAP-43 (850. FI) transport onaxonal
cells and its absence in dorsal horn neurons, this must be the result
regeneration in rat dorsal root ganglioncells. Brain Res., 458, 157-161.
v^oggeshall, R. E. (1992) Aconsiderationof neural countingmethods. Trends
of the accumulation o f the protein in the central terminals o f peripherally
Neurosci., 15, 9-13.
axotomized primary afferent neurons.
vDani, J. W., Armstrong, D. M
. and Benowitz, L. I. (1991) M
apping the
Whether a similar retrograde signal, possibly target-derived, is
developm
entoftheratbrainbyGAP43im
m
unocytochem
istry. Neurosdence.
responsible for controlling GAP-43 expression in adult motor and
40, 277-287.
vDe laM
onte, S. M., Federoff, H. J., Ng, S.-C., Grabczyk, E. andFishman,
primary sensory neurons, and whether the eventual decrease in GAP-43
M
. (1989) GAP-43 gene expression during development: persistence in a
mRNA levels in the absence o f target reinnervation reflects a limited
distinctive set of neurons inthe m
ature central nervous sytcm. Dev. Brain
intrinsic capacity o f injured cells to continuously up-regulate the
Res., 46, 161-168.
GAP-43 gene, or a source o f suppressor signal develops from the
/Devor, M
. andGovrin-Lipmann,R. (1991) Neurogenesis inadult rat dorsal
proximal nerve stump, remains to be discovered^ The possible
rootganglia: oncountingandthecount. Somatosensory Motor Res., 8,9- 12.
illard, M
. A. (1991)
involvement of G A ^ 3 in the growth o f axons (Skene, 1989; Benowitz '/Doster, K. S., Lozano, A. M., Aguayo, A. J. and W
Expressionofgrowth-associatedproteinGAP-43inadult ratretinal ganglion
and Perrone-Bizzozero, 1991) make the timing and distribution o f its
cells following axon injury. Neuron, 6, 635- 647.
re-expression after nerve injury o f considerable interest, not least
yFitzgerald, M
. (1985) Thesproutingof saphenous nerveterm
inals inthespinal
because of the unique capacity o f primary afferent and spinal motor
cord following early postnatal sciatic nerve section in the rat. J. Comp.
Neurol., 240, 407—
413.
neurons to regenerate.

00

GAP-43 in the spinal cord and DRG

Neve, R. L., Perrone-Bizzozero, N. I., Finklestein, S., Zwiers, H., Bird, E.,
vFitzgerald, M., W
oolf, C. J. andShortland, P. (1990) Collateral sproutingof
Kumit, D. M
. andBenowitz, L. I. (1987) The neuronal growth-associated
thecentral terminalsofcutaneous prim
aryafferent neurons intheratspinal
proteinGAP-43(B-50, FI): neuronal specificity, developmental regulation
cord: pattern, morphology, andinfluenceoftargets. J. Comp. Neurol., 300,
andregional distributionof the humanandrat mRNAs. Mol. Brain Res.,
370-385.
2, 177-183.
vfitzgerald, M., Reynolds, M
. L. andBenowitz, L. I. (1991) GAP-43expression
vNoguchi, K., Senba, E., M
orita, Y., Sato, M
. andTohyama, M
. (1989) Preprointhe developing rat lum
barspinal cord. Neuroscience, 41, 187-199.
VIPandpreprotachykininmRNAsinthedorsal rootganglioncellsfollowing
jÈkrgels, T. G. M
. F., Oestreicher, A. B., DeK
ort, E. J. M
. andGispen, W
. H.
peripheral axotomy. Mol. Brain Res., 6, 327-330.
(1987) Immunocytochemical distributionof the proteinkinase-Csubstrate
B-50(GAP-43) indevelopingratpyram
idal tract. Neurosd. Lett., 83,59-64. \/i^oguchi, K., Ruda, M
. A. andTohyama, M
. (1991)Alterationsinneuropeptide
gene expression in the dorsal root ganglion following peripheral nerve
vdreenberg, S. G. andLasek, R. J. (1988) Neurofilamemproteinsynthesis in
axotomy. Satellite Symposium The Third IBRO W
orid Congress of
DRGneurons decreases more after peripheral axotomy thanafter central
Neuroscience, Quebec City.
axotomy. J. Neurosci., 8, 1739-1746.
wi^rrone-Bizzozero, N. 1., Neve, R., Irwin, N., Lewis, S., Fischer, I. and
,/Gundersen, H. J. G., Bagger, P., Bendtsen, T. P., Evans, S. M., Korbo, L.,
Benowitz, L. I. (1991) Post-transcriptional regulationofGAP-43mRNAlevels
M
acussen, N., Moller,A., Nielsen, K., Nyeengaard, J. R., Pakkenberg,B.,
duringneuronal differentiationandnerveregeneration. MoL Cell. Neurosci.,
Sorensen, F. B., Vesterby, A. andW
est, M
. J. (1988)Thenewstereological
2y402-409.
tools: Disector, ftactionator, nucleatorandpointsam
plinginterceptsandtheir
useinpathological researchanddiagnosis. Acta Pathol. Microbiol. Immunol. '/fpim, F., Arvidsson, U., Johnson, H., Cullheim, S., Viliar, M., Dagerlind,
^ r A., Terenius, L., Hokfelt, T. andUlftiake, B. (1991) Calcitoningene-related
Scand., 96, 857-879.
peptide(CGRP)-likeimmunoreactivityandCGRPrnRNAinratspinal cord
yResselmans, L. F. G. M, Jennekens, F. G. I., Van den Cord, C. J. M
.,
motomeuronsafterdifferenttypesoflesions. Eur. J. Neurosd., 3,737-757.
Oestreicher, A. B., Veldman, H. andGispen, W
. H. (1990) Alight and
bra, A. (1989) Postnatal m
aturation
electronmicroscopical studyofB-50(GAP-43) inhum
anintram
uscularnerve vf»ignatelli, D., Ribeiixnla-Silva, A. andCoim
and neuromuscular junction during development. J. Neurol. ScL, 89,
of prim
aryafterent terminationinthesubstantiagelatinosaof therat spinal
cord. An electron microscopic study. Brain Res., 491, 33-44.
301-311.
. A. (1987) Axonsof thepyram
idal
vJK
im
es, B. T. andTessler, A. (1989) Deathofsomedorsal root ganglionneurons \/Reh, T. A., Redshaw, J. D. andBisby, M
tract do not increase their transport of growth-associated proteins after
andplasticityof others followingsciatic nervesectioninadult andneonatal
axotomy. Mol. Brain Res., 2, 1—
6.
y rats. J. Comp. Neurol., 284, 215-230.
. L., Fitzgerald, M
. andBenowitz, L. I. (1991) GAP-43expression
\/Hofftnan, P. N. (1989) Expressionof GAP-43, arapidlytransportedgrowth- c/Reynolds, M
indevelopingcutaneousandmusclenerveintherathindlim
b. Neuroscience.
associatedproteinandclass Ubetatubulin, aslowlytransport cytoskeletal
41, 201-211.
protein, arccoordinatedinregeneratingneurons. J. Neurosci., 9, 893-897.
^aUonsky, E., M
oomaw, E. W
., Tullis, R. H. andRuth, R. (1986) Preparation ^hreyer, D. J. andSkene, J. H. P. (1991) Fateof GAP-43inascendingspinal
axonsof DRGneuronsafterperipheral nerve injury: Delayedaccumulation
of oligodeoxynucleotide alkaline phosphatase conjugates andtheir use as
andcorrelationwithregenerative potential. J. Neurosci., 11, 3738-3751.
hybridiztion probes. Nucleic Acids Res., 14, 6115-6128.
^cobson, R. D., Virag, I. andSkengJ. H. P. (1986) Aproteinassociatedwith '/^kene, J. H. P. (1989) Axonal growth-associatedproteins. Annu. Rev. Neurosci.,
12, 127-156.
growthGAP-43, is widelydistributedanddevelopmentally regulatedinrat
CNS. J. Neurosci., 6, 1843-1855.
Skene, J. H. P. (1990) GAP-43asa‘calmodulinsponge' andsomeim
plications
v/^essell, T. A., Tsunoo, A., Kanazawa, I. andOtsuka, M
. (1979) Substance
for calcium signalling in axon terminals. Neurosci. Res., Suppl. 13.
S112-125.
P: Depletioninthedorsal hornoftheratspinal cordaftersectionofperipheral
vSkene, J. H. P. andW
illard, M
. (1981a) Changes inaxonallytransportedprotein
processes of prim
ary sensory neurons. Brain Res., 168. 247-259.
during axon regeneration intoad retinal ganglioncells. J. Cell Biol., 89,
J ü , G., Hokfelt, T., Brodin, E., Fahrenknig, J., Fischer, J. A., Frey, P., Elde,R.
86-95.
P. and Brown, J. C. (1987) Prim
ary sensory neurons of the rat showing
illard, M
. (1981b) Axonallytransportedproteinsassociated
calcitoningene-relatedpeptideim
m
unoreactivityandtheirrelationtosubstance ^kene, J. H. P. andW
P-, som
atostatin-, galanin-, vasoactiveintestinal peptide- andcholescystokininwithgrowth inrabbit central andperipheral nervous system. J. Cell Biol..
89.96-103.
%
immunoreactive ganglion cells. Cell Tissue Res.. 247, 417-431.
cpuri6, C. B., Norden.
^Kalil, K. andSkene, J. H. P. (1986) Elevatedsynthesisofanaxonallytransported ^kene, J. H. P., Jacobson, R. D., Snipes, G. J., M
proteincorrelates with axonal outgrowth innorm
al andinjuredpyram
idal
J. J. and Freeman, J. A. (1986) Aprotein induced during nerve growth
tracts. J. Neurosci.. 6, 2563-2570.
(GAP-43) is amajorcomponent of growthcone m
embranes. Science. 233,
783-786.
/Kams, L. R., Ng, S.-C., Freem
an, J. A. andFishman, M
. C. (1987) Cloning
vSommervaille, T., Reynolds, M
. L. andW
oolf, C. J. (1992) Time-dependent
of complementary DNA for GAP-43, a neuronal growth-related protein.
Science, 236, 597—
560.
differences intheincreaseinGAP-43expressionindorsal rootganglioncells
after peripheral axotomy. Neuroscience, ^ ^ te s s .
y^yama, H., Emson, P. C. andTohyama, M
. (1990) Recent progress inthe
useofthetechniqueof non-radioactiveinsituhybridizationhistochemistry: \/Êterio, D. C. (1984) Theunbiasedestimationofnumberandsizes of arbitrary
particles using the disector. J. Microsc., 134, 127-136.
^ newtools for molecular neurobiology. Neurosci. Res., 9, 1-21.
. J., Dumoulin, F. L., Raivich. G. andKreutzberg, G. W
. (1989)
/Kurger, L. (1991) Editorial. Aninterestingscientificdebate: Countingsensory \j8treit, W
ganglion cells. Somatosensory Motor Res., 8, 1-2.
Calcitonin gene-related peptide increases in rat facial motomeurons after
peripheral nerve transection. Neurosd. Lett., 101, 143-148.
\/LaForte, R. A., M
elville, S., Chung, K. andCoggeshail, R. E. (1991)Absence
v^ttmater, S. M,., Valenzuela, D., Kennedy, T. E., Necr, E. J. andFishm
an,
of neurogenesis ofadult ratdorsal root ganglioncells. Somatosensory Motor
Res., 8, 3—
7.
M
. C. (1990) Go is a major growthcone proteinsubject to regulation by
GAP-43. Nature, 344, 836-841.
'/M
cGregor, G. P., Gibson, G. S., Sabate, I. M., Blank, M
. A., Christofides,
ND., W
all, P.D., Polak, J. M
. andBloom, S. R. (1984) Effectsofperipheral '/fetzlaff, W
. andBisby, M
. A. (1989) Neurofilam
entelongationintoregenerating
nervesectionandnervecrushonspinal cordneuropeptidesintherat: increased
facial nerve axons. Neurosdence, 29, 659—
666.
, VIPand PHI inthe dorsal horn. Neuroscience, 13, 207-216.
/tetzlaff, W
., Alexander, S. W., M
iller, F. D. andBisby, M
. A. (1991)Response
M
cGuire, C. B., Snipes, G. J. and Norden, J. J. (1988) Light microscopic
tofacial andrubrospinal neuronstoaxotomy: changesinmRNAexpression
for cytoskelatal proteins andGAP-43. J. Neurosci., 11, 2528- 2544.
immunolocalizationofthegrowthandplasticity-associatedproteinGAP43
✓
VanderZee, C. E. E. M., Nielander, H. B., Vos, J. P., Lopes deSilva. S.,
in the developing rat brain. Dev. Brain Res., 41, 277-291.
M
eiri, K. F., Pfenninger, K. H. andW
illard, M
. B. (1986) Growth-associated
Verhaagen, J., Oestreischcr, A. B. et al. (1989) Expression of growthassociatedproteinB-50/GAP-43indorsal rootgangliaandsciaticnerveduring
protein, GAP-43, apolypeptidethat isinducedwhenneuronsextendaxons,
,regenerative sprouting. J. Neurosd., 9, 3505-3512.
isacomponentofgrowthconesandcorrespondstopp46, am
ajorpolypeptide
. K., Tetzlaff,_W
., Richardson, P. M
. andBisby, M
. A. (1990)
of asubcellular fractionenrichedingrowthcones. Proc. Natl. Acad. Sci. v/Verge, V. M
USA, 83, 3537-3541.
jw. CorrelationbetweenGA^3 andnervegrowthfactorreceptorsinratsensory
neurons. J. Neurosci., 10, 926-934.
M
oya, K. L., Benowitz, L. I., Jhaveri, S. andSchneider, G. (1988) Changes
in rapidly transported proteins in developing ham
ster retinofugal axons.
vVillar, M
. J., Cortes, R., Theodorsson, E., W
iesenfeld-Hallin, Z., Schalllng, M
.,
J. Neurosci., 8, 4445-4454.
Fahrenkrug, J., Emson, P. C. andHokfelt, T. (1989) Neuropeptideexpression

00
inratdorsal root ganglioncellsandspinal cordafterperipheral nerveinjury
with special reference to galanin. Neuroscience, 33, 587- 604.
vVillar, M
. J., W
eisenfeld-Hallin, Z., Xu, X.-J., Theodorsson, E., Emson, P.C.
andHokfelt, T. (1991) Furtherstudiesongalanin-, substanceP-, andCGRPlike immunoreactivities inprim
arysensoryneurons andspinal cord: effects
of dorsal rhizotomies andsciatic nerve lesions. Exp. Neurol., 112, 29-39.
J^iese, U.H. andEmson, P. C. (1991) Intraspinal cellularresponsesafterspinal
cordtransection inrats: neuronal expression of growth-associatedprotein

GAP-43 in the spinal cord and DRG

(GAP-43) Res. Neurol. Neurosci., 2, 199—
204.
^ong, J. andOblinger, M
.M
. (1990) Acomparisonof peripheral andcentral
axotomyeffects on neurofilament andtubulingeneexpressioninrat dorsal
root ganglion neurons. J. Neurosci., 10, 2215-2222.
v^oolf, C. J., Reynolds, M
. L., M
olander, C., O'Brien, C., Lindsay, R. M
.
andBenowitz, L. I. (1990) The growth-associatedproteinGAP-43appears
indorsal root ganglion cells and inthe dorsal hornof the rat spinal cord
following peripheral nerve injury. Neuroscience, 34, 465—
478.

jUL 0 7 1932

» c h eclred th is p r c o f .
•

n;:^rkcJ

C"'l c h a n g e s

_

or

:iic,'i5 I A i s h 1o b t r r . c u e .

h u s h

.. A - N e u r o s c i e n c e - “ J " . . . 5301 ...G al. 161

U H /U b
The Journal ol N eurosdence. Month 1992. 0(0); 000-000

is_problcmatic—begin this artidc on RECTO page

]hon

^enervation of the Motor Endplate Results in the Rapid Expression
by Terminal Schwann Cells of the Growth-associated Protein GAP-43
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specific protein, it is now apparent that it is also detectable in
some central and pet ipheral glia. GAP-43 immunoreactivity has
been demonstrated in lype 2 astrocytes, immature oligoden
drocytes. and their precursors (Vitkovic ct al., 1988; da Cunha
and Vitkovic. 1990; Dcloulmc ct al.. 1990; Curtis et al.. 1991).
Schwann cells grown with sensory- neurons in dorsal root gan
glion cell cultures transiently express G.AP-43 (Woolf et al.,
1990). and pure Schwann cell cultures have been shown to syn
thesize G.AP-43 (Curtis et al., 1992). Distal to aperipheral nerve
crush lesion, G.AP-43 immunoreactivity has beendemonstrated
in Schwann cells, and although its origin was originally thought
to be axonal (Tetzlaff et al., 1989), it is now recognized that
Schwann cells in degenerating peripheral nerves have the ca
pacity to synthesize GAP-43 (Bisby et al., 1991; Curtis et al..
1992). A recent study has shown that while all developing
Schwann cells express G.AP-43 in the embryo, onlynon-myelinforming Schwann cells express the protein constitutively in nor
mal adult nerves (Curtis ct al.. 1992). Adult myelin-forming
Schwann cells are not normally immunoreactive for G.AP-43
but become so several weeks following nerve degeneration (Cur
tis et al.. 1992).
The presence of a proiein in glial cells, which in neurons is
associated with axonal growth, raises several questions. Under
what circumstances is GAP-43 expressed in these cells, how
does this relate to axon-glial contact, and what functional role
may the molecules play in these non-neuronal cells'’ We have
addressed the first two questions by examining GAP-43 im
munoreactivity in the Schwann cells present on adult skeletal
The phosphoprotein GAP-43 (B-50, F-1, neuromodulin, pp-46;
muscle motor endplates. and by using in siiu hybridization to
Benowitz and Routtenberg, 1987; Skene, 1989) is produced by
detect the presence of GAP-43-rclaied mRNA. Terminal
developing neurons, where it accumulates in elongating axons
Schwann cells at the motor endplate are non-myelin-forming
and their grouih cones (Meiri ct al., 1986; Skene ei al., 1986;
cells surrounding a single large terminal axon and its branches
Reynolds et al.. 1991). Once target innerv-ation is completed,
at a highly specialized synaptic zone. Wiihin hours of denerthe levels in most neurons fall, but it is reexpressed after axonal
vation. axonal degeneration can be seen by electrophysiological
injur>' in those adult neurons whose axons regenerate (Skene
and Willard 1981; Benowiiz and Lewis, 1983; Hoffman, 19^;- ) and morphological techniques to have begun at the endplate
(Miledi and Slater. 1970; Manolov. 197^; Gorio et al.. 1983).
Tetzlaff ei al.. 1989; Van der Zee et al., 1989) and in those
This is accompanied by morphological changes inthe terminal
central neurons wiih the potential to regenerate (Doster ei al.,
Schwann cells that include the formation of long processes that
1991). Although GAP-43 has been considered to be a neuronextend into the prcsynaptic zone, but that withdraw on reinnervation (Reynolds and Woolf. 1992). Dencrvation of muscle
R cccivcd N ov. 25. J 9 9 J; rev ised A p r. 15, 1992; accep ted M ay 2 2 , 1992.
has previously been shown to result in the appearance of G.APT h is work w as s u p p o n e d by g ram s from th e M R C a n d ISR T (C J .W ./P .E .), th e
43 immunoreactivity at the degenerating prejunctional appa
W e llc o m e T n is ifC J .W .),a B ristol-M yers U nrestricted Pain Research g ran t ( C J .W ),
ratus. but its origin and cellular location were not characterized
N IH G ra n t EY 0 5 6 9 0 ( L t.B ./N .I .) , a n d th e B oston N eu ro su rg ical F o u n d a tio n
(L .i.B ./N .!.). W e th an k D. B lundell for tech n ical assistan ce.
(Verhaagen et al.. 1988). W
c have nowshown that dencrvationC orresp o n d e n c e sh o u ld be a d d re sse d to Clifford J. W oolf. M .D ., P h .D ., D cin
d
u
ced
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a
l Schwann cell morphologyy are asan/l rV v^lnnm ^nl!)! Itiolrw v I In iv rrsilv C n llw r L o n d o n .
Developing and regenerating neurons ex p ress high lev e ls
of the grow th-associated phosphoprotein GAP-43. This
membrane protein is not confined to neurons, how ever, a s
a number of stu dies have dem onstrated GAP-43 im muno
reactivity in central and peripheral glia in vitro and in vivo.
We have found that the Schwann cells overlying the terminal
motor axon at adult rat sk eletal m uscle endp lates, and the
motor axons th em selv es, are normally not GAP-43 immunoreactive. Within 24 hr of denervation, how ever, the ter
minal Schwann c ells are positive for a GAP-43 mRNA in situ
hybridization signal and are GAP-43 im m unoreactive. The
immunoreactive GAP-43 c ells p o s s e s s elaborate p r o c e s s e s
that branch from the endplate region into the perisynaptic
zone and stain with defined Schwann cell markers: the c a l
cium binding protein S I 00 and the low-affinity NGF receptor
(NGFr), but not with a fibroblast marker, Thy-1. Reinnervating
motor axons are GAP-43 positive, with an app earance quite
different from the G A P-43-positive Schwann c ells. The reap 
pearance of nerve endin gs at the motor endplate is follow ed
by the disap pearan ce of GAP-43 labeling in the Schw ann
cells and of a retraction of their p r o c e s se s . GAP-43 e x p r e s
sion in Schw ann c ells is therefore sta te depend en t, appar
ently regulated by neural contact. This protein, which is a s 
sociated in neurons with neurite formation, may participate
in the elaboration of p r o c e s s e s by Schwann c ells w hen their
contact with axons is disrupted.

Materials and Methods
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Aduli Spraguc-Dawicy rats (200-300 gm) were anesthetized with (entanyl and diazepam, and the sciatic nenc in the popliteal fossa was
cither cut with a ligation of the proximal slump or crushed for 20 sec
usingamodified Spencer-W
clls forceps with smooth gnps, which pro
duces a2mmareaof transiucencyof the nerve. The woundwas closed
intwo layers and the animals were allowed to recover,
At survival times of 18 hrto 60 d, pairs of animals fromboth pro
cedures were terminally anesthetized with pentobarbitone (50 mg/kg,
i.p.)andperfusedwithsalinefollowedcitherwith4%paraformaldehyde
in0.1 M phosphate buffer(pH7.4) or witha pcriodate-lysinc-paraformaidchyde fixativeiM
cLcan andNaî^ne, 1974). The ipsi- andcontra
lateral tibialisanteriorandsolcus muscleswerethenremovedandpinned
on asilicon rubber-<oated petri dish filled with fixative. Following 68hrpostfixation, themuscles wereimmersedingradedsucrose solution
upto 20%in0.1 M phosphate buffer forcryoprotection.
Longitudinal sections 50-100 urnthickwerecut onafreezingmicro
tome and collected in O
.l mphosphate-buffered saline (PBS), pH7.4.
The sections were incubated free-floatingin0.5%H
.-O
- in PBSfor 2030 minal 20-24*Ctoreduceendogenous peroxidase activity. Alternate
sections were stained for cholinesterasc by incubating in a solution of
bromoindoxyl acetate, potassiumfcrricyanide, potassiumferrocyanide,
andcalciumchloride inTris bufferat 37°C(Aldersonet al.. 1989). Both
the cholinesterase-staincd and unstained sections were then processed
for immunocytochemistry. Sections were preincubalcd in a 10%solu
tionof appropriate normal scrum(20-30 min). and then the following
antisera were applied toadjacent sections; (I) polyclonal anti-GAP-43
(1:1000to 1;3000) for24hrat4T) (Benowitzetal., 1988);(2) polyclonal
anti-SlOO(Dako) (1:800 to 1:2400) for 12 hr at 4“C; (3) polyclonal
protein gene product 9.5 (PGP9.5) (Ultraclone) (W
ilson et al., 1988)
(1:1000 to 1:1500) for 12-24 hr at 4*C; (4) polyclonal anti-calcitonin
gene-related peptide (CGRP), gift of M
. ladorola, NIH(Traub ct al.,
1989)(1:1500to 1:30,000) for24-36hrat roomtemperature; (5) mono
clonal anti;NGFreceptor(anti-NGFr)(192 IgG; Chandleret al., 1984),
gift of E. /onnson, Universityof W
ashington (1:500), for 12 hrat 4*C;
(6) polyclonal rabbit antiscrumtoad-galactosidasc/GAP-43fusionpro
tein (Curtis ct al., 1991). a gift of R. Curtis, Regcncron, New York
(diluted 1:5000 to 1:20,000). for 24 hrat 4"C
. Dilutions were made in
PBScontaining 1%appropriate normal serumand0.4%Triton X-100,
plus 0.01%azide for incubations longer than 12 hr.
After washing with several changes of PBS for 1-2 hr, the following
steps were carried out at roomtemperature with buffer washes after
each step. Sections were incubated with the appropriate biotinylaied
IgG(Vector Laboratories) diluted 1:150 or 1:250 for 1-2 hr followed
byVcctastainABCreagent. Thesectionswerethenincubatedina0.05%
solution of 3,3'-diaminobenzidine tctrahydrochloride inTris buffer 40.01%H,0, for 10min. Followingseveral washes with water, the sec
tions were mountedongelatinizedslides, dehydrated, andcovcrslipped
with DPX mouniant. Substitution of primaryantisera and of biotinylatcd IgGs by cither nonimmune serumor PBS was performed for all
the sets of tissue, and ineach case these controls were negative.
Preabsorption of the GAP-43 antibody with 100-fold purified rat
brain GAP-43 frompostnatal day 4 rat cortex, extracted with Triton
X-lOOand separated by DE.^Echromatography (0.2 m NaCl elution,
pH7.5), was performed by mixing aliquots of the antibody with in
creasingstrengths oftheG.AP-43protein. These were incubatedal 37“C
for1hr. storedovernightat4“C.andcentrifuged. Controlsweresimilarly
treated with BSA.
Western blotting. Proxim
al anddistal nerve segments ipsilateral to a
sciatic nerve cut or crush performed 1,4, 10, or 30 d earlier, together
withtheintactcontralateral sciaticnerve, werecollectedfromterminally
anesthetizedrats, weighed, andfreezedried. The sciatic nerve segments
were then homogenized in SDS-sample buffer (10 mg wet wi/ml of
buffer containing 1% SDS, 0.125 m Tris-HO, pH 6.8, 5%g-mcrcaptocthanol, 10%glycerol), heatedat 95*Cfor5min. and loaded into the
wellsof twoSDSgels, one forproteinstainingand the other fortransfer
tonitrocellulose (stackinggel, 4.5%acrylaminc, 3 cmheight; resolving
eel 10cmin hciaht: Laemmli 197^1 Gels were runovernight until the
dye front was -1 cmfromthe bottom. One gel was stained with Coomassie brilliant blue (Bio-Rad); the other was equilibrated for 1hr in
transferbuffer(Towbinet al., 1979) andthentransferredelcctrophoreiically to nitrocellulose membrane (0.6 A, 3.5 hr with cooling). Filters
were blocked in 50 mwTris-buffered saline (TBS, pH7.5) containing
5%BSAand 5%normal rabbit scrum(1 hr, roomtemperature), reacted
overnight inprimaryantibody(affiniiy-purifiedsheepanii-GAP-43 IgG

fraction. 1:1000 in 50 mw Tris containing 0.2%Twecn-20. 300 niM
NaCl. 5%rabbit scrum, 5%BSA). washed three times in TBS with
Twecn-20 and elevated salt (once for at least 3 hr), reacted with the
secondary antibody (rabbit anti-sheep IgGconjugated to horseradish
peroxidase(HRP; Vector Labs) inthe same bufferusedforthe prim
ary
antibody], washed twice with TBS and once with 50 m
xi Tns buffer
alone, andthenreacted withdiaminobenzidine HCl (Sigma, 10mg/20
ml. insolutioncontaining 0.1%H-O. and 0.25%NiCL).
Insituhybridization. This was performedon unfixedtissue removed
underterminal anesthesiaandfrozeninliquidnitrogen. Tissuesections
(solcus muscle, sciatic nerve, ipsi- and contralateral to asciatic nerve
cut or crush 1, 3, and 7d previously) were cut on acryostat (20 ^tm),
mountedonchrome-alumgelatinizedslides, andairdried. Hybndizationwasperform
edusinganalkalinephosphatase-linkedGAP-43cDNA
probe (Kiyama et al., 1990; W
iese and Emson, 1991) as follows. The
sections were washed in PBSacetylaied for 10 min inasolution con
taining acetic anhydride, sodiumchloride, and triethanolaminc. The
sections were then dehydrated through a series of increasing alcohol
concentrationsanddelipidatedinchloroform.Afterpartial rchydration,
hybridizationwas performedin50%deionized formamidc, Denhardt's
solution, standardsalinecitratebuffer(SSC), 4%single-strandedsalmon
spermDNA. and 10%dexiran sulfate together with analkaline phosphatase-labeied antisense oligonucleotide (2-4 fmol/nl) corresponding
to nucleotide positions 119-157 of the rat G.AP-43 cDN.Asequence
(Basi et al., 1987). Afterhybridizationat 24-48 hrat 37°C, the sections
were washedinthreechanges ofSSCbuffer(0.15m NaCl, 0.015m Nacitrate, pH7.0) at 55*Cfollowed byawash at roomtem
perature. The
alkaline phosphatase was visualized by generating a color reaction in
nitroblue tétrazoliumchloride and 5-bromo-4-chloro-3-inodyl phos
phate inTris buffcr/M
gCLas previously described(W
iese and Emson.
1991). Specificity of staining was tested by pretreating the tissue with
Ribonuclease A (Sigma; 0.5 m
g^m
l) to digest cellular mRNA or by
competition withanexcess (100x) of unlabeledoligonucleotide added
to the hybndization solution. The tissue for each preparation was in
cubated inthe presence orabsence of the enzyme-linkedprobeand the
sections evaluated blind. In two experiments, adjacent sections were
stained forthe GAP-43 mRNAand for motor endplates usingcholincstcrase, as describedabove.
Cuanethidinesympathectomy. Inordertodifferentiate postganglionic
sympathetic terminals frommotor axons or Schwann cells at the end
plate, immunohistochemistry for G.AP-43 was perform
ed in animals
pretreatedpostnaiallywithguanethidine toeliminate theirsympathetic
nervous system(50 mg/kg guanethidine sulfate subcutancously from
day 8after birthto 3 weeks. 5d perweek; Aberdeen et al., 1990). The
efficacyofthe treatment was established bymeasuringthedepletion of
noradrenaline levels (Aberdeenei al., 199Ô
).
Northern blot anahsis. Followingterm
inal anesthesia, thesciaticnerve
distal and proximal to a cut and ligation was removed together with
the contralateral intact sciatic nerveand the ipsi- andcontralateral L3,
-4. and -5 dorsal root ganglia. Tissues fromfour animals were pooled,
together 2 and 4 d postsciatic section after having been frozen on dry
ice. Total RNA was extracted by homogenization in 4 m guanidium
thiocyanate buffer (Chirgwjn|r«|1979). Total RNA (10 ue/sample) was
separated on formaldehyde-aprose gelV
, transferred to nitrocellulose
membranes, andhybridizedwithGAl IB, a1.1 kilobasecDNAtoG.AP- y .
43 (Neve et al., 1987). The cDN.Awas labeled with 'T-GTP usingthe
r;
randomprimingmethod. W
ashedblotswereexposedtoKodakX-Omat
ARfilm(1-33 d).

f

Results
G A P-43 intm unoltisiocheinisiry

The motor endplates of the intact solcus and tibialis anterior
muscles showed noGAP-43 immunoreactivity(Figs. la.a*: la ) .
The only GAP-43-labeled structures in the intact muscle were
sympathetic axons innervating blood vessels throughout the
muscle, which were not present in the rats sympathcctomized
at birth by guanethidine treatment. Dencrvation of the muscles
by either a cut or crush lesion of the sciatic nerve resulted in
the appearance of GAP-43 immunoreactivity at the motor end
plates by 18 hr. This consisted of cellular profiles with a distri
bution and appearance identical to that of terminal Schwann
cells labeled with S-100 in immcdiatclv adjacent sections. The
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GAP'43-1abelcd profiles were confined to the motor endplate
at this stage, defined by cholincsterase staining of the endplate
basement membrane (Figs. \a. 2a). A previous study in our
laboratory has demonstrated that 3 d following dencrvation.
terminal Schwann cells form elaborate processes that branch
into the perijunctional space (Reynolds and Woolf. 1992). We
have now found that at this time postdcnervation, both the
terminal Schwann cells at the endplate and their processes are
GAP-43 immunoreactive (Figs. Ib.b*', 2b*\ 3.4). These GAP43-positive cellular profiles and processes are identical toS-100and NGFr-positive Schwann cell structures seen on adjacent
sections (Fig. 4). which have been described in detail in the
earlier study (Reynolds and Woolf. 1992). Schwann cells in
intramuscular ncr\es and in terminal branches also became
GAP-43 immunoreactive and. like the Schwann cells at the
endplate. were characterized by intense staining of the mem
brane cytoplasm, but not of the nucleus (Fig. 3.4).
Similar patterns of GAP-43 immunoreactivity were seen at
1week following either nerve cut or crush, both showing more
extensive perijunctional processes than at 3 d (Fig. 2c.c*). As at
the earlier time, the appearance, location, and distribution of
the G.AP-43-labeled cellular profiles and processes were indis
tinguishable from those labeled by the Schwann cell markers
S-100 and NGFr (Fig. 4). The GAP-43 immunoreactivity was
quite different in appearance from perineural and other ftbrdblasts in the dcnervated junctional and perijunctional area, vi
sualized with anti-Thy-1 (Reynolds and Woolf, 1992). By 16 d,
differences could be detected between the crush and cut prep
arations. In the former, fine single GAP-43-labcled processes
directed to the endplate and forming a branching pattern char
acteristic of terminal motor axons were present (Figs. Ic.c*;
3CD). At those individual endplates where such axon-like GAP43-positive structures were present, immunolabeled Schwann
cell-like cellular profiles were not seen. In adjacent sections,
axons labeled with CGRP or PGP 9.5 innervated equivalent
numbers of endplates in a distribution and pattern identical to
the axon-like GAP-43 label (Fig. 4). No endplate CGRPor PGP
9.5 label was present at 3 and 7 d post-crush or at 16 d post
cut when Schwann cell-like GAP-43 immunoreactivity was
present. Figure 3C is a camera lucida reconstruction of axon
like GAP-43 profiles and shows that in some cases they pos
sessed a growth cone-like appearance.
K ^ Three features distinguishing the GAP-43-immunoreactive
Gi) /, Schwann cell label at the endplate from the axonal-like GAP-

43 label were the much finer diameter of the stained terminal
branches for the axons than the Schwann cells (compare Fig,
3.4.D); the absence of any cell body profiles in the axon-like
stains, which was always a feature of the Schwann cell markers,
and finally, the terminal branching pattern at the endplate. This
had a delicate lace-like pattern for the axonal stain, with fine
individual processes branching from the terminal axon across
the endplate in a manner identical to that found with CGRP
and PGP 9.5 (Fig. 4), while the Schwann cell staining pattern
was coarser so that individual elements of the terminal network
at the endplate could not be distinguished readily from each
other, as was also true for the S-100 or NGFr staining patterns
(Fig. 4). The intensity of GAP-43 immunoreactivity in the
Schwann cells and axons was very comparable and was detected
at similar titers of the antibody.
In those preparations where the sciatic nerve had been sec
tioned and ligated 16 d earlier, the GAP-43 label persisted in a
disorganized, branching pattern (Figs. 2d,d*\ 35) with extensive
processes and cellular elements both at the endplate and in the
perijunctional zone.
Thirty days following a crush lesion, all GAP-43 immuno
reactivityat the endplates hadanaxonal appearance (Fig. 1d.cf').
At this time, the terminal Schwann cells have returned to their
normal S-100 staining pattern and NGFr label has almost dis
appeared(Reynolds and Woolf. 1992). Effectively, all theGAP-43
immunoreactivity at the endplate had disappeared 60 d postcrush (Fig. \c.c*). Following sciatic section, GAP-43 immunorcactivity remained at the endplate region at 30 and 60 d.
with intense labeling of intramuscular nerves and a very dis
organized staining pattern in the junctional zone (Fig. 2e.e*).
whichclosely resembledS-100staining. That theendplate GAP43 label was not of sympathetic axon origin was shown by
identical staining patterns produced by dcnervation in sympathcctomized (neonatal guanethidine) and nonsympathectomized rats.
The terminal Schwann cell staining pattern at denervaied
endplates, obtained with a sheep polyclonal antibody raised
against purified rat GAP-43 (Benowitz ct al., 1988). was also
found with an antibody raised in rabbits to a /3-galactosidase
GAP-43 fusion protein (Curtis ct al., 1991, 1992), but at much
lower titers. 1.^15.000 versus 1/2000.
Preabsorption of the Benowitz anti-GAP-43 antibody wiih
GAP-43 protein extracted from 4 d rat cortex resulted in a
concentration-dependent reduction in stainingand the intensit)

Photomicrographs of longitudinal sections through thejunctional zone of the solcus muscle, immunostaincd forGAP-43. The sections
inthecolumns onthe left arc only stained forGAP-43; those on the right (*) are alsostained for AChE. a anda* showsections throughanormal!)
innervated control muscle. Note the absence of GAP-43 label at thejunctional zone (a) and the distribution of the endplates revealed by AChE
staining of the basement membrane (arm", a*), b and b* showthe appearance of GAP-43 immunoreactivity 3 d following acrush lesion to the
sciatic nerve. Short fat arrows. GAP-43-positive intramuscular nerves; long thin arrows, cellular profiles at the endplate; small arrows. GAP-43positivc cxtrajunctional fine processes, c and c* showthat 16d post-crush a mixture of axonal label {long thin arrow) andSchwanncell processes
{small arrows) are present. By 30 d{d and d*), only axonal profiles are GAP-43 positive, terminating in characteristic structures at the endplate
{arrow}. Sixty days post-crush (e and c*), the only GAP-43-positivc structures in the m
uscle are sympathetic axons innervating blood vessels
(flrroiv). Scale bars. 50 »,m
.
Figure 2. The effect of sciatic nerve section onGAP-43 immunoreactivityat the soleus m
uscle motor endplate. Plate a shows theabsence of an\
■
GAP-43-positive structures at endplates. labeledwithAChE.«inacontrol muscle. Three days post-sciatic nerve section, GAP-43-labcledprocesses
ni''.' emerge fromendplates (6*). This pattern and that found after 7 d (c and c*) arc effectively indistinguishable fromthat found after sciatic nene
. crush(Fig. I), c. Alow-powcr photomicrographillustratingthelimit ofstainingto thegeneral vicinity of thejunctional zone, except forsympathetic^
■' axons (flrrotv). However, the Schwann cell-like label at the cndplate.(see Fig. 4 and text)possesses elaborate cxtrajunctional branches (c*). Sixteen'
days post-section, at atime whenaxonal label can be seen incrush nerve preparations (Figs. 1. 4). the GAP-43 label at the denervatedendplate is
still Schwanncell-like witheven moreextensive branches emerging fromcellular profiles {short arrows, d) at theendplate{long arrow, d*). Staining
• . persists at 60 dpost-section (rand c') with heavy label of intramuscular nervcs.and adisorganized pattcmof label at the general endplate region,
i
All sections stained for AChEarc labeled with *. Scale bars. 50 >im
.
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Figure3. Camera lucida reconstructionsofGAP-43-iabcicd profiles at the endplate regionofthesolcus muscle at various times aftersciatic ner\c
cut or crush. In A. the arrow indicates G.^P-43-positivc cellular profiles at the endplate 3 d after a cut. B illustrates the more extensive and
disorganized label found at 16 dafter a sciatic nerve section. At 16 d following a crush lesion, an axonal-like stain is present with fine terminal
branches ending in the characteristic end terminal spray. In some cases, as illustrated in C the axon terminals appear flattened with filopodia.
similar to grov.'thcones. At 30dpost-crush, the GAP-43 axonal-like stain is identical to that foundwithotheraxonal stains, andthe characteristic
endplate terminal axonal spray is readilyseen although a fewlabeled cellular profiles (arrow) remain.

of the denervated endplate. Beyond certain concentrations, the
staining was abolished. Antibody incubated with BSA showed
no reduction in staining.
G A P -4 3 — W estern b lots

As presented in Figure 5A, the anti-GAP-43 antibody used in
these studies showed little staining of proteins present in the
normal sciatic nerve, but stained a band migrating at -48 kDa
in sciatic nerves undergoing regeneration 10 d after injur\'. An
elevation in G.AP-43 levels in regenerating axons at this time

point is expected fromother studies (Skene and Willard. J981: . ^
Tetzlaff et al.. 1989; Van Hoof ct al.. I98f). Figure 5H dem
onstrates that GAP-43 is present not only in regeneratingaxons. / ^
but also in peripheral ncrx'c segments distal to a ligation that
contain no axons. Four individual cases are shown here, two of
which sustained a ligation and two a crush injury that allowed
the nerves to regenerate. At 30 d after surgeiy, segments distal
to the cut site (containing Schwann cells without axons) showed
levels of GAP-43 that were similar to or higher than the prox
imal nerve segments (containing regenerating axons) and con-
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Photomicrographs illustrating the appearance of the Schwann cell markers S-100 {a. c) and NGFr (/>. 4/) at a 7 d dener\atcd soleus
muscle, andanaxonal m
arker PGP9.5 (e) at areinnerxatcdmuscle (30 d post-crush). Plates a andb are low-power photomicrographs, andc and
d, high-powcr photomicrographs showing that the pattern of immunoreactivity produced by antibodies to NGFr and S-100 is indistinguishable
fromthat found withGAP-43 (see Figs. \h.b*\ 2c,c*). Similarly, the labeling produced by the axonal m
arker PGP9.5 is identical to the GAP-43
label found 30 dfollowing acrushlesion (see Fig. I4/). Scale bars. 50 >im
.
F i^ rc 4.

sidcrably higher than the contralateral (control) sides. Inthe two
cases that sustained nervecrushes (cases 3and4). segments both
proximal and distal to the site of injury showed only relatively
modest levels of GAP-43 at 30 d consistent with the fact that
nerve regeneration would be largelycompleted under these con
ditions. The relative amount ofGAP-43 proteinpresent innerxe
segments 30 d after sciatic nerve cut (Fig. 5fi) was considerably
less than in a nerve segment distal to acrush injurv 10d earlier
(Fig. 5.4).
G A P - 4 i— '\T\ situ h yhridi:aiion signal

Ceils staining positively for GAP-43 related mRNA were not
found either in intact muscle or peripheral nerxe {n = 7). One
day following sciatic cut or crush, labeled cellular profiles could
be detected in the junctional zone of the soleus muscle {n = 4).
Not all endplates were labeled, and little label was found in

intramuscular nerves and none in the sciatic nerve. No stained
cells were found outside the junctional zone. .Asimilar picture
was present I week after sciatic nerve cut {n = 2) or crush {n =
I) although more endplates were labeled (Fig. 6.4). At each
endplate. a group of labeled cells was found (Fig. 65). When
adjacent sections were stained for cholinesterase and for GAP43-relatcd mRN.A. the distribution of the mRNA was found to
match the endplates very closely (Fig. 60- Two weeks postsec
tion, the intensity of the signal had declined considerably (n =
I). A positive control for the technique was the detection of
GAP-43-rclated mRNA in axotomized motor neurons in the
lumbar spinal cord. Within a day of section, motor neurons
ipsilateral to the sciatic cut or crush became positive for GAP43-related mRN.A. the staining intensity reached a peak at 2
weeks with all axotomized neurons containing the mRNA.
No staining was found in the muscles in the absence of the
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Figure 5. W
estern blots of sciatic nerve proteins. Proteins were separated on 10%SDS-poiyacr\ iamide gels (100
per lane), transferred to
nitrocellulose membranes, and probed wiih an afliniiy-purified antibody to GAP-43 (at 1:1000 dilution; Benowiiz et al.. I98S)..-(. Specificity of
theanti-G.AP-43antibody, a. Nosignal is detected in the normal sciatic nerve; b. innerves crushedat the mid-thigh level 10dpreviously, asingle
band migrating with an apparent molecular size of 4S kDa is detected {arrowhead). B. GAP-43 levels increase in peripheral nerve segments that
do not contain axons 30 dafter ligation. The blot shows segments proximal to the site of nerve injurx' (p). distal to the site of injury (d), or in the
contralateral nenc (c). S'umhers below gel lanes refer to individual cases, two of which sustained a unilateral nerve transection {cut. I, 2) and the
othertwoacrushinjuryat mid-thigh level that allowedthe nerve to regenerate {crush. 3. 4). Incases I and2. GAP-43 isdetected innerve segments
bothproximal anddistal (*) tothe injury. Incases 3 and4. whereaxons can regenerate throughthedistal nerve segment, levels ofGAP-43 detected
30 dafter surgery were generally lower in both segments. Inall cases, levels of GAP-43 in intact nerves (contralateral to surgery) were low. The
GAP-43 standard (W
ifj.)^was partially purified frompostnatal day 4 rat cortex by extraction with Triton X-100 and DE.XEchromatography (0.2
MNaCl elution. pH7.5). The blots inB were incubated in diaminobenzidine for considerably longer than the blots in.4.

labeled oligonucleotide probe, and the staining produced by ijie
labeled probe was climinaied eitherby preircatmcni wiih RNase
A or by incubation in the presence of an excess of unlabclcd
probe.
(f. iP-43 niRN.-i—Northern hints
No GAP-43 mRNA could be detected using this approach in
intact sciatic nerves (two experiments, material pooled from
four animals per experiment), the sciatic nerve proximal to a
section at 2 and 4 d (n = 2). or in the distal segment of the nerve
at these times. Low levels of message were present in control
dorsal root ganglia, and this increased approximately sixfold 4
d after sciatic section. GAP-43 mRN.A could not be detected
in normal or denervated (2 d) muscle.

Discussion
GAP-43 has proved to be a useful marker of axonal growth in
developing and regenerating neurons. This 24 kDa acidic pro
tein is bound tothe innersurfaceoftheaxonal membrane (Skene
and Virag. 1989) where it is a substrate for protein kinase C
(Van Hoof ct al.. 1988). associated with G-protein activation
(Strittmatter ct al.. 1990). binds to calmodulin (Alexander et
al.. 1987), and may modulate phosphoinositol phosphate turn
over (Van Hoof et al.. 1988). Blocking the expression or action
of the protein with antisensc oligonucleotides or with antibodies
interferes with neurite outgrowth (Fidel et al.. 1990; Schotman
et al., 1990; Shea et al., 1991). The transfection of non-neuronal
cells with GAP-43 cDN.A results in process formation (Zuber
et al., 1989; Yankner et al.. 1990). This raises the possibility
that this protein may havearole inneurite formationandgrowth
in neurons, although the ability of certain PC12 cell lines de-

ficient inG.AP-43 to formprocesses in response to NGF(Bact/e ^
and Hammang. 1991) implies that this protein may not be an '
absolute requirement for neurite outgrowth. Our present ob- ( Û'scrvations point to astrongparallel betweenGAP-43 expression
in denervated Schwann cells at the motor endplate and their
formation of elaborate long line branches. Within hours of de
nervation. G.AP-43 immunoreactivity appears at motor end
plates (see also Verhaagen ct al.. 1988). Reinnervation results
in the loss of this Schwann cell G.AP-43 immunoreactivity and
the disappearance of the extensive Schwann cell processes. The
GAP-43-containing cells at the denervated endplates shared the
exact location and appearance of cells stained in adjacent sec
tions with the glial cell markers S-100 (Brockes et al.. 1979;^
Ncuberger and Cornbrooks. 1989) and NGFr (Taniuchi ct al..
1986. 1988).
/A
Removing axon-Schwann cell contact in adult peripheral
nerves results in a dediflTcreniiation of the myelin-forming
Schwann cells. This manifests by the increased expression of
markers such as NC.AM (Jcssen et al.. 1985). the low-affinity
NGFreccptor(Taniuchietal.. 1986.1988; Heuma^feial.. 1987;
T'
.lessen ct al.. 1990). and glial fibrillary acidic protein (Jessen et
al.. 1990) and by the reduction of markers such as myelin basic
protein (Mirsky et al.. 1980) or surface galactocerebrosides (.les
sen et al.. 1985). The development of G.AP-43 immunorcactivity in dcnervated Schwann cells at the endplate and in intra
muscular nerves may represent a similar dedifferentiation as all
Schwann cell precursors express GAP-43 (Curtis et al., 1992)
and denervation results in a reexpression that lasts only while
the axon is absent. This indicates that GAP-43 expression in
Schwann cells is state- or differentiation-dependent, and in this
respect it resembles neuronal expression of the protein. The
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rapid expression of G.AP-43 in Schwann cells in muscle nerves
and ai the endplate appears to be different frommyelin-forming
Schwann cells in the main peripheral nerve trunks, where ex^pression has only been detected either at locations where re' • L growing axons have reached (Tet/laff et al.. 1989). or in distal
slumps after a 4 week delay (Curtis et al.. 1992). Whether this
reflects a slowly progressing distal-proximal change in the
Schwann cells, earlieraccess to signals that upregulate the GAP43 in muscle compared to nerve trunks, or a real difference in
the Schwann cells in muscle and in nerves in terms of their
response to removal of contact with axons is not known. The
changes in G.AP-43 expression we have found were not restrict
ed to terminal Schwann cells, which are specialized and non
myelin-forming. but were also observed in the intramuscular
nerve branches where the Schwann cells surrounding motor
axons arc myelin forming.
Overall, thenumberofcells in the muscle that begin toexpress
GAP-43 after dcnervation is vcr>' small, which must account
for the failure to findG.AP-43 mRNA by Northern blot analysis
at times that a G.AP-43 mRN.A signal could be demonstrated
by In slu t hybridization. Wc. like others (Basi ct al., 1987). also
failed to detect any G.AP-43 mRNA in distal nerve segments

(). In si!t( hybridi/aiion label
ofGAP-43 mRNAai a7ddenervated
soleus muscle. .1 is a low-power and II
a high-po'vcr photomicrograph illus
tratingthedistributionofcells contain
ing G.AP-43 mRN.A. Each a rro w m.1
indicatesacollectionofcellsonasingle
muscle liber at presumed endplates. C
ISamapdrawnwithcameralucida mi
croscope attachment showing the relatne locations of endplates. defined b\
.AChEstaining in one section, and of
cells containing G.AP-43 mRNA inan
immediately adjacent section. Scale
bars:.(. 100 41m
: II. 50 ^m

at shon times following nerve section, which is not too sur
prising. since G.AP-43 protein can only be detected in these
Schwann cells after several weeks (Curtis et al.. 1992). PCR
amplification hasdemonstrated higherlevels ofGAP-43mRN.A
in degenerating nerve samples than in intact nerves (Btsbv et
al.. 19911, indicating once again that Schwann cells can express
GAP-43. Theamount^ofGAP-43 proteinpresent intheSchwann
cells and in regenerating motor neuron terminals at day 30 were
relatively similar, in terms of the antibody titer required to
visualize it. but the amount of GAP-43 protein in muscle sam
ples was too low to be detected by Western blot analyses of
whole muscle. Nevertheless. Western blots indicated that the
antibody used in these studies recognized a single band at the
appropriate molecular weight for GAP-43 in distal nerve seg
ments containing no axons.
It is unlikely that the antibody was cross-reacting with other
proteins that share specific sequences with GAP-43, particularly
neurogranin (RC3). a phosphoprotein present in postsynaptic
elements and that has an 18 amino acid calmodulin binding site
that is almost identical to that present in GAP-43 (Watson et
al.. 1990; Gaudier ct al.. 1991). Neurogranin and G.AP-43 mi
grate quite differently on SDS gels (Gaudier et al.. 1991). and

V

wc found no evidence of a labeled band ai 15-19 kDa, where
neurogranin would be expected to be. In addition, the devel
opmental regulation and cellular location of neurogranin and
GAP-43 are completely different (Represa et al.. 1990; Watson
et al., 1990). and previously little cross-rcacti vityy of antibodies
against the two proteins has been found (Represa ct al., 1990).
Preabsorption of our anti-G.AP-43 polyclonal antibody with
GAP-43 protein abolished the immunoreactivity at the dener
vated endplate, making it most unlikely that the antibody rec
ognized any other protein at the endplate. The oligonucleotide
probe used in this study would also not be expected to crossreact with neurogranin mRN.A, as the predicted amino acid
sequence coded by the probe does not overlap with the amino
acid sequence of neurogranin (Baudieret al., 1991). The probe
did recognize change in an mRN.A signal in axotomized motor
neurons at a time that G.AP-43 expression increases in these
cells (Skene and Willard, 1981) and therefore can detect changes
in neural as well as Schwann cell GAP-43 mRNA levels.
Arole for G.AP-43 in cell shape changes has been suggested
on the basis of its association with areas of substrate adhesion
andactin-rich membrane (Meiri andGordon-Wceks, 1990; Moss
et al., 1990). Asimilar relationship has been claimed for central
and peripheral glia; they express G.AP-43 when they are mobile
(Curtis et al., 1991). The correlation described in this study
between GAP-43 expression in terminal Schwann cells andtheir
formation of extensive branches may be related. Whether these
morphological changes and GAP-43 expression are causally
linkedwill clearly require direct manipulations, preventingtran
scription or translation or blocking the protein with antibodies.
Reinnervation of motor endplates by motor axons following
crush injury can be monitored by axonal stains. When a silver
stain is used, reinnervation is seen to begin at 8-12 d in the rat
soleus after sciatic crush and is complete at 18-31 d (Verhaagen
et al., 1988). As an alternative to silver, we have used CGRP,
which is upregulated in axotomized motoneurons (Streit et al.,
1989) and is present at a proportion of normal motor endplates
(Moraet al., 1989; Reynolds and Woolf, 1992), and the neuronal
marker PGP 9.5 (Wilson el al.. 1988). The regrowingaxons are,
as expected, GAP-43 immunoreactive (see also Verhaagen et
al., 1988; Hesselmans et al., 1989). At early stages of reinner
vation, this means that some motor endplates contain GAP43-immunoreactive Schwann cells and some GAP-43 motor
axons. It was not possible to determine if the G.AP-43 immu
noreactivity coexists for a short period at any given endplate,
but once the normal pattern of the axonal terminal was rees
tablished, no Schwann cell GAP-43 staining could be delected.
This raises the issue of what the signals are that switch GAP43 expression on and off in the terminal Schwann cells and in
motor neurons. The switch on in the Schwann cells follows
removal of the axon, and the switch off coincides with axonal
reinnervation. Reinncrxation of the target also results in de
creased neuronal expression (Bisby, 1988). and it is conceivable
that a similar signal is responsible for controlling GAP-43 in
both cell types.
Since it nowappears that GAP-43 is expressed in regenerating
neurons and in denervated Schwann cells, it would be of con
siderable interest to establish if GAP-43 contributes to a par
ticular function, related to process formation or outgrowth, that
is required fordifferent reasons bydifferent cells at specific times
during development and regeneration. It is also intriguing to
speculate about the possible role of Schwann cell processes
emerging from a denervated endplate in terms of the rcinner-

vation of the endplate by regenerating motor axons. Do the
processes provide a favorable substrate for axonal growth? The
disorganized pattern of the processes contrasts with the highly
accurate reinncrvation of the endplate and makes it seem un
likely that the Schwann cell processes contribute to direct tar
geting of the axons onto the endplate, other cues must subserve
that role. However, the Schwann cells may encourage growth
to and in the general perisynaptic area so that access to more
specific cues is achieved.
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