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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 end- 

plate 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 freeze- 

killed 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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Chapter 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 (5- 

bromo-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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Linked probe hybridization

mRNA

\ c o m p lem en ta ry  seq u en ce

wash

Coiovcr r e a c t io n
+ NBT and BCIP

bound probe

Figure lA In-situ hybridization using an alkaline phosphatase-linked cDNA probe

Linked probe hybridization

mRNA

P r e - t r e a t m e n t  with mRNAases
wash

No coloxir r e a c t io n
+ NBT and BCIP \ _

________________  No bound labelled probe

Figure IB Control hybridization after pre-treatment with mRNAase
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Unlinked and 

Linked probe

mRNA

hybridization

No coloxir r e a c t io n

wash

+ NBT and BCIP 
________________  No bound labelled probe

Figure 1C Control hybridization using excess unlabelled probe

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-indolyl- 
phosphate).

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 X- 

100. 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 (See- 

Scan, 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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Figure 4 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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Figure 5 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
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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 exam ple, 47 sec tio n s  were co llected  here and every  

f ifth  sectio n  was sam pled .

A num ber betw een 1 and 5, n is ch osen  at random  

S ystem atic  sam p ling  of se c tio n s  no. n, n+5, n + 1 0 ... was done  

All the areas of sam pled  se c tio n s  were m easured , 

an average area Av.A is ca lcu la ted  

Therefore,

V = Av.A X  T X  47

Figure 6a. Dissector method: determ ination  of vo lum e
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Sections were resam pled system atically  to count num ber of 

tops. A particle seen in one section and not the other is a top 

and counting of tops were done on sections chosen as above. 

The section  n and adjacent n+1 were re-exam ined .

In the example here, 3 tops with a separation of T were seen

n

n + 1

No. of tops per volume N = no. tops t A x T

After all the chosen  sec t ions  were exam ined, an average

of partic les  per vo lum e for the t issue  was calculated

Av.N

Finally,

Total no. of p art ic les  = V x Av. N

Figure 6b. Dissector technique: calcu lating  total counts
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Chapter 3

Study 1; DEVELOPMENTAL CHANGES OF GAP^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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Figure 9 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 GAP- 

43 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.



46

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 GAP- 
43 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.



1 day  Sciat ic  Nerve Sect ion
so
45

40

35

30

25

20

15

10

100 120 140 160 180 200 220

Intensi ty
604020

o l p s i l a t e r a l  □ C o n t r a l a t e r a l

52

3 day Sciat ic  Nerve Sect ion
50

45

40

35

30

25

20

100 120 140 160 180 200 220

Intensi ty
80604020

7 day Sciat ic Nerve Sect ion
50

45

40

35

30

25

20

10

100 120 140 160 180 200 220

Intensi ty
8040 60

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



14 d a y  S c ia t i c  N e r v e  S e c t i o n
50

45

40

35

30

25

20

15

10

100 120 140 160 180 200  220

Intensity
60 8020 40

53

35 d a y  S c ia t i c  N er ve  S e c t i o n
50

45

40

35

30

25

20

1 5

1 0

20 40 60 80 I 00 120 140

Intensity
160 180 200 220

10 W eeks Sciatic Nerve Section
50

45

40

35

30

25

20

1 5

1 0

20 60 80 100 120 140 160 180 200 220

intensity
40

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.
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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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Figure 22 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 

Sciatic nerve section and ligation.

1 week
2 weeks
5 weeks
6 weeks
7 weeks 
10 weeks

Ipsilateral L4 DRG cell count

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 GAP- 

43 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 40- 

50% 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 2,749
L4 (contra.) 2,988

1 week L3 1,808
L4 2,057
L5 2,390
L3 (contra.) 2,123
L4 (contra.) 1,846
L5 (contra.) 2,250

1 week L4 2,822
L4 (contra.) 3,073

2 weeks L3 1,984
L4 2,670
L5 2,951
L3 (contra.) 2,114
L4 (contra.) 2,473
L5 (contra.) 2,826

1 week rhizotomy L3 1,878
close to DRG L4 2,692

L5 2,186
L4 (contra.) 2,030

4 weeks rhizotomy L4 2,706
close to DRG L4 (contra.) 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 GAP- 

43 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, in- 
situ 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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Figure 31 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
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Figure 34 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 3,684 3,540
9 4,110
16 4,330

lîb ial nerve grafting onto dorsal roots
3 3,822 3,366
7 6,840 3,555
7 6,557
15 6,160
15 6,891

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 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.

Time (Weeks) Mvelinated axons Unmvelinated axons Total
Proximal Distal Distal Distal

Tîbial nerve graft with sciatic crush
7 2739 1932 3281 5213
7 2227 1293

Tibial nerve graft without sciatic crush
7 1877 68 1490 1558
7 2386 98 -

10 1624 394
10 667

20 779 2278 3057
20 3761 1469 2342 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/HNK- 

1 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 avidin- 

biotin 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 freeze- 
killed 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 3268

Animal 2 3 8776

Animal 3 3 8157

Animal 4 6 6376 3135

Animal 5 6 6381

Animal 6 6 6867 3091

Animal 7 6 5758

lib ial nerve section and ligation

3 8596

Tîbial nerve crush

3 7865
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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 time- 

limited 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 freeze- 

kill 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, LI, 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 co- 

cultures 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 

haŝ  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 GAP- 

43, 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
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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 GAP- 

43 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 GAP- 

43 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 GAP- 

43 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-4- 

phosphate (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 GAP- 

43 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 receptor- 

ligand 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
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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 GAP- 

43 in plasma membrane of growth cones in hippocampal cell cultures. Instead, GAP- 

43 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
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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 re- 

expression 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

The expression  of g row th-associated  protein GAP-43 mRNA in spinal cord and  dorsal root ganglion (DRG) 
neurons h as  b een  stud ied  using an  enzym e linked in situ  hybridization technique  in neonatal and  adult rats.
High levels of GAP-43 mRNA a re  p resen t at birth in the majority of spinal cord neu ro n s and  in all dorsal root 
ganglion cells. This p e rsists  until postnatal day 7 and then declines progressively to n ea r adult levels (with 
low levels of mRNA in spinal cord motor neurons and 2 0 0 0 -3 0 0 0  DRG cells ex pressing  high levels) at 
postnata l day 21. A re-expression  of GAP-43 mRNA in adult rats is apparen t, both in sciatic  m otor neurons 
and the  majority of L4 and L5 dorsal root ganglion cells, 1 day after sciatic nerve section . High levels of the 
GAP-43 mRNA in the axotom ized spinal motor neurons persist for at least 2 w eeks but decline  5 w eeks after 
sciatic nerve section , with th e  mRNA virtually undetectab le  after 10 w eeks. T he initial c h an g e s  after sciatic 
nerve crush  a re  similar, but by 5 w eeks GAP-43 mRNA in the  sciatic motor neu ro n s h as  declined  to control 
levels. In DRG cells, after both sciatic nerve section or crush , GAP-43 mRNA re-expression  p e rsis ts  m uch 
longer than  in motor neurons. T here  w as no re-expression of GAP-43 mRNA In the dorsal horn of the spinal 
cord after peripheral nerve lesions. Our study dem onstra tes a  similar developm ental regulation in spinal cord 
and DRG neurons of GAP-43 mRNA. We show  m oreover that failure of reinnervation d o es  not result in a 
m ain tenance  of GAP-43 mRNA in axotom ized motor neurons.

Introduction
V y

The growth-associated protein GAP-43 (B-50. F-1. pp46) is an acidic central nervous system (Skene and Willard, 1981b; Reh ei a l . . 19̂ ).
membrane-bound phosphoprotein that is produced in high levels in except when injury is close to the cell body (Doster ei al.. 1991; Tezlaff
neurons of the developing nervous system (Jacobson ei a l .. 1986; Kalil ei a l . . 1991).
and Skene, 1986; Karhs ei a l., 1987; Moya et a i .  1988; Fitzgerald Changes in GAP-43 protein and mRNA during the development 
et a i , 1991). It accumulates in neuronal growth cones (Skene et a l . , (Karns efa L ,^ 9 % l\ Fitzgerald et a/., 1991 ) and regeneration (Bisby.

-V 1986; Meiri et a i ,  1986) and is thoughtto influence further growth 1988; Hoffman, 1989; Van der Zee et a i .  1989; Woolf e fa l . . 1990;
and ôngation of these terminals (Benowitz and Routtenberg, ĵ 87; Sommervaille et a i ,  1991) of rat dorsal root ganglion cells (DRG) is
Skene, 1989) by acting as a b̂strate for protein kinase C (Akers and well described. The protein expression during regeneration appears

^  Routenberg,̂ 985; Aloyo et a l . , 1983), interacting with G-proteins to peak at a time when axons are elongating and falls off once terminals
(Strittmater et a i , 1990) and controlling calcium signalling (Skene, have formed in target regions (Bisby'̂  1988). As the protein is rapidly
1990). The level of this protein is low in the adî  central nervous ̂ stem transported (Skene and Willard, 198ĵ â ) and has a slow turnover rate
except for certain areas of the brain (Neve et a l . . 1987; De la Monte (Jacobson et a l ., 1986), it is difficult to correlate protein levels in cell
et a l ., 1989). Injury to the central and peripheral nervous systems in bodies with regenerative or developmental events. For example, in the
non-mammalian species and in the mammalian peripheral nervous early post-natal period when primary afferents, especially C fibres,
system produces sustained re-expression of GAP-43 (Skene and are still developing (Pignatelli 1989) the GAP̂ 3 protein content 
Willard, 1981a,b; Bisby, 1988; Van derlZee er a i .  1989; Woolf et a i ,  of DRG cells is low (Fitzgeralâ̂ er a i , 1991). Similarly, there is no
1990), but little re-expression occurs after injury to the mammalian demonstrable re-expression of GAP-43 protein in spinal motor neuron
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cell bodies after sciatic nerve crush even as the axons are regenerating 
(Woolf e ta 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 mRN^ 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 cDNA oligodeoxynucleotide probe 
(Jablonsky et a i ,  1986; Kiyama et a i ,  1990), we have studied the 
expression of 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-Dawley 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 of 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 positional 19 -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 of 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,

20

16010 40 60 80 100 120 140

Intensity
o Normal DRG □ Positives ♦ Negatives

Fig. I. Relative intensity measurements of positively and negatively stained profiles for GAP-43 mRNA by an image analysis system (see Materials and methods). 
200 profiles judged by visual inspection to be positive and negative were analysed. These two populations 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 ten sections of a normal DRG were also 
analysed. Note the small proportion of profiles in a normal DRG that are counted as positive using this criterion.
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Cambridge, UK). Initial visual inspection showed that the DRG neurons 
could be divided into light and darkly stained cells that represented 
two distinct populations; this was confirmed by measuring the relative 
intensities of the stained profiles fFig. D. For DRG cell counting, only 
darkly stained profiles were inclucWas 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 was achieved by an independent DC 
power source checked using the STAB software 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 Govrin- 
Lippmann, 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 a stereological counting method where 
systematic sampling of tipue with a constant separation is done (for 
a review see Gundersen et a l., 1988). In order to perform a dissector 
analysis, the whole tissue was meticulously sectioned and the 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. Adjacent pairs of sections were then resampled

WMMm
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Fig. 2. In situ hybridization for GAP-43 mRNA in transverse sections through neonatal rat lumbar spinal cord of different ages; postnatal day 0 (PO) to 21 
(P21). Dotted lines delineate border between grey and white matter. Note absence of staining in white matter. 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 of tops divided by volume o f tissue sampled

yielded the number of neurons per unit volume, and this multiplied 
with total volume of tissue gave the total number o f cells counted. To 
reduce the margin of 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.

Neonatal Dorsal Horn Intensity
60

50

------Intensif

30

20

Days

Fig. 3. Relative mean intensity measurements of dorsal horns for both sides for GAP-43 mRNA in ten non-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.

N e o n a t a l  M o t c r n e u r o n  S t a i n i n g  I n t e n s i t y
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F ig . 4. Relative GAP-43 mRNA staining intensity measurements of motor neurons in the same sections as for Fig. 3. The ventral hom from one side from 
each section was analysed, and 150—200 motor neurons were measured. Values are expressed as intensity per unit area to control for changes of motor neuron 
size with neonatal age.
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In some cases, after counting GAP-43 and mRNA stained profiles the 
sections were counterstained with cresyl violet and GAP-positive 
profiles expressed as a percentage of the total.

Results

Developmental changes

GAP-43-related mRNA was found to be present at birth in both the 
lumbar spinal cord and dorsal root ganglia. In spinal 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 from day 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 
remained high until the 7th postnatal day and then declined progressively 
(Fî s 2 and 4). By postnatal day 21, the pattem of expression in the 
spinal cord was similar to the adult; GAP-43 mRNA was absent from 
both grey and white matter of the spinal cord except for low levels 
in motor neurons (Fig. 2). In the DRG virtually all neuronal profiles 
expressed high levels of GAP-43 mRNA on postnatal days 1 and 7.

The number of positive DRG cells declined progressively to near the 
adult level (20% on profile counting) by postnatal day 21 (Figs 5 and 6).

Sciatic nerve injury in the adult 

Spinal cord
In normal adult lumbar spinal cord, there is no GAP-43-related mRNA 
in white matter or dorsal homs. Very faint staining can be seen in motor 
neurons of the ventral hom and relative intensity measurements of these 
visible motor neurons confirm this (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 in ventral hom intemeurons (Fig. 7). Twenty four hours after sciatic 
nerve section, re-expression waTvisible in some motor neuron cell 
bodies within the ventral hom. In 20-ftm sections of the lumbar spinal 
cord, there were on average 12-15 stained profiles per section. The 
number, position, size and distribution of these profiles corresponded 
well with motor neurons labelled retrogradely by horseradish peroxidase 
injection into the sciatic nerve (Fig. 7). The number of 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 mRNA declined.

" _____

PI 6

Fig. 5. In situ hybridization for 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 fim.
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GAP-43 mRNA in Neonatal DRG Cells
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F ig . 6 . Changes In the percentage of L4 dorsal root ganglion cell profiles that express high levels of GAP-43 mRNA in ten 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 the number of profiles that were 
positive for GAP-43 mRNA was 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 of 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 GAP^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 of GAP-43 mRNA 
was still double that in control and contralateral ganglia (n=  2). The 
changes in the level of 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 of 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 of 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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F i g . 7 . Re-cxpression of GAP-43 mRNA in transverse sections of adult rat lumbar spinal cord after sciatic nerve section or crush I day ( Di) to 35 days (D35) 
post-operation. Note that increased staining is confined to the sciatic motor neuron pool. Dotted line delineates border of grey and white matter. Scale bar, 500 ;im.
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F ig . 8 .  Distribution of relative intensity o f  GAP-43 mRNA staining in lumbar motor neuron profiles after sciatic nerve section or crush at different time intervals. 
100 profiles within the sciatic nerve motor neuron pool were analysed. Graphs of the frequency distribution of relative intensity were constructed. It can be 
seen that the pattern of intensity of staining for GAP-43 mRNA is increased after nerve injury, reaching a peak 2 weeks after nerve section. By week 5, intensity 
of staining has decreased and is virtually back to control levels after 10 weeks. One week after sciatic nerve crush, the distribution of intensity of staining in 
motor neurons is similar to that after nerve section, but by 5 weeks after sciatic nerve crush the intensity distribution is back to the control level.

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 
of protein (Fitzgerald et a i ,  1991) would suggest rapid transport o f  
the protei^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 
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
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F i g . 9. Re-expression of GAP-43 mRNA in sections cut through adult L4 dorsal root ganglion at different times after sciatic nerve transection (day 3 (D3) to 
35 (D35)). Scale bar, 100 m̂.

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 gel̂ inosa compared to other laminae 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 a i ,  1990), derived 
from terminals 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 in the neonatal pyramidal tract (Gorgeïs et al., 1987), 
and this is retted but still present in the adult (Kalil and ̂ ene, 1986; 
Schreyer ancMskene, 1991).
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GAP-43 mRNA Positive Cells in L4 DRG
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 ̂ F̂ IO. Dissector counts of the number of GAP-43 mRNA-positive cells at various intervals after sciatic nerve transection or crush in LA dorsal root ganglion.
' Contralateral LA dorsal root ganglia was used as control. Two animals were used at the time intervals of 1 and 5 weeks after both sciatic nerve crush and transection,

and 10 weeks after nerve section; all the other results were obtained from a single animal.

Similar changes in patterns o f GAP-43 expression ,during 
development have been described in b ^  the central (G org^  et al. , 
1987; McGuire'^t al., 1988; Moya et a i ,  1988; De la Monte er al., 
1989; Dani et al. /l991) and peripheral (Kams et a l., 1989; Hesselmans 
et a i ,  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 fall-off of GAP-43 mRNA levels in DRG cells in the 
second postnatal week is interesting in view of 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^rowth 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), pep^ 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 ta l . ‘̂ \9 1 9 ;  Barbut et'^L, 1981; Nogucm era /., 1989). 
Calcitonin gene-related peptide is reduce^in the dorsal rpot ganglion 
cells after p er io ra 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). Of 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 of GAP-43 is only one o f a complex 
sequence of molecular events that occur after peripheral axotomy. Our 
data confirm the temporal relationship between axotomy and re
expression of 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 \  Hoffman/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^ ern  blots reported a 
much earlier peak (Hoffman, 1989; Van der Zee et a l., 1989). In both 
of these studies, the site of sciatic nerve injury was placed more 
proximal to where we section or crush the nerve. The distance of 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 
of 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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subject to systematic bias (Coggeshail, 1992). The number of cells 
containing GAP-43 protein-like immunpreactivity ipdontrol dorsal root 
ganglia is very low (Sommervaille et a l., 1 9 ^ |t  Although this may 
be due to rapid transport of protein out o f DRG cells, there is evidence 
that GAP-43 mRNA expression is under post-transcriptional control 
(Perrone-Bizzozero era /., 1991). Messenger mRNA for GAP-43 
appears to be transcribed then broken down without protein synthesis, 
and there is an inherent background level of GAP-43 mRNA within 
some cells that serves little or no function. We have tried to rationalize 
this by selecting a high threshold of GAP-43 mRNA expression to 
define positive GAP-43 expression. However, the study o f GAP-43 
expression should not be confmed to the search for protein a lo n ^ s  
there is evidence o f post-translational modification as well (Schreyer 
and Skene, 1991), so that different antibodies, depending on the epitope 
that is recognized, may give false negative results.

Spinal cord motor neuron re-expression of GAP-43 RNA was evident 
24 h after nerve injury. The cell bodies do not, however, stain for 
GAP-43 protein after nerve injury (Woolf et a/.^1990), and it is likely 
that after axotomy large amounts of GAP-43 protein are translated and 
transported out of the soma to the injured stump. Five weeks after sciatic 
nerve section and ligation, GAP-43 mRNA re-expression appears to 
decline and by 10 weeks it reaches control levels, even though no 
regeneration of the nerve has occurred. This raises the possibility that 
there is a finite temporal period after nerve injury beyond which 
GAP-43 re-exprMsion is switched off and the potential for regeneration 
is lost (Benowiïz, 1984; Doster ef a /., 1991; Tetzlaff e tu l ,  1991). 
Nevertheless, the fact that crush lesions result in a more rapid decline 
in the GAP-43 mRNA levels implies that a t^et-derived factor may 
suppress the expression o f GAP-43 (Bisby, 1988).

In dorsal root ganglion cells, peripheral axotomy appears to induce 
the re-expression of GAP-43 mRN^ in almost all cell bodies. A 
previous study by Himes and Tessler (1989) estimated that -70%  of 
L5 DRG cells were axotomized by sciatic nerve lesions at the middle 
third of the thigh. If similar proportions of L4 DRG cells are also 
axotomized by lesions at this level, our dissector counts would indicate 
that both the small dark (with unmyelinated axon) and large light (with 
myelinated axons) cells in the DRG re-express GAP-43 after peripheral 
axotomy.

The absence of GAP-43 mRNA re-expression in neurons of the dorsal 
horn following peripheral nerve injury suggests that there is no trans- 
synaptic signal from afferents for GAP-89743 re-expression in these 
cells. Peripheral nerve injury, however, results in the appearance of 
GAP-43 immiipostaining in the superficial laminae of the spinal cord 
(Woolf et al. , 1990). Given the presence o f GAP-43 mRNA in DRG 
cells and its absence in dorsal horn neurons, this must be the result 
of the accumulation o f the protein in the central terminals of peripherally 
axotomized primary afferent neurons.

Whether a similar retrograde signal, possibly target-derived, is 
responsible for controlling GAP-43 expression in adult motor and 
primary sensory neurons, and whether the eventual decrease in GAP-43 
mRNA levels in the absence of target reinnervation reflects a limited 
intrinsic capacity of injured cells to continuously up-regulate the 
GAP-43 gene, or a source of suppressor signal develops from the 
proximal nerve stump, remains to be discovered^ The possible 
involvement of G A ^ 3  in the growth o f axons (Skene, 1989; Benowitz 
and Perrone-Bizzozero, 1991) make the timing and distribution of its 
re-expression after nerve injury of considerable interest, not least 
because of the unique capacity o f primary afferent and spinal motor 
neurons to regenerate.
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Conclusion

GAP-43 is developmentally regulated in motor and sensory neurons.
A survey o f GAP-43 mRNA levels in individual neurons permits an 
analysis of which cells are likely to produce the protein: the immature 
nervous system and following injury. The signals that regulate GAP-43 
expression are likely to be target-derived and linked to successful 
innervation, except in some situations where there is a finite period 
of re-expression and levels are reduced even when reinnervation 1<̂  
not achieved.
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DRG dorsal root ganglion 
GAP growth-associated protein
PBS phosphate-buffered saline
SSC standard saline citrate
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wî rrone-Bizzozero, N. 1., Neve, R., Irwin, N., Lewis, S., Fischer, I. and 
Benowitz, L. I. (1991) Post-transcriptional regulation of GAP-43 mRNA levels 
during neuronal differentiation and nerve regeneration. MoL Cell. Neurosci., 
2y402-409.

'/fpim, F., Arvidsson, U., Johnson, H., Cullheim, S., Viliar, M., Dagerlind, 
^ r  A., Terenius, L., Hokfelt, T. and Ulftiake, B. (1991) Calcitonin gene-related 

peptide (CGRP)-like immunoreactivity and CGRP rnRNA in rat spinal cord 
motomeurons after different types of lesions. Eur. J. Neurosd., 3,737 -757. 

vf»ignatelli, D., Ribeiixnla-Silva, A. and Coimbra, A. (1989) Postnatal maturation 
of primary afterent termination in the substantia gelatinosa of the rat spinal 
cord. An electron microscopic study. Brain Res., 491, 33-44.

\/Reh, T. A., Redshaw, J. D. and Bisby, M. A. (1987) Axons of the pyramidal 
tract do not increase their transport of growth-associated proteins after 
axotomy. Mol. Brain Res., 2, 1—6. 

c/Reynolds, M. L., Fitzgerald, M. and Benowitz, L. I. (1991) GAP-43 expression 
in developing cutaneous and muscle nerve in the rat hindlimb. Neuroscience. 
41, 201-211.
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^enervation of the Motor Endplate Results in the Rapid Expression 
by Terminal Schwann Cells of the Growth-associated Protein GAP-43

C. J. Woolf,’ M. L  Reynolds,’ M. S.. Chong,’ P. Emson,' N. Irwin,' and L  I. Benowitz'

’D epartm ent of Anatomy and  D evelopm ental Biology, University C ollege London, London W CIE 6BT, England, 'MRC 
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Developing and regenerating neurons express high levels  
of the growth-associated phosphoprotein GAP-43. This 
membrane protein is not confined to neurons, however, a s  
a number of studies have demonstrated GAP-43 immuno
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 skeletal m uscle endplates, and the 
motor axons them selves, are normally not GAP-43 immu- 
noreactive. Within 24 hr of denervation, however, the ter
minal Schwann cells are positive for a GAP-43 mRNA in situ 
hybridization signal and are GAP-43 immunoreactive. The 
immunoreactive GAP-43 cells p o s se s s  elaborate p r o c esse s  
that branch from the endplate region into the perisynaptic 
zone and stain with defined Schwann cell markers: the ca 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 appearance quite 
different from the GAP-43-positive Schwann cells. The reap
pearance of nerve endings at the motor endplate is followed  
by the disappearance of GAP-43 labeling in the Schwann  
cells and of a retraction of their p ro cesses . GAP-43 ex p res
sion in Schwann cells is therefore state dependent, 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 ro cesses  by Schwann cells when their 
contact with axons is disrupted.

The phosphoprotein GAP-43 (B-50, F-1, neuromodulin, pp-46; 
Benowitz and Routtenberg, 1987; Skene, 1989) is produced by 
developing neurons, where it accumulates in elongating axons 
and their grouih cones (Meiri ct al., 1986; Skene ei al., 1986; 
Reynolds et al.. 1991). Once target innerv-ation is completed, 
the levels in most neurons fall, but it is reexpressed after axonal 
injur>' in those adult neurons whose axons regenerate (Skene 
and Willard 1981; Benowiiz and Lewis, 1983; Hoffman, 19 ;̂- ) 
Tetzlaff ei al.. 1989; Van der Zee et al., 1989) and in those 
central neurons wiih the potential to regenerate (Doster ei al.,
1991). Although GAP-43 has been considered to be a neuron-
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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 a peripheral nerve 
crush lesion, G.AP-43 immunoreactivity has been demonstrated 
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 embry o, only non-myelin- 
forming 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 
muscle motor endplates. and by using in siiu hybridization to 
detect the presence of GAP-43-rclaied mRNA. Terminal 
Schwann cells at the motor endplate are non-myelin-forming 
cells surrounding a single large terminal axon and its branches 
at a highly specialized synaptic zone. Wiihin hours of dener- 
vation. axonal degeneration can be seen by electrophysiological 
and morphological techniques to have begun at the endplate 
(Miledi and Slater. 1970; Manolov. 197̂ ; Gorio et al.. 1983). 
This is accompanied by morphological changes in the terminal 
Schwann cells that include the formation of long processes that 
extend into the prcsynaptic zone, but that withdraw on rein- 
nervation (Reynolds and Woolf. 1992). Dencrvation of muscle 
has previously been shown to result in the appearance of G.AP- 
43 immunoreactivity at the degenerating prejunctional appa
ratus. but its origin and cellular location were not characterized 
(Verhaagen et al.. 1988). Wc have now shown that dencrvation- 
induced changes in terminal Schwann cell morphologyy are as-
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Materials and Methods
Aduli Spraguc-Dawicy rats (200-300 gm) were anesthetized with (en- 
tanyl 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 
using a modified Spencer-Wclls forceps with smooth gnps, which pro
duces a 2 mm area of transiucency of the nerve. The wound was closed 
in two layers and the animals were allowed to recover,

At survival times of 18 hr to 60 d, pairs of animals from both pro
cedures were terminally anesthetized with pentobarbitone (50 mg/kg, 
i.p.) and perfused with saline followed cither with 4% paraformaldehyde 
in 0.1 M phosphate buffer (pH 7.4) or with a pcriodate-lysinc-parafor- 
maidchyde fixativeiMcLcan and Naî̂ ne, 1974). The ipsi- and contra
lateral tibialis anterior and solcus muscles were then removed and pinned 
on a silicon rubber-<oated petri dish filled with fixative. Following 6- 
8 hr postfixation, the muscles were immersed in graded sucrose solution 
up to 20% in 0.1 M phosphate buffer for cryoprotection.

Longitudinal sections 50-100 urn thick were cut on a freezing micro
tome and collected in O.l m phosphate-buffered saline (PBS), pH 7.4. 
The sections were incubated free-floating in 0.5% H.-O- in PBS for 20- 
30 min al 20-24*C to reduce endogenous peroxidase activity. Alternate 
sections were stained for cholinesterasc by incubating in a solution of 
bromoindoxyl acetate, potassium fcrricyanide, potassium ferrocyanide, 
and calcium chloride in Tris buffer at 37°C (Alderson et al.. 1989). Both 
the cholinesterase-staincd and unstained sections were then processed 
for immunocytochemistry. Sections were preincubalcd in a 10% solu
tion of appropriate normal scrum (20-30 min). and then the following 
antisera were applied to adjacent sections; (I) polyclonal anti-GAP-43 
(1:1000 to 1 ;3000) for 24 hr at 4T) (Benowitz et al., 1988); (2) polyclonal 
anti-SlOO (Dako) (1:800 to 1:2400) for 12 hr at 4“C; (3) polyclonal 
protein gene product 9.5 (PGP 9.5) (Ultraclone) (Wilson 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) ( 1:1500 to 1:30,000) for 24-36 hr at room temperature; (5) mono
clonal anti;NGF receptor (anti-NGFr)( 192 IgG; Chandler et al., 1984), 
gift of E. /onnson, University of Washington (1:500), for 12 hr at 4*C; 
(6) polyclonal rabbit antiscrum to a d-galactosidasc/G AP-43 fusion pro
tein (Curtis ct al., 1991). a gift of R. Curtis, Regcncron, New York 
(diluted 1:5000 to 1:20,000). for 24 hr at 4"C. Dilutions were made in 
PBS containing 1% appropriate normal serum and 0.4% 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 room temperature 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 
by Vcctastain ABC reagent. The sections were then incubated in a 0.05% 
solution of 3,3'-diaminobenzidine tctrahydrochloride in Tris buffer 4- 
0.01% H,0, for 10 min. Following several washes with water, the sec
tions were mounted on gelatinized slides, dehydrated, and covcrslipped 
with DPX mouniant. Substitution of primary antisera and of biotiny- 
latcd IgGs by cither nonimmune serum or PBS was performed for all 
the sets of tissue, and in each case these controls were negative.

Preabsorption of the GAP-43 antibody with 100-fold purified rat 
brain GAP-43 from postnatal day 4 rat cortex, extracted with Triton 
X-lOO and separated by DE.̂ E chromatography (0.2 m  NaCl elution, 
pH 7.5), was performed by mixing aliquots of the antibody with in
creasing strengths of the G.AP-43 protein. These were incubated al 37“C 
for 1 hr. stored overnight at 4“C. and centrifuged. Controls were similarly 
treated with BSA.

Western blotting. Proximal and distal nerve segments ipsilateral to a 
sciatic nerve cut or crush performed 1,4, 10, or 30 d earlier, together 
w ith the intact contralateral sciatic nerve, were collected from terminally 
anesthetized rats, weighed, and freeze dried. 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-mcrcap- 
tocthanol, 10% glycerol), heated at 95*C for 5 min. and loaded into the 
wells of two SDS gels, one for protein staining and the other for transfer 
to nitrocellulose (stacking gel, 4.5% acrylaminc, 3 cm height; resolving 
eel 10 cm in hciaht: Laemmli 197̂1 Gels were run overnight until the 
dye front was -1 cm from the bottom. One gel was stained with Coo- 
massie brilliant blue (Bio-Rad); the other was equilibrated for 1 hr in 
transfer buffer (Towbin et al., 1979) and then transferred elcctrophoreii- 
cally to nitrocellulose membrane (0.6 A, 3.5 hr with cooling). Filters 
were blocked in 50 mw Tris-buffered saline (TBS, pH 7.5) containing 
5% BSA and 5% normal rabbit scrum (1 hr, room temperature), reacted 
overnight in primary antibody (affiniiy-purified sheep anii-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 IgG conjugated to horseradish 
peroxidase (HRP; Vector Labs) in the same buffer used for the primary 
antibody], washed twice with TBS and once with 50 mxi Tns buffer 
alone, and then reacted with diaminobenzidine HCl (Sigma, 10 mg/20 
ml. in solution containing 0.1% H-O. and 0.25% NiCL).

In situ hybridization. This was performed on unfixed tissue removed 
under terminal anesthesia and frozen in liquid nitrogen. Tissue sections 
(solcus muscle, sciatic nerve, ipsi- and contralateral to a sciatic nerve 
cut or crush 1, 3, and 7 d previously) were cut on a cryostat (20 t̂m), 
mounted on chrome-alum gelatinized slides, and air dried. Hybndiza- 
tion was performed using an alkaline phosphatase-linked GAP-43 cDNA 
probe (Kiyama et al., 1990; Wiese and Emson, 1991) as follows. The 
sections were washed in PBS acetylaied for 10 min in a solution con
taining acetic anhydride, sodium chloride, and triethanolaminc. The 
sections were then dehydrated through a series of increasing alcohol 
concentrations and delipidated in chloroform. After partial rchydration, 
hybridization was performed in 50% deionized formamidc, Denhardt's 
solution, standard saline citrate buffer (SSC), 4% single-stranded salmon 
sperm DNA. and 10% dexiran sulfate together with an alkaline phos- 
phatase-labeied antisense oligonucleotide (2-4 fmol/nl) corresponding 
to nucleotide positions 119-157 of the rat G.AP-43 cDN.A sequence 
(Basi et al., 1987). After hybridization at 24-48 hr at 37°C, the sections 
were washed in three changes of SSC buffer (0.15 m NaCl, 0.015 m Na- 
citrate, pH 7.0) at 55*C followed by a wash at room temperature. The 
alkaline phosphatase was visualized by generating a color reaction in 
nitroblue tétrazolium chloride and 5-bromo-4-chloro-3-inodyl phos
phate in Tris buffcr/MgCL as previously described (Wiese and Emson.
1991). Specificity of staining was tested by pretreating the tissue with 
Ribonuclease A (Sigma; 0.5 mĝml) to digest cellular mRNA or by 
competition with an excess (100 x) of unlabeled oligonucleotide added 
to the hybndization solution. The tissue for each preparation was in
cubated in the presence or absence of the enzyme-linked probe and the 
sections evaluated blind. In two experiments, adjacent sections were 
stained for the GAP-43 mRNA and for motor endplates using cholin- 
cstcrase, as described above.

Cuanethidinesympathectomy. In order to differentiate postganglionic 
sympathetic terminals from motor axons or Schwann cells at the end
plate, immunohistochemistry for G.AP-43 was performed in animals 
pretreated postnaially with guanethidine to eliminate their sympathetic 
nervous system (50 mg/kg guanethidine sulfate subcutancously from 
day 8 after birth to 3 weeks. 5 d per week; Aberdeen et al., 1990). The 
efficacy of the treatment was established by measuring the depletion of 
noradrenaline levels (Aberdeen ei al., 199Ô).

Northern blot anahsis. Following terminal anesthesia, the sciatic nerve 
distal and proximal to a cut and ligation was removed together with 
the contralateral intact sciatic nerve and the ipsi- and contralateral L3,
-4. and -5 dorsal root ganglia. Tissues from four 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, and hybridized with GAl IB, a 1.1 kilobasecDNAtoG.AP- y . 
43 (Neve et al., 1987). The cDN.A was labeled with 'T-GTP using the f  r; 
random priming method. Washed blots were exposed to Kodak X-Omat 
AR film (1-33 d).

Results
G A P-43 intm unoltisiocheinisiry

The motor endplates of the intact solcus and tibialis anterior 
muscles showed no GAP-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



G A P'4 3-1 a be lcd 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 GAP- 
43-positive cellular profiles and processes are identical to S-100- 
and 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 
1 week 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 ftbrd- 
blasts 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 GAP- 
43-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 CGRP or 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-
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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
reactivity at the endplates had an axonal appearance (Fig. 1 d.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 the GAP-43 
immunoreactivity at the endplate had disappeared 60 d post- 
crush (Fig. \c.c*). Following sciatic section, GAP-43 immu- 
norcactivity 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*). 
which closely resembled S-100 staining. That the endplate GAP- 
43 label was not of sympathetic axon origin was shown by 
identical staining patterns produced by dcnervation in sympa- 
thcctomized (neonatal guanethidine) and nonsympathecto- 
mized 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 staining and the intensit)

Ftgure I. Photomicrographs of longitudinal sections through the junctional zone of the solcus muscle, immunostaincd for GAP-43. The sections 
in the columns on the left arc only stained for GAP-43; those on the right (*) are also stained for AChE. a and a* show sections through a normal!) 
innervated control muscle. Note the absence of GAP-43 label at the junctional zone (a) and the distribution of the endplates revealed by AChE 
staining of the basement membrane (arm", a*), b and b* show the appearance of GAP-43 immunoreactivity 3 d following a crush lesion to the 
sciatic nerve. Short fat arrows. GAP-4 3-positive intramuscular nerves; long thin arrows, cellular profiles at the endplate; small arrows. GAP-43- 
positivc cxtrajunctional fine processes, c and c* show that 16 d post-crush a mixture of axonal label {long thin arrow) and Schwann cell 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-4 3-positivc structures in the muscle are sympathetic axons innervating blood vessels 
(flrroiv). Scale bars. 50 »,m.
Figure 2. The effect of sciatic nerve section on GAP-43 immunoreactivity at the soleus muscle motor endplate. Plate a shows the absence of an\

■ GAP-4 3-positive structures at endplates. labeled with AChE.«in a control muscle. Three days post-sciatic nerve section, GAP-4 3-labcled processes
ni''.' emerge from endplates (6*). This pattern and that found after 7 d (c and c*) arc effectively indistinguishable from that found after sciatic nene

. crush (Fig. I), c. A low-powcr photomicrograph illustrating the limit of staining to the general vicinity of the junctional zone, except for sympathetiĉ  
■ ' 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 a time when axonal label can be seen in crush nerve preparations (Figs. 1. 4). the GAP-43 label at the denervated endplate is 
still Schwann cell-like with even more extensive branches emerging from cellular profiles {short arrows, d) at the endplate {long arrow, d*). Staining 

• . persists at 60 d post-section (r and c') with heavy label of intramuscular nervcs.and a disorganized pattcm of label at the general endplate region,
i  All sections stained for AChE arc labeled with *. Scale bars. 50 >im.
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Figure 3. Camera lucida reconstructions of GAP-43-iabcicd profiles at the endplate region of the solcus muscle at various times after sciatic 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 d after 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.'th cones. At 30 d post-crush, the GAP-43 axonal-like stain is identical to that found with other axonal stains, and the characteristic 
endplate terminal axonal spray is readily seen although a few labeled 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 -43— W estern blots

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 from other 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 regenerating axons. / ^  
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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F i^rc 4. Photomicrographs illustrating the appearance of the Schwann cell markers S-100 {a. c) and NGFr (/>. 4/) at a 7 d dener\atcd soleus 
muscle, and an axonal marker PGP 9.5 (e) at a reinnerxatcd muscle (30 d post-crush). Plates a and b are low-power photomicrographs, and c and 
d, high-powcr photomicrographs showing that the pattern of immunoreactivity produced by antibodies to NGFr and S-100 is indistinguishable 
from that found with GAP-43 (see Figs. \h.b*\ 2c,c*). Similarly, the labeling produced by the axonal marker PGP 9.5 is identical to the GAP-43 
label found 30 d following a crush lesion (see Fig. I4/). Scale bars. 50 >im.

sidcrably higher than the contralateral (control) sides. In the two 
cases that sustained nerve crushes (cases 3 and 4). 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 largely completed under these con
ditions. The relative amount of GAP-43 protein present in nerxe 
segments 30 d after sciatic nerve cut (Fig. 5fi) was considerably 
less than in a nerve segment distal to a crush injurv 10 d earlier 
(Fig. 5.4).

G A P -4 i—'\T\ situ hyhridi: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. .A similar 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 GAP- 
43-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 GAP- 
43-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. Western 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 
the anti-G.AP-43 antibody, a. No signal is detected in the normal sciatic nerve; b. in nerves crushed at the mid-thigh level 10 d previously, a single 
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 d after ligation. The blot shows segments proximal to the site of nerve injurx' (p). distal to the site of injury (d), or in the 
contralateral nen c (c). S'umhers below gel lanes refer to individual cases, two of w hich sustained a unilateral nerve transection {cut. I, 2) and the 
other two a crush injury at mid-thigh level that allowed the nerve to regenerate {crush. 3. 4). In cases I and 2. GAP-43 is detected in nerve segments 
both proximal and distal (*) to the injury. In cases 3 and 4. where axons can regenerate through the distal nerve segment, levels of GAP-43 detected 
30 d after surgery were generally lower in both segments. In all cases, levels of GAP-43 in intact nerves (contralateral to surgery) were low. The 
GAP-43 standard (Wifj.)̂ was partially purified from postnatal day 4 rat cortex by extraction with Triton X-100 and DE.XE chromatography (0.2 
M NaCl elution. pH 7.5). The blots in B 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 either by 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 to the inner surface of the axonal 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 have a role in neurite formation and growth 
in neurons, although the ability of certain PC 12 cell lines de-

ficient in G.AP-43 to form processes 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 a strong parallel between GAP-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; Heumâ 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 immunorcactiv- 
ity 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

(h '
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trating the distribution of cells contain
ing G.AP-43 mRN.A. Each arrow  m .1 
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tne locations of endplates. defined b\ 
.AChE staining in one section, and of 
cells containing G.AP-43 mRNA in an 
immediately adjacent section. Scale 
bars:.(. 100 41m: II. 50 m̂

rapid expression of G.AP-43 in Schwann cells in muscle nerves 
and ai the endplate appears to be different from myelin-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, earlier access to signals that upregulate the GAP- 
43 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, the number ofcells in the muscle that begin to express 
GAP-43 after dcnervation is vcr>' small, which must account 
for the failure to find G.AP-43 mRNA by Northern blot analysis 
at times that a G.AP-43 mRN.A signal could be demonstrated 
by In slut hybridization. Wc. like others (Basi ct al., 1987). also 
failed to detect any G.AP-43 mRNA in distal nerve segments

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 has demonstrated higher levels ofG AP-43 mRN.A 
in degenerating nerve samples than in intact nerves (Btsbv et 
al.. 19911, indicating once again that Schwann cells can express 
GAP-43. The amount̂  ofGAP-43 protein present in the Schwann V 
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



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 cross- 
react 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.

A role for G.AP-43 in cell shape changes has been suggested 
on the basis of its association with areas of substrate adhesion 
and actin-rich membrane (Meiri and Gordon-Wceks, 1990; Moss 
et al., 1990). A similar 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 and their 
formation of extensive branches may be related. Whether these 
morphological changes and GAP-43 expression are causally 
linked will clearly require direct manipulations, preventing tran
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 
(Mora et al., 1989; Reynolds and Woolf, 1992), and the neuronal 
marker PGP 9.5 (Wilson el al.. 1988). The regrowing axons 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 GAP- 
43-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 GAP- 
43 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 now appears 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 for different reasons by different 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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