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Abstract 
 Peripheral nerve trauma is a common cause of considerable functional morbidity, and healthcare 
expenditure.  Particularly in the ~15% of injuries unsuitable for primary repair, standard clinical management 
results in inadequate sensory restitution in the majority of cases, despite the rigorous application of complex 
microsurgical techniques.  This can largely be explained by the failure of surgical management to adequately 
address the neurobiological hurdles to optimal regeneration.  Most significant of these is the extensive sensory 
neuronal death that follows injury, and which is accompanied by a reduction in the regenerative potential of 
axotomised neurons, and in the supportive capacity of the Schwann cell population if nerve repair is delayed. 
 The present study aimed to accurately delineate the timecourse of neuronal death, in order to 
identify a therapeutic window during which clinically applicable neuroprotective strategies might be adopted.  
It then proceeded to investigate means to increase the regenerative capacity of chronically axotomised 
neurons, and to augment the Schwann cells� ability to promote that regenerative effort. 
 Unilateral sciatic nerve transection in the rat was the model used, initially assessing neuronal death 
within the L4&5 dorsal root ganglia by a combination of morphology, TdT uptake nick-end labelling 
(TUNEL), and statistically unbiased estimation of neuronal loss using the stereological optical disector 
technique.  Having identified 2 weeks, and 2 months post-axotomy as the most biologically relevant 
timepoints to study, the effect upon neuronal death of systemic treatment with acetyl-L-carnitine (ALCAR 10, 
or 50mg/kg/day) or N-acetyl-cysteine (NAC 30, or 150mg/kg/day) was determined. A model of secondary 
nerve repair was then adopted; either 2 or 4 months after unilateral sciatic nerve division, 1cm gap repairs 
were performed using either reversed isografts, or poly-3-hydroxybutyrate (PHB) conduits containing an 
alginate-fibronectin hydrogel.  Six weeks later nerve regeneration and the Schwann cell population were 
quantified by digital image analysis of frozen section immunohistochemistry. 
 Sensory neuronal death begins within 24 hours of injury, but takes 1 week to translate into 
significant neuronal loss.  The rate of neuronal death peaks 2 weeks after injury, and neuronal loss is 
essentially complete by 2 months post-axotomy.  Nerve repair is incompletely neuroprotective, but the earlier 
it is performed the greater the benefit.  Two clinically safe pharmaceutical agents, ALCAR & NAC, were 
found to virtually eliminate sensory neuronal death after peripheral nerve transection.  ALCAR also enhanced 
nerve regeneration independently of its neuroprotective role.  Plain PHB conduits were found to be technically 
simple to use, and supported some regeneration, but were not adequate in themselves.  Leukaemia inhibitory 
factor enhanced nerve regeneration, though cultured autologous Schwann cells (SC�s) were somewhat more 
effective. Both were relatively more efficacious after a 4 month delay in nerve repair.  The most profuse 
regeneration was found with recombinant glial growth factor (rhGGF-2) in repairs performed 2 months after 
axotomy, with results that were arguably better than were obtained with nerve grafts.  A similar conclusion 
can be drawn from the result found using both rhGGF-2 and SC�s in PHB conduits 4 months after axotomy. 
 In summary, these findings reinforce the significance of sensory neuronal death in peripheral nerve 
trauma, and the possibility of  its` limitation by early nerve repair.  Two agents for the adjuvant therapy of such 
injuries were identified, that can virtually eliminate neuronal death, and enhance regeneration.  Elements in 
the creation of a bioartificial nerve conduit to replace, or surpass autologous nerve graft for secondary nerve 
repair are presented. 

Keywords: cell death; TUNEL; optical disection; dorsal root ganglion; peripheral nerve; nerve 
conduit; Schwann cell; glial growth factor; leukaemia inhibitory factor; acetyl-L-carnitine; N-
acetyl-cysteine 
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ABBREVIATIONS 
 

Abbreviation Full Name Abbreviation Full Name 

AIF�s Apoptosis Inducing Factors mtDNA   Mitochondrial 
Deoxyribonucleotidyl Acid 

ALCAR  acetyl- L-carnitine NAC N-acetyl-cysteine 

ASPA  Animals (Scientific Procedures) Act NGF Nerve Growth Factor 

BDNF Brain Derived Neurotrophic Factor NGS Normal Goat Serum 

C.A.S.T. Computer Assisted Stereology Toolbox NHS Normal Horse Serum 

CGRP Calcitonin Gene Related Polypeptide NO Nitric Oxide 

CNTF   Ciliary Derived  
Neurotrophic Factor NOS  Nitric Oxide Synthase 

Cy-3 Cyanine-3 nNOS Neuronal (constitutive) Nitric 
Oxide Synthase 

DRG Dorsal Root Ganglion NRTI  Nucleoside-Analogue Reverse 
Transcriptase Inhibitor 

DRG�s Dorsal Root Ganglia NTF Neurotrophic Factor 

DNA Deoxyribonucleotidyl Acid   

FITC Fluorescein Isothiocyanate PAMNF Pan-Axonal Marker  
of Neurofilament 

Fn Fibronectin PBS Phosphate Buffered Saline 

GAP-43 Growth Associated Protein-43 PDS Polydioxanone 
GGF Glial Growth Factor PFA Paraformaldehyde 

GDNF Glial Derived Neurotrophic Factor PGP9.5 Protein Gene Product 9.5 

H33342 Hoechst 33342 PI Propidium Iodide 

HIV Human Immunodeficiency Virus PHB Poly-3-hydroxybutyrate 

ICE Interleukin Converting Enzyme PTFE polytetrafluoroethylene 

IL-1β Interleukin-1β ROS Reactive Oxygen Species 

iNOS Inducible Nitric Oxide Synthase SC�s Schwann Cells 

ISEL In-Situ End Labelling SD Standard Deviation 

JNK c-Jun Kinase SOD Superoxide Dismutase 

  TdT Terminal deoxyribonucleotidyl 
transferase 

LIF Leukaemia Inhibitory Factor TNFα Tumour Necrosis Factor α 

MAPK Mitogen Activated Protein Kinase TUNEL 
Terminal deoxyribonucleotidyl 
transferase Uptake Nick-End 

Labelling 
MMP Mitochondrial Membrane Potential VIP Vasoactive Intestinal Polypeptide 

mRNA Messenger Ribonucleotidyl Acid   
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STEREOLOGICAL ABBREVIATIONS 
 

Abbreviation Full Name Abbreviation Full Name 

a Area Nv Numerical Volume 

 a Mean Area Npar Number of Particles 

t Thickness s Number of Sections 

 t Mean Thickness Vdis Disector Volume 

Ndis Number of Disectors Vref Reference Volume 
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INTRODUCTION 

No adult with a major nerve transection has ever attained normal sensibility. 

Luis De Medinaceli &  Anthony Seaber 

The first prerequisite for axonal regeneration is the survival of the neuron following injury. 

Samuel Fu & Tessa Gordon 

Clinical Background 

In Europe approximately 300,000 peripheral nerve injuries occur each year, 
although local variation depends upon the preponderance of heavy industry and 
mechanised agriculture. Most are caused by direct mechanical trauma, resulting in 
transection, crush injury, traction, or avulsion 1-5, although other significant mechanisms 
include compression, thermal injury, and neurotoxins 2,6,7.  Injuries are clinically graded 
as �neuropraxia�, �axonometsis�, or �neurometsis� as progressively more disruption of 
the normal neural anatomical structure occurs 1, or into Grades 1-5 if more detailed 
consideration of the fascicular disruption is made 2,8.  Nerve repairs can also be 
classified by technique and timing, and the temporal classification given by Green 9 has 
been adopted in this thesis.  Primary repairs are those performed within 48 hours of 
injury, early secondary repairs between 2 days and 6 weeks after injury, and late 
secondary repairs between 6 weeks and 6 months after injury.  
  Nerves are repaired primarily where possible, however secondary repair may 
be elected for wounds caused by high velocity projectiles; when tissues are significantly 
devitalised, contaminated, or ischaemic; in complex reconstructions; and following a 
diagnostic delay after closed injuries or failed primary repair 6,9,10. Current clinical 
management remains based upon direct microsurgical nerve repair 11 by either 
epineurial or fascicular suture 12, with autologous nerve grafting reserved for those 
injuries that cannot be repaired without undue tension 6,10,13. Unfortunately the 
considerable advances in surgical technique over recent years 6,10,12-19 have not been 
matched by similar improvements in outcome 19-21, and currently "all qualities of 
sensory and motor function are difficult or impossible to regain in adult patients" 22.  
Cutaneous innervation does not return to normal 23, and sensory outcome remains 
sufficiently poor 6,10,24 that the �...normal restoration of function after significant nerve 
injury remain(s) unattainable." 18. This is the case in even the best of scenarios, outcome 
is even worse in the ~35% of injuries that involve major nerve trunks 8, in complex 
nerve injuries 6,9, and in the 11-16% of cases 8,25,26 that require nerve grafting 6,9,15,26,27 or 
a significant delay before repair 6,9,17,28,29.  Other factors such as patient age, smoking 
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habits, associated injuries, and co-operation with rehabilitation are also significant 8,26,30-

32.  
Since adequate proprioceptive feedback is a vital component of normal motor 

control 33, sensory outcome is also an integral determinant of motor outcome, 
particularly in fine manipulative work 34.  Peripheral nerve injuries can therefore cause 
extreme disability, loss of employment and dependence upon others. As a result, 
peripheral nerve trauma is a significant cause of functional morbidity, healthcare 
expenditure, social disruption and lost employment 10.  Microsurgical techniques have 
reached such a level of technical sophistication that future enhancements are unlikely to 
provide further improvements in outcome, and so attention has turned towards 
modulation of peripheral nerve neurobiology 19,21.  In order to identify the 
neurobiological factors that underly the poor sensory outcome of peripheral nerve 
injuries, it is necessary to consider the ways in which its various components react to 
injury and repair.   

Neurobiological Effects of Peripheral Nerve Injury Upon Primary Sensory Neurons 

In the healthy, intact peripheral nervous system, quality of sensation is 
dependent upon the density of sensory receptor organs, the number of innervating 
neurons, the size and degree of overlap of their receptive fields, and upon the cortical 
interpretation of the resulting topographically and qualitatively defined sensory input 
20,30,35. All these components are affected by transection and repair of a peripheral nerve 
6,19,20,22,36, and could only be restored by rapid and specific reinnervation by an adequate 
number of neurons. It is therefore likely that the single most important determinant of 
the poor sensory outcome of peripheral nerve trauma is the extensive primary sensory 
neuronal death that occurs. 

Axonal injury briefly exposes the intracellular compartment to the extracellular 
milieu 37, triggering ion fluxes and antidromic electrical activity that initiate pathways 
for neuronal death and for regeneration; these are subsequently reinforced by neurotoxic 
cytokines such as TNFα at the site of injury 38,39. Calcium dependent restoration of 
axolemmal continuity then occurs 40 as part of the process of somatofugal axonal 
atrophy 9,41-43, and the axotomised neurons display a stereotyped perikaryal injury 
response pattern, termed chromatolysis 44.  This involves Nissl body displacement 
6,9,41,45,46, plus nuclear condensation and peripheralisation 45-47, while metabolically 
active mitochondria accumulate within the cell body 47, central processes retract 48, and 
the perikaryon shrinks 45,49.  Conversely, some neurons develop a grossly dilated, 
vacuolated morphology that has been ascribed to a regenerative phenotype 50,51. 
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 Profound phenotypic changes occur, as seen by alterations in mRNA 
transcription 52-57, protein synthesis 58-63, growth factor and cell receptor profiles 41,55,64-

70, axonal transport 55,63,71, the secretion of neuropeptides and neurotrophic factors 
41,61,62,64,67,72,73, and in the cells� electrophysiological properties 74,75.  Given the 
importance of target-derived neurotrophic factors (NTF�s) in neuronal survival and 
regeneration 18,20,41,76,77 it is of note that after injury NGF, GDNF, neurotrophin-3 (NT-
3), and BDNF are retrogradely transported to subpopulations of cells with differing 
mean diameters 41,78,79.  The gp-130 neurocytokines leukaemia inhibitory factor (LIF) 
and ciliary neurotrophic factor (CNTF) are taken up by an increased range of 
motorneurons and, mainly small diameter, sensory neurons 41,79,79-83. Other factors, as 
yet undiscovered, may possibly play equal, or more significant roles. 

Since the early 1900�s it has been recognised that experimental nerve injuries 
lead to primary sensory neuronal death 51,84,85, and more recently this has been 
confirmed by the demonstration of DNA fragmentation in vivo 86-90.  It is now apparent 
that a considerable proportion of all neurons in the sensory pool will die 20,39,41, with 
estimates ranging from 7 to 50% 38,49,51,86,91-96 depending upon the exact nature of the 
experimental model. Similar figures have been found in higher mammals 97-100 and a 
human post-mortem study 101, and appear to correlate with loss of functional sensory 
units 35.  Neuronal loss appears to be more limited after crush injuries or when the 
transected nerve is immediately co-apted 102,103, but these findings may merely represent 
an effect upon horseradish peroxidase transport rather than cell death 103.  Hence the 
effect of the timing of nerve repair upon neuronal death has not been fully investigated, 
despite its obvious clinical significance. 

Proximal injuries may be more likely to induce neuronal death than distal ones 
20, although the evidence is clearer for motor than sensory neurons, which are far more 
sensitive to the effects of peripheral axotomy 41. Ygge et al demonstrated a fourfold 
greater loss of L4-6 DRG neurons after proximal sciatic nerve transection than distal  
104, however the sciatic nerve contains afferent fibres from approximately 19,000 
neurons at the proximal site 105, but from only ~5,000 distally 102.  So the fourfold 
difference in loss may merely reflect the number of neurons actually axotomised, 
implying that sensory neuronal death might be critical to the clinical sensory outcome of 
injuries even as distal as digital nerve transections. 

The timecourse of sensory neuronal death has not been fully described, and yet 
is of crucial clinical importance since it defines a therapeutic window during which 
neuroprotective therapies could be instituted. Groves et al 86 demonstrated DNA 
fragmentation within neurons 7 days after sciatic nerve division in the rat, and although 
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most authors have not demonstrated any neuronal loss within 7 days of axotomy, 
Vestergaard et al found a 6% loss at 4 days, rising to 19% after 8 days 49.  It therefore 
remains uncertain exactly how soon after peripheral nerve injury neurons begin to die.  
Nor is it clear how long the period of cell death lasts.  The studies that have employed 
sufficiently long timepoints have not shown any significant difference between the loss 
found 1-2 months after injury and that found after 6-12 months 86,93,94, but either used 
non-stereological counting techniques 94, lacked sufficient timepoints 93, or used small 
groups 86,94.   

Despite the initiating effects of retrograde axonal stimuli and neurotoxic 
cytokines, the principal determinant of how many DRG neurons die after peripheral 
nerve transection seems to be the loss of target derived neurotrophic support 20,39 that 
arises secondary to interruption of retrograde axonal transport.  Evidence of this comes 
from the protective effects of exogenous neurotrophic factor administration 19,41.  Nerve 
growth factor (NGF), LIF, GDNF, NT-3, CNTF, and BDNF can reduce primary sensory 
neuronal loss, but efficacy may depend upon the route of administration, and the 
neuronal subpopulation under consideration 78, 91, 92, 95, 106-111.  

39,77,112, which lead to transcription of both 
cell death (via JNK,PI3K) 59 and regenerative (via MAPK) 112 genes. These pathways 

58-60,113-116.  A member of the AP-1 superfamily, c-Jun 
is a gene transcription regulator which  appears to be essential, though not specific 
58,114,117, for apoptosis 59,114,118, since it is also increased in actively regenerating neurons 
116,119. In contrast, another immediate early gene, c-fos, does appear to be specific for 
apoptosis 114 since its induction coincides with the appearance of apoptotic morphology 
and the irreversible stages of the cell death cycle 59. 

Much of our knowledge of the mammalian system comes from the 
identification of homologous proteins, or cDNA sequences in lower order species. In the 
nematode caenorhabditis elegans the pro-apoptotic protein ced-3 120 has structural 
homology with cysteine protease interleukin-1β-converting enzyme (ICE) in mammals 
120, whilst the anti-apoptotic ced-9 121 has homology with the mammalian family of Bcl 
proteins 121,122. Both proteins act downstream of c-Jun 59,117 and the ratio of Bax:Bcl 
gene products is predictive of entry into the irreversible stages of apoptosis 58,123,124, 
although isolated Bcl, or Bax levels are not predictive of apoptosis 125,126. Although their 
mechanism of action remains uncertain, they are postulated to be part of the trophin 
withdrawal pathway 113,127-130, and may control antioxidant activity 121, or attempted 
entry into the cell cycle 131,132. Bax/Bcl events occur upstream of the ICE/caspase 

Signalling is effected principally through the mitogen activated protein kinase (MAPK), 
c-Jun kinase (JNK), and PI3 kinase pathways 

increase c-Jun cell protein activity 
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dependent steps 112, and may include the control of c-fos induction 117, or mitochondrial 
calcium flux and the release of pro-apoptotic molecules 121,132,133.  

In a range of conditions mitochondria play a central role in neuronal death 
47,133-135 through the failure of oxidative metabolism, the generation of reactive oxygen 
species, and the release of pro-apoptotic molecules that trigger the caspase cascade 133. 
Mitochondria accumulate in the perikaryon after axotomy, and oxidative stress 47,136 
may be mediated by increased nitric oxide synthase NOS activity 137,138 and 
mitochondrial NO levels 139-141. Physiological regulation of respiratory ATP production 
142 normally involves reversible NO inhibition of complex IV activity in the 
mitochondrial electron transport chain. However sustained increases after axotomy may 
permanently inhibit cytochrome C (complex I), disrupt electron transport 142 and cause 
the generation of reactive oxygen species (ROS) 140.  It is postulated that as the 
bioenergetic dysfunction worsens, mitochondrial membrane potential (MMP) 133,139,143 
and calcium dysregulation may occur 134, further increasing the production of ROS 134. 
Mitochondrial protophores may then open, directly triggering neuronal death by the 
release of cytochrome-C (which activates caspase-9), and other apoptosis inducing 
factors (AIF�s) that act downstream of the caspases 133,140,144.  Although considerable 
evidence exists for the role of reactive oxygen species (ROS), lipid peroxidation, and 
oxidative stress as early 145 mediators of neuronal death 124,136,140,141,146, direct evidence 
from primary sensory neurons in vivo remains rare. Mn-superoxide dismutase activity 
increases 30% in the DRG after axotomy, suggesting an attempted homeostatic response 
147, but although some antioxidant agents are protective against ROS 121,145,148,149, others 
are not 149, and it is not generally concluded that the successful agents act purely by a 
direct antioxidant mechanism 121,148,149.   

Abortive entry into the cell cycle has been proposed as a means of cell death 
131,150-152, and anti-apoptotic agents such as Bcl, acetylcysteine and protein synthesis 
inhibitors also inhibit entry into the cell cycle 131,132,149,153. Thus axotomy may cause 
abortive entry into the cell cycle, at a time at which this cannot be sustained 151, with the 
result that neurons apoptose.  The ICE-like proteases, or �caspases� 154,155, are the most 
likely effector mechanism in DRG neurons 120,156, and may be activated by trophin 
withdrawal, axotomy, Fas ligand or p75 activation 77, and by mitochondrial disruption 133.  
The caspases, particularly caspases-3 & 9 157-160, are intrinsic to active neuronal death 
117,155,157,161, appear in the pathway downstream of Bax activation and c-fos induction 117, 
and lead to DNA fragmentation by activated α-spectrin proteases such as DNAse-1 
124,133. 
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After peripheral nerve transection glial cells in the DRG also die 86,88.  
Although the significance of this is uncertain, in the spinal cord 162 it has been suggested 
to compound the effects of the initial injury 163.  In neonates glial death occurs with a 
slower time course to that of neuronal death 89, but the timecourse in adults has not been 
described.  

Despite the importance of loss of neurotrophic support in stimulating neuronal 
death, and over 40 years of research since the discovery of NGF 164, growth factors have 
had no impact upon the clinical management of nerve injuries 18 for variety of reasons. 
NTF�s act on specific subpopulations of neurons 18,41, may have unpredictable effects 
165-167, and there are concerns over potential carcinogenic actions and toxicity 168.  Side 
effects 169-171 and complications 169,172 have also limited their applicability, so there is 
still a pressing need for an alternative approach using an easily administered, clinically 
safe therapy. 

In contrast to the specificity of neurotrophic factors, there appears to be 
relative homogeneity between neuronal subpopulations, and the preservation of the way 
that the initiation of neuronal death is signalled and then effected 39,146. Mitochondrial 
bioenergetic dysfunction, and the ensuing generation of reactive oxygen species and 
release of pro-apotoptic molecules 133, are therefore attractive targets given their 
potential role in neuronal death in a range of neurodegenerative and traumatic 
pathologies 133,141,146,148,173-178. Alternatively, nerve repair might provide a 
�physiological� cocktail of factors that might address all neuronal subtypes. 

Neurobiology of the Distal Nerve Stump After a Transecting Injury 

 Nerve transection is accompanied by haemorrhage, retraction of the nerve 
trunk due to its intrinsic elasticity, and mushrooming of neural contents from the cut 
ends.  An inflammatory reaction occurs causing fibrin deposition, scarring, and release 
of neurotoxic cytokines.  Intra-neural fibrosis begins within the endoneurial sheaths of 
the distal nerve stump 28-35 days after transection 9, reducing their calibre 42,179 to only 
1% after 2 years in man 9. Distal to the injury axons detach from their myelin sheath 41 
and are phagocytosed by macrophages and activated Schwann cells 41,63,70,179,180 in the 
process of Wallerian degeneration 6,9,21,41, which is completed within one month in the 
rat sciatic nerve 179.  

Cells in the nerve trunk, most notably Schwann cells, initially upregulate NGF, 
LIF, GDNF, GAP-43, and GGF receptor (p185erbB2/neu) mRNA 21,52,63,70,82,181,182. 
Schwann cells increase NGF, BDNF, NT4 and LIF secretion 41,63,70,82,180, and damaged 
ones are an important source of CNTF 63,70,83. Those in the distal stump shrink away 
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from the endoneurium to form solid columns, the �Bands of Bungner� 21,179,183,184. After 
an initial period of proliferation, and upregulation of c-erbB2&4 (parts of the neuregulin 
receptor complex) 65 under the influence of macrophage derived IL-1 41,63,180, Schwann 
cells begin to atrophy and die, by apoptosis 88, if denervation is prolonged 21,42,179,183,184. 
They become unresponsive to GGF due to downregulation of c-erbB2&4 expression 
after 2-6 months of denervation 65,179,183, although they remain able to myelinate axons 
185. Schwann cells are essential for the guidance and support of regenerating axons 
20,21,70,186,187 and glial growth factor (GGF) 188 is the principal neuregulin controlling that 
interaction 20,21,41,70.   

Prolonged axotomy therefore impairs the distal nerve stump�s capacity to 
promote nerve regeneration after any subsequent repair due to endoneurial fibrosis, 
atrophy, and loss of GGF responsiveness of the Schwann cell population 42,65,184,189. 
There is also some correlation with proximal injuries in long nerves undergoing primary 
repair, where the distal segment also remains chronically denervated 20.  The potential 
for improving regeneration by therapeutically addressing the atrophic Schwann cell 
population is therefore clear. 

Target organs atrophy during the period of denervation, but the sensory organs 
fare somewhat better than muscle 9. In the skin Merkel's discs disappear by 35 days in 
the cat 190, Meissner�s corpuscles persist for 6 months before degenerating 3, but 
although Pacinian corpuscles atrophy, they survive for at least 10 months in the rat 191. 

Neurobiology of Nerve Regeneration After Repair 

Axons begin to sprout 20 after a delay of around 3-14 days 6,9. Nerve fibres 
grow by sprouting ~50-100 neurites that advance through the repair site only to be 
pruned down to around 5 neurites per parent axon when the endoneurial tubes of the 
distal stump are reached 20.  Although neurite growth is facilitated by contact guidance 
from neurite outgrowth promoting factors 192-194, tropic, and trophic influences 10,20,22, it 
is also dependent upon the neurons inherent regenerative capacity.  This is enhanced by 
adoption of the regenerative phenotype 20, partly in response to �injury factors�, such as 
LIF 82,195.  Schwann cells are essential, providing neurotrophic and tropic guidance, and 
cellular adhesion molecules 19,21,196.  As a result axons preferentially reinnervate the 
distal stump over neighbouring tissues, and display preferential motor reinnervation in 
the selection of endoneurial tubes 10,194,197.  This has been postulated as a potential 
benefit of short gap entubulation repairs over direct suture 194, and studies have shown 
the technique to have certain advantages 198-200, although other authors disagree 21,201. 
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There is evidence to suggest that after prolonged axotomy the regenerative 
capacity of the neurons deteriorates, in addition to the deleterious changes within the 
distal stump. Complete loss of regenerative capacity through denatured muscle grafts 
occurs after more than 56 days delay 28, and axonal ingrowth into the distal stump is 
reduced after repair onto the native 65, or freshly divided distal stump 202. This may be a 
reflection of the loss of elements of the regenerative phenotype 20,65, raising the 
possibility that outcome could be improved by therapies that induce that phenotype once 
again. 

Methodological Issues in the Quantification of Neuronal Death 

The interpretation of neuron counts has been complicated by the use of various 
assumption based counting techniques that are �statistically biased�, meaning that the 
mean of all possible estimates will tend away from the true value 203. Serial 
reconstruction counts are the gold standard technique, but are impractical in ganglia 
which contain tens of thousands of neurons, and so methods for estimation have been 
developed instead.  The simplest of these is profile counting, but since large neurons 
have profiles in more sections than small neurons, the count is likely to be a biased 204 
overestimate 205.  To combat this problem various correction factors were developed, 
such as those of Abercrombie 206 and Königsmark 207, but such estimates necessarily 
involve assumptions about homogeneity of cell shape and distribution that have been 
demonstrated to be untrue 205,208.  Hence the counts are �biased� in the statistical sense 
that the mean of all possible estimates tends away from the true value 209.  The 
techniques are also imprecise, since variations of over 40% 204 have been found for 
individual ganglia 210, and figures ranging from 2,000 to 15,000 have been quoted for 
the number of neurons in normal rat L5 DRG�s 211.  Such techniques are inaccurate 
when tested against serial reconstruction 205. 

In order to overcome these problems assumption free, design-based 
stereological techniques have been developed 208, that are comparatively time-efficient 
209.  These are becoming the standard tools for quantitative morphological study of 
biological systems, although this has recently been questioned 212. However, when the 
techniques are applied correctly, with adequate systematic random sampling, they are 
time efficient, theoretically sound, and have been empirically validated against serial 
reconstruction counts of DRG neurons 204,213. Correct systematic random sampling 
obviates any bias arising due to the non-homogenous distribution of the neurons 203, and 
by counting within three dimensions 203 every cell has an equal chance of being counted 
irrespective of its size, shape, or orientation 203,208. Stereological counting techniques, 
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such as the physical and optical disector 204, therefore permit �statistically unbiased� 
counting, whereby the mean of all possible estimates will tend infinitely toward the true 
value 209.  Counts are therefore accurate 208, as long as certain rules are adhered to 208,214. 
The optical disector technique ought to be superior to the physical, since it is more time-
efficient 215 and avoids underestimates due to tissue sectioning artefacts and lost caps 
203,210,215.  Although precision is proportional to the amount of sampling performed, 
biological variation rapidly outweighs the benefit of increased sampling, and so 
counting remains time-efficient 208.  

Although neuron counting permits quantification of the total number of 
neurons that have died, complete involution does not occur for some hours in vitro 
145,216,217 and an unspecified time in vivo 218 after the start of the cell death cycle. 
Evidence of individual cell death, whether morphological or DNA fragmentation, is 
therefore more appropriate for determining the onset of cell death after axotomy, as well 
as being more sensitive for detecting low rates of cell death, since the normal biological 
variation in neuronal numbers may also mask very small losses.  As a marker of DNA 
fragmentation, terminal deoxyribonucleotidyl transferase (TdT) uptake nick-end 
labelling (TUNEL) is a reliable marker of neuronal death 87-89, particularly when 
combined with microwave tissue permeabilisation 219 and morphological confirmation 
of the mode of cell death 220,221.  

The Nerve Conduit Concept 

Since the 1820�s attempts have been made to repair nerves using grafts and 
tubes of a remarkable range of biological and synthetic materials 15,19,27,222-225.  Most 
recently this has been in an attempt to avoid the problems associated with autologous 
nerve graft harvest 225, and clinical studies have been limited to the use of empty tubes 
which hope to concentrate autogenous regeneration promoting factors 224-226.   
Experimental research has turned towards identifying bioengineered solutions to meet 
the requirements of regenerating neurons 199,227-229, with the aim of creating a bioartifical 
construct with a better regenerative profile than nerve autograft.  Thus a conduit should 
have adequate physical strength to permit repair, it should be bioresorbable to avoid 
subsequent nerve compression, provide longitudinal directional cues for neurites, be 
selectively porous to promote neovascularisation, and allow incorporation of 
biologically active elements such as growth factors 199,225,230.  Various materials have 
shown promise 15,222,224,231-235, but few match the potential of the poly-3-hydroxybutyrate 
conduit 198,232,236,237. PHB is a clinically licensed synthetic material with no risk of 
infectious agent transmission, unlike bovine fibronectin or some collagens.  Unlike 
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silicon and PTFE, it is bioresorbed by a non-inflammatory process into a non-toxic 
metabolite over a period of 6-30 months, a time period that adequately allows for nerve 
regeneration even across long gaps.  It can provide mechanical strength to the repair, 
whilst isolating the nerve from extrinsic fibrosis, and is soft, flexible and easy to handle 
in contrast to other polymers such as polydioxanone, polylactic (PLA), or polyglycolic 
(PGA) acid.  The longitudinal fibre alignment also provides a directional cue to the 
neurites and Schwann cells, and over time some fibres dislodge into the lumen, further 
enhancing this function. 

PHB conduits can potentially be filled with various bioresorbable matrix 
substitutes, and calcium alginate-fibronectin hydrogel enhances regeneration and 
permits local delivery of cultured Schwann cells 238,239.  Alginate has also been used as a 
slow release delivery system for administration of exogenous growth factors, is licensed 
for clinical use in other applications, and being of inert algal origin is safer than 
matrigel, which is derived from a mouse sarcoma cell line. 
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AIMS OF THE STUDY 

The overall aim of this project was therefore to identify clinically applicable 

therapeutic strategies to improve the outcome of peripheral nerve injuries by 

reducing the death of primary sensory neurons, and facilitating subsequent regeneration 

towards the target tissues.  Two of the principle problems of late secondary repair were 

more specifically addressed in the latter part of the project, namely atrophy of the 

Schwann cell population, and the decreased regenerative capacity of chronically 

axotomised neurons. 

 The specific aims were: 

1) To further investigate the morphology of primary sensory neuronal death 

after peripheral nerve transection, and to establish the precise timecourse 

in order to identify a potential therapeutic window (Paper I). 

2) To establish, in principle, whether the timing of peripheral nerve repair 

affected the magnitude of primary sensory neuronal death (Paper I). 

3) To identify adjuvant neuroprotective therapies that are clinically 

applicable (Papers II & IV). 

4) To investigate ways to enhance the regenerative capacity of chronically 

axotomised neurons (Papers III & V). 

5) To investigate means to augment the support of peripheral nerve 

regeneration after late secondary repair by Schwann cells (Paper VI). 
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MATERIALS AND METHODS 

More detailed descriptions of the materials and methods employed in this study 
are given in the relevant original papers (I-VI), but a general overview is given below. 

Animal Model & Anaesthesia 

 The experimental model chosen throughout this project was the rat sciatic 
nerve model.  This provided minimal inter-individual variation by the use of an inbred 
strain, permitted the preparation of isogeneic nerve grafts and Schwann cell cultures, 
and facilitates comparison with other published work.  All work complied with the 
requirements of the Animals� (Scientific Procedures) Act 1986 (United Kingdom), and 
was cogniscent of the need to optimise welfare issues. 

All surgical procedures from which the animals recovered were performed 
under an adequate depth of inhalational anaesthesia (Halothane®, May& Baker Ltd., 
U.K.), and used a standard post-operative analgesic regimen (0.1ml/100g body weight 
Temgesic®, Schering-Plough Ltd., U.K.).  Surgery was conducted with aseptic 
techniques in a dedicated operating theatre, with a separate facility for post-operative 
recovery.  All studies involved an initial unilateral sciatic nerve transection in the mid-
thigh, and, except in the study of the effect of the timing of nerve repair (Paper I), the 
nerve stumps were ligated and placed into silicon rubber caps to prevent spontaneous 
regeneration.  Resorbable 4/0 Polydioxanone skin sutures (PDS®II, Ethicon Ltd., U.K.) 
were employed in all cases. 

Terminal anaesthesia for perfusion-fixation prior to tissue harvest (Papers I, II, 
IV) was achieved with 0.5ml/kg body weight SagattalTM (Rhône Mérieux, sodium 
pentobarbitone 60mg/ml).  Harvesting of peripheral nerve repairs was performed after 
terminalisation by CO2 narcosis and cervical dislocation (Papers III, V & VI). 

Conduit Materials & Preparation 

Poly-3-hydroxybutyrate (PHB):  PHB (Papers V & VI) is a biodegrable polymer 
derived by extraction from bacterial culture 240,241, and can be processed into various 
forms 242-247. PHB is slowly degraded in vivo by hydrolysis into non-toxic β-
hydroxybutyric acid 241.  This project used sheets compressed from longitudinally 
oriented 2-20µm 150kD molecular weight PHB diameter fibres (AstraTech AB, 
Mölndal, Sweden), which were then formed into 1.4cm long tubes 248 with an internal 
diameter of 1.8mm.  In this format bioresorption will occur between 6 and 24-30 
months after implantation 243,245,246. 
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Preparation of Cultured Schwann Cells: 
In order to obtain Schwann cells (SC�s) for culture, sciatic nerves were 

harvested from 20 neonatal rats and digested for 45 minutes using 1% collagenase I 
(Worthington Biochemicals) and 0.25% trypsin (Gibco). The digestant was then 
triturated through 21G and 23G needles, filtered (70 µm cell filter, Falcon), and 
centrifuged at 800 revolutions per minute (rpm) for 5 minutes.  The resulting cells were 
resuspended in a basic medium comprising Dulbecco�s Minimum Eagles Medium plus 
Glutamax  , DMEM (Gibco) plus penicillin 100 iu/ml and streptomycin 100µg/ml 
(Gibco), and 10% fetal calf serum (Imperial Laboratories).  After 24 hours incubation in 
a 25cm2 poly-D-lysine (Sigma) coated flask stored at 37°C, 95% humidity, and 5% CO2, 
the basic medium was then exchanged for one containing 10µM cytosine-β-D-
arabinofuranoside (Sigma), and incubated a further 48 hours to stop fibroblast growth. 
Since the majority of the remaining cells were now SC�s, the medium was then changed 
to a growth medium that comprised basic medium containing recombinant glial growth 
factor II 63ng/ml (Max1/2 activity, 4.8 ng/ml, Cambridge NeuroScience), and 10µM 
forskolin (Calbiochem). After reaching confluence the SC�s were further purified by 
trypsinisation (2.5% Gibco, at 37°C) and centrifuging the suspension at 800 rpm for 5 
minutes. Cells were then suspended in 1ml of medium containing 1:1000 mouse anti 
Thy 1 (Serotec, MCA04), and incubated at 37°C for 30 minutes, plus a further 15 
minutes after the addition of 250µl of rabbit anti mouse complement (Cedarlane). The 
SC�s (around 120x105) were then washed and grown on, changing the medium every 48 
hours and splitting the SC�s (1 in 3) on confluence 249.  The purity of SC�s was 98% as 
assessed separately by S100 staining.  

At the second passage following purification, the SC�s were transduced using 
the retroviral vector pMFG lacZ nls 250, which contains a 3.5 kb modified E. coli lacZ 
marker gene encoding the β-galactosidase protein and a nuclear localisation sequence 
(nls). The Moloney Murine Leukaemia Virus (MMLV) packaging cell line PT67 
(Clontech, USA) was used for transduction.  Its genome contains the three retroviral 
structural genes, but lacks the packaging signal provided in trans as part of the MFG 
lacZ nls that contains the lacZ gene cloned between the signal and two long terminal 
repeats (LTR). In this way retrovirus encoding the lacZ gene can transduce SC�s, but the 
transduced SC�s cannot produce any further retrovirus due to the absence of the 
retroviral structural genes from their genome. A stable PT67 lacZ nls producing clone 
(titre approximately 106/ml) was isolated, and a confluent layer was incubated with 
10ml of growth medium (high glucose DMEM/ FCS) at 32°C overnight to create a 
medium that containing retroviral particles. This medium was then filtered (0.45µm 
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filter, Nalgene) and added to a flask of 70% confluent SC�s, together with 8 µg/ml of 
the polyanion polybrene (Sigma). The transducing medium was removed after 4 hours 
incubation at 32°C, SC growth medium was added 251, and the flask kept at 37°C 
overnight.  This cycle was repeated three times over 3 days, giving an 83% transduction 
rate as assessed by 5-bromo-4-chloro-3-indoyl-β-D galactosidase (X-gal) staining to 
detect β-galactosidase expression.  Transduced SC�s were then available for subsequent 
implantation at the time of nerve repair in experimental animals. 
Calcium Alginate Hydrogel:  

The conduits were filled with ~50µl of a solution containing 2% ultrapure, low 
molecular weight, high mannuronic acid content sodium alginate (Pronova, Norway) 
and 0.05% bovine fibronectin (Sigma Pharmaceuticals, U.K.), which enhances nerve 
regeneration through alginate hydrogels 238,252.  This solution served as a matrix 
substitute, and delivery vehicle for either recombinant murine leukaemia inhibitory 
factor (rhLIF 100ng/ml, Autogen Bioclear, U.K.), recombinant glial growth factor 
(rhGGF-2 500ng/ml, Cambridge Neuroscience, U.K.), cultured autologous Schwann 
cells (SC�s, 80x106/ml), or both (rhGGF-2 & SC�s).  Sodium alginate is an algal 
derivative comprising linear co-polymers of 1,4-β-mannuronic and 1,4-α-guluronnic 
acid units, the relative proportions of which determine its physical properties, such as 
viscosity.  The polymer units can be cross-linked by divalent cations (such as Ca++ ions) 
to create a stable hydrogel, that is gradually bioresorbed by non-enzymatic hydrolysis as 
the Ca++ ions leach out, and renally excreted 239.  The filled conduits were therefore 
immediately immersed in sterile 0.1M CaCl2 for 2 minutes to create a stable crosslinked 
hydrogel 238.  

Nerve Repairs  

Direct Neurorraphy:  in Paper I nerve repair was performed by direct suture.  Stump 
orientation was optimised and microsurgical repair achieved using four interrupted 9/0 
nylon (Ethilon®, Ethicon Ltd., U.K.) sutures. 
Gap Repair:  in Papers III, V, and VI late secondary nerve repairs were performed, 
either 2 or 4 months after the original transection.  Nerve stumps were trimmed back to 
�healthy� nerve, as in clinical practice, and 1cm gap, secondary nerve repairs were 
performed using either freshly harvested, reversed 1cm sciatic nerve isografts, or PHB 
conduits. Nerve grafts were microsurgically inset using interrupted 10/0 epineurial 
sutures, while conduit repairs used paired horizontal mattress sutures to inset the nerve 
stumps 2mm into either end of the conduit, thereby leaving a 1cm gap across which the 
nerve had to regenerate.  
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Drug Administration 

Acetyl-L-carnitine (ALCAR):  ALCAR was administered by intraperitoneal injection to 
a total �high-dose� of 50mg/kg/day, or a total �low-dose� of 10mg/kg/day (Paper II).  
The first dose was administered prior to recovery of the animal after sciatic nerve 
transection, and treatment continued until termination either 2 weeks, or 2 months later.  
A separate group received �sham treatment� by injection of identical volumes of carrier 
solution (sterile normal saline). 
 The effect of ALCAR treatment upon regeneration after secondary repair 
(Paper III) was determined by commencing high-dose (50mg/kg/day) treatment 
immediately after nerve repair, and continuing it until termination 6 weeks later. 
N-Acetyl-cysteine (NAC): NAC was initially administered by intravenous injection, and 
then subsequently by intraperitoneal injection to a total �high-dose� of 150mg/kg/day, 
or a total �low-dose� of 30mg/kg/day Paper (IV).  The first dose was administered prior 
to recovery of the animal after sciatic nerve transection, and treatment continued until 
termination. A separate group received �sham treatment� by injection of identical 
volumes of carrier solution (sterile 5% dextrose solution). 

Tissue Processing 

Perfusion Fixation:  Dorsal root ganglia were harvested (Papers I, II, IV) after trans-
cardiac perfusion fixation with paraformaldehyde (PFA). After appropriate survival 
times (Paper I: 1, 4 days, 1, 2 weeks, 1, 2, 4, 6 months; Papers II & IV: 2 weeks, 2 
months) animals were anaesthetised with a terminal dose of sodium pentobarbitone.  
Transcardiac perfusion with chilled phosphate buffered saline, followed by 4% PFA 
was then completed. 
Dorsal Root Ganglia:  The L4 & L5 DRG�s from both sides (Papers I, II, IV) were 
harvested after dorsal laminectomy, post-fixed in 4% PFA at 4oC, equilibrated in 15% 
sucrose & 0.1% sodium azide in PBS.  Frozen blocks were then prepared, and each 
entire ganglion cut into serial 30µm cryosections mounted onto Vectabond® (Vector, 
U.K.) coated glass slides.  These were then permeabilised by microwave irradiation, and 
stained by a novel triple staining technique that combined fluorescence TdT uptake 
nick-end labelling (TUNEL, Promega Apoptosis Detection System Fluorescein), the 
non-specific nuclear stain Hoechst 33342 (H33342), which allows excellent 
determination of nuclear morphology 163,220,253, and Propidium Iodide (PI). 

Although PI exclusion by an intact plasmalemma is used in vitro to 
demonstrate cell viability, in permeabilised fixed frozen sections the neuronal 
cytoplasm is exposed, giving PI access to demonstrate cytoplasmic morphology by 
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staining of the intracellular organelles. Using fluorescence microscopy and a range of 
band specific filters each stain could be visualised separately (TUNEL & morphological 
assessments), or in combination (optical disection).  
Peripheral Nerve Repairs:  The nerve grafts / conduits (Papers III, V, VI) were 
harvested in continuity with ~3-4mm of the sciatic nerve, both proximally and distally 
to the repair, and were post-fixed in Zamboni�s solution.  After rinsing, and 
equilibration into cryoprotectant solution (15% sucrose & 0.1% sodium azide in PBS), 
frozen blocks were prepared, and a systematic random sample of 15µm cryosections 
collected onto Vectabond® coated glass slides.  These were stained by dual-
fluorescence immunohistochemistry using primary antisera against pan-axonal marker 
of neurofilaments (monoclonal antibody against PAMNF, Affiniti Research Products 
Ltd.) for nerve fibres, and the ubiquitous Schwann cell marker S-100 (polyclonal 
antibody, DAKO, Denmark). 

Light Microscopic Analysis 

Morphology:  The morphological appearance of cells within DRG�s, and that of 
regenerating nerve fibres was determined by examination under fluorescence 
microscopy using a combination of 10X, 20X, and 40X objective lenses. 
TUNEL:  Every DRG section was examined for TUNEL positive cells (Papers I, II, IV), 
whose type was confirmed by examination of the nuclear and cytoplasmic morphology 
under a 40X objective lens.  False-positive staining was excluded by examination of 
nuclear morphology.  Few positive neurons were present, and the count was therefore 
expressed as a total number per experimental group, rather than as a mean value per 
ganglion, as was done for glial cells. 
 The number of TUNEL positive neurons gives a reflection of the number that 
are actively beginning the cell death process at the time the ganglion was harvested.  
Hence this measure sensitively detects the onset and rate of cell death, rather than its 
total magnitude which was determined stereologically. 
Optical Disection:  Stereological techniques (Papers I, II, IV) require strict adherence to 
a set of systematic random sampling, and counting rules in order to give reliable, 
statistically non-biased estimates 203,204,209,214.  As detailed in the methodology section of 
Paper I in particular, these strictures were adopted in full.   
 The C.A.S.T.-Grid� computer system was used for optical disection.  This is 
essentially a high resolution fluorescence microscope with video output, whose slide 
stage is under the motor control of the C.A.S.T.-Grid software system for horizontal 
movements.  A stage-mounted microcator allows the software to keep track of 
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displacements in the vertical axis during focusing movements.  Hence the software can 
measure areas and volumes within thick tissue sections, and control the systematic 
random placement of a number (Ndis) of sampling boxes (whose volume, Vdis, is known) 
within those sections.  Counting rules are applied within these boxes, to give the number 
of neurons present (Npar).  Hence the density of neurons is calculated, and multiplied by 
the volume of the ganglion (Vref , determined using the Cavalieri Principle 209) to give 
the number of neurons using the following equation: 

Neuron Count = ( Npar / [Ndis .Vdis]) . Vref  
The number of neurons present in the axotomised ganglia were subtracted from 

the number present in the contralateral, non-axotomised ganglia to give an estimation of 
the total number of neurons (�neuron loss�) that had died as a result of axotomy.  In 
Paper I it was found that variance was less when considering the number of neurons in 
the L4 + L5 ganglia, rather than in individual L4 or L5 ganglia, hence the combined 
figure was used to determine the effect of treatment in Papers II & IV. 
Regeneration Distance:  This was determined by examining every stained section from 
each nerve repair under fluorescence microscopy, using a 10X objective lens, and a 
0.1mm graticulated eyepiece (Papers II, V, VI).  Regeneration distance was measured 
from the end of the proximal nerve stump (marked during blocking with a piece of rat 
liver), to the tip of the most distal nerve fibre.  This gave five results per experimental 
group, the mean (SD) of which were used for statistical comparison. 
Area of Immunostaining:  In every repair examined, the two non-consecutive sections 
that lay most central to the regeneration front were selected.  A digital image of the full 
width of the nerve graft / conduit was then captured, and the area of immunostaining 
quantified by image analysis (Image-Pro-Plus� Version 4.0 software); a process reliant 
upon intensity thresholding for unichromatic light, deselection of occasional areas of 
background staining, and digital quantification of the area stained.  Comparison 
between grafts, or between conduits was best facilitated by consideration of the 
percentage area of staining, since this serves to minimise artefactual differences in the 
total area of staining that arise when longitudinal sections are cut from slightly different 
positions across the diameter of a tube.   However the total area is more appropriate 
when comparing nerve grafts and conduits, since conduits are of a much greater 
diameter than grafts, and the pattern of fibre growth is initially more diffuse within a 
conduit than a graft.  Hence, at the timepoint used in these studies (6 weeks after repair), 
the percentage area of staining within a conduit will almost inevitably be artefactually 
lower than in a graft, making the total area of staining a more appropriate measure for 
comparison. 

22



 

 

Statistical Analysis 

 In brief, comparisons between multiple groups were performed using analysis 
of variance.  Pairwise comparisons were performed using either Tukey�s test, Student�s 
t-test, or the Mann-Whiney Rank Sum test where data distribution was not normal.  In 
all papers statistical analysis was performed with the aid of SigmaStat� (Version 2.0) 
software. 
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RESULTS 

Paper I 

 This study described the timecourse and light microscopic morphology of 
neuronal and glial cell death after a peripheral nerve injury, and examined, in principle, 
whether the timing of nerve repair affects the extent of neuronal death that occurs.  At 
each timepoint neuronal death was detected using a combination of TUNEL, to detect the 
onset of cell death and thereby imply its rate, and quantification of neuronal loss using 
the optical disector technique. 

The morphological findings were in keeping with an active cell death process, 
and many �apoptotic� features were present.  However grossly dilated and vacuolated 
neurons were also found, which may represent an alternative morphological form of 
active cell death. 

No evidence of neuronal death was found in non-axotomised ganglia, and the 
number of neurons present (~30,000 per L4&L5 ganglion pair) was in agreement with 
other studies in the literature.  TUNEL positive neurons were present within 24 hours of 
sciatic nerve transection, and numbers peaked 2 weeks after axotomy.  Neuronal loss 
was not detectable until 1 week post-axotomy (14.8% loss, P<0.05), and continued to 
rise thereafter until reaching a plateau value at ~ 2months post-axotomy.  Peak neuronal 
loss was 39.2% of all L4&L5 primary sensory neurons, although the percentage loss of 
neurons that were actually axotomised by the experimental lesion was estimated as 
being closer to 70%. 
 Neuronal death was accompanied by a loss of DRG volume, and by delayed 
glial cell death, which reached a peak 2 months after axotomy.  Evidence of axotomy 
induced death of contralateral glial cells was also found. 
 The timing of nerve repair was found to affect sensory neuronal death.  
Immediate nerve repair was more neuroprotective (4.8% loss; TUNEL count 11 
cells/group) than repair after a 1 week delay (12.4% loss; TUNEL count 14 cells/group), 
but neither eliminated neuronal death.  Repair was protective when compared to no 
repair (21.3% loss; TUNEL count 25 cells/group). 

Papers II & IV  

In these papers the effect of systemic treatment with two potentially 
neuroprotective agents (ALCAR & NAC) were investigated.  Two durations of 
treatment were examined, based upon the timecourse of events detailed in Paper I.  
Firstly a 2 week timepoint was used since this is the peak rate of neuronal death, and 
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secondly a 2 month timepoint was used since neuronal death is essentially complete by 
this time after axotomy.   

Both ALCAR and NAC treatment caused a dose dependent improvement in 
neuronal morphology 2 weeks after axotomy. The number of TUNEL positive neurons 
was not affected by sham treatment (no treatment 25 neurons/group; sham saline 
treatment 33 neurons/group, P=0.937; sham dextrose treatment 19 neurons/group, 
P=0.405).  ALCAR significantly reduced the number of TUNEL positive neurons, as 
did NAC (low-dose ALCAR 6 neurons/group, P=0.009; high-dose ALCAR 3 
neurons/group, P=0.004; low-dose NAC 7 neurons/group, P=0.015; high-dose NAC 2 
neurons/group, P=0.002). 
 Sham treatment did not affect neuronal loss (saline 21% loss, P=0.99 cf. no 
treatment; 5% dextrose 21% loss, P=0.96), unlike ALCAR (low-dose 0% loss, P=0.001; 
high-dose 2% loss, P=0.006), or NAC (low-dose 1% loss, P=0.019; high-dose 3% loss, 
P=0.031) which both significantly reduced neuron loss.  This neuroprotective effect was 
preserved 2 months after axotomy (no treatment 35% loss; high-dose ALCAR -4% loss, 
P<0.001; high-dose NAC -3% loss, P=0.002;). 

Paper III 

 In a model of late secondary nerve repair, where the neuroprotective effect of 
ALCAR is obviated, ALCAR treatment (50mg/kg/day) significantly improved nerve 
regeneration through reversed 1cm isografts.  No difference in regeneration distance 
could be demonstrated since fibres reached the cut distal end of the nerve sample in 
both ALCAR treated, and untreated animals.  Regeneration was morphologically 
enhanced however, and quantification of staining for nerve fibres (PAMNF antisera) 
revealed that ALCAR treatment caused a significant increase in the percentage area of 
immunostaining for nerve fibres.  This was the case within the nerve grafts (no 
treatment 7.3%, ALCAR 24%; P<0.05) and in the distal nerve stump (no treatment 
0.38%%, ALCAR 12%; P<0.05).  A comparable effect upon area of staining for 
Schwann cells (S-100) was demonstrated. 

Papers V & VI 

 In these papers the aim was to determine the effect upon regeneration after late 
secondary nerve repair of locally delivered agents that might either restore the 
regenerative potential of chronically axotomised neurons (rhLIF), boost proliferation 
and neurotrophic factor secretion by the endogenous Schwann cell population (rhGGF), 
or augment that population with GGF responsive Schwann cells (cultured autologous 
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SC�s).  Administration was achieved by incorporation into PHB conduits used for 1cm 
gap repairs, and comparison was made against plain conduits, and against reversed 1cm 
isografts. 
 Plain PHB conduits supported some regeneration, though significantly less 
than nerve grafts did.  It was also clear that regeneration through plain conduits 
worsened when the delay to repair was increased.  Regeneration was enhanced by rhLIF 
which had more effect upon regeneration distance (2 month repair 69% increase cf. 
plain conduits, P=0.019; 4 month repair 123% increase, P=0.021) and morphology than 
upon the area of staining for nerve fibres, or S-100.  It was also apparent that rhLIF was 
relatively more effective at boosting regeneration when repair was delayed by 4 months 
rather than two. 
 The addition of SC�s to the conduits improved their regenerative profile, and 
the effect was most noticeable upon the regeneration distance (2 month repair 80% 
increase cf. plain conduits, P=0.007; 4 month repair 150% increase, P<0.001).  
Although SC�s had relatively little effect upon the area of staining for nerve fibres when 
repair was delayed by 2 months, they caused a significant increase when it was delayed 
by 4 months (147% increase in percentage area), as they did upon the area of staining 
for S-100.  When repair was delayed by 2 months, rhGGF-2 caused a dramatic increase 
in the percentage area of staining for nerve fibres (370% increase, P=0.01), and a 
smaller, but significant increase when repair was performed 4 months after injury.  A 
similar pattern was seen for S-100 immunostaining.   

Thus it appeared that although SC�s and rhGGF-2 both had beneficial effects 
upon regeneration, the effect of rhGGf-2 was somewhat greater in magnitude.  However 
as the delay to repair increased, the effect of rhGGF-2 became relatively less, whilst that 
of SC�s became relatively more.  Hence the combination of rhGGF-2 & SC�s was 
investigated in repairs performed 4 months after injury.  As was hoped, the combination 
approach gave a better regenerative profile than either one alone.  Conduits containing 
both rhGGF-2 & SC�s exhibited the greatest area of staining for nerve fibres, and the 
longest regeneration distance.  

When compared to nerve graft repairs, plain conduits were inadequate.  Conduits 
containing rhLIF had shorter, though comparable, regeneration distances with less 
immunostaining.  Those containing SC�s exhibited a somewhat better regenerative 
profile, but only really equalled nerve graft in one measure, that of regeneration distance 
in the group repaired 4 months after axotomy.  In the group repaired 2 months after 
axotomy rhGGF-2 conduits contained around twice the total area of immunostaining for 
nerve fibres, and S-100, that nerve grafts did, but had marginally smaller areas when 
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repair was delayed by 4 months.  Regeneration distances were comparable, though 
slightly less.  However the conduits containing rhGGF-2 & SC�s contained a greater 
total area of staining for nerve fibres and S-100, a regeneration distance that was at least 
comparable, and a distal stump morphology that was an improvement over that found 
with nerve graft. 
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DISCUSSION 

 A clear need exists for therapies that enhance sensory restitution after 
peripheral nerve trauma.  Microsurgical techniques allow accurate repair of the nerve 
trunk, or fascicles, but do not provide endoneurial realignment 254, and may not 
optimally address the neurobiological requirements of nerve regeneration 19,21.  In 
particular, the death of a large proportion of sensory neurons must be prevented if 
sensory outcome is ever to approach the pre-morbid level. 
 This study has focused upon  delineating the salient features of that sensory 
neuronal loss, in order to develop therapeutic strategies that are realistically applicable 
within the clinical arena.  Subsequently, certain of the neurobiological problems 
inherent to secondary nerve repair were addressed. 

Peripheral nerve injury induces significant sensory neuronal death, but a therapeutic 

window exists 

 Sciatic nerve transection induced the death of over a third of the entire sensory 
neuronal pool (Paper I).  Similar results have been demonstrated by other authors 
41,49,85,93,94,97,99,100, but the timecourse of neuronal death has not previously been 
elucidated in such detail.  It would appear, from the TUNEL results that neuronal death 
does indeed begin within 24 hours of injury.  The rate of neuronal death then continues 
to increase for 2 weeks thereafter, subsequently tailing off over the ensuing weeks, 
although occasional neurons are still dying even 6 months later.  In keeping with the 
time taken to progress through the cell death process, and for a sufficient number of 
neurons to die to permit detection, loss of sensory neurons is not evident until 1 week 
after axotomy.  Loss then continues to accrue, until reaching a plateau value around 2 
months after injury. 
 This implies that although neuronal death can be reduced by intervention 
during a therapeutic window lasting some weeks, the earlier that one intervenes after 
injury, the greater the potential neuroprotective benefit.  Ideally neuroprotection should 
be delivered within 24 hours of peripheral nerve injury.  

The timing of nerve repair affects the magnitude of neuronal death 

 By restoring axonal contact with the neurotrophic factory that is the acutely 
denervated distal stump 21,41, it may be possible to provide physiological neurotrophic 
support for the axotomised sensory neurons, limiting the loss of trophic support, and 
preventing cell death.  The results of such an experiment in Paper I support that 
contention. 
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 Neuronal death, as assessed both by TUNEL and stereologically, was reduced 
by nerve repair in a time dependent manner.  However even immediate repair (which is 
not clinically feasible) did not eliminate neuronal loss, and numerous TUNEL positive 
cells were found in the DRG�s of both repair groups 2 weeks after injury.  Further 
neuronal loss is therefore likely to occur in the subsequent weeks.  The inability of 
repair to eliminate neuronal loss may either reflect the fact that the distal stump does not 
maximise its production of NTF�s for many days after injury, or that NTF production is 
insufficient to fully meet the survival needs of all axotomised neurons. 

This data would suggest that nerve repair should be performed as soon as 
possible after injury, and not delayed for several days to let the distal environment for 
regeneration optimise, as has frequently been suggested in clinical practice.  The need 
for an adjuvant, more completely neuroprotective treatment that could be commenced 
before surgery is also apparent.  

Neuronal death can be virtually eliminated by clinically applicable treatments 

 The results of Papers II & IV document, for the first time, that post-traumatic 
neuronal death can be virtually eliminated in vivo by systemic treatment with clinically 
safe pharmaceuticals.  Using an identical experimental model to Paper I, and the 
biologically relevant timepoints of 2 weeks, and 2 months after axotomy, neuron loss 
was reduced from 21% & 35% respectively, to ~0%.  Neuronal death was not entirely 
eliminated, since some TUNEL positive neurons were found, but must have been 
reduced to a sufficiently low rate that it was masked by normal biological variation in 
neuron counts.  Since neuronal loss is essentially complete by 2 months after axotomy 
in the absence of treatment (Paper I), ALCAR and NAC can be said to provide 
permanent neuroprotection when treatment is perpetuated.   

Two key questions are now obvious. Can treatment subsequently be stopped 
without neuronal death recommencing, or must it be continued until repair has been 
performed, and target reinnervation is complete?  Equally, does a clinically realistic 
delay between injury and starting treatment (i.e. the average taken to reach healthcare 
services) still permit adequate neuroprotection? Since Paper I demonstrated that 
neuronal death was only beginning 24 hours after injury, it is reasonable to assume that 
a delay in starting treatment of 6-12 hours may not be overly prejudicial.  Further 
longterm studies will be required to address the first question. 

The mechanism of action was not investigated in these papers, but both agents 
potentially target aspects of mitochondrial bioenergetic dysfunction.  NAC is 
neuroprotective against a range of insults in-vitro 148,149,255,256 and has some additional 
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inherent antioxidant and cell-cycle controlling properties 149,256, but is likely to exert 
much of its effect as a glutathione substrate 256-259.  Glutathione is the principal 
renewable free radical scavenger within neurons 260, and also protects mitochondria 
from NO 142,261.  ALCAR is a physiological peptide integral to high-energy substrate 
oxidative metabolism within mitochondria 262,263, that also has some inherent 
antioxidant properties 264, and ability to enhance the NGF binding capacity of neuronal 
populations 265-267.   

Both agents may therefore target the peri-mitochondrial events in the cell death 
pathway sufficiently to prevent involution, and early electron microscopical 
investigations in our laboratory suggest that mitochondrial morphology is indeed 
protected by treatment.  It remains to be seen whether caspase activation is prevented, or 
whether the agents act by an alternative, and as yet unknown mechanism.  If the 
mechanism is mitochondrial protection, then they may have applicability to a diverse 
range of neurodegenerative conditions from senile atrophy, to Alzheimer�s disease, and 
amyotrophic lateral sclerosis.  Indeed during the course of this study independent 
workers have documented a role for ALCAR in treating aspects of senile degeneration, 
including memory loss 268. 

Although both agents have an established clinical safety profile, and were 
significantly neuroprotective, ALCAR was chosen for further investigation since more 
evidence of a role in nerve regeneration existed for it than for NAC. One study of 
ALCAR after primary repair exists 269, and suggests a favourable effect.  ALCAR also 
reverses symptoms, and stimulates nerve regeneration in nucleoside analogue reverse 
transcriptase inhibitor (NRTI) associated distal symmetrical polyneuropathy (DSP) in 
HIV disease, a condition that also has a mitochondrial bioenergetic aetiology 270. 
Additionally, a convincing dose response effect upon sensory neuronal survival has now 
been demonstrated for ALCAR (unpublished data). 

Neuronal regenerative capacity can be augmented after secondary repair 

 Having found a way to potentially keep neurons alive, the study turned to ways 
to enhance regenerative capacity.  As discussed previously, this depends upon both the 
regenerative capacity of individual neurons, and the environment through which the 
axons must regrow.  Papers III & V principally addressed the regenerative capacity of 
the neurons, while Paper VI addressed the regenerative environment by modulation of 
the Schwann cell population. 
 ALCAR promotes the transport of acyl moieties across the inner mitochondrial 
membrane, and by favouring maintenance of aerobic glycolytic pathways 262,263,271 in 
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preference to the normal shift into the less efficient pentose phosphate pathway 272 
should increase neuronal metabolic capacity during regeneration.  Its effect to enhance 
NGF binding by p75 may also enhance the neurotropic drive to axonal extension.  In 
order to determine whether this could result in enhanced regeneration indepently of its 
neuroprotective effect, ALCAR treatment, and nerve repair was delayed until 2 months 
after axotomy.  Nerve graft was chosen for the repair to mimic the current clinical 
situation, and a significant increase in regeneration was found, particularly when the 
area of staining for nerve fibres within the distal stump was evaluated (Paper III). 
 The reduction in neuronal regenerative potential found after prolonged 
axotomy may be in part due to loss of the phenotype induced shortly after axotomy.  
This phenotype may be the result of retrogradely transported �injury factors�, of which 
LIF has received recent attention (Paper V).  Targeted local delivery of LIF resulted in a 
significant increase in regeneration distance through a PHB conduit, and a less 
dramatic effect upon immunostaining for nerve fibres was also found.  In keeping with 
the hypotheses that the regenerative phenotype is lost over a period of some months, 
and that LIF may restore that phenotype 195, the treatment effect was relatively greater 
when repair was performed four months after axotomy, rather than two.  However LIF 
is not known to have any significant effect upon the Schwann cell population, which 
would explain why the regenerative profile of the LIF-conduits was not as good as 
nerve graft.  If LIF were to reach clinical use, it should be as part of a nerve repair 
system that incorporates elements designed to enhance the Schwann cell response. 
 Nevertheless, these experiments suggest that it is possible to augment the 
regenerative capacity of chronically axotomised neurons, and that these measures can be 
applied as part of a secondary nerve repair. 

A bioartificial nerve conduit to rival nerve graft for late secondary nerve repair? 

 The atrophic endogenous Schwann cell population was addressed in Paper VI.  
Schwann cells (SC�s) are recognised as essential to the support of peripheral nerve 
regeneration 21,196, and their comparatively limited migratory potential has been 
postulated as one reason why regeneration through long acellular conduits is so much 
worse than through long nerve grafts.  Regeneration is impaired after secondary nerve 
repair, as compared to primary.  Yet regeneration of freshly transected nerves into 
chronically denervated distal stumps is also impaired 184,273, largely due to the SC 
population being less able to respond to, and to support, ingrowing axons 65,189.  Hence, 
even if one is able to provide adequate neuroprotection, and to restore the chronically 
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axotomised neurons� regenerative potential, their growth into the chronically denervated 
distal stump will be still be impaired, unless the SC response can be augmented. 

Local administration of cultured autologous SC�s theoretically provides a fresh 
population of fully GGF responsive cells, which are able to interact with, and support 
regenerating axons.  When suspended in alginate-fibronectin hydrogel and delivered 
within PHB conduits, SC�s significantly enhanced nerve regeneration when compared 
to plain conduits 238,274.  Their effect was relatively greater when the delay to nerve 
repair was prolonged, and this would be in keeping with the hypothesis that the 
endogenous population were becoming increasing atrophic and unable to support axonal 
growth.  

However SC conduits did not match nerve grafts (NG�s), which are effectively 
another form of SC transplant albeit with a different matrix.  This may suggest that 
cultured cells are relatively less active than those within NG�s, but no experimental data 
exist to expand this concept. Perhaps the concentration of SC�s, although optimal for 
primary repair was insufficient for secondary repair where the number of endogenous 
cells is less.  The alginate hydrogel may have reduced SC motility, rendering them less 
able to proliferate and interact with axons; it is possible that future design enhancements 
to introduce porosity could address this potential problem.  Longterm survival of SC�s 
in GGF free media is not good in vitro, and may have also been the case within the 
implanted conduits, although viable transplanted cells were still present at harvest, and 
similar problems should exist for the SC�s within nerve grafts.  In reality it is likely that 
all these factors contribute to some extent, but do not detract from the demonstrable 
ability of cultured SC�s to enhance regeneration. 

An alternative approach to the use of cultured SC�s is to attempt to boost the 
endogenous population by administering exogenous GGF.  This should cause SC 
proliferation, enhance NTF secretion, stimulate migration, and has improved 
regeneration after early repair 228.  Although the endogenous SC�s will have virtually 
lost expression of c-erbB2&4 by 4 months after axotomy, and their GGF responsiveness 
might be questionable, a recent in vitro study has confirmed that they can be activated 
by supraphysiological concentrations of rhGGF 275.  In this study (Paper VI) we 
demonstrate that rhGGF-2 within a bioartificial conduit does stimulate the endogenous 
Schwann cell population, although the effect was considerably less when repair was 
performed 4 months after axotomy, rather than 2 (sixfold increase in S-100 staining vs 
threefold increase, respectively).  This Schwann cell activation was associated with a 
dramatic increase in nerve regeneration, such that 2 months after axotomy the rhGGF-2 
conduits rivalled nerve grafts in their regenerative profile.  Clearly the efficacy of 
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rhGGF-2 decreased when the duration of distal stump denervation increased, and this 
presumably reflects the reducing responsiveness of the distal stump Schwann cells.  It 
would be interesting to investigate the effect of providing GGF to the distal stump 
during the period of denervation, in an attempt to prevent atrophy, and loss of c-
erbB2&4 expression. 

In an attempt to circumvent the reduced GGF responsiveness of the 
endogenous Schwann cells, rhGGF-2 was combined with cultured SC�s in the final 
experimental group.  This approach improves functional reinnervation after early nerve 
repair 228, but has not been investigated in the setting of secondary nerve repair, nor 
compared against nerve graft.  As described in Paper VI, rhGGF-2+SC�s resulted in a 
major improvement in the regenerative profile of the conduits.  Regeneration distance 
was greater than through conduits containing either rhGGF or SC�s alone, and the 
percentage area of staining for nerve fibres approximately doubled.  Indeed the rhGGF-
2+SC conduits were at least comparable to, if not better than nerve grafts, the total area 
of staining for nerve fibres being greater within the conduits. 
 Thus it was possible to create a bioartificial nerve graft that matched nerve 
graft in this experimental model of late secondary peripheral nerve repair, using 
components that are already either licensed for other clinical applications (PHB, 
alginate), or are potentially available for clinical trial.  It is currently possible to extract 
autologous fibronectin from patients sera, and to culture human Schwann cells, whilst 
recombinant GGF-2 is already available.  An intermediate step might be to continue to 
use nerve autograft, but to coat it with alginate containing rhGGF-2.  In order to confirm 
the functional benefit of such a conduit it will first be necessary to undertake longer 
term animal studies of target organ reinnervation and electrophysiological function 
however. 

Can the prognosis of peripheral nerve injury be improved? 

 Currently less than ~30-60% of patients with peripheral nerve transections 
achieve a sensory outcome that is termed �good, or excellent� 8.  However no patients 
return to normal sensation, and true functional restitution remains unachievable with 
current clinical practice.  As discussed earlier, this is in large part due to loss of a large 
proportion of innervating sensory neurons, and the findings of Papers I, II & IV would 
suggest that neuronal loss can be addressed.  Nerve repair should be performed as early 
as is clinically practicable in order to minimise cell death, and the potential for the 
future elimination of neuronal loss has been demonstrated.  Since both agents are 
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already in clinical use for other applications, the progression to clinical trials could be 
rapid. 
 Having kept the neurons alive, one must then make them regenerate better.  
Although this study did not directly address primary nerve repair, neuroprotection 
would be of benefit in this setting. RhGGF might also enhance the regenerative drive of 
the endogenous Schwann cells, and has subsequently been demonstrated to enhance 
their ability to penetrate longer conduits 276.  ALCAR might also enhance the neurons� 
regenerative capacity, as it did in the setting of secondary nerve repair (Paper III) just as 
LIF did (Paper V).   

Even without these measures, the results of Paper VI suggest that rhGGF-2 can 
dramatically enhance regeneration in the first months after axotomy, whilst cultured 
Schwann cells become an increasingly beneficial adjunct as the period of denervation 
increases.  Lastly, by combining rhGGF-2 with SC�s, a bioartificial nerve conduit that 
rivals nerve graft for late secondary repair has finally been identified.  However to 
derive the most benefit it would be wise to address neuroprotection, the Schwann cell 
population, and neuronal regenerative capacity simultaneously; this awaits further 
experimental investigation.  Only then may regeneration of the peripheral nervous 
system truly be enhanced to the extent that we discover whether central plasticity will 
become the limiting factor, or the final link, in achieving sensory restitution after 
peripheral nerve trauma. 
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CONCLUSIONS 

The results of the present thesis demonstrate that: 

1) Peripheral nerve transection results in death of nearly 40% of the entire sensory 

neuronal pool.  Death begins within 24 hours of axotomy, but does not translate 

into significant neuronal loss until 1 week post-axotomy.  Death reaches a peak rate 

after 2 weeks, and then subsides, such that neuronal loss is essentially complete by 

2 months after injury.  This is accompanied by glial cell death and loss of volume in 

the dorsal root ganglia. 

2) Peripheral nerve repair reduces the number of primary sensory neurons that die; the 

sooner nerve repair is performed the greater the neuroprotective benefit. 

3) Primary sensory neuronal death after peripheral nerve transection can be virtually 

eliminated by systemic treatment with either N-acetyl-cysteine, or acetyl-L-

carnitine. 

4) The regenerative capacity of chronically axotomised neurons can be increased by 

systemic treatment with acetyl-L-carnitine, or by targeted local administration of 

leukaemia inhibitory factor. 

5) The endogenous Schwann cell population can be induced to proliferate and 

improve nerve regeneration after secondary nerve repair, by targeted local 

administration of recombinant glial growth factor. 

6) Cultured isogeneic Schwann cells enhance peripheral nerve regeneration after 

secondary nerve repair using a bioartificial nerve conduit.  That effect is further 

augmented by the incorporation of recombinant glial growth factor. 

 

These findings prepare the way for clinically applicable strategies to improve the 

outcome of peripheral nerve surgery by reducing sensory neuronal death, enhancing 

nerve regeneration, and ultimately developing a nerve conduit to replace nerve graft for 

gap repairs. 
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Abstract The timecourse of cell death in adult dorsal
root ganglia after peripheral axotomy has not been fully
characterised. It is not clear whether neuronal death be-
gins within 1 week of axotomy or continues beyond
2 months after axotomy. Similarly, neither the time-
course of satellite cell death in the adult, nor the effect of
nerve repair has been described. L4 and L5 dorsal root
ganglia were harvested at 1–14 days, 1–6 months after
sciatic nerve division in the adult rat, in accordance with
the Animals (Scientific Procedures) Act 1986. In sepa-
rate groups the nerve was repaired either immediately or
following a 1-week delay, and the ganglia were harvest-
ed 2 weeks after the initial transection. Microwave perm-
eabilisation and triple staining enabled combined
TUNEL staining, morphological examination and neuron
counting by the stereological optical dissector technique.
TUNEL-positive neurons, exhibiting a range of morph-
ologies, were seen at all timepoints (peak 25 cells/group
2 weeks after axotomy) in axotomised ganglia only.
TUNEL-positive satellite cell numbers peaked 2 months
after axotomy and were more numerous in axotomised
than control ganglia. L4 control ganglia contained
13,983 (SD 568) neurons and L5, 16,285 (SD 1,313).

Neuron loss was greater in L5 than L4 axotomised gan-
glia, began at 1 week (15%, P=0.045) post-axotomy,
reached 35% at 2 months (P<0.001) and was not signifi-
cantly greater at 4 months or 6 months. Volume of axo-
tomised ganglia fell to 19% of control by 6 months
(P<0.001). In animals that underwent nerve repair, both
the number of TUNEL-positive neurons and neuron loss
were reduced. Immediate repair was more protective
than repair after a 1-week delay. Thus TUNEL positivity
precedes actual neuron loss, reflecting the time taken to
complete cell death and elimination. Neuronal death be-
gins within 1 day of peripheral axotomy, the majority oc-
curs within the first 2 months, and limited death is still
occurring at 6 months. Neuronal death is modulated by
peripheral nerve repair and by its timing after axotomy.
Secondary satellite cell death also occurs, peaking
2 months after axotomy. These results provide a logical
framework for future research into neuronal and satellite
cell death within the dorsal root ganglia and provide fur-
ther insight into the process of axotomy induced neuro-
nal death.

Keywords TUNEL · Stereology · Optical dissection ·
Apoptosis · Dorsal root ganglion · Rat

Abbreviations a Area ā Mean area · C.A.S.T.-Grid
Computer-assisted stereology toolbox · DRG Dorsal root
ganglia · GDNF Glial-derived neurotrophic factor
H33342 Hoechst 33342 nuclear stain · ISEL In situ end
labelling · LIF Leukaemia inhibitory factor · Ndis Total
number of optical dissector bricks · NGF Nerve growth
factor · Npar Estimated number of particles · 
NT3 Neurotrophin-3 · NV Numerical volume · 
PFA Paraformaldehyde · PBS Phosphate-buffered saline ·
PI Propidium iodide · s Total number of sections · 
t Section thickness · t̄ Mean section thickness · 
TUNEL TdT (terminal deoxyribonucleotidyl transferase)
uptake nick-end labelling · Vdis Volume of optical 
dissector brick · Vref Reference volume
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Introduction

The extensive primary sensory neuronal death found 
after experimentally induced peripheral nerve lesions
(Himes and Tessler 1989; Liss et al. 1994, 1996; Ranson
1906; Rich et al. 1989; Risling et al. 1983; Terenghi
1999; Vestergaard et al. 1997) is likely to be a major 
factor in the poor clinical outcome of peripheral nerve
trauma. A variety of stimuli may initiate neuronal death,
although loss of target-derived neurotrophic support ap-
pears to be the most significant (Ambron and Walters
1996; Ekstrom et al. 1998), as demonstrated by the pro-
tective effect of exogenous neurotrophic factors such as
NGF (Ljunberg et al. 1999; Otto et al. 1987; Rich et al.
1987), NT3 (Groves et al. 1999; Ljungberg et al. 1999),
GDNF (Bennett et al. 1998: Leclere et al. 1998) and LIF
(Cheema et al. 1994).

Between 7% and 50% of primary sensory neurons die
after peripheral nerve injury (Himes and Tessler 1989;
Liss et al. 1994; Ranson 1906; Rich et al. 1989; Risling
et al. 1983; Terenghi 1999; Vestergaard et al. 1997; Ygge
1989), the range of experimental models and techniques
employed (Ygge 1989) accounting for the wide variation
in estimates (Rich et al. 1989). Until recently variation
was increased by the use of “statistically biased”, as-
sumption-based counting techniques (West 1993),
wherein the mean of all possible estimates tends away
from the true value. Stereological counting techniques
(such as the physical, and optical dissector) now permit
“statistically unbiased” counting, meaning that estimates
will tend infinitely towards the true value. The optical
dissector technique is superior to the physical, since it is
more time-efficient and avoids potential underestimates
due to tissue-sectioning artefacts (Pover and Coggleshall
1991; West 1993).

The precise onset of neuronal death after peripheral
nerve injury remains uncertain. DNA fragmentation oc-
curs at 7 days post-axotomy (Groves et al. 1997a), but
there is a lack of data for earlier timepoints and, whilst
significant neuron loss has generally not been found
within 1 week of axotomy (Himes and Tessler 1989;
Rich et al. 1989), Vestergaard et al. have demonstrated 
a 6% loss at 4 days, rising to 19% at 8 days (Vestergaard
et al. 1997).

Equally, it remains unclear exactly how long after
axotomy neuronal death continues, as only three relevant
longterm studies on the rat (Groves et al. 1997a; Himes
and Tessler 1989; Rich et al. 1989) have been published.
Although no significant increase in neuron loss occurred
beyond 1–2 months post-axotomy, these studies princi-
pally addressed the mechanism of neuronal death
(Groves et al. 1997a), the effects of different injury types
(Rich et al. 1989) or employed non-stereological count-
ing techniques (Himes and Tessler 1989). Additionally,
neither the optical dissector technique, nor staining for
DNA fragmentation were employed throughout the 
entire timecourse studied.

Neuron loss quantifies the extent of neuronal death;
however, the normal biological variation in neuron num-

bers may mask loss occurring at very low rates. Also,
complete involution does not occur for some hours in
vitro (Barres et al. 1993; Greenlund et al. 1995; Wyllie
2000), and an unspecified time in vivo (Bilbao and
Dubois-Dauphin 1996), after the start of cell death. Evi-
dence of individual cell death, whether morphological
or DNA fragmentation, is therefore more appropriate for
determining when cells first begin to die after axotomy
and is more suitable for detecting low rates of cell
death. DNA fragmentation can be demonstrated by the
use of staining techniques such as terminal deoxyribo-
nucleotidyl transferase (TdT) uptake nick-end labelling
(Gavrieli et al. 1992) which rely upon enzymatically
mediated polymerisation of labelled nucleotides onto
the free ends of DNA strand breaks in fixed tissues.

Peripheral axotomy induces satellite cell death in neo-
nates (Whiteside et al. 1998b) and adults (Groves et al.
1997a), but the timecourse is not yet known. It may have
similar significance to the delayed apoptosis of oligoden-
drocytes found after spinal cord (Crowe et al. 1997) or
optic nerve injury induced (Barres et al. 1993) neuronal
death, which has been suggested to compound the direct
effects of injury.

This study therefore aimed to determine the time-
course of primary sensory neuronal and satellite cell
death after a defined peripheral nerve injury using
TUNEL staining (for DNA fragmentation), light micros-
copy of nuclear and cellular morphology and neuron
counting by the optical dissector technique.

Materials and methods

All work was performed in accordance with the Principles of lab-
oratory animal care (NIH publication No. 86–23, revised 1985)
and with the terms of the Animals (Scientific Procedures) Act
1986 (project No. 70/4210). The experimental design was cogni-
scent of the need to minimise the number of experimental animals
and to limit suffering.

Under halothane anaesthesia, young adult male Sprague-Daw-
ley rats underwent either left- or right-sided unilateral sciatic
nerve division at the upper border of quadratus femoris. Spontane-
ous regeneration was prevented by excising a 3-mm segment of
distal nerve stump, ligating both nerve stumps (6/0 Prolene), se-
curing them into silicone caps (3 mm long, internal diameter
1.0 mm) with single 9/0 Ethilon epineurial sutures and burying the
proximal stump deep to quadratus femoris.

After survival periods of 1 day, 4 days, 1 week, 2 weeks,
1 month, 2 months, 4 months and 6 months (n=6 per timepoint),
ipsilateral axotomised and contralateral control L4 and L5 ganglia
were harvested. Terminal anaesthesia with intraperitoneal pento-
barbitone (240 mg/kg) was employed and pre-fixation achieved 
by transcardiac perfusion with 200 ml PBS then 4% PFA
(150 ml/100 g body weight), both at 4°C. Ganglia were post-fixed
in 4% PFA for 6 h at room temperature. After three rinses in PBS
containing 15% sucrose and 0.1% sodium azide, ganglia were
blocked in OCT and stored at –40°C.

In two further groups (n=6), the sciatic nerve was divided and
then repaired either immediately or after a 1-week delay, using
four 9/0 Ethilon epineurial sutures. The L4 and L5 ganglia were
harvested at a timepoint 2 weeks after the initial nerve division.

Each entire ganglion was cut into serial 30-µm cryosections
onto Vectabond-coated (Vector UK) glass slides and dried over-
night. Sections were permeabilised by microwave irradiation
(478 W for 1.5 min with a 1.5-l water load) and rapid cooling in
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iced PBS. TUNEL (Promega Apoptosis Detection System, Fluo-
rescein) was then performed in accordance with the recommended
protocol (Promega 1999). The protocol was adapted to allow si-
multaneous staining with H33342 and PI. H33342 is a non-specif-
ic nuclear stain that allows excellent determination of nuclear
morphology (Crowe et al. 1997; Whiteside and Munglani 1998;
Whiteside et al. 1998a), whilst PI highlights cytoplasmic morphol-
ogy. Each stain can be visualised separately using fluorescence
microscopy and band-specific filters.

Changing between fluorescent filters easily permitted differen-
tiation of neurons from satellite cells on the basis of their size, rel-
ative distribution and their larger, paler nuclei. The reliability of
these features was previously confirmed in separate experiments,
where staining with PI and H33342 was combined with immuno-
staining using antisera to Pan-Axonal, marker of neurofilaments
(Affiniti UK) and the satellite cell marker S-100 (DAKO, UK).
During optical dissection, use of an Olympus WU filter allowed
simultaneous visualisation of both PI and H33342.

All sections were examined for the presence of TUNEL-posi-
tive cells using fluorescence microscopy and a ×20 objective lens
(Olympus B60 microscope). Cells were confirmed to be neurons
or satellite cells by further examination under a ×40 objective, and
the morphology of each TUNEL-positive neuron was examined by
switching filters to visualise the nuclear and cytoplasmic staining.
In every case the serial sections immediately before and after the
section containing the TUNEL-positive neuron were inspected to
ensure that each positive neuron was only counted once. Absolute
numbers of TUNEL-positive neurons were therefore obtained for
each ganglion.

At each timepoint the number of TUNEL-positive cells was
expressed either for individual ganglia (L4 or L5) or as a com-
bined (L4+L5) count. For neurons the total number per experi-
mental group was used, whilst for satellite cells a mean figure per
animal was calculated.

Neuron counts were performed using an Olympus B50 micro-
scope with parfocalised ×60 oil-immersion and ×4 objectives. The
number of surviving L4 and L5 DRG neurons was estimated using
the stereological technique of optical dissection (Gundersen et al.
1988a; Harding et al. 1994; West 1993).

With this technique one initially estimates the ganglion's vol-
ume by using the Cavalieri principle (Gundersen et al. 1988b),
which states that the volume of a structure approximates very
closely to its mean cross-sectional surface area multiplied by its
height. Mean surface area of the section (ā) is calculated from
measurements of the surface area (a) of ten or more serial sections
in a systematic random sample from the ganglion. The “height” of
the ganglion equals the total number of tissue sections cut from
the ganglion (s) multiplied by the mean thickness of those sections
(t̄), and this latter figure was 28.0 µm (SD 1.85 µm). The volume
of the DRG (Vref) is therefore calculated thus: 

(1)

where Vref is volume of DRG, ā = mean area of section, t̄ = mean
section thickness and s is the total number of sections.

In stereology every cell has an equal chance of being counted,
obviating any bias due to variations in cell size or distribution
within the ganglion. Central to this tenet are the counting rules as-
sociated with the optical dissector bricks and the process of sys-
tematic random sampling at all levels of the process after tissue
sectioning. Sampling is achieved by starting from a randomly cho-
sen start point and then systematically moving through the gangli-
on or tissue section, in a series of predetermined steps.

In practice, a systematic random sample of the serial sections
from each ganglion was obtained for volume estimation as fol-
lows. The start section (1st–3rd of the serial sections) was selected
using a random number table and was examined along with every
3rd subsequent section from the ganglion. Where this randomisat-
ion procedure resulted in fewer than the required minimum of 10
sections being available, the procedure was altered to select every
2nd section (start section 1st or 2nd).

The neuron-containing area (a) of each section was measured
using C.A.S.T.-Grid (version 1) software by tracing its margins

under a ×4 objective. The thickness (t) of every section examined
was also directly measured, using a stage-mounted microcator and
a ×60 oil-immersion objective, by focusing down from the surface
of the section to the focal plane at its underside. Results were then
used for calculation of mean section thickness (t̄), mean surface
area (ā) and hence of ganglion volume (Vref).

The density (or NV) of neurons within the ganglion was then
determined by using a series of optical dissector bricks. These are
cuboid, computer-generated geometrical constructs of a known
volume which are placed within the same tissue sections selected
for volume estimation. Systematic randomisation is performed 
in the x- and y-axes by movements (x steps and y steps) from a
random start point. Using an objective lens with a narrow focal
plane (less than 1 µm), the dissector bricks are generated by focus-
ing down through a predetermined distance within the thickness 
(z-axis) of the tissue section.

In practice, optical dissection and systematic random place-
ment of optical bricks within each section were performed by the
C.A.S.T.-Grid system, which controlled a microscope stage mo-
torised in the x-y plane. Manual movement in the z-axis (focusing
down through the section) was tracked by the stage-mounted mi-
crocator. The dissector volume (Vdis) was 81,702 µm3, x steps and
y steps were 300 µm and the sections were found to be 28.0 µm
(SD 1.85 µm) thick.

The leading edge of the nucleus was used as the unique point
of the neuron for cap counting; standard stereological counting
frames (Gundersen et al. 1988b) and optical dissector counting
rules were employed (Gundersen et al. 1988a). These rules deter-
mine that only particles lying entirely within the volume of the
bricks or crossing any of three mutually perpendicular faces are
counted. A “cap” is a particle, or neuron in this case, which meets
the counting rules employed. Neurons which cross any of the op-
posite three faces are not counted (“profiles”). The mean cap
count was 148 (SD 27.5) per ganglion, in keeping with the re-
quirement to count between 100 and 200.

The cap count thereby obtained is divided by the total volume
within which counting was performed (i.e. individual dissector
brick volume multiplied by the total number employed) to give the
density (NV) of neurons within the ganglion: 

(2)

where: NV is numerical volume of neurons; Vdis is volume of each
optical disector brick; and Ndis is number of optical disector bricks
used.

Finally, the numerical volume (NV) of neurons is multiplied by
the volume of the ganglion (Vref) to give the estimated number of
neurons within the ganglion: 

(3)

where Npar is the estimated number of neurons within the ganglion.
Neuron counts were expressed for individual ganglia (L4 or

L5) and as a combined (L4+L5) count for each side (axotomised
or contralateral control). Neuron loss was calculated by subtract-
ing the number of neurons in axotomised ganglia from that in their
contralateral controls. Loss was then expressed as a percentage of
the neuron count in the control ganglia.

Statistical analysis of results was performed using the Sigma-
stat 2.0 software package. Comparison between groups was per-
formed using ANOVA, Students t-test or the Mann-Whitney rank
sum test when data were not normally distributed. P<0.05 was
adopted for rejection of the null hypothesis.

Results

Morphology

TUNEL-positive neurons displayed a range of morph-
ologies (Fig. 1a–c, e), although all had abnormal nuclei
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(H33342 staining) exhibiting pyknosis, chromatin con-
densation or even nuclear fragmentation. Whilst many
had cytoplasmic features typical of apoptosis (nuclear
eccentricity, pyknosis, granulation, vacuolation and
membrane irregularities; Fig. 1a, b), some exhibited an
apparently normal cytoplasmic morphology (Fig. 1c).
Satellite cells with abnormal, intensely stained, irregular,
condensed or ring-shaped nuclei were frequently seen.
Whilst many were TUNEL-positive, a substantial minor-
ity were TUNEL-negative. 

Apart from the classic pattern of chromatolysis and
nuclear eccentricity, other morphologically abnormal but
TUNEL-negative neurons were seen. “Ghost cells”,
which are thought to represent the site of fully involuted
apoptotic neurons, were occasionally found, as were
morphologically apoptotic neurons (exhibiting pyknosis,
cytoplasmic granulation, vacuolation and membrane 
irregularities). Grossly dilated and vacuolated cells 

(Fig. 1d) were found at every timepoint, with a peak in-
cidence 1–2 months after axotomy. These cells were
found almost exclusively in axotomised ganglia and had
eccentric, elliptical nuclei, with a degree of chromatin
condensation. Two such cells were TUNEL-positive, one
of which is shown in Fig. 1e.

TUNEL staining

TUNEL-positive cells were found at all depths within
tissue sections. The number found at each timepoint after
axotomy is given in Table 1. TUNEL-positive neurons
were only found in axotomised ganglia and were present
at all timepoints. The cumulative (L4+L5) number of
TUNEL-positive neurons at 1 day after axotomy was 
2 cells/group and first became significantly different
from control ganglia after 1 week (15 cells/group;

Fig. 1 Morphology of primary
sensory neurons after peripher-
al axotomy. Positive TUNEL
staining shows as green fluo-
rescence, cytoplasmic staining
by propidium iodide shows as
red, and nuclear staining by
Hoechst 33342 shows as blue.
TUNEL-positive neurons (solid
horizontal arrows) showed a
range of cytoplasmic morph-
ologies (a–c, e). Typical fea-
tures included pyknosis (a),
granulation (a), vacuolation (b)
and membrane blebbing (b).
However, some cells were es-
sentially normal in appearance
(c). Numerous enlarged and
grossly vacuolated neurons
were found at all timepoints
studied. Generally such cells
were TUNEL-negative (outline
arrow, d), although two were
TUNEL-positive cells, one of
which is shown (e) alongside a
TUNEL-positive satellite cell
(vertical arrow). Scale bar
20 µm



312

P<0.05). Numbers peaked at 25 cells/group after
2 weeks (P<0.001), falling thereafter to 2 cells/group at
6 months. 

TUNEL-positive satellite cells were present at all
timepoints and were more numerous in axotomised gan-
glia than in control ganglia. Subtracting the mean cumu-
lative (L4+L5) count on the control side from that of the
axotomised side gave a reflection of the number of satel-
lite cells that were TUNEL-positive due the direct effect
of axotomy. This count was 6.8 cells/animal at 4 days,
peaked at 20.2 cells at 2 months and was 10.7 cells at
6 months after axotomy (Table 1).

The timing of peripheral nerve repair affected the
number of TUNEL-positive neurons, as displayed in 
Table 2. After immediate repair of the sciatic nerve, 
cumulative (L4+L5) TUNEL-positive neuron counts
were lower (11 cells/group; P=0.002 compared with 
control ganglia) than with repair after a 1-week delay 
(14 cells/group; P=0.016). The count was still higher
when the nerve was not repaired (25 cells/group;
P<0.001 compared with control, and P<0.05 compared
with immediate repair). The difference between the
counts obtained after immediate and delayed repair was
not statistically significant. 

Stereology

The number of neurons surviving after axotomy is given
in Table 3, along with the calculated percentage neuron
losses. When all experimental groups were considered
together, the mean neuron count in control L4 ganglia

was 13,983 (SD 568) and 16,285 (SD 1,313) for L5. No
statistically significant differences were found between
control ganglia at different timepoints or between sides
for L4 (right 13,648, SD 1,633; left 14,187, SD 1,633) 
or L5 (right 16,574, SD 2,853; left 16,112, SD 1,864)
ganglia. 

In axotomised ganglia the magnitude of neuron loss
was greater in L5 (peak loss 7,878 neurons, 43.6%) than
L4 (peak loss 5,024 neurons, 34.6%); however, the time-
course of neuron loss was comparable. No neuron loss
had occurred at 4 days post-axotomy, indeed counts were
marginally higher in the axotomised ganglia than in the
contralateral controls (hence the calculation of “nega-
tive” loss in Table 3). Neuron loss (L4+L5) in axotomi-
sed ganglia was first evident at 1 week post-axotomy
(15% when compared with control ganglia; P=0.045),
reaching 35% at 2 months (P<0.001). Despite the 
fact that loss peaked 4 months after axotomy (39.2%; 
Table 3), the percentage loss found at 4 months and
6 months was not statistically different from that found
2 months after axotomy.

Two weeks after sciatic nerve transection, the extent
of neuron loss was related to the timing of nerve repair,
as is shown in Table 2. Cumulative (L4+L5) neuron loss
was highest when the nerve was not repaired (21.3%,
6,325 neurons), whereas loss was lower following repair
after a 1-week delay (12.4%, 2,450 neurons), and this 
effect was even more marked after immediate repair
(4.8%, 1,236 neurons). However, the effect upon neuron
loss was not statistically significant.

The change in the volume (Vref) of the neuron-con-
taining region of ganglia which occurred both as a result

Table 1 Timecourse of positive TUNEL staining in neurons and satellite cells after peripheral axotomy

Timepoint DRG neurons (total count/group) Satellite cells (mean count/ganglion) 

Control Axotomised ganglia Control ganglia Axotomised ganglia Axotomised – 
ganglia control ganglia
L4+L5 L4 L5 L4+L5 L4 L5 L4+L5 L4 L5 L4+L5 L4+L5

1 day 0 1 1 2 5.5 4.0 10.3 5.5 4.8 10.0
4 days 0 5 3 8 2.2 4.3 6.5 7.0 6.3 13.0 6.8
1 week 0 2 13* 15* 0.8* 7.2 8.0 4.7 12 17.0* 8.7
2 weeks 0 13* 12* 25** 3.5* 7.8 11.0 12 11 22.0* 11.0
1 month 0 4 2 6 3.0 2.7 5.7 4 10 14.0* 8.3
2 months 0 2 3 5 20.0 11.0 31.0 17 34 51.0 20.0
4 months 0 1 0 1 7.5 5.2 13.0 13 9.7 22.0* 9.7
6 months 0 2 0 2 5 2.3 7.3 8.2 9.8 18.0 11.0

Data based upon experimental groups of six animals at each timepoint
*P<0.05; **P<0.001 (compared with control)

Table 2 Effect of timing of nerve repair upon post-axotomy neuron death

No nerve repair Delayed nerve repair Immediate nerve repair

Mean neuron loss (L4+L5) 6,324** 2,450 1,236
TUNEL-positive neuron count/group (L4+L5) 25** 14* 11*

Data based upon experimental groups of six animals at each timepoint
*P<0.05; **P<0.001 (compared with control)
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of the increasing age of animals over the study period
and owing to the effect of peripheral axotomy is shown
in Table 4. Axotomy caused a significant reduction in
Vref (L4+L5) at 1 week post-axotomy (87.9% of control;
P=0.04), which then fell to 81% of control by 6 months
(P<0.001). An age-related increase of 68.4% in L4 and
68.3% in L5 occurred in the neuron-containing volume
of control ganglia, whilst axotomised L4 and L5 ganglia
both increased by only 28.0%. 

Discussion

Methodology

The experimental model was standardised as far as pos-
sible, since factors such as age and the proximity of the
nerve transection to the ganglia affect the DRG neuron
response to injury (Kerezoudi et al. 1995; Snider et al.
1992) and the magnitude of DRG neuron loss (Ygge
1989). All animals therefore underwent sciatic nerve 
division at the same age, the level of transection in the
mid-thigh was anatomically standardised, and several
measures were taken to prevent spontaneous nerve re-
generation (which would restore distal trophic support).
These measures also created significant physical barriers
to the uptake of distal stump-derived neurotrophic fac-

tors by the proximal stump, thereby clarifying the role of
withdrawal of target organ and distal stump-derived neu-
rotrophins in determining the magnitude of neuronal
death in vivo.

TUNEL is a technique for detecting DNA fragmenta-
tion (the earliest irreversible stage of neuronal death)
that was initially proposed as a specific marker for apop-
tosis (Gavrieli et al. 1992). However, positive staining
has subsequently been found in the S-phase of mitosis
(Sanders and Wride 1996) and in necrosis (Charriaut-
Marlangue and Ben-Ari 1995; Gold et al. 1994), so the
results presented herein should be interpreted as refer-
ring simply to cell death, and not specifically to apopto-
sis. Methodological concerns have been expressed 
previously over the sensitivity of TUNEL and ISEL
staining, owing to inadequate tissue permeabilisation by
traditional enzymatic methods such as digestion with
proteinase-K (Groves et al. 1997a; Negoescu et al.
1997). Microwave irradiation of tissue sections increases
the efficacy of permeabilisation sufficiently to give a
sensitivity of more than 90% with no reduction in speci-
ficity (Negoescu et al. 1997), and we therefore optimised
a microwave permeabilisation protocol. Despite using
thick (30 µm) tissue sections, penetration of the TUNEL
reagents was not impaired, since TUNEL-positive cells
were found at all depths within tissue sections and not
just in the surface layer. The specificity of TUNEL stain-

Table 3 Effect of peripheral axotomy upon primary sensory neuron counts

Time- Control ganglia Axotomised ganglia Percentage neuron loss
point

L4 L5 L4+L5 L4 L5 L4+L5 L4 L5 L4+L5

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

4 days 14,233 2,810 15,972 669 30,205 1,122 15,138 4,829 16,413 1,377 31,551 3,322 –6.0% –3.0% –4.5%
1 week 13,517 2,064 14,966 2,193 28,483 1,447 11,005 452 13,256 939 24,261 2,352 18.6%* 14.3% 14.8%*
2 weeks 13,949 1,193 15,692 2,198 29,641 926 11,239 1,305 12,077 1,500 23,317 876 19.0%* 23.0%* 21.3%**
1 month 14,658 1,953 14,647 948 29,305 474 11,349 2,497 11,520 1,727 22,869 1,295 22.6%** 25.6%** 22.0%**
2 months 13,948 1,007 17,597 2,524 31,545 999 9,751 1,230 10,709 1,082 20,460 873 30.1%** 39.1%** 35.1%**
4 months 14,536 801 18,055 2,279 32,591 791 9,511 655 10,315 621 19,826 237 34.6%** 43.6%** 39.2%**
6 months 13,039 1,392 17,066 2,289 30,105 843 9,370 519 10,341 1,601 19,711 711 28.1%** 39.4%** 34.5%**

Data based upon experimental groups of six animals at each timepoint
*P<0.05; **P<0.001 (compared with control)

Table 4 Effect of age and peripheral axotomy upon neuron containing volume of dorsal root ganglia

Time- Age-related increase (from 4 days post-axotomy) in neuron-containing Neuron-containing volume of axotomised
point volume of ganglia ganglia (% of control)

Control L4 Axotomised L4 Control L5 Axotomised L5 L4 L5 L4+L5

4 days 111% 105% 108.0%
1 week 19.3%* 3.0% 35.9%* 3.7% 95% 80%* 87.9%*
2 weeks 30.1%* –3.2% 22.7% –2.7% 82%* 82%* 82.6%*
1 month 15.0% –11.2% –2.3% –26.7%* 85%* 79%* 82.2%*
2 months 32.2%* –4.6% 0.0% –3.1%* 80%* 69%* 73.4%**
4 months 63.4%** 17.3% 69.3%** 16.4%* 80%* 72%* 75.5%**
6 months 68.4%* 28.0%* 68.3%** 28.0%* 82%* 80%* 80.8%**

Data based upon experimental groups of six animals at each timepoint
*P<0.05; **P<0.001 (compared with control)



ing was confirmed by the fact that all TUNEL-positive
cells exhibited abnormal nuclear morphology.

Optical dissection avoids both the statistical bias of
assumption-based techniques (Hedreen 1998b) and the
potential underestimates inherent to the physical dissec-
tor technique, due to lost caps (Hedreen 1998a; Pover
and Coggleshall 1991; West 1993). It has therefore been
proposed as the ideal technique for estimation of neuron
numbers, although this has been questioned recently on
the grounds that the anisotropic arrangement of neurons
within ganglia and the effects of section shrinkage may
result in inaccuracies (Benes and Lange 2001). However,
when the technique is correctly applied, with adequate
systematic random sampling, it is efficient, theoretically
sound, and it has been empirically validated against seri-
al reconstruction counts of DRG neurons (Coggleshall
1992; Coggleshall et al. 1990). Volume estimation by the
Cavalieri principle (Gundersen et al. 1988b) requires the
use of at least ten sections, whose thickness must be
known accurately. Accordingly, section thickness was
measured directly from the sections after staining, rather
than assumed to be equal to that at which the sections
were cut (tissue shrinkage during staining may invalidate
such an assumption; Harding et al. 1994). Adequate
numbers of caps were counted to meet the requirement
of 100–200 per ganglion (West 1999); and at 28% and
19% respectively, the x and y dimensions of the dissector
frame employed were more than 4% of the x and y step
distances (Harding et al. 1994).

Neuron counts

The mean neuron counts in control ganglia (L4 13,983,
SD 568; L5 16,285, SD 1,313; L4+L5 30,268, SD 2,548)
were in agreement with other results in the literature ob-
tained by optical (Bergman and Ulfhake 1998; Tandrup
1993, 1995) and physical (Groves et al. 1997a) dissector
methods. There was no difference between the counts
obtained from the left or right sides, negating concerns
over other experimental models that employ lesions on
one side only.

L4+L5 counts have been calculated because this com-
prises 98.4% of the entire sciatic nerve pool (Swett et al.
1991). Furthermore, the variance in counts from individ-
ual control ganglia is greater than that found for com-
bined counts (coefficient of variation L4 12%, L5 14%,
L4+L5 8%). This suggests that biological constancy is
maintained in the total number of neurons in the sciatic
nerve root pool, rather than in the number present in 
either ganglion alone, hence the combined counts are
more sensitive indicators of the effect of axotomy than
those for individual ganglia alone.

Neuron loss

At 39.2%, the peak neuron loss was broadly in keeping
with results in the literature (Liss et al. 1994, 1996; 

Vestergaard et al. 1997), although smaller losses have
been reported (Groves et al. 1997a; Himes and Tessler
1989; Rich et al. 1989). Variations may be due to differ-
ent animal models, counting techniques or levels of axo-
tomy. Also, the procedure used to prevent spontaneous
regeneration in this study may have excluded trophic
support from the distal stump more completely than in
other studies, resulting in greater neuronal death. One
may estimate that, of the neurons that were actually axo-
tomised, 56–75% were lost, since only 54–70% of neu-
rons in L4 and L5 DRGs contribute axons to the sciatic
nerve at the mid-thigh (Devor et al. 1985; Himes and
Tessler 1989; Swett et al. 1991). That neuron loss was
greater in L5 than L4 ganglia reflects the greater contri-
bution of L5 neurons to the sciatic nerve at the mid-thigh
(Devor et al. 1985).

Timecourse of neuronal death

Primary sensory neuronal death was found to commence
within 24 h of sciatic nerve transection, as shown by the
presence of TUNEL-positive neurons at 1 day post-axo-
tomy. Whilst previous studies have given the exact onset
of neuron loss as being at 4 (Vestergaard et al. 1997) to
10 days (Himes and Tessler 1989), we demonstrate that
statistically significant neuron loss in fact begins 7 days
after sciatic nerve transection in the mid-thigh. The delay
between the start of neuronal death and that of neuron
loss reflects both the time taken for individual neurons to
progress from DNA fragmentation to complete involu-
tion, and for the rate of death to increase sufficiently to
overcome the masking effect of the normal biological
variation in neuron numbers.

In vitro, neurons take a few hours to progress from
DNA fragmentation (with the potential for positive
TUNEL staining) to eventual involution (Chun and
Blaschkie 1997; Deckwerth and Johnson 1993); in vivo,
a delay of days is found in the case of axotomised neona-
tal facial motoneurones (Bilbao and Dubois-Dauphin
1996). In this study, at most 6 days passed between posi-
tive TUNEL staining and the occurrence of significant
neuron loss. Although neuronal involution in the first
few days may have occurred at too slow a rate to trans-
late into significant neuron loss, the full course of senso-
ry neuronal death in vivo, from beginning (DNA frag-
mentation) to end (neuron loss), appears to last some
days.

TUNEL staining also exhibits an earlier peak (at
2 weeks post-axotomy) than neuron loss (at 4 months
post-axotomy). ISEL staining (a marker specific for sin-
gle- rather than double-strand DNA breaks) similarly has
been found to peak at 3 weeks post-axotomy (Groves 
et al. 1997a), although the count is only a single neuron
more than at 2 weeks. The peak incidence of DNA frag-
mentation, and so of neuronal death, therefore occurs
some 2–3 weeks after peripheral nerve transection. Neu-
ron loss was found to occur predominantly during the
first 2 months after injury, since the losses found at
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4 months and 6 months were not significantly different to
that found 2 months after axotomy. This is broadly in
keeping with the literature, although no previous study
has involved sufficiently long survival times (Vestergaard
et al. 1997) and been as detailed (Groves et al. 1997a; 
Himes and Tessler 1989).

The discrepancy between the timecourse of TUNEL
staining and that of neuron loss reflects a difference in
what each technique detects. As a marker of DNA frag-
mentation, TUNEL staining detects the beginning of a
cell's death rather than the subsequent elimination re-
flected by neuron loss. TUNEL positivity therefore pre-
cedes loss, with the number of positive neurons at any
timepoint reflecting the rate of cell death, whilst neuron
loss quantifies the total number of cells that have died up
until then.

It was unclear for exactly how long neuronal death
continues after a peripheral nerve injury. As discussed
previously, neuron loss is a relatively crude measure of
this, and various studies have not found any statistically
significant increase in neuron loss beyond 1–2 months
after axotomy (Himes and Tessler 1989; Vestergaard 
et al. 1997). Indeed there is a trend (not statistically sig-
nificant) for neuron loss to be less at 6 months post-axo-
tomy than at 2 months, although the presence of morpho-
logically apoptotic and TUNEL-positive neurons indi-
cates that neuronal death does continue for at least
6 months after axotomy (Groves et al. 1997a; current
study). Death is likely to be due to axotomy rather than
old age, since control ganglia showed no evidence of
neuronal death, and since L4 neuron counts at 3 months
and 3 years of age in male Sprague-Dawley rats are not
statistically different (Bergman and Ulfhake 1998). Spe-
cies differences may exist, because neuron loss contin-
ued for 18 months post-axotomy in the cat (Carlson et al.
1979), although this result was obtained using assump-
tion-based counting techniques and may not be reliable.

It is the large discrepancy between the small number
of TUNEL-positive neurons found and the large neuron
loss that remains to be explained adequately. Although
greater than in other studies, the number of TUNEL-pos-
itive neurons was still low, despite the use of microwave
irradiation to enhance permeabilisation and sensitivity. It
is not clear from the literature for how long a dying cell
will stain positively with TUNEL in vivo, although esti-
mates range from as little as 2–5 min (Negoescu et al.
1997). In Gavrieli's original description, cells are de-
scribed as being TUNEL-positive before they are mor-
phologically apoptotic (Gavrieli et al. 1992), and it is
likely that the DNA fragments are exposed for only a
few hours before being masked by the condensation into
nucleosomes (Wyllie 2000) that precedes the more ad-
vanced morphological features of apoptosis. This brief
time window for staining is therefore the most likely ex-
planation for the discrepancy between the small number
of TUNEL-positive neurons and the large number lost,
as previously has been suggested by the peak in ISEL
staining of neurons 3 weeks after axotomy, when num-
bers of morphologically apoptotic neurons were still in-

creasing (Groves et al. 1997a). Alternatively, some neu-
ronal death may occur without any potentially stainable
DNA strand breakage, as has been demonstrated in other
cell types (Clarke 1999).

Mechanism of neuronal death

Loss of distal trophic support is postulated as the major
cause of neuron loss after nerve transection, and surgical
repair is thought to restore that support. Hence, one gains
information about the magnitude of loss attributable to
trophin withdrawal by harvesting the ganglia at the same
timepoint after axotomy having repaired the nerve at dif-
ferent intervals, and an effect was found.

The number of TUNEL-positive neurons present
2 weeks after axotomy was reduced by nerve repair, with
the effect of immediate repair being significant (P<0.05).
The same trend was found for neuron loss, which was
21.3% of control (L4+L5) in the absence of a nerve re-
pair, 12.4% when repair was delayed by 1 week and was
minimal (4.8%) when the nerve was repaired immediate-
ly after transection. One week after transection neuron
loss is 14.8% (Table 3), suggesting that virtually no fur-
ther neuron loss occurred in the week following delayed
nerve repair and providing further evidence of the bene-
ficial effect upon neuron survival of contact with the dis-
tal stump (with accompanying neurotrophic support).
The lack of a statistically significant difference in neuron
loss between groups with or without nerve repair is most
probably due to the fact that 2 weeks was not long
enough to develop a difference of sufficient magnitude
for statistical differentiation. These results give further
support to the hypothesis that loss of distal-stump neuro-
trophic support is the major factor determining the mag-
nitude of neuronal death after peripheral axotomy.

Although the accurate morphological consideration of
the mode of death is outside the scope of this paper,
since further electron-microscopic morphological study
would be required, the light-microscopic morphological
findings were not all classically apoptotic, and these lim-
ited findings may add to the current debate. TUNEL-
positive neurons exhibiting no abnormalities of cytoplas-
mic morphology were found and may be apoptotic cells
caught just prior to the development of visible morpho-
logical features (Migheli et al. 1995; Sanders and Wride
1996). However, others did display cytoplasmic granula-
tion, vacuolation, pyknosis and membrane irregularities,
in keeping with apoptosis.

The grossly dilated and vacuolated cells that were
predominantly found in axotomised ganglia have been
described previously (Ranson 1909) and demonstrated to
be large, GAP-43-positive myelinated neurons contain-
ing proteinaceous material (Groves et al. 1997b). Since
none of the neurons were ISEL-positive, the features
were ascribed to regeneration rather than cell death.
However, our finding that two such neurons were
TUNEL-positive may mean that the previous failure to
demonstrate DNA fragmentation was a result of the scar-
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city of such neurons, and the small percentage of dying
neurons detected by DNA fragment labelling. Further-
more, the number of such cells present closely matches
the timecourse of neuron loss and is reduced by NT3 ad-
ministration (Groves et al. 1997b), although that might
be expected to increase regeneration (Terenghi 1999). A
recent review of morphological electron-microscopic
studies (Clarke 1999) has cast doubt upon the classic
apoptotic description of adult neuronal death, and the
type 3B (“cytoplasmic”) cell death morphological fea-
tures are similar to those found here. Apoptosis has 
already been discounted as the mechanism in other forms
of adult neuronal death (Colbourne et al. 1999), and it
may be the case therefore that the dilated vacuolated
morphology is another pattern of death in myelinated
primary sensory neurons after axotomy.

Effect of axotomy upon ganglion volume

The 27% rise in control L4 dorsal root ganglion volume
between 2 and 6 months of age matches the previously
described 28% increase in volume from 3 months to
3 years of age (Bergman and Ulfhake 1998), since gan-
glion volume reached its maximum by 4 months of age.
A 68% increase in volume was found in both L4 and L5
control ganglia over the first 6 months of life; however,
in axotomised ganglia volume increased by only half as
much (28%), presumably reflecting their reduced cellu-
larity. Axotomy caused a reduction in volume of both L4
and L5 ganglia when compared with controls. This com-
menced 1 week after axotomy and plateaued after
2 months. Loss of volume was less than neuron loss, but
showed a similar timecourse and may reflect both the 
reduction in volume of surviving neurons (Vestergaard 
et al. 1997) and the actual loss of cells. Ganglion volume
also decreased relative to that found before neuron loss
commenced at 4 days post-axotomy, and the normal age-
related increase in ganglion volume did not begin until
after the main period of neuronal death had finished (i.e.
after 2 months post-axotomy). This implies that as neu-
rons die the spatial relationship of surviving cells is 
altered, which may have implications for local neuron-
glia interactions and for local concentrations of trophic
factors.

Axotomy-induced satellite cell death

Although ISEL-positive satellite cells have been noted
previously in control and axotomised ganglia, the time-
course of cell death has not been reported (Groves
1997a). In this adult study, TUNEL-positive satellite
cells showed a definite temporal relationship to sciatic
nerve division, with a peak 2 months after axotomy, and
were consistently found within axotomised ganglia. The
neuron peak preceded the satellite cell peak by 6 weeks,
in contrast to 3 days in neonates (Whiteside et al.
1998b), therefore implying a difference in the precise 

relationship. In control ganglia, TUNEL positivity may
represent physiological turnover in the potentially labile
satellite cell population, although the marked increase
2 months after axotomy suggests a direct effect of con-
tralateral axotomy, perhaps mediated by degeneration of
neurites in crossed tracts. These facts imply that adult
primary sensory neuronal death induces delayed second-
ary death of satellite cells, perhaps mediated by trophic
interdependence mechanisms or neurotoxic cytokines.
This is of particular significance because the delayed oli-
godendrocyte death found after optic nerve (Barres et al.
1993) and spinal cord injury (Crowe et al. 1997), and
thought to be due to axonal degeneration, has been im-
plicated in demyelination of surviving axons and expan-
sion of the cord lesion.

Conclusions

The results presented herein therefore offer a logical
time-structure for future in vivo experiments on primary
sensory neuronal death and for testing any potential ther-
apies to prevent neuronal death. The secondary satellite
cell death described remains to be fully characterised, as
do the precise mechanisms of neuronal death and the
features that differentiate the neurons that survive from
those that die.
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Abstract Several hundred thousand peripheral nerve in-
juries occur each year in Europe alone. Largely due to
the death of around 40% of primary sensory neurons,
sensory outcome remains disappointingly poor despite
considerable advances in surgical technique; yet no clini-
cal therapies currently exist to prevent this neuronal
death. Acetyl-L-carnitine (ALCAR) is a physiological
peptide with roles in mitochondrial bioenergetic func-
tion, which may also increase binding of nerve growth
factor by sensory neurons. Following unilateral sciatic
nerve transection, adult rats received either one of two
doses of ALCAR or sham, or no treatment. Either
2 weeks or 2 months later, L4 and L5 dorsal root ganglia
were harvested bilaterally, in accordance with the Ani-
mal (Scientific Procedures) Act 1986. Neuronal death
was quantified with a combination of TUNEL [TdT (ter-
minal deoxyribonucleotidyl transferase) uptake nick end
labelling] and neuron counts obtained using the optical
disector technique. Sham treatment had no effect upon
neuronal death. ALCAR treatment caused a large reduc-
tion in the number of TUNEL-positive neurons 2 weeks
after axotomy (sham treatment 33/group; low-dose 
ALCAR 6/group, P=0.132; high-dose ALCAR 3/group,
P<0.05), and almost eliminated neuron loss (sham treat-
ment 21%; low-dose ALCAR 0%, P=0.007; high-dose

ALCAR 2%, P<0.013). Two months after axotomy the
neuroprotective effect of high-dose ALCAR treatment
was preserved for both TUNEL counts (no treatment
five/group; high-dose ALCAR one/group) and neuron
loss (no treatment 35%; high-dose ALCAR –4%,
P<0.001). These results provide further evidence for the
role of mitochondrial bioenergetic dysfunction in post-
traumatic sensory neuronal death, and also suggest that
acetyl-L-carnitine may be the first agent suitable for clin-
ical use in the prevention of neuronal death after periph-
eral nerve trauma.

Keywords TUNEL · Stereology · Nerve injury · 
Pharmacotherapy · Dorsal root ganglion

Introduction

In Europe the overall incidence of peripheral nerve trau-
ma is 1/1,000, giving an estimated 300,000 cases/year,
although locally incidences are higher in regions with a
greater preponderance of heavy industry. Even with opti-
mal surgical repair, cutaneous innervation will remain re-
duced (Wiberg et al. 2001), normal sensation is seldom
reattained (Glickman and Mackinnon 1990), and clini-
cally the sensory outcome remains very poor (Dagum
1998; Glickman and Mackinnon 1990). This also im-
pacts adversely upon motor function, particularly fine
manipulative work (Burstedt et al. 2001), since adequate
sensory feedback is a vital component of normal proprio-
ception and therefore of motor control (Westling and 
Johansson 1984). Peripheral nerve trauma is therefore a
major cause of morbidity (Dagum 1998), and carries a
high cost in healthcare, lost employment, and social dis-
ruption.

Experimentally induced peripheral nerve injuries re-
sult in the death of around 40% of primary sensory neu-
rons (Hart et al. 2002; Terenghi 1999; Vestergaard et al.
1997), and postmortem studies have suggested that a
similar magnitude of loss occurs clinically (Suzuki et al.
1993). Although various factors are implicated (Fu and
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Gordon 1997; Lundborg et al. 1994), it is likely that the
death of a large proportion of the sensory neuronal pool
is the single most important determinant of the poor sen-
sory outcome of peripheral nerve injuries, since quality
of sensation depends upon the number of innervating
neurons and the size of their sensory fields (Fu and 
Gordon 1997; Terenghi 1999). Indeed, “the first prereq-
uisite for axonal regeneration is the survival of the neu-
ron following injury” (Fu and Gordon 1997).

Antidromic electrical activity and neurotoxic cyto-
kines from the site of injury trigger pathways both for re-
generation and for cell death within the injured neurons
(Ambron and Walters 1996). However, the magnitude of
neuronal death is principally determined by the resulting
loss of target derived neurotrophic support, as suggested
by the protective effects of exogenous neurotrophic fac-
tor administration after experimental nerve injuries (Fu
and Gordon 1997; Ljungberg et al. 1999; Terenghi
1999). Yet despite over 30 years of research, neurotro-
phic factors have failed to find a mainstream clinical ap-
plication for a variety of reasons. Neurotrophic factors
act on specific subpopulations of primary sensory neu-
rons (Terenghi 1999) and so to prevent death in all sub-
groups a complex cocktail would be required, although
exogenous neurotrophic factors may interact to negate
their own efficacy (Novikova et al. 2000a). Furthermore,
efficacy may vary unpredictably depending upon the ex-
act timing of administration (Novikova et al. 2000b), and
there are concerns over potential carcinogenic actions
and toxicity in other cell types (Soilu-Hanninen et al.
1999), and difficulties with systemic administration exist
due to side effects (Giammusso et al. 1996) and compli-
cations at injection sites (McArthur et al. 2000). As a re-
sult most experimental studies of local administration
have employed continuous intrathecal administration
(Ljungberg et al. 1999), even though this may not be
clinically applicable (Eriksdotter et al. 1998). There is
therefore a need for an easily administered, clinically
safe therapy which will prevent sensory neuron death
within a range of subpopulations.

In contrast to the specificity of neurotrophic factors,
there appears to be relative homogeneity between neuron
subpopulations in the way that the initiation of cell death
is signalled, and then effected (Ambron and Walters
1996; Koliatsos and Ratan 1999). Signalling is effected
principally through the mitogen activated protein kinase
(MAPK), phosphatidyl inositol-3-kinase (PI3K) and 
c-jun kinase (JNK) pathways (Ambron and Walters
1996; Casaccia-Bonnefil et al. 1999), leading to tran-
scription of both cell death and regenerative genes. Ulti-
mately the ratio of these gene products, for example the
ratio of pro-apoptotic Bax to anti-apoptotic Bcl gene
products (Gillardon et al. 1996), appears to determine
the fate of the cell, and intracellular calcium levels be-
come predictive of cell death (Tong et al. 1996). Finally,
mitochondria play an essential role (Al-Abdulla and
Martin 1998) through the failure of oxidative metabo-
lism, the generation of free oxygen species, and the re-
lease of pro-apoptotic molecules (Budd and Nicholls

1998), changes which may be mediated by increased NO
synthesis (Brorson et al. 1999; Estevez et al. 1998). The
preservation of these mechanisms within different neu-
ron subpopulations means that a therapeutic agent acting
at the signalling, or effector, level of the cell death pro-
cess, particularly one addressing mitochondrial dysfunc-
tion (Budd and Nicholls 1998), ought to be protective for
a wide range of neuron subtypes. One agent which may
fulfil such a role is acetyl-L-carnitine (ALCAR).

ALCAR is the acetyl ester of L-carnitine, and is the
predominant acylcarnitine in human tissues where both
peptides have physiological roles in facilitating the trans-
port of long-chain free fatty acid molecules across inner
mitochondrial membranes (Bremer 1990). In addition,
ALCAR is an acetyl-group donor in oxidative glycolysis
(Colucci and Gandour 1988), has antioxidant activity
(Tesco et al. 1992), and in cultured neurons it increases
the expression and affinity of neurotrophin receptors for
nerve growth factor (NGF) (Angelucci et al. 1988;
Manfridi et al. 1992; Taglialatela et al. 1991). In vitro
ALCAR is neuroprotective (Manfridi et al. 1992; 
Taglialatela et al. 1991; Virmani et al. 1995) and pre-
vents mitochondrial uncoupling (Virmani et al. 1995),
whilst in vivo it increases nerve regeneration after pe-
ripheral nerve lesions (Fernandez et al. 1989). ALCAR is
currently showing promising results in clinical trials for
diabetic neuropathy (De Grandis et al. 1995) and HIV-
associated peripheral neuropathy, where regeneration of
neurites into target tissues has been demonstrated (Hart
et al. 2000).

Experimentally, neuronal death can be detected by
seeking evidence of individual cell death using tech-
niques such as TdT (terminal deoxyribonucleotidyl trans-
ferase) uptake nick end labelling (TUNEL) (Gavrieli et
al. 1992). More recently, stereological techniques (such
as the optical disector) have provided systems for obtain-
ing statistically unbiased neuron counts, meaning that
counts are not assumption based, and that the mean of all
possible estimates tends infinitely toward the true value
(West 1999). By then comparing the number of surviving
neurons present in axotomised ganglia to that in unoper-
ated controls, neuron loss can effectively be quantified.

This study therefore investigated the effect of system-
ic ALCAR treatment upon primary sensory neuron death
after peripheral nerve injury, by using a combination of
TUNEL staining and neuron counting by the optical di-
sector technique.

Materials and methods

All work was performed in accordance with the terms of the Ani-
mals (Scientific Procedures) Act 1986. Under halothane (May &
Baker Ltd., UK) anaesthesia, groups of young adult male Sprague-
Dawley rats underwent unilateral sciatic nerve division at the up-
per border of quadratus femoris (n=6/group). Both nerve stumps
were ligated, and secured into silicon caps with single 9/0 Ethilon
sutures in order to prevent spontaneous regeneration.

Parenteral systemic therapy with acetyl-L-carnitine (ALCAR,
SigmaTau Pharmaceuticals, Italy) in sterile normal saline was
commenced in the immediate postoperative period; two groups re-



184

ceived 50 mg/kg/day (“high-dose treatment”) and one group re-
ceived 10 mg/kg/day (“low-dose treatment”). A further group of
animals received an equivalent volume of normal saline (“sham
treatment”), and all animals were dosed until termination. In two
other groups of animals no treatment was given (“no treatment”).

Survival periods of either 2 weeks (all groups) or 2 months (one
“high-dose treatment” and one “no treatment” group) were em-
ployed. Using terminal anaesthesia (pentobarbitone 240 mg/kg),
animals were perfusion fixated with 4% paraformaldehyde, and the
ipsilateral axotomised, and contralateral control L4 and L5 dorsal
root ganglia harvested. Ganglia were postfixed in 4% paraformal-
dehyde prior to equilibration in cryoprotectant solution (phosphate
buffered saline, PBS, containing 15% sucrose and 0.1% sodium
azide), and were then stored at –40°C.

Each entire ganglion was cut into serial 30-µm cryosections,
which were then permeabilised by microwave irradiation (478 W
for 1.5 min with a 1.5-l water load) and rapid cooling in iced PBS.
TUNEL (Promega Apoptosis Detection System Fluorescein,
Promega, Madison, USA) was then performed, and sections were
counterstained with the non-specific nuclear stain Hoechst 33342
(H33342, Sigma, Poole, UK) and with propidium iodide (PI, Sig-
ma, Poole, UK), which highlighted cytoplasmic morphology. Dur-
ing fluorescence microscopy each stain was visualised separately
using band specific filters, whilst during optical disection the use
of an Olympus WU filter allowed simultaneous visualisation of
both PI and H33342.

All sections were examined for the presence of TUNEL posi-
tive cells using fluorescence microscopy and a ×20 objective lens
(Olympus BX60 microscope). Positive cells were confirmed to be
neurons by further examination under a ×40 objective, when their
nuclear and cytoplasmic morphology was also examined. In every
case the serial sections immediately before and after the section
containing the TUNEL positive neuron were inspected to ensure
that each positive neuron was only counted once. Counts were ex-
pressed as the total number of positive neurons in the L4 and L5
dorsal root ganglia (DRG) of each experimental group of six ani-
mals.

The number of surviving L4 and L5 DRG neurons was estimat-
ed by the stereological technique of optical disection (Gundersen et
al. 1988) performed using a CAST (computer assisted stereology
toolbox)-Grid (version 1) system and an Olympus BX50 micro-
scope, as has been described previously (Hart et al. 2002). The
Cavalieri principle (Gundersen et al. 1988), which states that vol-
ume approximates very closely to mean cross-sectional surface ar-
ea multiplied by height, was used to calculate ganglion volume
from direct measurements in a systematic random sample of ten or
more serial sections from the ganglion. Next, the density, or “nu-
merical volume” (Nv), of neurons within the ganglion was deter-
mined from a series of CAST-Grid generated optical disector
bricks, placed in a systematic random pattern within the same tis-
sue sections used for volume estimation. The estimated number of
neurons in a ganglion then equalled its volume multiplied by Nv,
and was statistically unbiased since the use of systematic random
sampling, stereological counting frames (Gundersen et al. 1988),
and standard optical disector counting rules (Gundersen et al.
1988) ensured that every neuron had had an equal chance of being
counted, irrespective of size, or distribution within the ganglion.

Neuron counts were expressed as combined (L4 plus L5)
counts for each side (axotomised, or contralateral control). Neuron
loss was calculated by subtracting the neuron count in a pair of
axotomised ganglia from that of their contralateral controls, and
mean loss was then expressed as a percentage of the mean neuron
count in the control ganglia. Statistical analysis of results was per-
formed using the Sigmastat 2.0 software package. Comparison be-
tween multiple groups was performed using ANOVA, and pair-
wise comparisons were made using Student’s t-test (neuron counts
and neuronal loss), or the Mann-Whitney rank sum test when data
was not normally distributed (TUNEL results), as assessed by the
Kolmogorov-Smirnov test.

Results

No adverse effects upon animal behaviour were found,
and weight gain during the study period was similar in
all groups at both 2 weeks (P=0.198) and 2 months
(P=0.343).

Morphology

Prominent morphological changes were evident in the
axotomised ganglia of untreated animals (Fig. 1b), with
the majority of neurons exhibiting nuclear eccentricity,
and chromatolysis. Neurons displaying features of apop-
tosis (cytoplasmic granulation, vacuolation, membrane
irregularities) were seen, as were numerous enlarged,
and grossly vacuolated neurons. Morphological findings
were unchanged by sham treatment with normal saline;
however, low-dose ALCAR caused a qualitative im-
provement in neuronal morphology (Fig. 1c), which was
even more pronounced after high-dose ALCAR treat-
ment (Fig. 1d).

TUNEL staining

The effect of ALCAR treatment upon the number of
TUNEL positive neurons, and the neuron loss found
2 weeks after axotomy, is summarised in Table 1, and
Table 2 gives the equivalent findings 2 months after axo-
tomy. TUNEL positive neurons were only found in axo-
tomised ganglia, and a range of cytoplasmic morphologies
were found in untreated, sham treated, and ALCAR
treated animals. All exhibited nuclear morphological fea-
tures of cell death (chromatin condensation, and nuclear
irregularity, or fragmentation) similar to those described
in a previous paper (Hart et al. 2002). Two weeks after
sciatic nerve transection the total number of TUNEL
positive neurons present in the axotomised L4 and L5
ganglia of untreated animals was 25 neurons/group of 
6 animals. Although sham treatment had no significant
effect upon the number of TUNEL positive neurons 
(33 neurons/group, P=0.937), a significant reduction in
the number of TUNEL positive neurons was found after
ALCAR treatment at both the low (6 neurons/group,
P=0.009) and high (3 neurons/group, P=0.004) doses
used. A reduction in TUNEL positive neurons was also
found with high-dose ALCAR 2 months after axotomy
(Table 2). 

Neuronal loss

Two weeks after axotomy the mean number of neurons
present in the unoperated contralateral control ganglia
(L4+5) of untreated animals was 29,641 (SD 2,268).
This was similar to the equivalent count in sham treated
(30,257, SD 3,261; P=0.61) or low-dose ALCAR treated
(30,167, SD 1,877; P=0.67) animals, but lower than that
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Fig. 1A–D Dorsal root ganglia 2 weeks after sciatic nerve tran-
section stained with the nuclear dye Hoechst 33342 (blue fluores-
cence) and the cytoplasmic dye propidium iodide (red fluores-
cence). Control ganglia (A) contain neurons with normal cytoplas-
mic morphology, surrounded by numerous smaller satellite cells,
in which nuclear staining predominates. Two weeks after sciatic
nerve transection (B) gross morphological changes are evident,
with most neurons displaying nuclear eccentricity, membrane ir-
regularities, and cytoplasmic granulation or vacuolation (hollow
arrow). Apoptotic neurons are also evident (solid arrows). Mor-
phology is somewhat improved after low-dose ALCAR treatment,
although nuclear eccentricity and membrane irregularity remain
frequent (C). After high-dose ALCAR treatment, neuronal mor-
phology is significantly more normal (D). Scale bar 40 µm

Table 1 Effect of acetyl-L-carnitine upon neuron death 2 weeks
after axotomy. TUNEL positive neuron counts are expressed as
the total number of positive neurons present in the axotomised or
contralateral control ganglia of each experimental group (n=6 ani-
mals/group). Axotomised and contralateral control ganglia neuron

counts are stated as the mean (SD) count per experimental group.
Neuron loss is calculated as the mean neuron count in the axo-
tomised ganglia subtracted from that in the control ganglia, ex-
pressed as a percentage of the control value

Treatment group Control ganglia (L4+5) Axotomised ganglia (L4+5) Percentage neuron 
mean (SD) mean (SD) loss (L4+5)

TUNEL Neuron count TUNEL Neuron count
count count

No treatment 0 29,641 (2,268) 25 23,317 (2,146) 21%
Sham treatment 0 30,257 (3,261) 33 23,958 (2,510) 21%
Low dose ALCAR (10 mg/kg/day) 0 30,167 (1,877) 6* 30,270** (2,100) 0%**
High dose ALCAR (50 mg/kg/day) 0 33,646* (875) 3* 33,077** (2,410) 2%*

* P<0.05, **P<0.001 (compared to no treatment)

in the high-dose ALCAR treated group (33,646, SD 875;
P<0.05). However, by 2 months after axotomy the con-
tralateral control ganglia of untreated animals (31,545,
SD 2,446) once again contained a similar number of neu-
rons to those in the high-dose ALCAR treated group
(30,560, SD 4,294; P=0.36).

In the animals receiving no treatment, a loss of 21%
of all L4 and L5 neurons (axotomised mean 23,317, SD
2,146; unoperated control mean 29,641, SD 2,267) oc-
curred during the first 2 weeks after axotomy. This rose
to 35% after 2 months (axotomised mean 20,460, SD
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2,138; control mean 31,545, SD 2,446). At 2 weeks after
axotomy neuron loss was not affected by sham treatment
(21% loss, P=0.99), but was found to have been almost
completely eliminated by ALCAR treatment (low-dose
ALCAR 0% loss, P=0.001; high-dose ALCAR 2% loss,
P=0.006). This effect was preserved at 2 months after
axotomy (high-dose ALCAR –4% loss, P<0.001).

Discussion

Methodology

As a marker of DNA fragmentation, TUNEL has been
demonstrated to be a reliable marker of cell death,
whether by apoptosis or by necrosis, particularly when
combined with microwave tissue permeabilisation
(Negoescu et al. 1997). In addition, Hoechst 33342 nu-
clear staining has been found to provide useful morpho-
logical confirmation of cell death (Crowe et al. 1997).
The typically small number of TUNEL positive neurons
found has previously been ascribed to the short time pe-
riod during cell death in which cells are potentially
TUNEL positive (Groves et al. 1997; Hart et al. 2002).

Despite recent criticism (Benes and Lange 2001), op-
tical disection is an ideal technique for estimation of
neuron numbers (Hart et al. 2002). Indeed it avoids the
statistical bias of assumption based techniques (West
1999) and the effects of tissue sectioning artefacts, yet is
time efficient (Gundersen et al. 1988; Pover and Cogge-
shall 1991). The disector technique has been validated
for counting DRG neurons (Pover and Coggeshall 1991)
although precision and accuracy are dependent upon ad-
herence to certain rules (West 1999). Accordingly, ten or
more sections whose thickness was measured directly
were used for volume estimation by the Cavalieri princi-
ple (Gundersen et al. 1988), and adequate numbers of
caps (158/ganglion, SD 25.8) were counted to meet the
requirement of 100–200/ganglion (West 1999). The
mean neuron counts obtained from control ganglia
(30,969, SD 2,858) were in agreement with other results
in the literature obtained by stereological methods 
(Bergman and Ulfhake 1998; Tandrup 1993), verifying
the accuracy of the technique used. Combined L4+5

counts were used since this comprises 98.4% of the en-
tire sciatic nerve pool (Swett et al. 1991). Also, the
greater variance present in counts from individual con-
trol ganglia (L4 or L5) means that individual counts are
less sensitive as indicators of the effect of axotomy (Hart
et al. 2002).

As a marker of DNA fragmentation TUNEL staining
detects the beginning of an individual neuron’s death and
therefore precedes the cell’s subsequent elimination,
which will be reflected by neuron loss. TUNEL staining
is therefore a more sensitive marker of cell death, since
very small neuron losses may be entirely masked by the
normal biological variability in neuron numbers. Using
the same rat sciatic nerve model, we have previously
demonstrated that, in the absence of any intervention,
numbers of TUNEL positive neurons reach a peak
2 weeks after peripheral axotomy. Whilst significant
neuron loss has begun by this timepoint, the majority of
neuron loss is not completed until 2 months after injury
(Hart et al. 2002). Hence, the 2-week timepoint reveals
the effect of ALCAR treatment upon the peak of neuron
death after peripheral nerve injury, whilst the 2-month
timepoint better reveals whether or not any cytoprotec-
tive effect is a lasting one, and what the magnitude of
that effect might be.

ALCAR levels were not measured in this study since
both parenteral and enteral administration of ALCAR
have previously been demonstrated to increase plasma
and CNS levels (Parnetti et al. 1992). Also, in diabetic
rats a dose of 50 mg/kg/day by intraperitoneal injection
was sufficient to normalise sciatic nerve ALCAR content
(Stevens et al. 1996).

ALCAR treatment reduces neuron death and eliminates
neuron loss after peripheral nerve transection

Systemic treatment with ALCAR (50 mg/kg/day)
brought about a highly significant reduction in both the
number of TUNEL positive neurons and the neuron loss
found 2 weeks after peripheral axotomy. Neuron death
was prevented, rather than just delayed, since this pro-
tective effect was found to be preserved 2 months after
axotomy, by which time neuron loss has effectively fin-

Table 2 Effect of acetyl-L-carnitine upon neuron death 2 months
after axotomy. TUNEL positive neuron counts are expressed as
the total number of positive neurons present in the axotomised or
contralateral control ganglia of each experimental group (n=6 ani-
mals/group). Axotomised and contralateral control ganglia neuron

counts are stated as the mean (SD) count per experimental group.
Neuron loss is calculated as the mean neuron count in the axo-
tomised ganglia subtracted from that in the control ganglia, ex-
pressed as a percentage of the control value

Treatment group Control ganglia (L4+5) Axotomised ganglia (L4+5) Percentage neuron 
mean (SD) mean (SD) loss (L4+5)

TUNEL Neuron count TUNEL Neuron count
count count

No treatment 0 31,545 (2,446) 5 20,460 (2,138) 35%
High dose ALCAR (50 mg/kg/day) 0 30,560 (4,294) 1 31,642* (3,775) –4%**

*P<0.05, **P<0.001 (compared to no treatment)
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ished in the absence of treatment (Hart et al. 2002). Even
at the reduced dose of 10 mg/kg/day ALCAR therapy
was still significantly effective in preventing neuronal
death at 2 weeks; however, morphological changes were
more evident, and the reduction in the number of
TUNEL positive neurons was less, demonstrating a dose
response effect on neuronal survival. The low-dose re-
gime was not therefore used in the 2-month groups, al-
though future studies are planned to quantify the long-
term neuroprotective effect of low-dose ALCAR treat-
ment, since the morphological and TUNEL results
2 weeks after axotomy imply that long-term neuron loss
might be greater than with high-dose treatment.

Since TUNEL positive neurons were present in 
ALCAR treated ganglia, neuronal death cannot have
been completely eliminated, although it was reduced suf-
ficiently that when all three treatment groups are consid-
ered together no neuron loss was found to have occurred
(control count 31,457, SD 3,041; operated count 31,663;
SD 2,931). This represents salvage of around 6,000 neu-
rons/animal at 2 weeks, and over 10,000 neurons at
2 months after axotomy, which is a third of the total sen-
sory neuron pool for the sciatic nerve. The lack of any
apparent dose response in neuron loss after 2 weeks of
ALCAR treatment may probably be due to the small dif-
ference in the number of dying neurons (TUNEL results)
between dose levels, and to the fact that 2 weeks is a rel-
atively early timepoint for minor differences in rates of
neuronal death to translate into differences in neuron loss.

The reduction in calculated neuron loss was not mere-
ly an artefact of changes in the number of neurons in
control ganglia, since ALCAR treatment did not appear
to have any effect upon the number of neurons in control
ganglia. The minor increase found with high-dose 
ALCAR at 2 weeks after axotomy is likely to be an arte-
fact of the unusually low standard deviation in this
group, rather than a real effect of treatment, since the
mean lies well within the normal distribution of counts
for untreated and sham treated animals. Finally, it is 
evident that the reduction in neuron death was due to
ALCAR rather than the act of drug administration, since
2 weeks after axotomy sham injections of sterile normal
saline had had no effect upon either neuron loss or the
number of TUNEL positive neurons (Table 1).

Mechanism of action

The precise mechanism by which ALCAR prevents pri-
mary sensory neuron death after peripheral axotomy re-
mains to be determined, although it is likely that its ac-
tivity is due to attenuation of both the initiator and effec-
tor mechanisms of cell death.

ALCAR may attenuate the loss of distal neurotrophic
support by enhancing neurotrophin responsiveness, since
it can increase neuronal NGF binding capacity (Angelucci
et al. 1988) and potentiate the effects of NGF (Manfridi
et al. 1992; Taglialatela et al. 1991). However, it is not
known if this is a direct effect of ALCAR, or an indirect

effect of increased cellular metabolic capacity. ALCAR
also facilitates the transport of cytosolic long-chain free
fatty acids across mitochondrial membranes and pro-
vides acetyl groups for maintenance of high energy sub-
strate aerobic glycolysis (Bremer 1990; Colucci and
Gandour 1988), in preference to the normal shift into 
the less efficient pentose phosphate shunt (Singer and
Mehler 1986). ALCAR may therefore prevent failure of
mitochondrial oxidative metabolism, an event that is in-
tegral to the cell death pathway (Budd and Nicholls
1998). This is at a time when energy requirements are in-
creased in support of the regenerating neurites (Singer
and Mehler 1986), and this effect has been demonstrated
in vitro (Virmani et al. 1995). Finally, the antioxidant role
of ALCAR may be of benefit in preventing cell damage
by the reactive oxygen species (Tesco et al. 1992), whose
generation is thought to be of major importance in the ef-
fector mechanism of cell death (Estevez et al. 1998).

Experimentally, ALCAR enhances sensory neuron
survival in vitro (Manfridi et al. 1992; Taglialatela et al.
1991) and has been demonstrated to increase motor
nerve regeneration after peripheral axotomy (Fernandez
et al. 1989). It has been postulated that in neonates this
may be due to recruitment of ectopic motoneurones, or
to increased motoneuronal survival (Fernandez et al.
1990). Clinically, ALCAR has an excellent safety pro-
file, and is under investigation as a treatment for diabetic
neuropathy, where enhanced pudendal nerve function has
been demonstrated (Giamusso et al. 1996). In a group of
426 neuropathic patients, significant increases in con-
duction velocity have been demonstrated in the motor
nerves of those with mononeuropathy, and in the sensory
nerves of those with either mono- or polyneuropathies
(De Grandis et al. 1995). In HIV-associated peripheral
neuropathy ALCAR treatment can improve neuropathic
pain symptoms (Scarpini et al. 1995) and cause signifi-
cant regeneration of cutaneous nerve fibres (particularly
of small sensory neurons) into the sweat glands, dermis,
and epidermis (Hart et al. 2000). This is in contrast to the
lack of convincing evidence for a therapeutic effect of 
L-carnitine in a range of conditions, and to the recent
failure of systemic recombinant nerve growth factor
(rhNGF) in diabetic neuropathy (Apfel et al. 2000).

Evidence would therefore suggest that when adminis-
tered either orally or parenterally, ALCAR is a clinically
safe drug that can enhance the regenerative capacity of
injured neurons in vivo, and the results presented herein
are the first demonstration that ALCAR can also be sig-
nificantly neuroprotective after peripheral nerve trauma.
This suggests that ALCAR may indeed be the first effec-
tive neuroprotective agent that is clinically suitable for
the adjuvant pharmacotherapy of major peripheral nerve
trauma such as brachial plexus injuries.

Further work needs to be undertaken to clarify the re-
quired duration of treatment with ALCAR, and its pre-
cise mechanism of action, but if the postulated mito-
chondrial mechanism is confirmed then ALCAR may be
equally effective in other forms of peripheral and central
nervous system trauma.
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Abstract

Peripheral nerve trauma remains a major cause of morbidity, largely due to the death of ,40% of innervating sensory

neurons, and to slow regeneration after repair. Acetyl-L-carnitine (ALCAR) is a physiological peptide that virtually

eliminates sensory neuronal death, and may improve regeneration after primary nerve repair. This study determines

the effect of ALCAR upon regeneration after secondary nerve repair, thereby isolating its effect upon neuronal regen-

erative capacity. Two months after unilateral sciatic nerve division 1 cm nerve graft repairs were performed (n ¼ 5), and

treatment with 50 mg/kg/day ALCAR was commenced for 6 weeks until harvest. Regeneration area and distance were

determined by quantitative immunohistochemistry. ALCAR treatment significant increased immunostaining for both

nerve fibres (total area 264% increase, P , 0:001; percentage area 229% increase, P , 0:001), and Schwann cells (total

area 111% increase, P , 0:05; percentage area 86% increase, P , 0:05), when compared to no treatment. Regeneration

into the distal stump was greatly enhanced (total area 2242% increase, P ¼ 0:008; percentage area 3034% increase,

P ¼ 0:008). ALCAR significantly enhances the regenerative capacity of neurons that survive peripheral nerve trauma,

in addition to its known neuroprotective effects.

q 2002 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Peripheral nerve; Regeneration; Acetyl-L-carnitine; Mitochondria; Nerve repair; Quantitative immunohistochemistry

Peripheral nerve trauma, with an estimated incidence of

,1/1000 population, remains a major cause of morbidity

and social disruption [4], since “all qualities of sensory

and motor function are difficult or impossible to regain in

adult patients” [11]. Although motorneurons initially

survive peripheral nerve injury, the death of around 40%

of all innervating primary sensory [8] ensures that even

after optimal microsurgical nerve repair normal innervation

density, and so quality of sensation, can never be reattained.

The regenerating neurites of those neurons which do survive

must bridge the repair site, enter into functionally (i.e. motor

or sensory) and somatotopically appropriate endoneurial

tubes in the distal nerve stump [11], before regenerating

to the target sensory or motor organs prior to the occurrence

of significant denervation atrophy. All these challenges are

compounded in the case of the late secondary repair of

chronic nerve injuries due to ongoing neuronal death and

deleterious events in the distal nerve stump, hence these

injuries are associated with the worst clinical outcome

[7,13,19].

Although the technique, and timing of repair may be

critical [8,13,19], the greatest potential improvements in

outcome would result from the elimination of sensory

neuronal death, and an increase in the rate of neurite regen-

eration. The administration of exogenous neurotrophic

factors has given promising experimental results with this

regard [18], yet none have been suitable for clinical trials.

Acetyl-L-carnitine (ALCAR) is the predominant acyl-carni-

tine in the body, has essential physiological roles in mito-

chondrial oxidative energy metabolism, and is clinically

safe when administered orally or parenterally [5]. In vitro

studies have suggested that exogenous ALCAR treatment

may enhance neurite growth, and this result was confirmed

in a single animal study [6].

That effect was initially presumed to be the result of an

increase in the regenerative capacity of individual neurons,
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secondary to increased mitochondrial oxidative capacity

and nerve growth factor (NGF) responsiveness [1,17].

However it has recently been demonstrated that ALCAR

treatment virtually eliminates sensory neuronal death after

peripheral axotomy in vivo [9]. As a result it is now unclear

whether the reported improvement in regeneration was due

to an increase in the regenerative potential of individual

neurons, or to a reduction in cell death having resulted in

an increased number of regenerating neurons. By using a

model in which sciatic nerve repair was delayed until after

neuronal death was complete, this study isolated the effect

of ALCAR treatment upon individual neurons, whose

regenerative capacity was determined by quantitative

immunohistochemistry.

Under halothane (May & Baker Ltd.) inhalational anaes-

thesia, two groups of young adult male Sprague–Dawley

rats (n ¼ 5) underwent unilateral sciatic nerve division at

the upper border of quadratus femoris. Two months later

nerve repair was performed using a freshly harvested,

syngeneic, reversed, 1 cm sciatic nerve isograft. One

group received ALCAR (50 mg/kg/day) by daily intraper-

itoneal injection from the time of nerve repair until termina-

tion 6 weeks after repair, whilst the control group was not

treated. Using a lethal dose (30 mg/kg) of intraperitoneal

sodium pentobarbitone (Sagattale, Rhône Mérieux Ltd.),

the repairs were harvested in continuity with ,3 mm

lengths of proximal and distal nerve stump, and were

fixed in Zamboni’s solution overnight at 4 8C, prior to

rinsing into a cryoprotectant solution of 15% sucrose in

phosphate buffered saline. Longitudinal 15 mm cryosections

were collected onto Vectabond (Vector Laboratories Inc.)

coated glass slides, and stained by fluorescence immunohis-

tochemistry using primary antisera to pan-axonal marker of

neurofilament (PAMNF; monoclonal antibody, Affiniti

Research Products Ltd.), and the Schwann cell marker S-

100 (polyclonal antibody, DAKO Ltd.). PAMNF staining

was visualised by a secondary antiserum conjugated to

Cy-3 (Cy-3 horse anti-mouse, Amersham Pharmacia

Biotech), whilst a fluorescein isothyocyanate (goat anti-

rabbit, Vector Laboratories Inc.) conjugated secondary anti-

serum was used for the S-100 staining. Non-specific tissue

binding of the secondary antibodies was prevented by pre-

incubation of tissue sections with normal goat (Sigma-

Aldrich UK) or normal horse (Sigma-Aldrich UK) sera,

and non-specific hydrophobic attachment was minimised

by co-incubation with normal rat serum (DAKO, Denmark).

Regeneration distance was measured from the end of the

proximal nerve stump to the tip of the most distal nerve fibre

in each repair, using a 10 £ objective lens and a graticulated

eyepiece (0.1 mm graticulations). In two non-consecutive

sections from the centre of each repair the area of immu-

nostaining was determined by capturing a band of images

across the full width of the graft (at a position 1 mm distal to

the proximal anastomosis), using a high resolution fluid

cooled digital camera (Diagnostic Instruments, USA) and

a 20 £ objective lens. The area of immunostaining was then

quantified by computerised image analysis (Image-Pro-

Pluse Version 4.0 software) using a standard process

based upon intensity thresholding for unichromatic light,

with the opportunity to deselect occasional areas of back-

ground staining prior to digital quantification of area. The

total area of immunostaining for that section was summated,

along with the total area of the nerve graft present in the

captured images. In order to facilitate comparison between

nerve grafts of different diameters, the area of immunostain-

ing was also expressed as a percentage of the area of the

nerve graft examined. Total area of immunostaining was

expressed in mm2, and percentage area was quoted directly.

All quantification was performed by one observer, and care

was taken to ensure that similar settings were employed for

both experimental groups during the image capturing and

thresholding process. A total of ten measurements of the

area (absolute or percentage) of immunostaining was there-

fore recorded for each experimental group, and the mean

value used for statistical examination of the effect of treat-

ment.

Statistical analysis of results was performed by paired t-

test, using SigmaState (Version 2.0) software, after

confirming the normality of data distribution by the Kolmo-

gorov–Smirnov test.

In both experimental groups some axons crossed the full

length of the repair in all cases, and reached the distal cut

end of the distal nerve stump (ALCAR treatment group 12.9

mm from the proximal anastomosis, SD 0.90; control group

13.3 mm, SD 1.53). As a result no effect of ALCAR treat-

ment upon mean regeneration distance could be demon-

strated. Visible gastrocnemius contraction in response to

dividing the nerve proximal to the repair was however

noted in one animal that had received treatment with

ALCAR. Wet muscle weights for gastrocnemius were not

significantly different between the treated group (mean 13%

of contralateral control, SD 4.4%) and the untreated controls

(mean 11% of contralateral control, SD 2.8%), suggesting

that significant motor regeneration had not occurred by the

time of harvest in either group.

Within the nerve grafts the total area of immunostaining

for PAMNF, and for S-100, was significantly greater in

ALCAR treated nerve repairs than in controls, as was the

case when the mean percentage area of immunostaining was

considered (Table 1). The total area of nerve graft present in

the quantified sections was slightly higher in the ALCAR

treated group (967046 mm2, SD 279641) than in the controls

(774571 mm2, SD 146813), but the difference was not statis-

tically significant (P ¼ 0:21).

In the distal nerve stump, 1 mm beyond the distal anasto-

mosis, the effect of ALCAR treatment was more

pronounced (Table 2). The area of immunostaining for

nerve fibres was significantly increased by ALCAR treat-

ment (total area of immunostaining 2242% increase,

(P ¼ 0:008); percentage area 3034%, P ¼ 0:008), whilst

the area of staining for Schwann cells exhibited a more

modest increase (total area of staining 722% increase,
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P ¼ 0:056; percentage area 816% increase, P ¼ 0:095). The

total area of distal stump present in the quantified sections

was slightly higher in the ALCAR treated group (477024

mm2, SD 216515) than in the controls (401642 mm2, SD

124590), but the difference was not statistically significant

(P ¼ 0:49).

Repairs were performed 2 months after nerve transection

since sensory neuronal loss has stabilised by this time [8],

hence any effect of ALCAR treatment should represent an

effect upon the regenerative capacity of individual neurons,

and not merely an increase in the size of the regenerative

pool secondary to neuroprotection. Such a delay made end-

to-end epineurial repair unfeasible due to retraction of the

nerve stumps, so nerve grafts were used to bridge the result-

ing gap in accordance with clinical practice. Although a

relatively short (1 cm) gap was used, the aim of this study

was not to investigate regeneration across a long gap, but

merely to quantify the effect of ALCAR upon regeneration

across a known bridgeable gap. Further studies in larger

animal species will be required to determine if treatment

has any effect upon the maximum length of gap across

which nerves can adequately regenerate.

PAMNF is a constitutive component of all mammalian

nerve fibres, and so the area of immunostaining with anti-

sera against it gives a reliable determination of the area of

nerve fibres present. Similarly S-100 is a cytosolic compo-

nent of all Schwann cells, and so it provides a means to

quantify the Schwann cell response to regenerating neurites.

Although no increase in regeneration distance could be

demonstrated as a result of ALCAR treatment, this is prob-

ably because only ,3 mm of nerve was harvested distal to

the repair, and so any difference in the distance which fibres

travelled beyond that point would not be detected. Such a

difference would be detected by studies using earlier time-

points, or by quantifying target organ reinnervation at later

timepoints. ALCAR did however appear to increase the rate

at which fibres crossed the distal anastomosis, and entered

the distal stump, since those of ALCAR treated repairs

contained far more staining for PAMNF than did controls.

An increase in myelinated fibre counts would also demon-

strate enhanced regeneration within the distal stump, and

this has previously been found after ALCAR treatment

[6]. Myelinated counts were not repeated in this study,

which sought merely to demonstrate whether any increase

in regeneration would be independent of ALCAR’s neuro-

protective role, rather than to fully characterise that regen-

eration.

Treatment was shown to increase the amount of nerve

regeneration, since within the nerve grafts the total area of

regenerating nerve fibres, as demonstrated by immunostain-

ing with antisera against PAMNF, was significantly greater

in the ALCAR treated group than in the untreated controls.

This was matched by a comparable increase in the total area

of immunostaining for Schwann cells. Artifactual variations

in the total area of immunostaining may arise if there are

differences in the area of nerve graft in which staining is

measured, either because of actual differences in the

diameters of the nerve grafts used, or of variability in the

exact position within the graft at which the section was cut.

Since the nerve is cylindrical, longitudinal sections cut at
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Table 2

Effect of ALCAR treatment upon nerve regeneration into the distal nerve stumpa

Treatment group Total area of immunostaining (mm2)

mean (SD)

Percentage area of immunostaining mean (SD)

PAMNF S100 PAMNF S100

No treatment 1711 (1599) 12541 (9786) 0.38% (0.26) 3.3% (1.9)

ALCAR (50 mg/kg/day) 40066 (20619)* 103121 (21583)* 12%* (11) 30% (35)

a The mean area of immunostaining for nerve fibres (PAMNF), or Schwann cells (S-100) within the distal nerve stump 6 weeks after a

late secondary repair of a 1 cm gap in the rat sciatic nerve (2 month interval between transection and repair) using a reversed sciatic

nerve graft. Percentage area of immunostaining equals the total area expressed as a percentage of the total area of nerve within which

staining was measured. *P , 0:05, compared to no treatment.

Table 1

Effect of ALCAR treatment upon nerve regeneration into nerve graftsa

Treatment group Total area of immunostaining (mm2) mean

(SD)

Percentage area of immunostaining

mean (SD)

PAMNF S100 PAMNF S100

No treatment 58259 (25405) 112295 (29902) 7.3% (2.3) 14% (2.1)

ALCAR (50 mg/kg/day) 212245 (41861)** 236641 (41841)** 24% (9.5)* 26% (10)*

a The mean area of immunostaining for nerve fibres (PAMNF), or Schwann cells (S-100) within reversed sciatic nerve grafts harvested

6 weeks after a late secondary repair of a 1 cm gap in the rat sciatic nerve (2 month interval between transection and repair). Percentage

area of immunostaining equals the total area expressed as percentage of the total area of graft within which staining was measured.

*P , 0:05, **P , 0:001 compared to no treatment.



slightly different positions through the graft will inevitably

have different diameters. Hence the area of immunostaining

was also expressed as a percentage of the area of the graft to

compensate for this effect, and a significant increase as a

result of ALCAR treatment was still found for nerve fibres,

and for Schwann cells. Neurite ingrowth causes Schwann

cell proliferation [18], and this would explain why ALCAR

treatment also caused an increase in the percentage area of

S-100 immunostaining, particularly with regard to the

atrophic population within the distal nerve stump. Hence

ALCAR does appear to increase the capacity of surviving

neurons to regenerate after peripheral nerve repair indepen-

dently of its neuroprotective effect, and also to greatly

enhance the ability of regenerating neurites to bridge the

second anastomotic site and enter the distal stump. This is

of particular clinical relevance given the potential failure of

neurites to exit nerve grafts and enter the distal nerve

following nerve graft repairs [13].

ALCAR was administered at 50 mg/kg/day since this is

comparable to the dose used clinically for the treatment of

peripheral neuropathies, and when given by intraperitoneal

injection was sufficient to normalise sciatic nerve ALCAR

content in diabetic rats [16]. ALCAR levels were not

measured in this study since both parenteral and enteral

administration have previously been demonstrated to

increase plasma and CNS levels [12,14]. Parenteral admin-

istration was chosen in order to eliminate variability due to

gastrointestinal absorption. Sham injections of saline have

previously been reported to have no effect upon neuronal

death [9], or regeneration [6], hence the control group did

not receive any injections in order to optimise animal

welfare.

All significant loss of L4 & L5 DRG sensory neurons

occurs within the first 2 months after sciatic nerve transec-

tion in this experimental model [8], and so regeneration

after subsequent nerve repair relies upon a relatively stable

pool of surviving neurons. Any effect of ALCAR treatment

upon nerve regeneration can therefore be assumed to result

primarily from an effect upon the regenerative capacity of

individual neurons, rather than upon increased neuronal

survival. Although late secondary nerve repair involves

limited trimming of the proximal nerve stump [13], this is

unlikely to cause any significant neuronal death since the

neurons which were susceptible to axotomy induced death

will have died already. Furthermore, such trimming does not

involve the obligatory loss of distal neurotrophic support

that occurs after transection of an intact nerve, and which

is likely to determine the magnitude of neuronal death [8].

In addition, the nerve was then repaired immediately and

this may further limit neuronal death [8].

The precise mechanism by which ALCAR improved

nerve regeneration after late secondary repair is not yet

certain. Neuronal energy requirements are increased during

regeneration [15], and it is postulated that by improving free

fatty acid transport into mitochondria, and by supporting

aerobic glycolysis [2,3,20] in preference to the less efficient

pentose-phosphate pathway [15], regeneration is enhanced

due to an increase in high energy substrate metabolism fuel-

ling the biosynthetic pathways and axonal transport

systems. The effect of ALCAR treatment to increase neuro-

nal NGF binding capacity [1], and responsiveness [17] may

also be significant, given NGF’s beneficial effect upon

peripheral nerve regeneration [18].

ALCAR may therefore improve peripheral nerve regen-

eration independently of its effect to increase the number of

neurons surviving peripheral axotomy. The regenerative

capacity of individual neurons may be enhanced either by

a direct effect to support axonal growth, or by a more facil-

itative effect whereby ALCAR treatment boosts the regen-

erative response provoked by physiological prompts such as

target derived neurotrophins.

By commencing treatment immediately after nerve injury

it should be possible to limit neuronal loss, and so combine

an increase in the number of regenerating neurons, with an

improvement in their regenerative capacity. As a result,

nerve regeneration could potentially be greatly enhanced.

The results of this study also suggest that ALCAR treatment

would be of clinical benefit even after late secondary nerve

repairs where neuroprotection has ceased to be of impor-

tance, and that treatment might best be continued until target

organ reinnervation has occurred after peripheral nerve

repair. If ALCAR has the same effect upon central nervous

system neurons, then it may partly explain its effect to

promote memory and ‘rejuvenate’ the ageing brain [10],

and may also make it worthy of investigation in models of

CNS trauma.
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SUMMARY. Neuronal death is a major factor in many neuropathologies, particularly traumatic, 
and yet no clinical neuroprotective therapies are currently available, although antioxidants and 
mitochondrial protection appear to be fruitful avenues of research. The simplest system involving 
neuronal death is that of the dorsal root ganglion after peripheral nerve trauma, where the death of 
~40% of primary sensory neurons is a major factor in the overwhelmingly poor clinical outcome 
of the several million nerve injuries that each year occur worldwide. 
 N-acetyl-cysteine is a glutathione substrate which is neuroprotective in a variety of in 
vitro models of neuronal death, and which may enhance mitochondrial protection.  Using TdT 
uptake nick-end labelling (TUNEL), optical disection, and morphological studies, the effect of 
systemic N-acetyl-cysteine treatment upon L4&5 primary sensory neuronal death after sciatic 
nerve transection was investigated.   

N-acetyl-cysteine (150mg/kg/day) almost totally eliminated the extensive neuronal loss 
found in controls at both 2 weeks (no treatment 21% loss, N-acetyl-cysteine 3%, P=0.03) and 2 
months post-axotomy (no treatment 35% loss, N-acetyl-cysteine 3 %, P=0.002).  Glial cell death 
was reduced (mean number TUNEL positive cells 2 months post-axotomy: no treatment 
51/ganglion pair, NAC 16/ganglion pair), and mitochondrial architecture was preserved.  The 
effects were less profound when a lower dose was examined (30mg/kg/day), although significant 
neuroprotection still occurred. 
This provides evidence of the importance of mitochondrial dysregulation in axotomy-induced 
neuronal death in the peripheral nervous system, and suggests that N-acetyl-cysteine merits 
investigation in central nervous system trauma. N-acetyl-cysteine is already in widespread clinical 
use for applications outside the nervous system; it therefore has immediate clinical potential in the 
prevention of primary sensory neuronal death, and has therapeutic potential in other 
neuropathological systems. 
 
Keywords:  TUNEL, Stereology, Nerve Injury, Dorsal Root Ganglion, Cell Death, Apoptosis, 
Neuroprotection.  
 

Introduction 

Neuronal death is a major factor in 
many neuropathologies, particularly as relates 
to nervous system trauma, yet the number of 
interacting systems within the central nervous 
system (CNS) complicates experimental 

investigation.  In contrast, the dorsal root 
ganglia (DRG) provide a relatively isolated 
system for investigation, but one in which 
neuronal death remains a significant clinical 
issue since injury to peripheral sensory, or 
mixed nerves is the commonest form of nervous 
system trauma.  It is a significant cause of 
functional morbidity (Dagum, 1998; Bruyns et 

NEUROSCIENCE



 2

al., 2003), despite considerable advances in 
techniques for surgical repair, since cutaneous 
innervation does not return to normal (Wiberg 
et al., 2002), and the clinical sensory outcome 
remains very poor (Lundborg, 2000).  This also 
impairs fine motor function, since sensory 
feedback is a vital component of the normal 
control loop (M. K. O. Burstedt, M. Schenker, 
M.Wiberg, and R. S. Johansson, unpublished 
observations).   
 Although various factors are 
implicated in the poor sensory outcome 
(Lundborg et al., 1994; Fu and Gordon, 1997; 
Lundborg, 2000), the single most important 
factor is probably the death of ~40% of relevent 
primary sensory neurons (Hart et al., 2002a) 
since quality of sensation relates to the number 
of innervating neurons and the size of their 
sensory fields.  Similarities exist between the 
mechanisms underlying axotomy induced 
neuronal death within the peripheral nervous 
system (PNS) and CNS (Koliatsos and Ratan, 
1999), with the result that any treatment which 
protects primary sensory neurons may also have 
therapeutic implications for the management of 
traumatic brain, spinal cord, or brachial plexus 
injury. 

Axotomy initiates neuronal death by 
various mechanisms, although the main factor 
determining the magnitude of death that occurs 
appears to be the loss of target derived 
neurotrophic support (Fu and Gordon, 1997).  
Accordingly, exogenous neurotrophic factor 
administration is partially neuroprotective after 
experimental PNS and CNS lesions (Terenghi, 
1999), and neurotrophic factors have been a 
leading therapeutic target in the prevention of 
neuronal death.  Yet they have failed to find a 
mainstream clinical application for several 
reasons.  Firstly, neurotrophic factors act on 
specific subpopulations of neurons (Terenghi, 
1999), so a complex cocktail would be 
necessary to completely eliminate neuronal 
death, and yet exogenous neurotrophic factors 
may interact to negate their own efficacy 
(Novikova et al., 2000).  Furthermore, local 
(McArthur et al., 2000) and systemic (Martin et 
al., 1996) complications after systemic 
administration have led most workers to use 
continuous intra-thecal administration, even 
though this may not be clinically applicable 
(Eriksdotter et al., 1998).  There is therefore a 
need for an alternative approach, using an easily 

administered, clinically safe therapy, which will 
prevent the death of a range of neuronal 
subpopulations, in response to a variety of 
insults. 

In contrast to the specificity of 
neurotrophic factors (Terenghi, 1999), there 
appears to be relative homogeneity in the way 
that the initiation of neuronal death is signalled 
and then effected in different subpopulations 
(Ambron and Walters, 1996; Koliatsos and 
Ratan, 1999).  A therapeutic agent acting at this 
level of the cell death process ought, therefore, 
to be protective for a wide range of neuronal 
subpopulations against a variety of stimuli.  
Signalling leads to transcription of both cell 
death and regenerative genes, and ultimately the 
ratio of these gene products, for example the 
ratio of pro-apoptotic Bax to anti-apoptotic Bcl 
gene products (Gillardon et al., 1996), 
determines the fate of the cell. Abortive entry 
into the cell cycle has been implicated 
(Freeman, 1999) in neuronal death, as has 
mitochondrial dysregulation.  Possibly in 
response to increased nitric oxide (NO) 
synthesis (Estevez et al., 1998; Heales et al., 
1999; Brorson et al., 1999), mitochondria may 
play an essential role (Al-Abdulla and Martin, 
1998; Budd and Nicholls, 1998) through the 
failure of oxidative metabolism, and the 
subsequent generation of free oxygen species 
and release of pro-apoptotic molecules (Budd 
and Nicholls, 1998). The importance of reactive 
oxygen species to the events culminating in 
neuronal death (Koliatsos and Ratan, 1999) 
therefore makes antioxidants potentially 
attractive as clinically applicable 
neuroprotective agents for stroke or trauma 
(Chabrier et al., 1999).  One such agent, which 
also affects cell cycle control, is N-acetyl-
cysteine (NAC).  

 NAC is currently in clinical use as a 
mucolytic agent in respiratory disease, and as a 
treatment for paracetamol (acetominophen) 
poisoning where it acts to maintain glutathione 
levels in hepatocytes.  In neurons glutathione 
acts a free radical scavenger (Cooper and 
Kristal, 1997), helps maintain mitochondrial 
oxidative metabolism by protecting the 
cytochrome oxidase complex I from NO 
mediated damage (Moncada, 2000), and 
improves neuronal survival in response to a 
range of insults in vitro (Ratan et al., 1994; 
Heales et al., 1999). By acting as a cysteine 
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donor, NAC maintains intracellular glutathione 
levels and is neuroprotective for a range of 
neuronal cell types against a variety of stimuli 
in vitro (Mayer and Noble, 1994; Ferrari et al., 
1995; Yan et al., 1995; Seaton et al., 1997).  
NAC may therefore reduce neuronal death by 
blocking attempted entry into the cell cycle, by 
improving free radical surveillance, or by 
preserving mitochondrial function.  Such 
mitochondrial protection is of particular interest 
given the recent demonstration of the 
neuroprotective effects of acetyl-L-carnitine 
(Bigini et al., 2002; Hart et al., 2002b), a 
physiological peptide whose precise mechanism 
of action is unclear, but which is likely to act at 
the mitochondrial level. 

This study therefore investigated the 
effect upon cell death within dorsal root ganglia 
(DRG) of systemic NAC treatment after 
peripheral nerve injury, with the aim of 
quantifying its neuroprotective potential, and of 
seeking further evidence for the role of 
mitochondrial dysregulation in axotomy-
induced neuronal death. Mitochondrial 
morphology was evaluated by transmission 
electron micrography, and the effect of 
treatment upon cell survival was  quantified 
using a combination of TUNEL staining and 
neuron counting by the optical disector 
technique. 

Experimental Procedures 

 All work was performed in 
accordance with the terms of the Animals 
(Scientific Procedures) Act 1986, and the 
experimental design was cogniscent of the need 
to minimise the number of experimental 
animals, and to optimise welfare.  Under 
halothane anaesthesia groups (n=6) of young 
adult male Sprague-Dawley rats underwent 
unilateral sciatic nerve division at the upper 
border of quadratus femoris.  Both nerve 
stumps were then ligated, and secured into 
silicon caps with single 9/0 Ethilon� sutures 
(Ethicon Ltd., U.K.) in order to prevent 
spontaneous regeneration.  Parenteral systemic 
therapy with N-acetyl-cysteine (NAC, 
�Parvolex�, Medeva Pharmaceuticals U.K.) in 
sterile 5% dextrose solution (Maco Pharma, 
U.K.) was commenced post-operatively; two 
groups received 150mg/kg/day (�high-dose 
treatment�), and one group received 
30mg/kg/day (�low-dose treatment�).  A further 

group of animals received an equivalent volume 
of 5% dextrose solution (�sham treatment�), 
and all animals were dosed until termination.  
Two other groups of animals received no post-
operative interventions (�no treatment�). 
 Survival periods of either 2 weeks (all 
groups), or 2 months (one �high-dose 
treatment�, and one �no treatment� group) were 
employed. Under terminal anaesthesia 
(pentabarbitone 240mg/kg) animals were 
perfusion fixed with 4% paraformaldehyde, and 
the ipsilateral axotomised and contralateral 
control L4 & L5 DRG were harvested.  Ganglia 
were post-fixed in 4% paraformaldehyde prior 
to equilibration in cryoprotectant solution 
(phosphate buffered saline containing 15% 
sucrose and 0.1% sodium azide), and storage at     
-40ºC in frozen blocks of OCT� mounting 
medium. 

Each entire ganglion was cut into 
serial 30µm cryosections, which were then 
permeabilised by microwave irradiation 
(478Watts for 1.5 minutes with a 1.5l water 
load) and rapid cooling in iced phosphate 
buffered saline (PBS).  A previously published 
triple staining protocol (Hart et al., 2002a) was 
employed to permit the detection of cell death 
by TUNEL (Promega Apoptosis Detection 
System Fluorescein), and by light microscopic 
examination of nuclear and cytoplasmic 
morphology, stained by Hoechst 33342 
(H33342) and propidium iodide (PI) 
respectively. During fluorescence microscopy 
each stain was visualised separately using band 
specific filters, whilst the use of an Olympus 
WU filter during optical disection allowed 
simultaneous visualisation of both PI and 
H33342. 

All sections were examined for the 
presence of TUNEL positive cells using 
fluorescence microscopy and a 20x objective 
lens (Olympus BX60 microscope).  Positive 
cells were confirmed to be neurons, or glia, by 
further examination under a 40x objective, 
when their nuclear and cytoplasmic morphology 
was also examined. The immediately 
antecedent and subsequent serial sections were 
inspected to ensure that each TUNEL positive 
neuron was only counted once, and the total 
number was expressed as a combined count 
(L4+L5) per experimental group of 6 animals.  
The more numerous TUNEL positive glia were 
expressed as a mean count per L4+L5 ganglion 
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pair.  Since positive glial cells were present in 
all ganglia, the number that were positive due to 
the ipsilateral effects of axotomy was estimated 
by subtracting the count in axotomised ganglia 
from that of their contralateral controls. 

The number of surviving L4 & L5 
DRG neurons was estimated using the 
statistically unbiased, stereological technique of 
optical disection (West, 1993; Harding et al., 
1994), the protocol for which has previously 
described (Hart et al., 2002a).  Essentially this 
process involved estimation of a ganglion�s 
volume (Vref) using the Cavalieri Principle, and 
direct measurements in a systematic random 
sample of ten or more sections from each 
ganglion to permit calculation of the mean 
thickness and cross-sectional area.  The density 
(or �numerical volume�, Nv) of neurons within 
that ganglion was then determined by 
systematic random placement, under the control 

of C.A.S.T.-Grid (Version 1) software, of 
optical disectors within the tissue sections cut 
from the ganglion. Counting rules were used to 
ensure that every cell within a ganglion has an 
equal chance of being counted, obviating any 
bias due to variations in cell size, or distribution 
within the ganglion. Finally, the number of 
neurons within the ganglion (Npar) is estimated 
by multiplying the numerical volume (NV) of 
neurons by the volume of the ganglion (Vref ):  

 
Npar   =   NV  .   Vref 
 
 Neuron counts were expressed as a 
combined (L4 plus L5) count for each side 
(axotomised, or contralateral control).  Neuron 
loss was then calculated by subtracting the 
neuron count for a pair of axotomised ganglia 
from that of their contralateral controls, and was 
expressed as a percentage of the neuron count  

B

DC 

A 

Figure 1:  Effect of N-acetyl-cysteine (NAC) treatment upon primary sensory neuronal morphology after peripheral
nerve transection.Dorsal root ganglia stained with the nuclear dye Hoechst 33342 (blue fluorescence) and the 
cytoplasmic dye propidium iodide (red fluorescence).  Non-axotomised ganglia [A] contain neurons with normal 
cytoplasmic morphology, surrounded by numerous smaller satellite cells, in which nuclear staining predominates. Two
weeks after sciatic nerve transection gross morphological changes are evident in the axotomised ganglia of animals
sham-treated with 5% dextrose solution [B], with most neurons displaying nuclear eccentricity, membrane irregularities,
and cytoplasmic granulation or vacuolation (hollow arrow).  Apoptotic neurons are also evident (solid arrow). 
Morphology is somewhat improved after low-dose treatment (N-acetyl-cysteine 30mg/kg/day) [C], although nuclear 
eccentricity and membrane irregularity remains frequent, and some dilated vacuolated cells are present (arrowhead). 
After high-dose treatment (N-acetyl-cysteine 150mg/kg/day) neuronal morphology is significantly more normal [D].
Scale bar equals 40µm. 

Hart, et al. ▪ Neuroprotection by NAC 



 5

in the control ganglia. 
 In a separate experiment, a further 
four animals underwent unilateral sciatic nerve 
axotomy; two then received high-dose treatment 
with NAC (150mg/kg/day), and two received 
no treatment.  Two weeks later the DRG were 
harvested as described above, except that only 
50ml of PBS was used, and perfusion fixation 
was achieved with 500ml of 3% glutaraldehyde 
& 1% paraformaldehyde in PBS.  DRG were 
post-fixed in the same solution, and transferred 
to 1% osmium tetroxide in 0.1M phosphate 
buffer at 37oC prior to dehydration in acetone 
and embedding in Vestopal.  Blocks were 
trimmed on a Pyramitome (LKB, Sweden), and 
sectioned with a 2128 Ultratome (LKB). Serial 
1µm sections were cut and examined by light 
microscopy to identify representative neurons.  
Ultrathin (60-70nm) sections were then 
collected onto formvar-coated one-hole copper 
grids, stained with uranyl acetate and lead 
citrate, and examined using a JEOL 100CX 
electron microscope. 
 Statistical analysis of results was 
performed using the Sigmastat� 2.0 software 
package, using a probability level of  p<0.05 for 
rejection of null hypotheses. Comparison of 
TUNEL counts for neurons was made by the 

Mann-Whitney Rank Sum test since data was 
not always normally distributed (as assessed by 
the Kolmogorov-Smirnov Test).  For all other 
data comparison between multiple groups was 
performed using ANOVA, and pairwise 
comparisons using Students t-test. 

Results 

No adverse effects upon animal 
behaviour were found, and NAC treatment did 
not significantly affect weight gain during the 
study period (2 weeks, p=0.87; 2 months 
p=0.30). 
Morphology 

When compared to normal ganglia 
(Figure 1A), prominent morphological changes 
were present in the axotomised ganglia of 
untreated animals, with the majority of neurons 
exhibiting nuclear eccentricity, and 
chromatolysis (Figure 1B).  Neurons displaying 
features of apoptosis (cytoplasmic granulation, 
vacuolation, membrane irregularities) were 
seen, as were numerous enlarged, and grossly 
vacuolated neurons. Although the 
morphological findings were unchanged by 
sham treatment with 5% dextrose solution, a 
qualitative improvement in neuronal  

 
Figure 2:  Effect of N-acetyl-cysteine upon mitochondrial
morphology. Representative electron micrographs of
mitochondria within primary sensory neurons of the L5
dorsal root ganglion. Two weeks after unilateral sciatic
nerve division many neurons within ipsilateral,
axotomised ganglia of control animals (that received no
treatment) exhibit morphological features of cell death.
These neurons contain abnormal mitochondria [A] that
are pathologically dilated, exhibit loss of cristal
architecture, or have ruptured.  In contrast, comparable
ganglia in animals treated with 150mg/kg/day N-acetyl-
cysteine (NAC) contain neurons whose mitochondrial
structure is predominantly intact [B], although some
swelling, and occasional cristal disruption is still evident.
This morphology compares favourably with that of
mitochondria in the contralateral ganglia, whose neurons
have not been axotomised [C].  Scale bar equals 500nm. 
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morphology was found after low-dose NAC 
treatment (Figure 1C). Neuronal morphology 
was significantly more normal in ganglia from 
animals that received high-dose treatment with 
NAC (Figure 1D). 

Electron micrography (Figure 2) 
revealed that in untreated or sham treated 
animals, the primary sensory neurons within 
axotomised ganglia which displayed the 
abnormal morphological features described 
above typically exhibited varying degrees of 
disruption to their mitochondrial ultrastructure.  
This ranged from swelling, and occasional 
disruption of the cristae within the neurons 
exhibiting mild morphological changes in 
keeping with the chromatolysis reaction, to 
severe disruption of mitochondrial architecture 
with vacuolation, complete disruption of the 
cristae, and rupture of the mitochondrial 
membrane in those neurons displaying even 
early morphological features of cell death 
(Figure 2A).   Such mitochondrial disruption 
was not a feature of neurons of animals treated 
with 150mg/kg/day NAC (Figure 2B).  Indeed 
mitochondrial morphology was found to be 
qualitatively similar to that of intact 
contralateral neurons (Figure 2C). 
TUNEL Staining 

The effect of NAC treatment upon the 
number of TUNEL positive neurons, and the 
neuron loss found 2 weeks after axotomy is 
summarised in Table 1, whilst Table 2 gives the 
equivalent findings 2 months after axotomy.  
Table 3 summarises the effect of treatment upon 
the mean number of TUNEL positive glial cells. 

TUNEL positive neurons were only 
found in axotomised ganglia, and all exhibited 
morphological features of cell death, both 
nuclear (chromatin condensation and nuclear 
irregularity, or fragmentation), and cytoplasmic.  
Two weeks after sciatic nerve transection the 
total number of TUNEL positive neurons 
present in the axotomised L4&5 ganglia of 
untreated animals was 25 per group of 6 
animals, and was not significantly altered by 
sham treatment (19 /group, p=0.405). A large 
reduction in the number of TUNEL positive 
neurons was found after treatment with NAC at 
both the low (7 /group), and high (2 /group) 
doses used, as compared to either sham 
treatment (low-dose p=0.065; high-dose 
p=0.003), or no treatment (low-dose p=0.015; 
high-dose p=0.002). The number of TUNEL 

positive neurons found in axotomised ganglia 2 
months after axotomy was also reduced by 
high-dose NAC treatment (Table 2). 

TUNEL positive glia (Table 3) were 
significantly more numerous in the axotomised 
ganglia than in the contralateral non-axotomised 
ganglia of the sham treatment (P=0.002) and no 
treatment groups (P=0.05), but the difference 
was minimal in both groups treated with high-
dose NAC. When compared to no treatment, the 
increase attributable to axotomy found two 
weeks after axotomy was unaffected by sham 
treatment or low dose NAC.  However, it was 
halved by high-dose NAC, which also obviated 
the effect of axotomy 2 months later (mean 
increase: no treatment 20.2 cells/group, SD 
24.7; high dose NAC mean 0.3 cells/group, SD 
10.1). Although treatment had no effect upon 
the number of TUNEL positive glia present in 
non-axotomised ganglia two weeks after 
axotomy, NAC nearly halved the number 
present two months after axotomy. 
Neuron Loss 

Two weeks after axotomy the mean 
number of neurons present in the non-
axotomised, contralateral control L4+5 ganglia 
of untreated animals was 29641 (SD 2268), and 
was similar in animals that received sham 
treatment with 5% dextrose solution (29845 
neurons, SD 1553; p=0.86), or treatment with 
NAC (low-dose 30844 neurons, SD 3839, 
p=0.58; high dose 31761 neurons, SD 2804, 
p=0.18). Two months after axotomy there was 
still no difference between the number of 
neurons present in the non-axotomised ganglia 
of untreated animals (31545 neurons, SD 2446), 
and those that received NAC treatment (high 
dose, 30034 neurons, SD 4539; p=0.52). 

Two weeks after axotomy 21% 
(p=0.002 vs. control ganglia) of all neurons in 
the axotomised L4&5 ganglia had died in the 
group receiving sham treatment (Table 1), as 
also occurred in those that received no 
treatment (21% loss, p=0.96 vs. sham 
treatment). This loss of neurons was almost 
completely eliminated by 2 weeks of treatment 
with NAC (low-dose NAC 1% loss, p=0.019; 
high-dose NAC 3% loss, p=0.031), and the 
same magnitude of neuroprotective effect was 
still present 2 months after axotomy (no 
treatment 35% loss; high-dose NAC 3% loss, 
p=0.002) (Table 2). 
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Control Ganglia 
(L4+5) 

Mean (SD) 

Axotomised Ganglia 
(L4+5) 

Mean (SD) Treatment 
Group 

TUNEL
Count  

Neuron 
Count 

TUNEL 
Count  

Neuron 
Count 

 
Percentage 

Neuron 
Loss 

(L4+5) 
 

No 
Treatment 0 29641 

(2268) 25 23317 
(2146) 21% 

Sham 
Treatment 0 29845 

(1553) 19 23625 
(1899) 21% 

Low Dose 
NAC (30mg/ 

kg/ day) 
0 30844 

(1567) 7 30441* 
(2321) 1%* 

High Dose 
NAC(150mg

/ kg/day) 
0 31761 

(2804) 2* 30699* 
(4942) 3%* 

 

Table 1:  Effect of NAC treatment upon neuron
death 2 weeks after axotomy.  TUNEL positive
neuron counts are expressed as the total number
of positive neurons present in the axotomised,
or contralateral control ganglia of each
experimental group.  Axotomised, and
contralateral control ganglia neuron counts are
stated as the mean (standard deviation) count
per experimental group. Neuron loss is
calculated as the mean neuron count in the
axotomised ganglia subtracted from that in the
control ganglia, expressed as a percentage of
the control value. 
*P Value <0.05 (compared to sham treatment). 

Control Ganglia 
(L4+5) 

Mean (SD) 

Axotomised Ganglia 
(L4+5) 

Mean (SD)  
Treatment 

Group 
TUNEL 
Count 

Neuron 
Count 

TUNEL 
Count 

Neuron 
Count 

 
Neuron 

Loss 
(L4+5) 

 

No 
Treatment 0 31545 

(2446) 5 20460 
(2138) 35% 

High Dose 
NAC 

(150mg/kg/ 
day) 

0 30034 
(4539) 3 29243* 

(4100) 3%* 

 

Table 2: Effect of NAC treatment upon neuron
death 2 months after axotomy. The numbers of
TUNEL positive neuron are expressed as the
total number of positive neurons present in the
axotomised, or contralateral control ganglia of
each experimental group.  Axotomised, and
contralateral control ganglia neuron counts are
stated as the mean (standard deviation) count
per experimental group. Neuron loss is
calculated as the mean neuron count in the
axotomised ganglia subtracted from that in the
control ganglia, expressed as a percentage of
the control value. 
*P Value <0.05 (compared to no treatment). 

Treatment Group 

Control 
Ganglia 
(L4+5) 

Mean (SD)  

Axotomised 
Ganglia 
(L4+5) 

Mean (SD) 

Increase 
Attributable 
to Axotomy 

(L4+5)  
Mean (SD) 

No Treatment 11.3 
(7.1) 

22.2* 
(9.7) 

10.8 
(13.2) 

Sham 
Treatment 

5 
(2.5) 

17.3* 
(6.2) 

12.3 
(5.6) 

Low Dose 
NAC 

(30mg/kg/ day) 

9.5 
(9.6) 

21.8 
(9.6) 

12.3 
(13.7) 2 

W
ee

ks
 

Po
st

-A
xo

to
m

y 

High Dose 
NAC 

(150mg/kg/ 
day) 

9.5 
(8.3) 

15.0 
(15.5) 

4.4 
(15.7) 

No Treatment 30.8 
(25.2) 

51* 
(39.7) 

20.2 
(24.6) 

2 
M

on
th

s 
Po

st
-A

xo
to

m
y 

High Dose 
NAC 

(150mg/kg/ 
day) 

15.7 
(11.0) 

16.0 
(5.7) 

0.3 
(10.1) 

 

Table 3:  Effect of NAC treatment upon 
TUNEL positive glial cells, numbers of which 
are expressed as the mean (standard deviation) 
number of positive cells present each 
axotomised, or contralateral control L4+L5 
ganglion pair in each experimental group. The 
increase directly attributable to axotomy is 
calculated as the mean count in the axotomised 
L4+L5 ganglion pair minus that in the non-
axotomised control ganglion pair.  
* P<0.05 compared to no treatment. 
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Discussion 

TUNEL has proven to be a reliable 
marker of cell death within DRG, despite the 
potential for cells in the S-phase of mitosis to 
stain positive (Sanders and Wride, 1996), when 
nuclear morphology is used to confirm cell 
death (Crowe et al., 1997; Hart et al., 2002a). 
The typically small number of TUNEL positive 
neurons that are found has previously been 
ascribed to the short time period during cell 
death in which cells are potentially TUNEL 
positive (Hart et al., 2002a).  Optical disection 
is an ideal technique for estimation of neuron 
numbers (Hart et al., 2002a), since it avoids the 
statistical bias of assumption based techniques 
(West, 1999) and the effects of tissue sectioning 
artefacts (Hedreen, 1998), yet is time-efficient. 
The technique has been validated for counting 
DRG neurons, although precision and accuracy 
are dependent upon adherence to certain rules.  
Accordingly, ten or more sections whose 
thickness was measured directly were used for 
volume estimation by the Cavalieri Principle 
(Gundersen et al., 1988), and adequate numbers 
of caps were counted (mean 152 per ganglion, 
SD26) to meet the requirement of 100-200 per 
ganglion (West, 1999). The mean neuron counts 
obtained from control ganglia (30618, SD 2969) 
were in agreement with other results in the 
literature obtained by stereological methods 
(Tandrup, 1993; Bergman and Ulfhake, 1998; 
Hart et al., 2002a) verifying the accuracy of the 
technique used.  Combined L4+5 counts were 
used since this comprises almost the entire 
sciatic nerve pool, and since combined counts 
exhibit less variance than those from individual 
ganglia (L4 or L5) (Hart et al., 2002a) making 
them more sensitive as indicators of the effect 
of axotomy.   

By highlighting DNA fragmentation, 
TUNEL demonstrates the very early stages of a 
neuron�s death, whereas the calculated neuronal 
loss reflects the cell�s subsequent complete 
involution. Very small losses may be entirely 
masked by the normal biological variability in 
neuron numbers, therefore TUNEL is the more 
sensitive marker, although it is not such a good 
quantitative tool as optical disection.  Using the 
same experimental model, we have previously 
demonstrated that in the absence of any 
intervention numbers of TUNEL positive 
neurons peak 2 weeks after peripheral axotomy, 
and that the neuronal loss is essentially 

complete after 2 months (Hart et al., 2002a).  
Hence in this study, the 2 week timepoint 
reveals the effect of NAC treatment at the time 
when the rate of neuron death is maximal, 
whilst the 2 month timepoint reveals the 
magnitude and permanence of that effect.  The 
effect upon glial cell death is also clarified, 
since numbers of TUNEL positive glia also 
peak 2 months after axotomy (Hart et al., 
2002a). 
 Systemic treatment with NAC 
(150mg/kg/day) brought about a significant 
reduction in both the number of TUNEL 
positive neurons, and the neuron loss found 2 
weeks after peripheral axotomy.  Neuronal 
death was prevented, rather than just delayed, 
since this protective effect was found to be 
preserved 2 months after axotomy, by which 
time neuron loss has effectively finished in the 
absence of treatment (Hart et al., 2002a).  
Treatment with a reduced dose of NAC 
(30mg/kg/day) was still significantly effective 
in preventing neuronal death, although a dose 
response was evident in the number of TUNEL 
positive neurons and glial cells, and in the 
morphological findings.  The loss found in the 
low-dose group 2 weeks after axotomy was 
slightly less than in the high-dose group, but the 
difference lies comfortably within the 
variability of the counting technique, and 
probably does not reflect a greater protective 
effect since the TUNEL count was higher with 
low-dose NAC.  As previously discussed, 
TUNEL is a more sensitive marker of cell death 
at 2 weeks post-axotomy and it is likely that if 
both treatment doses were given for 2 months, 
then the neuron loss would be greater in the 
low-dose group. 

Neuronal death cannot have been 
completely eliminated by NAC treatment since 
TUNEL positive neurons were still present, 
however NAC was sufficiently protective that 2 
weeks after axotomy the overall neuronal loss 
in both treatment groups considered together 
was only 2% (control count 31323, SD 3238; 
operated count 30581; SD 3793). This 
neuroprotective effect persisted 2 months after 
axotomy, when loss was only 3%, and 
represents salvage of around 5,500 neurons per 
animal after 2 weeks, and of more than 10,000 
neurons (over a third of the total sensory 
neuronal pool) 2 months after axotomy.  The 
massive reduction in the calculated neuron loss 
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was not merely an artefact of changes in the 
non-axotomised ganglia, since NAC treatment 
did not affect the number of neurons in these 
internal control ganglia.  Equally, it is evident 
that the neuroprotective effect is due to NAC 
and not merely to the act of intraperitoneal 
injection, since vehicle solution (sterile 5% 
dextrose) had no effect upon the number of 
TUNEL positive neurons, or upon neuronal 
loss.   
 TUNEL has been utilised to 
demonstrate satellite cell death after neuronal 
injury in the CNS, which was then implicated in 
extension of the lesion (Crowe et al., 1997). In 
the dorsal root ganglion, ISEL and TUNEL 
positive glial cells have previously been 
reported in both axotomised and contralateral 
control ganglia after unilateral peripheral 
axotomy (Groves et al., 1997; Hart et al., 
2002a). Positive cells are more numerous in 
axotomised ganglia and there appears to be a 
temporal relationship, with a peak found two 
months after axotomy (Hart et al., 2002a).  
Although little else is known about the 
underlying processes, the putative roles of glial 
cells in neuronal death as sources for 
neuroprotective glutathione precursors or as 
mediators of neuronal death (Barker et al., 
1996; Dringen et al., 1999) raises intriguing 
questions regarding NAC�s efficacy in reducing 
the number of TUNEL positive glia.  Although 
there is likely to be a basal turnover of glia, 
giving a low �background� number of TUNEL 
positive cells, most glial death within 
axotomised ganglia probably occurs secondary 
to associated neurons either dying or retracting 
their projections.  The latter has been proposed 
in the CNS, and degeneration of crossed 
secondary fibres may account for the delayed 
finding of increased glial cell death in 
contralateral DRG.  Protection of these fibres 
by NAC treatment might then account for the 
finding of a reduced number of TUNEL 
positive glia in the contralateral ganglia two 
months after axotomy.  

It cannot be said whether the effect of 
NAC is upon the glia, or is secondary to a 
neuroprotective effect, but the differential effect 
of low and high-dose treatment found 2 weeks 
after axotomy may suggest an element of both.  
Also, in vitro work suggests the importance of 
glutathione release by glia, for whom NAC is 
an effective substrate (Han et al., 1997), in the 

maintenance of intra-neuronal glutathione 
levels (Dringen et al., 1999).  In vivo treatment 
with NAC might therefore increase glial 
glutathione production, potentially protecting 
glia directly, and also indirectly via 
neuroprotection secondary to increased 
neuronal glutathione levels. 
 There are a variety of mechanisms by 
which N-acetyl-cysteine may potentially exert 
its neuroprotective effect, but it is necessary to 
infer from other experimental models of 
neuronal death since few studies on primary 
sensory neurons exist. Axotomy causes a 
loss of distal neurotrophic support that may 
initiate neuronal death via an effect upon 
cellular redox balance, NO levels, or oxidative 
stress.  Deprivation of certain neurotrophic 
factors in vitro may induce similar events 
(Pettmann and Henderson, 1998), whilst 
exogenous neurotrophic factors may counteract 
these events by increasing neuronal cysteine 
uptake and glutathione synthesis (Mattson et al., 
1995; Pan and Perez-Polo, 1996).  NAC may 
therefore directly mimic some of the effects of 
neurotrophic support (Yan and Greene, 1998), 
but also modulates neurotrophic factor 
signalling pathways within neurons (Kamata et 
al., 1996). In keeping with this, NAC prevents 
apoptosis in trophic factor deprived PC12 cells 
by an effect upstream of c-Jun kinase (JNK) 
activation (Park et al., 1996). 
 Axotomy induced retrograde 
degeneration occurs in association with 
perikaryal accumulation of mitochondria and 
oxidative stress (Al-Abdulla and Martin, 1998), 
whilst spinal root avulsion sufficient to induce 
death of 30% of motorneurons is accompanied 
by oxidative stress (Martin et al., 1999) and 
NOS activation (Novikov et al., 1995). The 
mitochondrial electron transport chain may then 
be disrupted due to reversible inhibition of 
complex IV (cytochrome C) by transient 
increases in NO, or permanent inhibition of 
complexes I & II by a sustained increase 
(Brown et al., 1995; Brorson et al., 1999).  
Redox imbalance then favours generation of 
reactive oxygen species (ROS) that disturb 
mitochondrial membrane potential, disrupting 
calcium homeostasis, and potentially leading to 
cell death (Keller et al., 1998; Heales et al., 
1999; Brorson et al., 1999). Mitochondrial 
glutathione depletion potentiates the effect, 
which is countered in vitro by antioxidants 
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(Seaton et al., 1997) and glutathione (Lizasoain 
et al., 1996).  NAC protects mtDNA from 
damage due to increased NO or oxidative stress 
mimicking the anti-apoptotic species Bcl-2 
(Myers et al., 1995; Deng et al., 1999). 

Depletion of glutathione, particularly 
mitochondrial (Cooper and Kristal, 1997; 
Wullner et al., 1999), increases the 
susceptibility of neurons to a variety of toxic 
stimuli including neurotrophin withdrawal and 
oxidative stress (Ratan et al., 1994; Drukarch et 
al., 1997; Wullner et al., 1999). Since 
glutathione is one of the principal defences 
against ROS and oxidative stress within 
neurons, increasing levels may be protective 
(Ratan et al., 1994; Cooper and Kristal, 1997).  
However glutathione does not cross the blood-
brain barrier (BBB), and neurons cannot 
synthesise thiol substrates, being dependent 
during oxidative stress upon the more resistant 
astroglia (Dringen and Hamprecht, 1999) for 
the supply of peptide precursors (Dringen et al., 
1999) for glutathione synthesis (Sagara et al., 
1993; Barker et al., 1996; Wang and Cynader, 
2000) Cysteine is normally the rate limiting 
precursor (Pan and Perez-Polo, 1996; Wang and 
Cynader, 2000), but can readily be taken up as 
NAC (Dringen and Hamprecht, 1999).  
Accordingly, neuronal glutathione levels are 
increased by NAC in vitro (Yan et al., 1995; 
Kamata et al., 1996; Wagner et al., 1998; 
Dringen and Hamprecht, 1999), and the effect is 
enhanced by astroglial co-culture (Dringen et 
al., 1999). Given the key role that glia play in 
neuronal glutathione synthesis and survival, it is 
of interest that NAC may also protects glia 
(Mayer and Noble, 1994; Barker et al., 1996; 
Han et al., 1997).  

At high doses NAC has direct 
reductant (Yan et al., 1995; Kamata et al., 1996) 
and antioxidant effects, and can block lipid 
peroxidation by peroxynitrate (ONOO-) (Han et 
al., 1997).  However the neuroprotective effect 
of NAC (Yan and Greene, 1998) is not fully 
explained by its role as an antioxidant, and 
glutathione substrate (Ferrari et al., 1995; Yan 
et al., 1995).  There is evidence that inco-
ordinated cell cycling may play a role in 
primary sensory neuronal death (ElShamy et al., 
1998), hence regulation of entry into the cell 
cycle and of DNA synthesis (Ferrari et al., 
1995) may partly (Yan and Greene, 1998) 
explain NAC�s efficacy. 

The demonstrated neuroprotective 
effect of NAC may therefore be due to a 
combination of its antioxidant, and reductant 
properties, the promotion of glutathione 
synthesis, and prevention of abortive entry into 
the cell cycle by injured neurons. 

This study has therefore demonstrated 
that NAC is highly neuroprotective in an in 
vivo model of peripheral axotomy in the 
relatively isolated neuronal system of the DRG. 
Subsequent studies to define NAC�s precise 
mechanism of action may help to elucidate the 
axotomy-induced events culminating in 
neuronal death, but mitochondrial dysfunction 
is clearly involved, and can be limited by NAC 
treatment. Production of NO and reactive 
oxygen species, glutathione depletion, and 
abortive cell cycling are further implicated.  A 
pressing clinical need exists to reduce sensory 
neuronal death after peripheral nerve trauma, 
and the results of this study strongly suggest 
that NAC may be a suitable therapeutic agent, 
and additionally raise the possibility of a role in 
central nervous system trauma. 
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Exogenous leukaemia inhibitory factor enhances nerve regeneration 
after late secondary repair using a bioartificial nerve conduit. 
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SUMMARY.  The clinical outcome of peripheral nerve injuries remains disappointing, even in 
the ideal situation of a primary repair performed with optimal microsurgical technique.  Yet 
primary repair is appropriate for only ~85% of injuries, and outcome is worse following 
secondary nerve repair, partly due to the reduced regenerative potential of chronically axotomised 
neurons.  Leukaemia inhibitory factor (LIF) is a gp-130 neurocytokine that is thought to act as an 
�injury factor�, triggering the early injury phenotype within neurons and potentially boosting their 
regenerative potential after secondary nerve repair.  Two or four months after sciatic nerve 
axotomy in the rat, 1cm gap repairs were performed using either nerve isografts, or poly-3-
hydroxybutyrate conduits containing a calcium alginate and fibronectin hydrogel. Regeneration 
was determined by quantitative immunohistochemistry 6 weeks after repair, and the effect of 
incorporating recombinant LIF (100ng/ml) into the conduits assessed.  LIF increased the 
regeneration distance in repairs performed after both 2 (69%, p=0.019) and 4 month delays 
(123%, p=0.021), and was statistically comparable to nerve graft. The total area of axonal 
immunostaining increased by 21% (p>0.05) and 63% (p>0.05) respectively. Percentage 
immunostaining area was not increased in the 2 month group, but increased by 93% in the repairs 
performed 4 months after axotomy.  Exogenous LIF therefore has a potential role in promoting 
peripheral nerve regeneration after secondary repair, and can be effectively delivered within poly-
3-hydroxybutyrate bioartificial conduits used for nerve repair. 
 
Keywords:  peripheral nerve regeneration, peripheral nerve repair, leukaemia inhibitory factor, 
nerve conduit, growth factors. 

 
 
Peripheral nerve injuries are amongst 

the commonest injuries encountered in trauma 
surgery, with an estimated annual incidence of 
1/1000 population.  Yet despite major technical 
advances in surgical repair outcome remains 
disappointingly poor 1, particularly in the 11-
16% of injuries unsuitable for primary 
neurorraphy 2-4. 

Several factors account for the fact 
that outcome is worst 4-6 after late secondary 
nerve repair, many of which cannot be 
improved by further advances in microsurgical 
technique.  The delay in repair prolongs the 

period of denervation atrophy in target muscles 
and sensory organs, while endoneurial fibrosis 
7,8 combines with Schwann cell atrophy and 
phenotypic changes 7,9,10 to impair the distal 
nerve stump�s ability to support neurite 
ingrowth after repair 10,11. Due to nerve stump 
retraction the repair usually involves bridging a 
gap, yet fibres must still reach type specific, 
and topographically appropriate endoneurial 
tubes in order to have any chance of 
functionally useful regeneration 12.  Within the 
dorsal root ganglia up to 40% of all primary 
sensory neurons will die 13, massively reducing 
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the pool of neurons available for regeneration, 
and leading to a ~70% loss of CNS endings 14.  
Furthermore, both the axotomised 
motorneurones and the surviving sensory 
neurons begin to exhibit loss of their early 
injury phenotype, rendering them less able to 
regenerate after any subsequent repair 5,15. 

Although promising strategies are 
under development to address many of these 
problems, restoration of the early injury, or 
regenerative, phenotype has not been described.  
In the immediate phase after axotomy induction 
of this neuronal phenotype may result from the 
action of retrogradely transported �injury 
factors� that undergo receptor mediated uptake, 
and act synergistically with other neurotrophic 
factors. Such injury factors are expressed at low 
levels in normal peripheral nerve but are 
rapidly upregulated after injury, thereby 
mimicking the timecourse of the injury 
phenotype in axotomised neurons. Increasing 
evidence exists for the gp-130 neuroregulatory 
cytokines, principally leukaemia inhibitory 
factor (LIF), fulfilling this role after peripheral 
nerve injury 16. 

If the increased regenerative capacity 
of acutely injured neurons is due to injury 
factors, then local administration ought to 
enhance the regenerative capacity of 
chronically axotomised neurons.  This study 
therefore sought to determine whether nerve 
regeneration after late secondary repair would 
be enhanced by exogenous LIF, delivered 
within a bioartificial nerve conduit used for gap 
repair. 

Methods 

 All work was conducted in keeping 
with the terms of the Animals (Scientific 
Procedures) Act 1986, and the experimental 
design was cogniscent of the need to optimise 
welfare. 
 Under inhalational anaesthesia 
(Halothane, May & Baker Ltd., U.K.), six 
groups of young adult male Sprague-Dawley 
rats (n=5) underwent unilateral sciatic nerve 
division at the upper border of quadratus 
femoris in the mid-thigh.  The nerve stumps 
were ligated with 6/0 Prolene, and placed 
within silicon rubber caps to prevent 
spontaneous regeneration.  Either 2 or 4 months 
later, the animals were anaesthetised, and 1cm 
gap repairs were performed using either freshly 

harvested 1cm syngeneic reversed sciatic nerve 
isografts, or bioartificial nerve conduits.  The 
conduits were 1.4cm long tubes made from 
compressed sheets of longitudinally oriented 
poly-3-hydroxybutyrate (PHB) fibres (Astra 
Tech, Mölndal, Sweden), filled with ~75µl of a 
hydrogel that comprised 2% ultrapure, low 
molecular weight, high mannuronic acid 
content, calcium alginate (Pronova, Sweden) 
and 0.05% bovine fibronectin (Sigma 
Pharmaceuticals, U.K.).  This gel served as a 
matrix substitute, and as a delivery vehicle for 
recombinant murine leukaemia inhibitory factor 
(rhLIF 100ng/ml, Autogen Bioclear, U.K.) in 
the two treatment groups.  The nerve stumps 
were trimmed back to �healthy� nerve, and 
inset 2mm into either end of the conduit using 
paired horizontal mattress sutures to leave a 
1cm gap across which the nerve had to 
regenerate. 

Six weeks later the repairs were 
harvested in continuity with ~3mm of both the 
proximal and distal nerve, fixed in Zamboni�s 
solution at 4oC, and equilibrated in 
cryoprotectant solution (15% sucrose in 
phosphate buffered saline).  Blocks were then 
prepared by rapid freezing into OCT� 
mounting medium, from which a systematic 
random sample of longitudinal, 15µm 
cryosections was collected.  These were stained 
by fluorescence immunohistochenistry to show 
nerve fibres by using primary antisera against 
pan-axonal marker of neurofilament 
(monoclonal antibody against PAMNF, Affiniti 
Research Products Ltd.), and a secondary horse 
anti-mouse antisera conjugated to Cy-3 
(Amersham Pharmacia Biotech).  The Schwann 
cell marker S-100 (polyclonal antibody, 
DAKO, Denmark) was also used, in 
combination with a goat anti-rabbit antisera 
conjugated to fluorescein isothyocyanate 
(FITC, Vector Laboratories Inc., U.S.A.).   
PAMNF staining therefore appeared as red 
fluorescence, and S-100 appeared as green. 
Non-specific tissue binding of the secondary 
antibodies was limited by pre-incubation of 
tissue sections with normal goat (Sigma-
Aldrich U.K.) or normal horse (Sigma-Aldrich 
U.K.) sera, and non-specific hydrophobic 
attachment was minimised by co-incubation 
with normal rat serum (DAKO, Denmark). 

Two outcome measures were 
quantified. The �regeneration distance� was 
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measured from the end of the proximal nerve 
stump to the tip of the most distal nerve fibre in 
each repair, by examining all sections under a 
10x objective lens with a 0.1mm graticulated 
eyepiece. Next, using a high resolution fluid 
cooled digital camera (Diagnostic Instruments, 
U.S.A.) and a 20X objective lens, a band of 
images was captured across the full width of 
two non-consecutive sections that lay most 
central to the growth cone in each repair. The 
area of immunostaining within this band of 
images was then quantified by image analysis 
(Image-Pro-Plus� Version 4.0 software); a 
process reliant upon intensity thresholding for 
unichromatic light, deselection of occasional 
areas of background staining, and digital 
quantification of the area stained. The total area 
of immunostaining was summated for each 
section, as was the total area of the nerve repair 
present in the captured images in order to 
express immunostaining as a percentage of the 
area of the nerve repair examined, thereby 
facilitating comparison between conduits of 
different diameters.  The �total area of 
immunostaining� was expressed in µm2, and 
the �percentage area� quoted directly. A total of 
ten measurements of the area of 
immunostaining (both absolute and percentage) 
was therefore recorded for each antiserum in 
each experimental group, and the mean value 
used for statistical examination of the effect of 
treatment. 

Statistical analysis of results was 
performed by paired t-test, using SigmaStat� 
(Version 2.0) software, after confirming the 
normality of data distribution by the 
Kolmogorov-Smirnov test. 

Results 

 Six weeks after implantation the 
nerve conduits exhibited minimal fibrosis, and 
good neovascularisation along their full length; 
the nerve grafts were equally healthy in 
appearance.  At the microscopic level there was 
a qualitative improvement in nerve fibre 
morphology within the conduits that contained 
rhLIF, as compared to the plain conduits. 
 In the nerves repaired 2 months after 
axotomy fibres were found to have regenerated 
into the distal nerve stump when nerve grafts 
were employed (Figure 1), but had proceeded a 
significantly shorter distance through the plain 
PHB conduits (P<0.001). The addition of rhLIF 
resulted in a 69% increase in regeneration 
distance (p=0.019), and was comparable to that 
found within nerve grafts (Figure 1). A similar 
pattern was found when the area of 
immunostaining for PAMNF was examined 
(Table 1). Nerve graft repairs contained the 
highest total area of staining, and although the 
area within plain PHB conduits was 56% less 
than this, the addition of rhLIF was associated 
with a 21% increase. The highest percentage 
area of immunostaining for PAMNF was also 
found within nerve grafts, reflecting their 
comparatively small diameter, while plain PHB 
conduits an 87% lower percentage area 
(P<0.001). Conduits containing rhLIF had a 
similar percentage area of staining to plain 
PHB conduits. 
 When nerve repair was delayed until 
4 months after axotomy fibres still reached the 
distal nerve stump when nerve graft was used,  
but the regeneration distance within the plain  

rhLIF Conduit 

Plain Conduit 
Nerve Graft 

13.3mm 
(1.5) ** 

12.4mm  
(2.4) ** 

10.8mm(3.9) * 
10.2mm (1.0) * 4.9mm (2.6) 

6.0mm (3.0) 

0 1 2 3 4 65 7 8 9 10 11 12 13 
Regeneration 
Distance (mm) 

Figure 1: Nerve regeneration distance 6 weeks following sciatic nerve repair Sciatic nerve repairs were performed either 2 
months (solid arrows), or 4 months (dashed arrows) after nerve transection. Regeneration distance was quantified 6 weeks
after repair, by measuring the distance (mm) from the end of the proximal nerve stump, to the tip of the most distal nerve
fibre, in longitudinal sections stained by fluorescence immunohistochemistry with primary antiserum to pan-axonal 
marker of neurofilament (PAMNF).  Figures given are the mean (SD) for each experimental group (n=5). 
*P<0.05, **P≤0.001 (compared to repair using plain conduits). 
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PHB conduits was even worse (Figure 1).  
Despite this, the effect of rhLIF was more 
pronounced than after a two month delay in 
nerve repair, and resulted in a 123% increase 
(p=0.021) in 
regeneration distance to a figure that was not 
significantly different (P>0.05) to that achieved 
with nerve graft.  Similarly, the total area of 
immunostaining for PAMNF within nerve 
grafts was 71% greater (Table 1) than was 
present within plain PHB conduits, although 
the addition of rhLIF resulted in a 63% 
increase.  Again, the percentage area of 
immunostaining for PAMNF was greatest when 
nerve graft was used, the figure for plain PHB 
conduits being considerably lower. Percentage 
area of staining for PAMNF increased by 93% 
with the addition of rhLIF to the conduits, 
when repair was delayed for four months rather 
than two. 

Quantification of immunostaining for 
S-100 revealed that nerve graft repairs 
contained a greater total area than plain PHB 
conduits (Table 2), which had 75% and 68% 
lower values in the groups repaired 2 and 4 
months after axotomy respectively.  The 
percentage area of immunostaining was 93% 
lower in the plain conduits than in equivalent 
nerve graft repairs in both these groups. In the 
group whose sciatic nerve was repaired after a 
2 month delay the area of S-100 staining in the 
plain PHB conduits was not increased by the  

Repair After 2 Month 
Delay 

Mean (SD) 

Repair After 4 Month 
Delay 

Mean (SD) 
Type of 
Repair Total 

Area of 
PAMNF 
Staining 
(µm2) 

% Area 
of 

PAMNF 
Staining 

Total 
Area of 
PAMNF 
Staining 
(µm2) 

% Area 
of 

PAMNF 
Staining  

Nerve 
Graft 

58259 
(25405) 

7.3 ** 
(2.3) 

56890 * 
(24546) 

7.1 ** 
(1.9) 

Plain 
Conduit 

25471 
(22634) 

0.93 
(0.81) 

16488 
(12957) 

0.52 
(0.36) 

rhLIF 
Conduit 

30744 
(13047) 

0.82 
(0.49) 

26802 
(21594) 

1.0 
(0.78) 

addition of rhLIF.  However in the group 
repaired after a 4 month delay the rhLIF 
conduits contained somewhat more staining 
(18% increase in percentage area of 
immunostaining cf. plain conduits). 

Discussion 

Further major advances in the 
treatment of peripheral nerve injuries are more 
likely to result from modulating the response of 
neurons and their supporting cells to injury and 
regeneration, than from further enhancement of 
microsurgical technique.  This approach may 
involve novel adjuvant therapies to prevent 
neuronal death 17, techniques such as short gap 
repair to facilitate the selection of appropriate 
endoneurial tubes by regenerating neurites 18, 
and modulation of the normal regenerative 
responses of both neurons and their supporting 
cells 19.  In experimental models of primary 
nerve repair promising results have been found 
with the use of exogenous growth factors 19, 
and bioengineered conduits are under 
development to replace autologous nerve graft, 
some incorporating cultured Schwann cells 
20,21.  Although a significant minority of nerve 
injuries are not suitable for primary 
neurorraphy 4, and their outcome is 
compromised accordingly 3, the specific 
therapeutic problems inherent to secondary 
repair have rarely been clearly addressed 

Repair After 2 Month 
Delay 

Mean (SD) 

Repair After 4 Month 
Delay 

Mean (SD) 
Type of 
Repair Total 

Area of  
S-100 

Staining 
(µm2)  

% Area 
of S-100 
Staining 

Total 
Area of  
S-100 

Staining 
(µm2) 

% Area 
of S-100 
Staining 

Nerve 
Graft 

112295 * 
(29902) 

14** 
(2.1) 

72955 * 
(21562) 

9.7 ** 
(3.7) 

Plain 
Conduit 

28290 
(26305) 

1.1 
(1.1) 

23593 
(14755) 

0.75 
(0.39) 

rhLIF 
Conduit 

24586 
(7084) 

0.64 
(0.30) 

23745 
(15873) 

0.89 
(0.55) 

Table 1: Area of immunostaining against PAMNF within
sciatic nerve repairs. Sciatic nerve repairs were performed
either 2, or 4 months after nerve transection. Area of
immunstaining against PAMNF was quantified 6 weeks
after repair, by digital image analysis of a band of images
across the full width of the repair at a position 1mm distal to
the end of the proximal nerve stump.  This was expressed
either as the mean (SD) total area of immunostaining (µm2) 
for each experimental group, or as a percentage of the entire
area of the band of images that was captured (�percentage
area of staining�). 
*P<0.05, **P≤0.001 (compared to repair using plain
conduits). 

Table 2: Sciatic nerve repairs were performed either 2, or 
4 months after nerve transection. Area of immunstaining 
against S-100 was quantified 6 weeks after repair, by 
digital image analysis of a band of images across the full 
width of the repair at a position 1mm distal to the end of 
the proximal nerve stump.  This was expressed either as 
the mean (SD) total area of immunostaining (µm2) for
each experimental group, or as a percentage of the entire 
area of the band of images that was captured (�percentage 
area of staining�). 
*P<0.05, **P≤0.001 (compared to repair using plain 
conduits). 
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experimentally.   
Endoneurial fibrosis causes a 

mechanical impedance to neurite ingrowth 
within chronically denervated distal nerve 
stumps, and begins within 28-35 days of nerve 
transection 8.  It is significant by 3-6 months 
after injury 7,22, endoneurial tube diameter is 
reduced to 26% of control one year after 
transection and to only 1% after two years 8,22, 
and yet there are no therapies available to 
prevent it.  Further functional inhibition of 
regeneration results from the profound atrophy 
and loss of neuregulin responsiveness that 
occurs within the distal stump Schwann cell 
population 9,10,10, although the use of cultured 
autologous Schwann cells and exogenous glial 
growth factor holds promise in addressing these 
changes 23.   

However, irrespective of the state of 
the distal nerve stump, there is evidence to 
suggest that chronically axotomised neurons 
display decreased regenerative capacity.  
Although early studies suggested only a minor 
loss of regenerative capacity 24, this has been 
questioned more recently in studies where the 
distal stump effect is obviated by suturing onto 
fresh distal stumps, or by using conduits.  The 
capacity of motorneurons to regenerate into 
fresh distal stumps decreases with prolonged 
axotomy 25, and expression by sensory neurons 
of the regenerative neuropeptide GAP-43 is lost 
2 months after axotomy 10.  Furthermore, 
complete loss of regenerative capability 
through denatured muscle grafts has been 
demonstrated after more than 56 days delay, 
with any delay impairing myelination 5. Thus, 
in the rat, it is evident that regenerative 
capacity diminishes with delays of greater than 
around 60 days. Hence in this study nerve 
repair was delayed for a minimum of two 
months, and as expected the regeneration 
distance and area of staining within plain PHB 
conduits and nerve grafts, were reduced when 
there was a 4 month delay prior to repair, as 
compared to a 2 month delay.  A 1cm gap 
repair was used since the purpose of this study 
was not to examine the effect of rhLIF upon the 
length of gap across which nerve can 
regenerate, but to examine its effects upon 
regeneration across a standard, bridgeable 
distance with the extra biological hurdle of a 
significant delay prior to nerve repair. 

The reduction in regenerative 
potential may be due to loss of the early injury, 
or regenerative phenotype, which is 
characterised by chromatolysis, and 
upregulation of markers such as CGRP, 
cytoskeletal proteins, GAP-43 and galanin 15.  
Such phenotypic changes may result from the 
action of a range of retrogradely transported 
�injury� factors, such as leukaemia inhibitory 
factor (LIF).   

LIF is a neurotrophic gp-130 
neurocytokine 15,16,26 that is expressed at 
extremely low levels in normal peripheral nerve 
and muscle, but which undergoes rapid 
upregulation and increased specific receptor 
mediated retrograde transport after injury 16,27-

29.  Although very few intact adult 
motorneurones, and only around ~24% of 
uninjured primary sensory neurons 
(predominantly small, nociceptive) exhibit the 
LIF-receptor, peripheral nerve injury induces 
marked upregulation by a majority of neurons 
16,30, rendering them sensitive to LIF.  
Exogenous LIF stimulates phenotypic changes 
akin to axotomy in intact primary sensory 
neurons 26,31-33, and after axotomy is 
neuroprotective for both sensory and 
motorneurons when applied to the proximal 
stump in neonates 34,35.  It meets the criteria for 
an injury factor, given that it�s timecourse of 
expression is intimately related to injury, it acts 
by specific, receptor mediated uptake and 
retrograde transport, and it has trophic and 
tropic actions 16,28. Furthermore, LIF enhances 
neurite outgrowth in vitro, and pre-treatment 
with antibodies against the gp-130 
neurocytokine receptor moiety inhibit the 
response of sensory neurones to axotomy 26.   

As a therapeutic agent, LIF also has 
the potential benefit over traditional 
neurotrophic factors, such as nerve growth 
factor, that it acts upon both motor and sensory 
neurons after injury, and is synergistic with 
other neurotrophic factors, such as nerve 
growth factor 16.  In primary nerve repair LIF 
resulted in significant increases in nerve 
regeneration through a silicone tube, and in 
subsequent motor function 36,37.  LIF is also 
myotrophic, and enhances motor reinnervation 
by axon sprouts 16,29. 

Administration of rhLIF within a 
nerve conduit has several advantages over the 
systemic route.  Although LIF acts at the 
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neuronal cell body, receptor mediated uptake 
and retrograde transport ensures that rhLIF 
administered at the site of injury will reach the 
cell body in a physiological manner.  The tropic 
role of LIF is used to advantage by delivery at 
the repair site, and systemic complications can 
be avoided due to the ability to use lower doses.   

Furthermore, nerve conduits are 
useful in themselves, given the potential donor 
morbidity associated with the use of autologous 
nerve graft, and are showing promise in clinical 
trials 38.  This may reflect the greater freedom 
that regenerating neurites have in determining 
which endoneurial tubes they enter, thereby 
potentially improving type, or topographical 
specificity. PHB conduits have been shown to 
be effective in supporting nerve regeneration 
over gaps of 1-4cm 20,39, whilst calcium 
alginate has been shown to give sustained 
release of bioavailable rhLIF for several 
months in vivo 40.  A similar concentration of 
rhLIF was therefore employed in this study, 
and fibronectin was added since it enhances 
neurite outgrowth, and has been found to be 
advantageous when combined with rhLIF 37,41. 

It is clear that, in common with other 
non-bioactive synthetic conduits, the plain PHB 
conduits did not adequately support peripheral 
nerve regeneration when compared to the 
clinical gold standard of nerve graft.  This 
presumably reflects the lack of any Schwann 
cell element to the conduit, in contrast to the 
endogenous population within a nerve graft, 
and this difference is heightened in the setting 
of delayed repair given the deleterious changes 
occurring within the recipient nerve�s Schwann 
cell population.  This was confirmed by the 
significantly lower areas of staining for S-100 
found within the conduits as compared to the 
nerve grafts. 

Despite this, the addition of rhLIF 
resulted in a significant improvement in the 
regenerative profile of the conduits.   Although 
the area of staining for nerve fibres showed 
only modest increases after the addition of 
rhLIF, regeneration distance increased 
significantly, and was not significantly worse 
than that obtained with nerve graft.  The 
regeneration distance, particularly combined 
with the observed morphological improvement, 
reflects not merely the extension of multiple 
neurites, but stimulation of directed axonal 
growth into the distal nerve stump.  It has been 

postulated that this is a more sensitive measure 
of functional regeneration than the area of 
staining, which may be increased by the 
extension of multiple random neurites rather 
than functional axonal elongation 36.  In 
keeping with this, rhLIF has been found to 
improve axonal morphometrics and function 
after primary repair, but with reduced axonal 
counts 36,37. The effect of rhLIF upon 
regeneration distance and area of staining for 
nerve fibres was relatively greater when nerve 
repair was delayed by 4 months (distance 123% 
increased, total area 63% & percentage area 
93% increased), rather than 2 months (distance 
69% increased, total area 21% increased, 
percentage area not increased).  This is in 
keeping with the concept that the regenerative 
capacity of the neurons deteriorates as the 
period of axotomy increases, and that rhLIF 
tends to restore that regenerative potential by 
triggering the early injury phenotype.  

Although conduits containing rhLIF 
did not support regeneration quite as well as 
nerve graft, it is possible that by using a higher 
concentration of rhLIF a greater effect upon 
regeneration might be obtained, and other 
studies using saline as a delivery vehicle have 
employed concentrations in the order of 0.5-
0.9µg/µl, to a total dose of ~10µg 34,36,37.  It is 
also possible that regeneration could be further 
enhanced by varying the chemical, or physical 
characteristics of the alginate. However rhLIF 
need not be the sole additive in a bioartificial 
conduit, and further changes in conduit design 
may be determined by the need to incorporate 
features that enhance Schwann cell function. 

This study therefore demonstrates 
that PHB conduits filled with a calcium 
alginate and fibronectin hydrogel matrix are an 
effective delivery system for rhLIF, which 
appears to have more effect upon regeneration 
distance, than the area of staining for nerve 
fibres.  LIF becomes relatively more effective 
as the delay between injury and repair 
increases, and it is evident that rhLIF has 
considerable potential as one component in the 
development of a bioartificial nerve conduit to 
replace autologous nerve grafts for late 
secondary nerve repairs. 
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Interaction of glial growth factor and cultured Schwann cells in 
regeneration after chronic nerve injury. 

Andrew McKay Hart 1,2,3, Afshin Mosahebi 1,2, Mikael Wiberg 2,3, Giorgio Terenghi 1 

1Blond-McIndoe Research Laboratories, University of Manchester, U.K.; and 

2Department of Surgical & Perioperative Science, Section for Hand & Plastic Surgery, University 

Hospital, Umeå, Sweden; and 3Department of Integrative Medical Biology, Section for Anatomy, 
Umea University, Umeå, Sweden 

SUMMARY. Schwann cells (SC) atrophy and exhibit reduced glial growth factor (GGF) 
responsiveness following prolonged axotomy. Resultant endoneurial fibrosis and impaired 
support of axonal regrowth is probably a major factor in the poor clinical outcome of secondary 
nerve repair.  The effect of boosting the endogenous Schwann cell population with recombinant 
GGF-2 (rhGGF-2), or augmenting it with cultured SC was therefore determined in a rat model.  
Two or four months after unilateral sciatic nerve transection, 1cm gap repairs were performed 
using either nerve isografts (NG), poly-3-hydroxybutyrate (PHB) conduits filled with calcium 
alginate-fibronectin hydrogel, or similar conduits containing either rhGGF-2 (500ng/ml), SC 
(80x106/ml), or both (SC+rhGGF-2).  Six weeks later regeneration was assessed morphologically, 
and by quantitative immunohistochemistry. Nerve regeneration distance was significantly 
increased through conduits containing SC or GGF when repair was delayed by 2 months (SC 80% 
increase, rhGGF-2 87%; P=0.007) or by 4 months (SC 150%, rhGGF-2 135%; P<0.001), and was 
greatest with SC+rhGGF-2, even when compared to NG.  Area of staining for nerve fibres was 
dramatically increased by rhGGF-2, but less so by SC. Total area stained was greater within 
SC+rhGGF-2 conduits than within NG. SC had relatively more effect when nerve repair was 
delayed by 4 months than by 2, while the reverse was true for rhGGF-2. PHB conduits are 
therefore technically simple, but effective delivery systems for cultured autologous SC and 
rhGGF-2.  Their potential to enhance regeneration after secondary nerve repair is demonstrated, 
and when used in combination resulted in a better regenerative profile than nerve graft. 
 
Keywords:  peripheral nerve regeneration, peripheral nerve repair, leukaemia inhibitory factor, 
nerve conduit, growth factors.  

Introduction 

Peripheral nerve injuries remain a 
major cause of functional morbidity, since they 
are common, involve major nerve trunks in 
~35% of cases (Allan, 2000), and their clinical 
outcome remains disappointingly poor (Allan, 
2000; Lundborg, 2000a; Bruyns, et al., 2003). 
Despite major advances in surgical technique 
outcome has not dramatically improved over 
the last 25 years (Lundborg, 2000a), and 
remains worst in the 11-16% of injuries that are 
unsuitable for primary neurorraphy (Allan, 
2000; de Medinaceli, et al., 1993; Vanderhooft, 

2000).  Hence there is a need to shift focus 
away from surgical technique and towards 
therapeutic modulation of peripheral nerve 
neurobiology. 

Several factors account for the fact 
that outcome is worst after late secondary nerve 
repair (Allan, 2000; Birch,. et al., 1998; 
Gattuso, et al., 1989; Hall, 2001). Death of 
primary sensory neurons begins within 24 hours 
of injury and ~40% will subsequently die (Hart, 
et al., 2002a), as eventually will ~20% of 
motorneurons (Ma et al., 2001).  This massively 
reduces the pool of neurons available for 
regeneration, and leads to the loss of ~70% of 
CNS endings and breakdown of cortical 
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mapping (Liss, 1995; Lundborg, 2000a; 
Lundborg, 2000b).  Surviving neurons may then 
lose their early injury phenotype, impairing 
their capacity to regenerate after subsequent 
repair (Fu and Gordon, 1997; Gattuso, et al., 
1989).  Due to nerve stump retraction a gap 
usually must be bridged, and currently this 
indicates the use of autologous nerve graft, with 
associated donor morbidity problems. Fibres 
must then reach type and topographically 
appropriate endoneurial tubes in order to have 
any chance of functionally useful regeneration 
(Lundborg, et al., 1994), while endoneurial 
fibrosis (Green, 1998; Roytta and Salonen, 
1988) combines with Schwann cell atrophy and 
phenotypic changes (Hall, 2001; Li, et al., 
1997; Roytta and Salonen, 1988; Terenghi, et 
al., 1998) to impair the distal stumps ability to 
support that regeneration (Fu and Gordon, 
1995; Li, et al., 1997). Meanwhile denervation 
atrophy within the target motor and sensory 
organs is exacerbated by the prolonged delay in 
reinnervation. 

Although the use of exogenous 
neurotrophic factors to reduce neuronal death, 
and enhance regeneration after primary repair 
has been investigated for many years 
(Lundborg, 2000a; Terenghi, 1999), it is only 
recently that a clinically applicable treatment 
has been described that prevents sensory 
neuronal loss (Hart, et al., 2002d), and that 
secondary repair has been addressed (Hart, et 
al., 2002b; Hart, et al., 2002c).  However, 
given that Schwann cells are essential for 
peripheral nerve regeneration (Hall, 1986; 
2001), it is essential to address atrophy of the 
distal stump population in order to optimise 
regeneration after secondary nerve repair.  
Using quantitative immunohistochemistry this 
study therefore aimed to examine two potential 
therapeutic strategies, both incorporated within 
bioartificial nerve conduits suitable for use in 
gap repair.  The first involves augmenting the 
endogenous population with cultured syngeneic 
Schwann cells (SC), whilst the second aims to 
boost the endogenous population by the 
administration of recombinant glial growth 
factor 2 (rhGGF-2). 

Materials & Methods 

 All work was conducted in keeping 
with the terms of the Animals (Scientific 
Procedures) Act 1986, and the experimental 

design was cogniscent of the need to optimise 
welfare. 

In order to obtain Schwann cells for 
culture, sciatic nerves were harvested from 20 
neonatal rats and digested for 45 minutes using 
1% collagenase I (Worthington Biochemicals) 
and 0.25% trypsin (Gibco). The digestant was 
then triturated through 21G and 23G needles, 
filtered (70 µm cell filter, Falcon), and 
centrifuged at 800 revolutions per minute (rpm) 
for 5 minutes.  The resulting cells were 
resuspended in a basic medium comprising 
Dulbecco�s Minimum Eagles Medium plus 
Glutamax   (DMEM, Gibco), plus penicillin 
100 iu/ml and streptomycin 100µg/ml (Gibco), 
and 10% fetal calf serum (FCS, Imperial 
Laboratories).  After 24 hours incubation in a 
25cm2 poly-D-lysine (Sigma) coated flask 
stored at 37°C, 95% humidity, and 5% CO2, the 
basic medium was then exchanged for one 
containing 10µM cytosine-β-D-
arabinofuranoside (Sigma), and incubated a 
further 48 hours to stop fibroblast growth. Since 
the majority of the remaining cells were now 
Schwann cells (SC), the medium was then 
changed to a growth medium that comprised 
basic medium containing recombinant glial 
growth factor II 63ng/ml (Max1/2 activity, 4.8 
ng/ml, Cambridge NeuroScience), and 10µM 
forskolin (Calbiochem). After reaching 
confluence the SC were further purified by 
trypsinisation (2.5% Gibco, at 37°C) and 
centrifuging the suspension at 800 rpm for 5 
minutes. Cells were then suspended in 1ml of 
medium containing 1:1000 mouse anti Thy 1 
(Serotec, MCA04), and incubated at 37°C for 
30 minutes, plus a further 15 minutes after the 
addition of 250µl of rabbit anti mouse 
complement (Cedarlane). The SC (around 
120x105) were then washed and grown on, 
changing the medium every 48 hours and 
splitting the SC (1 in 3) on confluence (Brockes, 
et al., 1979).  The purity of SC was 98% as 
assessed separately by S100 staining.  

At the second passage following 
purification, the SC were transduced using the 
retroviral vector pMFG lacZ nls (Ferry, et al., 
1991), which contains a 3.5 kb modified E. coli 
lacZ marker gene encoding the β-galactosidase 
protein and a nuclear localisation sequence. The 
Moloney Murine Leukaemia Virus packaging 
cell line PT67 (Clontech, USA) was used for 
transduction.  Its genome contains the three 
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retroviral structural genes, but lacks the 
packaging signal provided in trans as part of the 
MFG lacZ nls that contains the lacZ gene 
cloned between the signal and two long 
terminal repeats. In this way retrovirus 
encoding the lacZ gene can transduce SC, but 
the transduced SC cannot produce any further 
retrovirus due to the absence of the retroviral 
structural genes from their genome. A stable 
PT67 lacZ nls producing clone (titre 
approximately 106/ml) was isolated, and a 
confluent layer was incubated with 10ml of 
growth medium (high glucose DMEM/ FCS) at 
32°C overnight to create a medium that 
containing retroviral particles. This medium 
was then filtered (0.45µm filter, Nalgene) and 
added to a flask of 70% confluent SC, together 
with 8 µg/ml of the polyanion polybrene 
(Sigma). The transducing medium was removed 
after 4 hours incubation at 32°C, SC growth 
medium was added (Kotani, et al., 1994), and 
the flask kept at 37°C overnight.  This cycle 
was repeated three times over 3 days, giving an 
83% transduction rate as assessed by 5-bromo-
4-chloro-3-indoyl-β-D galactosidase (X-gal) 
staining to detect β-galactosidase expression.  
Transduced SC were then available for 
subsequent implantation at the time of nerve 
repair in experimental animals. 
 Under inhalational anaesthesia 
(Halothane, May & Baker Ltd., U.K.), six 
groups of young adult male Sprague-Dawley 
rats (n=5) underwent unilateral sciatic nerve 
division at the upper border of quadratus 
femoris in the mid-thigh.  The nerve stumps 
were ligated with 6/0 Prolene, and placed inside 
silicon rubber caps to prevent spontaneous 
regeneration.  Either 2 or 4 months later, the 
animals were again anaesthetised, and 1cm gap 
repairs performed using either freshly harvested 
reversed, 1cm sciatic nerve isografts, or 
bioartificial nerve conduits.  The conduits were 
1.4cm long tubes made from compressed sheets 
of longitudinally oriented poly-3-
hydroxybutyrate (PHB) fibres, and were filled 
with ~50µl of a solution containing 2% 
ultrapure, low molecular weight, high 
mannuronic acid content sodium alginate 
(Pronova, Sweden) and 0.05% bovine 
fibronectin (Sigma Pharmaceuticals, U.K.). In 
the treatment groups either recombinant glial 
growth factor (rhGGF-2 500ng/ml, Cambridge 
Neuroscience, U.K.), cultured autologous 

Schwann cells (SC, 80x106/ml), or both 
(rhGGF-2 & SC) were added to this solution. 
Conduits were immediately immersed in sterile 
0.1M CaCl2 solution for 2 minutes to permit 
calcium crosslinkage of the alginate, thereby 
creating a stable hydrogel (Mosahebi, et al., 
2002b) that served as a delivery vehicle, and 
matrix substitute.  The nerve stumps were 
trimmed back to �healthy� nerve, and inset 
2mm into either end of the conduit using paired 
horizontal mattress sutures, thereby leaving a 
1cm gap across which the nerve had to 
regenerate. 
Six weeks later the repairs were 

 

 
Figure 1: Viable cultured Schwann cells within a 
polyhydroxybutyrate nerve conduit.  Section through a poly-
3-hydroxybutyrate (PHB) nerve conduit containing cultured 
syngeneic Schwann cells, six weeks after a secondary nerve 
repair (1cm gap).   
A. When stained by fluorescence immunohistochemistry 
against S-100, viable Schwann cells were evident within the 
alginate-fibronectin hydrogel, as shown in this 
representative photomicrograph, although cells not in 
contact with nerve fibres did not display the normal spindle-
shaped morphology (scale bar 20µm).   
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 harvested in continuity with ~3mm of both the 
proximal and distal nerve, fixed in Zamboni�s 
solution at 4oC, and equilibrated in 
cryoprotectant solution (15% sucrose in 
phosphate buffered saline).  Blocks were then 
prepared by rapid freezing into OCT� 
mounting medium, from which a systematic 
random sample of longitudinal, 15µm 
cryosections was collected for dual stain 
fluorescence immunohistochemistry. Non-
specific hydrophobic attachment of primary 
antisera against pan-axonal marker of 
neurofilament (monoclonal antibody against 
PAMNF, Affiniti Research Products Ltd.), and 
the Schwann cell marker S-100 (polyclonal 
antibody, DAKO Ltd.) was minimised by co-
incubation with normal rat serum (DAKO, 
Denmark). After pre-incubation of tissue 
sections with normal goat (Sigma-Aldrich U.K.) 
and normal horse (Sigma-Aldrich U.K.) sera, 
bound primary antibody was detected by 
incubation with secondary horse anti-mouse 
antiserum conjugated to Cy-3 (Amersham 
Pharmacia Biotech), and goat anti-rabbit 
antiserum conjugated to fluorescein 
isothyocyanate (FITC, Vector Laboratories 
Inc.).   PAMNF staining of nerve fibres 

 therefore appeared as red fluorescence, and S-
100 appeared as green. In order to confirm the 
presence of implanted cultured Schwann cells, 
separate sections were stained for the presence 
of the lacZ gene product X-gal (Mosahebi, et 
al., 2001). 

Every section from each repair was 
examined under a 10x objective lens with a 
0.1mm graticulated eyepiece in order to 
measure the �regeneration distance� from the 
end of the proximal nerve stump to the tip of 
the most distal nerve fibre. Next, the two non-
consecutive sections that lay most central to the 
growth cone in each repair were selected, and a 
band of images was captured across their full 
width using a high resolution fluid cooled 
digital camera (Diagnostic Instruments, U.S.A.) 
with a 20X objective lens. The area of 
immunostaining within this band of images was 
determined by an image analysis process 
(Image-Pro-Plus� Version 4.0 software) reliant 
upon intensity thresholding for unichromatic 
light, deselection of occasional areas of 
background staining, and digital quantification 
of the area stained. The �total area of 
immunostaining� (quoted in µm2) was noted for 
each section, as was the total area of the nerve 

Regeneration 
Distance (mm) 0 1 2 3 4 65 7 8 9 10 11 12 13 14

rhGGF-2 
Conduit 

Plain Conduit 

11.4mm(0.81) ** 
11.3mm (1.3) * 

4.9mm(2.6)
6.0mm(3.0)

Nerve Graft 
13.3mm 
(1.5) ** 

12.4mm (2.4) 
**

rhGGF / SC 
Conduit 

14.0mm(
0.70) **

SC Conduit 
12.1mm(0.55) **

10.8mm (0.27) * 

Figure 2:  Nerve Regeneration Distance 6 Weeks Following Sciatic Nerve Repair. 
Either 2 months (solid arrows), or 4 months (dashed arrows) after nerve transection sciatic nerve repairs (1cm gap) were 
performed using either reversed syngeneic nerve isograft (�Nerve Graft�), or polyhydroxybutyrate tubes containing
calcium alginate / fibronectin gel (�Plain Conduit�) with the addition of 500ng/ml rhGGF-2 (�rhGGF-2 Conduit�), 
cultured syngeneic Schwann cells (�SC Conduit�), or both (�rhGGF-2/SC Conduit�). Regeneration distance was 
quantified 6 weeks after repair, by measuring the distance (mm) from the end of the proximal nerve stump, to the tip of
the most distal nerve fibre, using longitudinal sections stained by fluorescence immunohistochemistry with primary 
antiserum to pan-axonal marker of neurofilament (PAMNF).  Figures given are the mean (SD) for each experimental
group (n=5).    *P<0.05, **P≤0.001 (compared to repair using plain conduits). 
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 repair present in the captured images, in order 
to express immunostaining as a percentage of 
the area of the nerve repair examined.  This 
�percentage area� facilitates comparison 
between conduits of slightly different 
diameters, while total area allows better 
comparison between conduits and nerve grafts 
due to their markedly different diameters and 
distribution of fibres. A total of ten 
measurements of the area of immunostaining 
(both absolute and percentage) was therefore 
recorded for each antiserum in each 
experimental group, giving a mean and standard 
deviation for statistical examination of the 
effects of treatment. 

Statistical analysis of results was 
performed by paired t-test, using SigmaStat� 
(Version 2.0) software, after confirming the 
normality of data distribution by the 
Kolmogorov-Smirnov test. 

Results 

 At the time of harvest there was good 
neovascularisation of the conduits, with 
minimal fibrosis.  Nerve grafts were equally 
healthy in appearance, but somewhat more 
adherent to the muscle bed. Morphological 
examination of the nerve grafts revealed many 
fine neurites showing poorly directed growth at 
the proximal anastomosis, and multiple 
regenerating axons passing down the graft to 
reach the distal stumps. Growth across the distal 
anastomosis appeared to be somewhat impaired, 
particularly after the 4 month delay, although 
fibres were clearly present in the distal stump.  
Plain PHB conduits contained outgrowth that 
was predominantly of fine, poorly directed 
neurites, with comparatively few regenerating 
axons. Nerve fibre morphology within the 
conduits that contained rhGGF-2 was much 
improved, with a wide regeneration front 
containing a convincing, directed cone of 
axonal growth between residual masses of 
alginate hydrogel, although numerous fine 
neurites were also present.  There appeared to 
be no block to entry into the distal nerve stump, 
although fewer fibres were present in the distal 
stump than in the nerve graft repairs.  Conduits 
containing SC had fewer fibres, but these 
exhibited healthy axonal morphology, with 
directed growth into the distal stump.  Viable 
lacZ positive SC were evident within the 
alginate hydrogel throughout the length of the 

conduits (Figure 1).  The conduits that 
contained rhGGF-2 and SC had the most 
profuse outgrowth from the proximal stump, 
with numerous morphologically normal 
regenerating fibres entering the distal nerve 
stump. 
  When nerve repair was performed 2 
months after axotomy, fibres had regenerated a 
mean of 6mm through the plain PHB conduits 
by the time of harvest (Figure 2).  The addition 
of SC caused an 80% increase in regeneration 
distance (P=0.007), such that fibres reached 
into the distal nerve stump.  The effect of 
rhGGF-2 was slightly more pronounced (87% 
increase; P=0.007), and although a longer 
regeneration distance was found with nerve 
graft, it was not significantly longer than that 
found in rhGGF-2 conduits (P>0.05).   By 
comparison, in the nerves repaired 4 months 
after axotomy, regeneration was impaired.  
Fibres reached a mean of 4.9mm into the plain 
PHB conduits. The addition of rhGGF-2 led to a 
135% increase in regeneration distance 
(P<0.001), and SC were slightly more effective 
(150% increase; P<0.001).  Regeneration had 
proceeded marginally further within nerve graft 
repairs, but remained comparable to that in 
either the rhGGF-2 (P=0.41) or SC conduits 
(P=0.81). The longest regeneration distance 
occurred through the conduits that contained 
both rhGGF-2 and SC. 
  A similar pattern was found when the 
area of immunostaining for PAMNF was 
examined (Table 1).  Of the groups repaired 2 
months after axotomy, the plain conduits 
contained the least staining.  The addition of SC 
led to a 35% increase, whilst rhGGF-2 was 
much more effective, causing a 422% 
increase(P=0.007) to a total area that was over 
twice that present within nerve graft repairs 
(P=0.056).  Plain conduits supported even 
smaller total areas of staining when repair was 
delayed until 4 months after axotomy, but the 
100% increase due to the addition of SC was 
relatively greater than in the 2 month group, 
despite the absolute area being somewhat lower. 
Conduits containing rhGGF-2 exhibited a still 
greater total area of staining, although the 167% 
increase was less than had been attributable to 
rhGGF-2 in the groups repaired 2 months after 
axotomy.  Nerve grafts contained a slightly 
greater total area of PAMNF staining, but this 
was still less than that present in the rhGGF-2 & 
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SC conduits, which contained an area that was 
27% higher than in the nerve graft repairs. 
Plain conduits contained the lowest percentage 
area of immunostaining for PAMNF.  SC were 
relatively more effective at increasing the 
percentage area of staining when repair was 
performed four months after axotomy (147% 
increase), rather than two (12% increase).  
Although rhGGF-2 caused greater increases 
than SC alone, it was relatively less effective 
when repair was delayed by four months (230% 
increase; P=0.035) than by two (370% increase; 
P=0.01).  Of all the conduits, those containing 
rhGGF-2 & SC exhibited the highest percentage 
area of immunostaining for PAMNF; twice that 
found in the SC conduits, but less than that 
found in the nerve graft repairs in keeping with 
their smaller cross-sectional area. 

Quantification of immunostaining for 

 S-100 (Table 2) reveals that when nerve repair 
was performed 2 months after axotomy the 
plain conduits contained the least staining for 
Schwann cells.  The addition of SC increased 
the area of staining (45% greater total area, 14% 
greater percentage area), but by much less than 
rhGGF-2 did (594% greater total area, P=0.002; 
497% greater percentage area, P=0.004). 
Conduits containing rhGGF-2 exhibited a 75% 
greater total area of staining for S-100 
(P=0.057) than nerve graft repairs.  In all 
groups the total area of S-100 immunostaining 
was less when the delay between axotomy and 
repair was four months rather than two, 
although the change within the conduits 
containing SC was minimal.  Indeed when the 
percentage area of immunostaining is 
considered (Table 2), it is apparent that the 
reduction was greatest for the conduits 
containing rhGGF-2, and that in those 
containing SC the percentage area was actually 
not reduced.  It is also apparent that conduits 
containing rhGGF-2 contained a greater total 
area of staining for S-100 than nerve graft 
(P=0.021), as did those containing rhGGF-2 & 
SC (P=0.012), which exhibited the highest total 
area of S-100 staining of all the groups. 

Discussion 

The current clinical management of 
peripheral nerve trauma yields less than optimal 
results, despite the increasing sophistication of 
surgical techniques, and post-operative 
regimens (Lundborg, 2000a; Lundborg, 2000b).  
Future improvements are therefore most likely 
to arise from the prevention of neuronal death 
(Hart, et al., 2002d), and manipulation of the 
neurobiological events integral to peripheral 
nerve regeneration (Hall, 2001; Lundborg, 
2000a).  Yet, to date, as the neurobiology has 
been elucidated there has been a failure to 
translate increased understanding into improved 
outcome (Lundborg, 2000a).  In particular the 
administration of exogenous neurotrophic 
factors (NTF�s), although experimentally 
promising (Terenghi, 1999), has failed to 
progress through clinical trials (Lundborg, 
2000a).  It may therefore be necessary to step 
further away from the neurons themselves, in 
our attempt to find clinically appropriate ways 
to enhance regeneration. 
Schwann cells are essential for peripheral nerve 
regeneration (Fu and Gordon, 1997; Hall, 

Table 1: Area of immunostaining against PAMNF within 
sciatic nerve repairsEither 2 or 4 months after nerve
transection sciatic nerve, 1cm gap repairs were performed
using either reversed syngeneic nerve isograft (�Nerve
Graft�), or polyhydroxybutyrate tubes containing calcium
alginate / fibronectin gel (�Plain Conduit�); this gel
contained either 500ng/ml rhGGF-2 (�rhGGF-2 Conduit�), 
cultured syngeneic Schwann cells (�SC Conduit�), or both
(�rhGGF-2/SC Conduit�) in the treatment groups. Repairs
were harvested six weeks later, and longitudinal
cryosections stained by fluorescence immunohistochemistry
with primary antiserum to pan-axonal marker of
neurofilament (PAMNF). The area of immunostaining was
quantified using image analysis of a band of digital images
captured across the full width of the repair at a position
1mm beyond the end of the proximal nerve stump.  The area
of immunostaining is expressed either as a mean value per 
repair (µm2), or as a percentage of the total area of
graft/conduit present within the band of images.  Figures
given are the mean (SD) for each experimental group (n=5).
*P<0.05, **P≤0.001 (compared to repair using plain
conduits). 

Repair After 2 Month 
Delay 

Mean (SD) 

Repair After 4 Month 
Delay 

Mean (SD) 
Type of 
Repair 

Total 
Area of 
PAMNF 
Staining 

(µm2) 

% Area 
of 

PAMNF 
Staining 

Total 
Area of 
PAMNF 
Staining 
(µm2) 

Area of 
PAMNF 
Staining 

Plain 
Conduit  

25471 
(22634) 

0.93 
(0.81) 

16488 
(12957) 

0.52 
(0.36) 

Nerve 
Graft 

58259 
(25405) 

7.3 ** 
(2.3) 

56890 * 
(24546) 

7.1 ** 
(1.9) 

SC 
Conduit 

34271 
(19291) 

1.0 
(0.44) 

33022 
(12220) 

1.3 
(0.73) 

rhGGF-2 
conduit 

132887* 
(62240) 

4.36* 
(2.1) 

44033* 
(26600) 

1.7* 
(0.99) 

rhGGF-2 
/ SC 

conduit 
  72048* 

(29717) 
2.6* 

(0.98) 
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1986; Hall, 1997) and in effect become 
indigenous neurotrophic factories after 
peripheral nerve injury, producing neurotrophic, 
and tropic agents such as CNTF, LIF, NGF, 
BDNF, NT-4, GAP-43, and GDNF (Fu and 
Gordon, 1997; Hall, 1997; Hall, 2001; 
Hammarberg, et al., 1996; Reynolds and Woolf, 
1993; Terenghi, 1999).  By enhancing this 
function it may be possible to indirectly 
promote axonal regeneration in a more 
physiological manner than by directly 
administering individual NTF�s, while at the 
same time enhancing the distal nerve stump�s 
ability to receive and promote axonal 
regeneration.  Key to the normal, mutually 
beneficial, axon-Schwann cell interaction 
during regeneration is the action of glial growth 
factors (GGF) released by regenerating 
axons(Fu and Gordon, 1997; Li, et al., 1997; 
Reynolds and Woolf, 1993).  Glial growth 
factors are a group of differentially spliced 
transcripts of a single neuregulin gene 
(Marchionni, et al., 1993) that act through the 
c-erbB2, 3 & 4 receptor moeities; GGF-2 is the 
most characterised, and stimulates Schwann cell 
migration, proliferation, and NTF secretion as 
local concentrations increase (Li, et al., 1997; 
Mahanthappa, et al., 1996). 

Enhancing the function of the 
endogenous Schwann cell population is even 

 more important in the case of secondary nerve 
repair, since the initial period of Schwann cell 
proliferation that accompanies nerve injury 
(Terenghi, 1999) is followed by entry into a 
phase of profound atrophy and cell death 
(Ekstrom, 1995; Mirsky and Jessen, 1999; 
Miyamoto, et al., 1986; Terenghi, et al., 1998).  
Between 2 and 6 months after axotomy 
Schwann cells downregulate expression of 
GDNF mRNA (Höke, et al., 2002), and the 
neuregulin receptor moeities c-erbB2 &B4 
(Hall, 2001; Li, et al., 1997), and upregulate 
expression of the inhibitory glycoprotein MAG 
(Einheber, et al., 1993), making them less able 
to support neurite ingrowth after repair.  
Numbers of Schwann cells decrease 
significantly within 10 weeks, and they are 
entirely absent from many endoneurial tubes by 
30 weeks (Roytta and Salonen, 1988; Terenghi, 
et al., 1998). Within 28-35 days of nerve 
transection Schwann cell atrophy leads to 
endoneurial fibrosis (Green, 1998), reducing the 
diameter of endoneurial tubes to 26% of normal 
after one year (Miyamoto, et al., 1986), and to 
only 1% after two years (Green, 1998). Thus by 
addressing the atrophic Schwann cell 
population it may be possible not only to 
indirectly boost the regenerative capacity of the 
neurons, but also to enhance their progress by 
restoring the normal Schwann cell axonal 

Repair After 2 Month 
Delay 

Mean (SD) 

Repair After 4 Month Delay 
Mean (SD) 

Percentage Area of S-
100 Staining  Type of 

Repair 
Total 

Area of 
S-100 

Staining 
(µm2) 

% Area 
of S-100 
Staining 

Total 
Area of 
S-100 

Staining 
(µm2) 

% Area 

Change 
cf. 

repair 
after 2 
month 
delay 

Plain 
Conduit  

28290 
(26305) 

1.1 
(1.1) 

23593 
(14755) 

0.75 
(0.39) 

32% 
decrease 

Nerve 
Graft 

112295 
* 

(29902) 

14** 
(2.1) 

72955 * 
(21562) 

9.7 ** 
(3.7) 

31% 
decrease 

SC 
Conduit 

40886 
(22106) 

1.2 
(0.40) 

39091* 
(20214) 

1.5* 
(1.1) 

21% 
increase 

rhGGF-2 
conduit 

196303* 
(78908) 

6.5* 
(2.8) 

66622* 
(30050) 

2.6* 
(1.1) 

60% 
decrease 

rhGGF-2 
/ SC 

conduit 
  107093* 

(55523) 
2.3* 
(1.1)  

 

Table 2: Area of immunostaining against S-100 
within sciatic nerve repairs. Either 2 or 4 months 
after nerve transection sciatic nerve, 1cm gap repairs 
were performed using either reversed syngeneic 
nerve isograft (�Nerve Graft�), or 
polyhydroxybutyrate tubes containing calcium 
alginate / fibronectin gel (�Plain Conduit�); this gel 
contained either 500ng/ml rhGGF2 (�rhGGF 
Conduit�), cultured syngeneic Schwann cells (�SC 
Conduit�), or both (�rhGGF/SC Conduit�) in the 
treatment groups. Repairs were harvested six weeks 
later, and longitudinal cryosections stained by 
fluorescence immunohistochemistry with primary 
antiserum to the Schwann cell marker S-100. The 
area of immunostaining was quantified using image 
analysis of a band of digital images captured across 
the full width of the repair at a position 1mm beyond 
the end of the proximal nerve stump.  The area of 
immunostaining is expressed either as a mean value 
per repair (µm2), or as a percentage of the total area 
of graft/conduit present within the band of images. 
Figures given are the mean (SD) for each
experimental group (n=5).  The right-handmost 
column demonstrates change in the percentage area 
of staining for S-100 for each type of repair when 
performed 4 months after injury, as compared to 2 
months after injury, and reveals a reduction the 
staining for S-100 with all types of repair except SC 
conduits.  *P<0.05, **P≤0.001 (compared to repair 
using plain conduits). 
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 interaction, and by limiting further endoneurial 
fibrosis. 

Two therapeutic approaches to this 
problem were examined.  Firstly, to augment 
the endogenous population with cultured 
autologous Schwann cells, and secondly to 
attempt to boost the endogenous Schwann cell 
population by local administration of 
recombinant glial growth factor 2 (rhGGF-2).  
In both cases local delivery was achieved using 
a bioartifical nerve conduit, since in clinical 
practice these injuries generally require a gap 
repair.  There is also some evidence that even 
where direct repair is feasible, a short gap repair 
may enhance outcome by facilitating selection 
of appropriate endoneurial tubes by 
regenerating neurites (Lundborg, 2000a), 
although this remains controversial (Hall, 
2001).  

In primary nerve repair empty poly-3-
hydroxybutyrate (PHB) conduits support 
regeneration across 1-4cm gaps (Hazari, et al., 
1999; Young, et al., 2002), and when filled with 
an alginate-fibronectin hydrogel constitute an 
effective delivery system for cultured Schwann 
cells (Mosahebi, et al., 2001; Mosahebi, et al., 
2002b). Cultured Schwann cells maintain their 
function after retroviral labelling with the lacZ 
gene (Mosahebi, et al., 2001), and both 
allogeneic (Mosahebi, et al., 2002a) and 
syngeneic (Bryan, et al., 1996; Mosahebi, et al., 
2001; Zhang, et al., 2002) cells enhance 
regeneration after primary gap repair, where an 
optimal concentration of 80x106/ml has been 
established (Mosahebi, et al., 2001). The one 
study that has failed to show any enhancement 
of regeneration (Evans, et al., 2002), used a low 
concentration of SC (1x104-6/ml) in a collagen 
gel that may have impeded axonal regeneration 
and SC migration.  The clinical use of cultured 
SC is even more attractive in secondary repair 
given the potential for atrophy of the 
endogenous population, and since one requires 
4-6 weeks to raise sufficient numbers of 
autologous cells in culture to prepare an 
autologous conduit.  There would also be the 
possibility for genetic manipulation to enhance 
their function  (Jones, et al., 2001; Joung, et al., 
2000). 

The administration of exogenous 
GGF also improves nerve regeneration after 
primary gap repair (Bryan, et al., 1996), or 
crush injury (Chen, et al., 1998), and reduces 

denervation atrophy of mechanoreceptors 
(Kopp, et al., 1997).  Local delivery is 
preferable to systemic, since it reduces the 
doses involved and produces a more targeted 
action.  Since alginate gel permits sustained 
release of growth factors (Austin, et al., 1997) 
similar PHB conduits to those employed for SC 
delivery could be used.  A dose of 500ng/ml 
was used since this optimises NTF secretion by 
Schwann cells and their stimulation of neurite 
extension in vitro, and is supramaximal for 
stimulating migration and proliferation 
(Mahanthappa, et al., 1996), even in 
chronically denervated SC (Li, et al., 1998). 

The purpose of this study was not to 
investigate the maximum distance across which 
fibres could be made to regenerate, but rather to 
determine the effects of rhGGF-2 and SC upon 
regeneration across a known, bridgeable gap, 
with the extra biological hurdle of a clinically 
relevant, and biologically significant delay in 
repair.  In the rat, it is evident that regenerative 
capacity diminishes with delays of greater than 
around 1-2 months, and the Schwann cell and 
endoneurial changes described above are well 
established by 4 months (Fu and Gordon, 1997; 
Gattuso, et al., 1989; Li, et al., 1997; Olawale 
and Gordon, 2000). Hence 1cm gap repairs 
were performed at these timepoints after injury. 
Nerve isograft repairs were included in the 
study to represent the current standard of 
clinical practice. 

It is clear that when compared to 
nerve graft, the plain conduits were unable to 
support adequate nerve regeneration (either 
quantitatively or qualitatively) when repair was 
delayed until 2 or 4 months after injury.  This is 
not unexpected, since unlike nerve grafts the 
plain conduits are acellular, and the ability of 
the endogenous Schwann cells to proliferate 
and migrate is impaired.  However some 
regeneration did occur, and it has been a 
common finding in the primary repair literature 
that it begins more slowly in synthetic conduits 
than in nerve grafts.  It is also important to note 
that regeneration (morphology, distance, and 
area) was clearly worse when the repair was 
delayed by 4 months rather than 2.  This effect 
is most noticeable when considering the area of 
S-100 staining, since in both types of repair the 
percentage area fell by one third, further 
highlighting the need to therapeutically address 
Schwann cell atrophy. 
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Quantification of 
immunohistochemical staining for nerve fibres 
gives a reflection of the amount of axonal 
regeneration which occurs, whilst the 
regeneration distance at a given timepoint after 
repair better reflects the rate at which the 
leading fibres regenerate.  The percentage area 
of immunostaining for nerve fibres (PAMNF) 
was relatively unaffected by the addition of SC 
to the conduits used for repair after a 2 month 
delay, but when the delay was 4 months the 
figure was doubled by SC.  Regeneration 
distance was significantly increased by SC, 
particularly when repair was delayed by 4 
months where the regeneration distance became 
comparable to that through nerve grafts.  This 
ability of SC to enhance regeneration distance 
more than axonal area has been noted in studies 
of primary repair (Bryan, et al., 2000; 
Mosahebi, et al., 2002b). In keeping with the 
morphological findings of this study, it has been 
postulated that this reflects stimulation of 
directed axonal growth rather than the 
speculative extension of multiple transient 
neurites.   

Interestingly, when repair was 
performed after a 2 month delay the percentage 
area of staining for Schwann cells (S-100) in 
the SC conduits was not dramatically greater 
than in the plain conduits.  This may imply 
either that those SC not in contact with axons 
had died, or that staining was being measured 
within an area where the effect of Schwann cell 
proliferation in response to axonal ingrowth 
predominated.  That numerous viable SC were 
present more distally within the alginate of only 
those conduits containing cultured SC (Figure 
1) suggests the latter, as would the reported 
viability of cultured SC for at least 6 weeks 
within similar conduits (Mosahebi, et al., 
2002b). Furthermore, in the repairs performed 
after a 4 month delay, when the endogenous 
population would be more atrophied and less 
able to proliferate in response to neurite 
ingrowth, S-100 staining was significantly 
greater in the conduits containing SC.  Since 
viable SC were present in the conduits at 
harvest, the improved regeneration may reflect 
either direct interaction with regenerating 
axons, or an effect to boost endogenous 
Schwann cell function through the paracrine 
mechanisms that exist (Hall, 2001; Mirsky and 

Jessen, 1999).   A direct interaction seems most 
likely in the 4 month delayed repairs. 

When compared to plain conduits, 
rhGGF-2 caused a much greater increase in S-
100 staining than cultured SC did, particularly 
when repair was delayed by 2 months. RhGGF-
2 conduits exhibited a 75% greater total area of 
staining than the nerve grafts at this time. When 
repair was delayed by four months rather than 
two, rhGGF-2 became significantly less 
effective at increasing the area of S-100 
staining, such that nerve grafts then contained 
more S-100 staining. This reduction in the 
proliferative response to GGF is in keeping with 
the reduced expression of GGF receptor 
moieties as the period of denervation progresses 
beyond 2 months (Li, et al., 1997; Li, et al., 
1998).  There would also be fewer endogenous 
cells present to proliferate, since Schwann cell 
death (Miyamoto, et al., 1986; Roytta and 
Salonen, 1988) will have been ongoing for a 
further 2 months.  As would be expected from 
its effect upon Schwann cells, rhGGF-2 
significantly enhanced all measures of nerve 
regeneration.  That it still had a significant 
effect when repair was delayed by 4 months 
may suggest that either GGF-receptor 
expression had not been completely lost, or that 
the in-vitro findings of limited GGF 
responsiveness in chronically denervated, c-
erbB2-4 deficient SC (Li, et al., 1998) are 
applicable in vivo. When repaired after a 2 
month delay the regeneration distance through 
rhGGF-2 conduits was comparable to nerve 
graft, but the total area of immunostaining for 
nerve fibres was 128% greater.  Percentage area 
of PAMNF staining was 370% greater than in 
the plain conduits, and the morphological 
findings were greatly improved.   When repair 
was delayed by 4 months the effect was 
quantitatively less, although the morphological 
improvements persisted, the total area of 
staining in rhGGF-2 conduits no longer 
exceeded that in nerve grafts, but the 
regeneration distance remained comparable.  
These dramatic effects upon nerve regeneration 
are most likely due to stimulation of 
proliferation, migration, and neurotrophic factor 
secretion by Schwann cells, thereby indirectly 
stimulating axonal growth.  

Although rhGGF-2 still caused a 
dramatic improvement in regeneration when 
repair was delayed by 4 months, its efficacy 
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was somewhat reduced as compared the 
situation after a 2 month delay when rhGGF-2 
conduits were comparable to nerve graft.  This 
is most likely due to the fact that as the period 
between injury and repair increases, the 
responsiveness of endogenous Schwann cells 
decreases, as the results for S-100 staining 
show.  The most obvious way around this 
problem is to combine rhGGF-2 with a 
population of fresh, GGF-responsive cultured 
SC, and this was done in the final experimental 
group. 

Only one published study has 
described the combined use of cultured 
autologous SC and rhGGF, and it failed to show 
benefit by combining them within the same 
conduit after primary repair (Bryan, et al., 
2000) unlike our demonstration of an enhanced 
regenerative profile, even compared to nerve 
graft.  However the concentration of SC was 
sub-optimal (~1x106/ml), and SC merely lined a 
smooth walled conduit containing no matrix 
substitute, thereby failing to provide sufficient 
mechanical cues for neurite elongation and 
Schwann cell migration. In this study PHB 
fibres, and a fibronectin rich matrix provided 
guidance, and conduits containing rhGGF-2 & 
SC not only supported significantly better 
regeneration than plain conduits, but were an 
improvement over conduits containing either 
SC, or rhGGF-2 alone.  Percentage area of 
immunostaining for PAMNF was twice that 
found with SC alone, and 1.5 times that found 
with rhGGF-2, while the regeneration distance 
and morphology was also enhanced, with 
multiple fibres reaching the cut ends of the 
harvested distal stumps in all repairs.  Results 
were actually slightly better than were obtained 
with nerve graft, since the total area of 
immunostaining for PAMNF was 27% greater, 
and for S-100 was 47% greater.   

The improvement in regeneration 
over the use of rhGGF-2 alone is to be 
expected, since a population of fully GGF 
responsive Schwann cells is present in the 
rhGGF-2 & SC conduits, unlike the absolute 
reliance upon the atrophic endogenous 
population when using rhGGF-2 in isolation.  
The improvement over the use of cultured SC 
alone is also to be expected, since in culture SC 
remain quiescent, or apoptose, in the absence of 
GGF stimulation.  When implanted in-vivo they 
predominantly rely upon GGF released by 

regenerating axons to stimulate them to 
proliferate and secrete NTF�s that in turn 
promote regeneration.  By combining rhGGF-2 
and SC in the same conduit, not only is the 
survival of the cultured SC likely to be 
enhanced, but their pro-regenerative function is 
boosted.  This is in addition to the recruitment 
of endogenous Schwann cells, which might 
otherwise play a lesser role due to consumption 
of endogenous GGF by the transplanted SC. 

Although studies quantifying target 
organ reinnervation after longer regeneration 
times, and others investigating longer gap 
repairs will be necessary, it is clear that both 
cultured syngeneic Schwann cells and 
exogenous rhGGF-2 can have significant and 
beneficial effects upon regeneration after 
secondary nerve repair. This study also 
demonstrates that PHB conduits filled with 
calcium alginate-Fn hydrogel represent a 
technically simple, yet effective delivery 
system, although it may be possible to further 
enhance regeneration by altering the physical or 
chemical structure of the gel.   

SC appear to have more effect upon 
regeneration distance than area of staining for 
nerve fibres, and become relatively more 
effective as the delay between injury and repair 
increases.  In contrast, rhGGF-2 causes greater 
absolute increases in the area of staining, and 
may therefore obviate the need for cultured 
SC�s in short gap, early repairs, but its efficacy 
reduces as the delay between injury and repair 
increases.  Conduits incorporating rhGGF-2 
were comparable to nerve grafts when repair 
was performed after a 2 month delay, whilst 
conduits containing a combination of rhGGF-2 
& SC exhibited a better regenerative profile 
than nerve graft when repair was performed 4 
months after axotomy.  The potential for a 
bioartificial nerve conduit to replace autologous 
nerve grafts for late secondary nerve repair has 
been demonstrated, although future 
modifications may further enhance the 
regenerative profile. 
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